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Short summary

This report sets out to design and evaluate policy instruments that address the
climate impact of aviation NO, emissions. It is well established scientifically that
cruise NO, emissions cause a significant part of the current total climate impact
of aviation. At present, LTO NOy emissions are controlled but cruise NOy
emissions are not, and they grow roughly at the same pace as air traffic.

After a review of the scientific literature, a comprehensive overview of NO,

formation and control technologies and the environmental trade-offs, and an

elaborate policy analysis, this report concludes that it will take around three to

five years to provide robust scientific input for potential policy instruments that are

both well founded in scientific evidence and provide the right incentives to reduce

emissions both in the short term and in the long term. The two main issues that

will have to be resolved before such an instrument can be developed are:

— Establish a value for a policy-relevant metric for aviation NO, climate impact,
such as a GWP for NO,.

— Either establish a way to model cruise NO, emissions or quantify the
relationship between LTO and cruise emissions in a sufficiently robust way.

Both issues should be capable of being resolved in three to five years, given
sufficient study. In the meantime, the analysis perfomed for this report shows that
the policy instruments that could be introduced would either have very limited
environmental impacts but a solid scientific foundation, or a questionable
scientific basis but a significant impact.

An LTO NOy charge, introduced at European airports would primarily be a local
air quality instrument, reducing NO, emissions in the vicinity of airports. It would
have a very small co-benefit on NO, emissions at altitude. However, it may be
perceived as an inequitable climate policy instrument, as the short haul flights
that have a low contribution to the climate impact will pay most of the charge. It
would be feasible to implement technically and legally.

An LTO NO, charge with a distance factor would need a good policy
instrument to reduce the climate impact of NO,. Before it can be implemented,
however, there needs to be a thorough assessment of the relationship between
LTO and cruise emissions. A methodology already exists for the determination of
this relationship but it is only applicable to current technology engines since it is
empirical, and a more physically-based relationship would be required for this
policy application so that future technologies could be robustly modelled.
Moreover, it needs a well founded basis for the level of the charge, i.e. a value of
the GWP of aviation NO,. The legal basis for the instrument could be
strengthened if international agreement could be reached on this value. New
engine technology may lead to the breakdown of the existing relationship
between LTO and cruise emissions. If this would occur, the environmental
impacts of the charge could be reduced.
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A cruise NO, charge would be the best instrument to address cruise NO,
emissions, but it cannot be currently implemented since cruise NO, emissions
can neither be monitored nor modelled by a widely accepted method using
publicly available data although manufacturers do possess the necessary
information. Moreover, it needs a value for the GWP of NO,.

Inclusion of aviation NO, emissions in the EU ETS would need the
determination of a method to calculate NO, emissions. One obvious candidate for
such a method would be based on the product of LTO NO, emissions and
distance. Moreover, the GWP of aviation NO, would need to be established. The
main advantage of this policy instrument would be that it would give the right
incentive to minimise the combined climate impacts of CO, and NO, emissions in
engine design.

An increased stringency of LTO NO, standards would reduce cruise NO,
emissions for future technology engines as long as the current relationship
between LTO and cruise emissions holds. However, this is by no means a
certainty. Standards have a solid legal basis. However, as they would need to be
established internationally it is questionable whether the standards would meet
EU expectations.

A precautionary emissions multiplier in the EU ETS could be readily
implemented. Its legal basis would not differ much from the legal basis for the
inclusion of aviation in the EU ETS. However, there is currently no scientific
consensus for the value of an emissions multiplier, nor the method by which it is
calculated. Furthermore, an emissions multiplier would increase the incentive to
reduce CO, emissions, and since there is a potential trade-off between CO, and
NO, in future engine design, it may lead to NO, emissions that are higher than
they would have been without the multiplier. (Note that an emissions multiplier is
not necessarily exclusively the most well known and discussed ‘multiplier’, the
Radiative Forcing Index (RFI), which is in fact not an emissions multiplier at all.)

The environmental impacts of most economic instruments are comparable, i.e.
in the range of reducing NO emissions by 3-5% relative to the baseline in 2020 if
the levels of the charges reflect damage costs. The only exception is the LTO
NOy charge, which would have very small environmental impacts. Of course, the
impacts of standards would depend on the stringency increase and the impacts
of economic instruments would depend on the level of the charges imposed.
Since most impacts of economic instruments on emissions arise from reduced
demand rather than by technological changes, revenue neutral charges would
have significantly lower impacts.

The cost effectiveness of all financial instruments is in the same range of € 1 to
€ 2 per kg of NO, reduced. The main cost item here is welfare costs. In contrast,
the main cost item of standards is resource costs. Therefore, the cost-
effectiveness should not be directly compared. The cost-effectiveness of a 10%
stringency increase would be € 10 - € 25 per kg of NO, reduced, depending on
the fuel penalty of meeting the standard.
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Summary

This report sets out to design and evaluate policy instruments to address the
climate impact of aviation NO, emissions. It does so within the context of the
proposal to include aviation in the EU ETS. In the proposal, the European
Commission stated that ‘by the end of 2008, the Commission will put forward a
proposal to address the nitrogen oxide emissions from aviation after a thorough
impact assessment’.

Before designing and evaluating policy instruments, this report has conducted a
thorough review of the scientific evidence, NO, formation and control
technologies, and the regulatory framework regarding aviation NO, emissions.
This section summarises these reviews first before turning to the policy
instrument design and evaluation.

Review of the scientific evidence

There is robust scientific evidence that NO, emissions from the current
aviation fleet contribute to global warming. Aviation NO, emissions at cruise
altitudes result in an enhancement of ozone (O3) in the upper troposphere and
lower stratosphere (UT/LS) and the destruction of a small amount of ambient
methane (CH,), of the order of approximately 1-2% of the background
concentrations. The enhancement of Oj results in climate warming, whereas the
reduction in CHy is a cooling effect.

The contribution is significant and stronger in the northern hemisphere.
Sausen et al. (2005) estimate the radiative forcing (a proxy measure of the
additional amount of heat trapped in the atmosphere due to aviation - RF) for O3
to be 21.9 mW/m* and an RF for CH, of -10.4 mW/m? for 2000 traffic. This
estimate used updated emissions of NO, from aviation for 2000. For comparison,
CO, emissions from aviation have an RF of 25.3 mW/m? for 2000 traffic. Because
O3 has a much shorter lifetime than CH,4, the warming effects of O3 are confined
to areas with much aviation (i.e. the northern hemisphere) whereas the cooling
effects of CH4 decay are global. As a result, the combined O3;+CH, forcing is
positive in the Northern Hemisphere and negative in the Southern Hemisphere.

However, there is no agreement on the value of a policy-relevant metric to
relate the climate impact of NO, to the impact of other compounds. The RF
metric used above to compare the climate impact of NO, to CO, is a backward
looking metric. It measures the forcing from the CO, built up in the atmosphere
due to aviation emissions, for example. A policy-relevant metric is the global
warming potential. This metric shows the integrated RF from a marginal
additional emission of a unit mass of emissions (as a pulse) relative to that of
CO.. Thus, it is a measure for the additional global warming due to an additional
emission. GWP is the measure used in the Kyoto Protocol to relate the climate
impacts of regulated gases to the impact of CO,. Although it is possible to
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calculate a GWP for aviation NO,, results of these calculations are just beginning
to be published in the scientific literature. Currently, there are few reported values
and these diverge strongly.

A concerted effort may yield a GWP value of aviation NOy in about three
years. What is needed is a mobilisation of the international scientific community
and a coordinated set of experiments performed so that a robust, consensus
analysis of aviation NOy GWPs can be undertaken. The outcome cannot be
predicted of such a hypothetical study, but all things being equal, if such a study
were performed, it is likely to take of the order 3 years. If, however, such a
coordinated effort were to produce diverse results it is not possible to predict how
long resolution would take. Clearly, such a coordinated experiment should be
undertaken as a top priority to formulate a robust policy metric for aviation NO,
emissions.

Review of NO, inventories and NOy regulation.

Aviation emitted an estimated 1.7 to 2.5 Tg NO4 (as NO;) per year around
2000. This report estimates that emissions within, and on flights to and from the
EU accounted for 42% of these emissions in 2000.

Emissions are forecast to increase considerably in the future. Up to 2020,
emissions are forecast to double relative to 2000 levels. By 2050, depending on
the scenario chosen, emissions could have increased sixfold. If the
environmental impacts of the inclusion of aviation in the EU ETS are taken into
account, as well as the full benefits of the single European sky, and if one
assumes that the voluntary research targets of ACARE are met and if they result
in the introduction of new aircraft and engine types in the fleet, emissions could
be 6 to 9% lower than the baseline in 2020. Under the same most optimistic
scenario, emissions could be around 50% lower in 2050 relative to a sixfold
increase in the baseline.

LTO NO, emissions of jet engines are regulated and more stringent
standards have been introduced repeatedly. LTO NO, emissions of jet
engines (with the exception of the smallest engines) are regulated by global
standards, set by ICAO. Standards are expressed in Dp/Foo, i.e. mass of NO,
emitted per kN of thrust at maximum static sea level thrust. The standards allow
engines with a higher pressure ratio (generally larger engines) to emit relatively
more NO,. Turboprops and other engine types are not regulated. All regulated
engines have certified values of emissions which are public. For many non-
regulated engines, LTO NO, emission characteristics are known.

Despite more stringent LTO NO, standards, there has been little progress in
the reduction of NO4 emissions per seat kilometre offered. Although engines
and aircraft differ in fuel efficiency and EINO, (mass of NO, emissions per unit
mass of fuel), and despite increasingly stringent standards, the general historical
trend of NO, emissions per seat kilometre has been flat in the last decades. The
reason appears to be that aircraft and engines have become more fuel efficient,
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partially because of higher pressure and by-pass ratios in the engine. Because of
the increase in pressure ratio, EINO, has increased as permitted under the ICAO
standards. The combination of the downward trend in fuel use per seat kilometre
and the upward trend in EINO, has resulted in an almost constant mass NO, per
seat kilometre.

Review of NO, formation and control technologies

For current technology engines, lower LTO NO, emissions result in lower
NO, emissions in cruise. More precisely, if the modification of an engine results
in an LTO NOy increase then it is expected that Cruise NO, would move similarly.
Likewise, if two engines are compared and one has lower LTO NO,, then most
probably it would also have lower cruise NO,.

For future technology engines, the correspondence between LTO NOy
emissions and cruise NO, emissions may break down. While today there is a
reasonable correlation between LTO NO,:Altitude NO future technologies such
as lean burn staged combustors and open rotor engines hold the potential for
significant change to this relationship. These future technologies will need to be
monitored to ensure the relationship holds or is, if necessary, adjusted.

NO, emissions cannot be monitored in situ but modelling of emissions is
possible in principle. The method considered most accurate is the P3T3
method which relies on proprietary details of engine pressures and temperatures.
There are also (at least) two alternative simplified methods which are commonly-
used, known as the DLR and Boeing 2 fuel flow methods with the latter being
approved by ICAO CAEP. These methods are thought to be reasonably accurate
once the fuel flow is known and could in principle use openly available fuel flow
model outputs. The accuracy of fuel flow model outputs is less widely accepted,
particularly for new aircraft types.

There is a good correlation between modelled cruise NO, emissions and
LTO NO, emissions times a distance factor. As a consequence, it could be
possible in principle to use publicly available data on LTO NO, emissions to
approximate cruise NO, emissions.

Policy instruments to reduce the climate impact of aviation NO, emissions

Drawing on a long list of 15 policy options, six have been selected for further
design and analysis after a broad evaluation and stakeholder consultation. These
are:

1 AnLTO NOy charge.

An LTO NO, charge with a distance factor.

A cruise NO, charge.

Including aviation NOy allowances in the EU ETS.

ICAO LTO NO, emission standards.

A precautionary emissions multiplier on CO, allowances in the EU ETS.

o0k WN
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1 AnLTO NOycharge

An LTO NOy charge primarily targets local air quality. Its impact on cruise
emissions and hence on the climate impact of aviation NO, are a co-benefit. The
basis of the charge would be the mass of standardised LTO NO, emissions
calculated according to ECAC/ERLIG method. The level of the charge per kg of
NO, would be set at the LAQ damage costs of NO,, in line with established EU
policy to internalise external costs, and would thus vary in different Member
States. The charge would be levied on aircraft operators by all EU airports, in
order to align the geographical scope with the scope of the EU ETS. Revenue
neutrality, if desired, could be achieved by a simultaneous introduction of the
charge and a reduction of landing fees. The charge would be collected by airport
operators and would be levied on aircraft operators. The charge would be
feasible to implement and is unlikely to raise legal issues, as similar charges are
already levied on a number of EU airports.

An LTO NOy charge based on estimates of LAQ damage costs would
reduce aviation NO, emissions by up to 0.5% relative to the baseline. At
least until 2020, the largest impact would be from reduced demand.
Consequently, a revenue neutral charge would hardly impact emissions.
Emissions on short haul flights would be reduced more than emissions on long
haul flights, even though the latter contribute considerably more to climate
change.

An LTO NOy charge would incentivise engine manufacturers to reduce LTO
NO, emissions. This incentive would be stronger for smaller engines which are
generally fitted to regional or single aisle aircraft. In the long run, provided that for
smaller engines the correspondence between LTO NO, emissions and cruise
NOy emissions remains intact, this incentive could result in new engines and
aircraft with lower LTO and cruise NO, emissions.

2 LTO NOy charge with a distance factor

An LTO NO, charge with a distance factor would target cruise NOy
emissions and hence its climate impact indirectly. This is because there is a
correlation between cruise NO, and LTO NO, times distance. The basis for the
charge would be the mass of LTO NO, emissions calculated according to
ECAC/ERLIG method and the great circle distance between the airport of
departure and the airport of destination. The level of the charge would be related
to the climate damage costs of NO,, taken to be the GWP of NO, times the
average cost of emission allowances in the EU ETS. The charge would be
multiplied by a co-efficient of correlation between LTO NO, times distance and
cruise NO,. This factor depends on the fleet and would need to be updated every
number of years. It can be calculated with relative ease, provided that a
dedicated workgroup is established.
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The administration of such a charge could be entrusted to EUROCONTROL,
as this organisation has the arrangements in place to calculate the charge and
bill the aircraft operators. These are the same arrangements as for the collection
of route charges. In this case, the collection of the charges would need to be
based on a separate legal basis, e.g. a new agreement between the EU and
EUROCONTROL. If the charge would raise revenue, EUROCONTROL could
reimburse the funds raised to the EU Member States based on, for example,
revenue tonne kilometres to and from airports in these Member States. If the
charge would be implemented in a revenue neutral way, EUROCONTROL could
reimburse the revenue on the basis of MTOW.km. Effectively, the charge would
thus become an incentive to reduce the quotient of mass of LTO NOy per unit of
MTOW.

An LTO NOy charge with a distance factor could reduce aviation NOy
emissions by up to 3.1% in 2020. The impacts vary from 0% for a revenue
neutral charge or a charge with a low estimate of NO, GWP to 3.1% for a
revenue raising charge using a high estimate of NO, GWP. At this timeframe, the
impacts are mainly due to a reduction in demand. In contrast to the LTO NOy
charge without a distance factor, the charge with a distance factor reduces NO,
on long haul flights more than NO, on short and medium haul flights. This is
because the combined effect of higher emissions for large aircraft and longer
flights.

As with an LTO NO, charge, this charge would incentivise engine
manufacturers to reduce LTO NO, emissions. In this case, this incentive
would be stronger for larger engines. In the long run, provided that the
correspondence between LTO NO, emissions and cruise NO, emissions remains
intact, this incentive could result in new engines and aircraft with lower LTO and
cruise NO, emissions.

3 Cruise NOy charge

A cruise NO, charge would be directly aimed at cruise NO, emissions and
thus the climate impact of aviation NO,. However this advantage is partly lost
because cruise emissions cannot be measured in situ and need to be modelled.

Implementation of a cruise NO, charge would require building a database to
calculate cruise NOx emissions per aircraft-engine combination and flight
distance. The accuracy of calculations using publicly available data would be 10
to 15% when compared to more sophisticated calculations using proprietary data.
With these calculations, a database could be established with cruise NOy
emissions per aircraft type over a range of distances. Each flight under the
system could be assigned with a value of NO, emissions from the database. A
charge could be levied based on the emissions and their climate damage costs.

7.536.1/Lower NOy at Higher Altitudes 7
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The administration of a cruise NO charge could be organised in the same
way as an LTO NOy charge with a distance factor. EUROCONTROL could be
charged with collecting the charges and possibly reimbursing them in a revenue
neutral scheme along the same lines as an LTO NO, charge with a distance
factor.

A cruise NOy charge could reduce aviation NO, emissions by up to 2.8% in
2020. The impacts vary from 0% for a revenue neutral charge or a charge with a
low estimate of NO, GWP to 2.8% for a revenue raising charge using a high
estimate of NO, GWP. At this timeframe, the impacts are mainly due to a
reduction in demand. The cruise charge reduces NO, on long haul flights more
than NO, on short and medium haul flights. This is because the combined effect
of higher emissions for large aircraft and longer flights.

In contrast to LTO NOy charges, this charge would incentivise engine
manufacturers to reduce cruise NO, emissions. As the charge is directly
based on cruise emissions (assuming that these can be calculated accurately),
the cruise NO, charge would have the same environmental impacts whether or
not the current the correspondence between LTO NO, emissions and cruise NO,
emissions remains intact.

4  Including NOy allowances in the EU ETS

Requiring aircraft operators to surrender NO, allowances in the EU ETS for
their emissions would target cruise NO, emissions and hence its climate
impact indirectly. The amount of NO, for which allowances have to be
surrendered can be calculated for each flight with the same formula as the LTO
NO, charge with a distance factor. The value of NO, allowances would be related
to the value of CO, allowances by the GWP of NO,. In this way, there would be
full fungibility between aviation NO, allowances and aviation CO, allowances.

The administration of the inclusion of aviation NO, emissions in the EU ETS
would be identical to the administration of the inclusion of aviation CO,
emissions. The only additional requirement would be the establishment of a
baseline. A historical baseline can be calculated for every year for which detailed
flight data are available, using the same formula that will be established for
calculating NO, emissions of flights.

Inclusion of aviation NO, emissions in the EU ETS could reduce aviation
NOy emissions by up to 2.8% in 2020. The impacts depend on the allocation
method. With full auctioning, the environmental impact would be highest; with
updated benchmarking, it could be considerably lower depending on the baseline
and emission growth.
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As with LTO NOy charges with a distance factor or cruise NOy charges,
inclusion in the EU ETS would incentivise engine manufacturers to reduce
cruise NO4 emissions. The risk of a negative design trade-off between CO, and
NO, emissions would be absent, as the value of reducing emissions for both is
related by their climate impact as expressed in GWP.

5 ICAOLTO NO, emission standards

ICAO LTO NO, emission standards have been the predominant instrument
to reduce LTO NO, emissions for decades. ICAO has regulated LTO NO, of
large jet engines since 1986. Standards have been progressively tightened,
about every 6 years since the mid 1990’s; the most recent standards became
effective as of 1 January 2008. An EU NO, standard could in principle be
implemented and enforced by EASA, but there is a serious risk of competition
distortions in the event of an EU standard exceeding ICAO standards.

The relation between LTO NO, standards and cruise emissions is complex.
Although there is a correlation between LTO NO, and cruise NO, for current
engines, increased stringencies have not reduced cruise emissions per seat
kilometre. The main reason is that standards allow engines with higher pressure
ratios to emit more NO, per unit of thrust. Engines with higher pressure ratios
have better fuel efficiency performance, so there have been strong incentives to
increase pressure ratios, resulting in higher absolute NO, emissions.
Furthermore, for new engine technologies, the current relation between LTO NO,
and cruise NO, may break down. This would render LTO NO, emission standards
an unsuitable instrument to control the climate impact of aviation NO, emissions
in the absence of continuous review.

Depending on the level to be agreed by international consensus in CAEP,
increased stringency of standards could reduce aviation NO, emissions by
2.31t0 5.2% in 2020. These results are based on the assumption that the current
relation between LTO and cruise emissions remains intact. Of course, the
impacts depend on the outcome of international political negotiation processes.

6 Precautionary emissions multiplier

A robust value for an emissions multiplier cannot be proposed, based on
the current scientific evidence. A commonly proposed metric to base the
multiplier on, RFI, is unsuitable as it is a backward looking metric and does not
assess the climate impact of an additional amount of emissions.

A precautionary emissions multiplier would give the wrong incentive to
technological development without some signal of an intended future
revision that addresses NOy directly. In engine design, there is a trade-off
between CO, and NO,. Therefore, increasing the incentive to reduce CO,
emissions may lead to NO, emissions that are higher than they would have been
without the multiplier. Of course, this would only result in higher NO, emissions in
the long run as new engines are introduced into the fleet.
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A precautionary emissions multiplier can be readily implemented, as it
shares most of the design features of the inclusion of aviation in the EU
ETS.

The precautionary emissions multiplier could reduce aviation NOy
emissions by 4.7% in 2020 maximally. The impacts vary from 0.3% for an
emission multiplier of 1.1 to 4.7% for a value of 2.0. The impacts are mainly due
to a reduction in demand and to a further reduction of fuel burn.

Overall conclusion

In conclusion, this report demonstrates that it will take three to five years to

design policy instruments that are both well founded in scientific evidence and

provide the right incentives to reduce emissions both in the short term and in the

long term. The two main issues that will have to be resolved before such an

instrument can be developed are:

— Establish a value for a policy-relevant metric for aviation NO, climate impact,
such as a GWP for NO,.

— Either establish a way to model cruise NO, emissions or establish the
correlation coefficient between LTO and cruise emissions.

Both issues should be capable of being resolved in three to five years. In the
meantime, the policy instruments that could be introduced would either have very
limited environmental impacts but a solid scientific foundation, or a questionable
scientific basis but a significant impact.
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11

Introduction

Background to this study

In December 2006, the European Commission published a proposal to ‘include
aviation activities in the scheme for greenhouse gas emission allowance trading
within the Community’ (COM2006(818)final). According to this proposal, aircraft
operators will have to surrender CO, emission allowances for each tonne of CO,
they emit within the scope of the system. If this proposal is adopted, aircraft
operators would have an incentive to reduce CO, emissions on top of the
incentive to reduce fuel burn exercised by the costs of fuel.

It is well understood that the climate impacts of aviation are not caused by CO,
alone (IPCC, 1999). NO, emissions have an indirect impact as they lead to the
formation of ozone, which is a greenhouse gas, and the destruction of a small
amount of ambient methane, also a greenhouse gas. The overall result is that
more heat is kept in the atmosphere, contributing to global warming. For this
reason, the Commission is considering policy measures aimed at a further
reduction of NO, emissions.

Moreover, in engine design, there may be a trade-off between CO, and NO,
emissions. Within limits, an engine can provide a certain thrust with lower fuel
burn (lower CO, emissions) but higher NO, emissions, or vice versa. As CO,
emissions will become more costly to the customers of engine manufacturers
because of aviation’s inclusion in the EU ETS, they could respond by aiming their
research even more towards fuel efficiency. Some of the gains in fuel efficiency
could perhaps be made at the expense of higher NO, emissions. If this would be
the case, the inclusion of aviation’s CO, in the EU ETS therefore carries the risk
that reductions in CO, emissions will be partially offset by higher NO, emissions.

One of the ways to prevent a negative trade-off from occurring would be to
incentivise engine manufacturers or aircraft operators to lower NO, emissions of
engines. This can be done in a number of ways, using economic or regulatory
instruments, by subsidising research, et cetera.

It is for this reason that the Commission has announced in its proposal that ‘by
the end of 2008, the Commission will put forward a proposal to address the
nitrogen oxide emissions from aviation after a thorough impact assessment’.

To prepare for this proposal and the impact assessment, the Commission
retained the services of a consortium led by CE Delft to study to identify and
evaluate European measures to reduce emissions of nitrogen oxides from
aircraft. The current document is the final report of this study.
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1.2
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1.2.2

Policy Background

Although there is currently no policy that addresses the climate impact of aviation
NOy emissions, policies exist with regard to NO, emissions during the landing
and take-off (LTO) phase of flight, and their related local air quality impact.
Section 1.2.1 summarises EU policy within the ICAO/CAEP framework and
Section 1.2.2 describes EU policy with regards to local air quality and climate.

ICAO

It is broadly Community policy to work within the ICAO/CAEP' framework
wherever possible.

Since 1986, ICAO policy and action in the field of NO, has focussed upon
stringency - setting certification standards for LTO NO, applicable to engines
newly certificated after (future) implementation dates. Current standards, the
so-called CAEP/6 standards, apply to engines for which type certification is
issued from 2008. CAEP/8 is currently discussing whether the standards would
be set at more stringent levels in the future.

ICAO also gives considerable attention to keeping medium and long term
technology goals under expert review, and established the (LTO) Exhaust
Emissions Data Bank maintained by the UK CAA. Formal ICAO guidance has
been issued on operational opportunities for aircraft operators to minimise fuel
use and reduce GHG emissions. Indeed CAEP has looked at all the categories of
flanking approaches complementing stringency (research-oriented, voluntary,
operational and economic), which are developed in this report.

Overall, therefore, although work within ICAO has brought increasing NOy
stringency and this may well continue, the European Community has noted that
these measures in themselves are insufficient to offset the growth of the
environmental impact of air transport, both historically and forecast.

European Commission

The Commission has legislated on local air quality (LAQ), Directive 1999/30/EC?
being particularly relevant in this context, as it has spurred several airports in
Europe to impose LTO related charges as elements of holistic action plans to
improve LAQ. In 2008, the EU has adopted a new directive on air quality,
2008/50/EC°.

International Civil Aviation Organization/Committee on Aviation Environmental Protection.

Council Directive 1999/30/EC of 22 April 1999 relating to limit values for sulphur dioxide, nitrogen dioxide
and oxides of nitrogen, particulate matter and lead in ambient air.

® DIRECTIVE OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL on ambient air quality and
cleaner air for Europe.
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1.3

At the cruise level, the Commission declared unequivocally in 2005* that despite
the complex contrariness of the climatic effects of NO, (ozone production and
methane reduction) ‘the net result is that the ozone dominates the methane
effect, thus warming the Earth’. That Communication went on to recognise the
need to study potential trade-offs between CO, and other emissions. It also
suggested that once aviation were brought into the EU ETS® either a multiplier
would have to be employed to allow for non-CO, emissions, or ancillary
instruments (such as NO related airport charges) would be needed.

The current Proposal® to bring aviation into the EU ETS from 2011 or 2012 is
limited to CO, emissions but provides that ‘to address other gases, by the end of
2008, the Commission will put forward a proposal to address the nitrogen oxide
emissions from aviation after a thorough impact assessment’. This study was
commissioned to contribute to that assessment.

Outline of the study

This study comprises seven, partially overlapping stages (see Figure 1). The first
two stages reviewed current and future NO, emissions and measures currently
being taken or planned to limit them, while at the same time identifying options
for further measures that the EU could take. The review was mostly be based on
existing literature. The identification of further measures involved extensive
stakeholder consultation.

Based on the review, and on the experience of the consortium members, with
input from stakeholders, all the options identified in the second stage were
broadly evaluated in terms of costs, benefits and legal situation. Based on this
evaluation, the consultants selected five policies for further design and study in
agreement with the Commission.

The consultants have designed the five selected options and evaluated their
cost-effectiveness, the advantages and disadvantages. As part of this process,
the legal situation of each option has been thoroughly analysed.

Stage seven concludes the project by compiling the results of the project in a
final report.

Communication from the Commission to the Council, the European Parliament, the European Economic
and Social Committee and the Committee of the Regions : Reducing the climate change impact of
aviation (COM/2005/0459 final).

° Directive 2003/87/EC of the European Parliament and of the Council of 13 October 2003 establishing a
scheme for greenhouse gas emission allowances trading within the Community and amending Council
Directive 96/61/EC. Directive 2003/87/EC was in turn amended by Directive 2004/101/EC to incorporate
Kyoto mechanisms.

Proposal for a Directive of the European Parliament and of the Council amending Directive 2003/87/EC so
as to include aviation activities in the scheme for greenhouse gas emission allowance trading within the
Community (COM/2006/0818 final, and subsequent documentation chronicling the continuing progress of
the Proposal at htp://ec.europa.eu/environment/climat/aviation_en.htm.
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Figure 1

1.4

Graphic presentation of project execution

1. 2.
Review current and future Identify a comprehensive
NOx emissions set of options

3. Broad evaluation of options

4. Selection of most promising policy measures

5 6.
Cost-effectiveness Analyse strengths
evaluation and weaknesses
7. Report

Outline of the report

This report comprises a concise main report and a large number of Appendices
with more detail. The main report sets out to define the problem of the climate
impact of aviation’s NO, emissions in Chapter 2. Chapter 3 discusses possible
policy objectives. The scientific evidence of the climate impact of NO, is
summarized in Chapter 4 and the relevant engine technology issues in Chapter
5. The selection and design of policy instruments to meet these objectives are in
Chapter 6. Chapter 7 evaluates the policy options, and Chapter 8 compares them
with each other. Conclusions are in Chapter 9.

The report has nine Appendices. Appendix A reviews current and future NO,
emissions and develops a baseline for the assessment of stringency options.
Appendix B elaborates on the selection of policy options as summarized in
Chapter 6, while Appendix C elaborates on the design of the selected options.
Appendices D and E analyse the impacts of market based instruments and
standards respectively. A legal analysis is presented in Appendix F. Appendix G
is on the route charges collected by Eurcontrol, while Appendix H presents an
analysis of the coefficient of correlation between LTO NO, and cruise NO
emissions. Finally, Appendix J describes the stakeholder consultation process.
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2.1

2.2

Problem definition

What is the issue or problem that may require action?

The climate impact of aviation is caused by a range of emissions and physical
disturbances of the atmosphere (IPCC, 1999; Sausen et al., 2005). One of the
main climate impacts in terms of radiative forcing (RF) is caused by emissions of
nitrogen oxides (NO).

Aviation NO, emissions lead to the formation of ozone, which is a greenhouse
gas, and the destruction of a small amount of ambient methane, also a
greenhouse gas. The overall result is that to date, more heat is kept in the
atmosphere, contributing to global warming. Whilst the global mean forcings from
aviation NO,-impacted ozone and methane appear to partially cancel, such a
simple conclusion is not valid (IPCC, 1999). There is evidence that suggests that
an imbalanced forcing from ozone at altitude in the northern hemisphere may
result in greater warming than if that same forcing had been distributed across
both hemispheres, a pattern which mirrors the the distribution of aviation NO,
emissions.

Sausen et al. (2005) estimated the positive RF of NO, induced ozone to be
21.9 mW/m? and the resulting negative methane forcing to be -10.4 mW/m?.

What are the underlying drivers of the problem?

The main driver of the increase in the climate impact of aviation NO, emissions is
the growth of aviation activity.

In recent decades, there have been significant improvements to aircraft engines,
resulting in lower emissions of NO, per unit of thrust at constant pressure ratios.
These improvements have in part been driven by the expectation of increasingly
stringent standards for NO, emissions in the LTO phase. ICAO has repeatedly
set tighter standards since 1986. Since for current engine and combustor designs
a reduction in LTO NO, corresponds to a reduction in cruise NO,, total NO,
emissions have decreased, relative to a situation without standards or
technological advances in NO, emissions. However, due to the metric in which
the standards are expressed and due to the strong commercial pressure to
improve fuel efficiency of engines, pressure ratios have indeed increased. This
increase has offset some of the technological gains and resulted in a rather flat
historical trend in NO, emissions per SKO, as can be seen from Figure 2.
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Figure 2

2.3

Historical trend of NOy emissions per seat kilometre offered (SKO) versus year of entry into service
(EIS)
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Source: Appendix A.

Furthermore, new engine and combustor designs may lead to the breakdown of
the relationship between LTO NO, emissions and cruise NO, emissions (ICAO,
2007). If these designs are incorporated in the fleet, total cruise NO, emissions
may go either way despite increases in stringency for LTO NO, emissions.

In engine design, there is a fundamental physical trade-off between fuel
efficiency (and hence CO, emissions) and NO, emissions. This is because
increasing pressure ratios result in higher temperatures and pressures at the
combustor inlet, making NO, formation more optimal. With current high fuel
prices and the forthcoming inclusion of aviation in the EU ETS there is an even
higher incentive to reduce fuel burn and CO, emissions. This may incentivise the
exploitation of the NO, : CO, trade-off in new engines.

How would the problem evolve, all things being equal?

As demand for aviation is forecast to rise in the next decades, aviation’s
emissions of NO, will increase and so will the climate impact of NO, emissions.
This report’s forecast, based on the FESG2002 scenario, are that emissions on
flights to and from the EU will have doubled in 2020 relative to 2000 levels. By
2050, depending on the scenario chosen, emissions could have increased
sixfold. These forecasts assume that all new aircraft that enter the fleet from
2008 comply with CAEP 6 standards. All other assumptions are based on FESG
demand and fleet rollover forecasts.
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In reality, there are some developments that could limit the growth in aviation NO,
emissions relative to the baseline:

The inclusion of aviation in the EU ETS is expected to induce a reduction in
demand relative to the baseline. This report estimates that the impact of ETS
in 2020 will amount to a reduction in NOy of 2.5 to 4.9% in 2020 depending on
the price of allowances (€ 20 - € 40) and under the assumption that either all
allowances are auctioned or all costs are passed on to consumers (see
Appendix D).

The implementation of the Single European Sky (SES) will reduce detours
from optimal flight tracks. In line with the Impact Assessment for the Inclusion
of Aviation in the EU ETS (CE, 2007)’, this report assumes that detours on
flights to and from EU airports will reduce by 7% in 20208, Reductions in NO,
emissions will then be roughly proportional. However, aviation being a
competitive industry, cost reductions that would be achieved as a result of
SES would be passed on to customers and the lower prices would induce an
increase in demand. This report estimates that 30 to 40% of the
environmental gains of SES could be offset by increased demand (see
Appendix D).

Engine and airframe manufacturers are aiming their research towards goals
that would significantly reduce LTO NOy. In Europe, research goals have
been stated by the Advisory Council for Aeronautics Research in Europe
(ACARE). On a global scale, CAEP has adopted the conclusion that the
leading edge of LTO NOy control technologies is likely to lie about 45% below
current (CAEP/6) standards by the year 2016 and at about 60% below in
2026. All these goals are non-binding research targets. If these goals were to
be met, and if the technology also proved to be commercially viable, aircraft
with significantly lower LTO NO, emissions would gradually be introduced into
the fleet. If these goals were met with technologies that would not only reduce
LTO NO4 emissions but also cruise NO, emissions - an assumption that is by
no means certain - then adoption would result in a decrease in aviation NOy
emissions. However, since the number of new aircraft that meet these goals
in 2020 will be limited, and the number of these aircraft in the fleet will be
even smaller, no significant gains from these developments can be expected
in 2020. By 2050, gains would maximally amount to 50%.

Emission forecasts are presented graphically in Figure 3.

Technical Assistance for the IA of inclusion of aviation in the EU ETS. CE et al., January 2007.

SESAR Definition Phase - Milestone Deliverable 5 mentions a 10% reduction in fuel use per flight due to
ATM improvements (SESAR Consortium, 2008). The document is not clear on the geographical scope of
this achievement. However, it is likely that the geographical scope is the European airspace. If so, the 7%
on all flights as assumed in the Impact Assessment for the Inclusion of Aviation in the EU ETS (CE, 2007)
and in this report is probably an overestimate.
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Figure 3

Forecast emissions under various technology scenarios
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In summary, assuming the maximum environmental impacts of ETS, SES and
CAEP Long Term Technology Goals (LTTG), emissions in 2020 could be up to
9-12% lower than the baseline without any policies which predicts a doubling
over 2000 levels. However, if cost decreases associated with SES would be
passed on, emissions would be reduced by 6-9% relative to the baseline. By
2050, emissions could be limited to a threefold rise in 2050 relative to a sixfold
increase in the baseline. However, if the voluntary goals would not be met, or if
some of the technologies would not prove to be commercially viable, or if they
would not result in corresponding decreases in cruise NO,, these gains would not
be made.
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3 Objectives

The proposal to include aviation in the EU ETS (COM(2006)818) contains the
following preamble, which is the basis for the present study:

Aviation has an impact on the global climate through releases of carbon
dioxide, nitrogen oxides, water vapour and sulphate and soot particles.
The Intergovernmental Panel on Climate Change has estimated that the
total impact of aviation currently is two to four times higher than the effect
of its past carbon dioxide emissions alone. Recent Community research
indicates that the total impact of aviation could be around two times higher
than the impact of carbon dioxide alone. However, none of these
estimates takes into account the highly uncertain cirrus cloud effects. In
accordance with Article 174(2) of the Treaty, Community environment
policy must be based on the precautionary principle and therefore all
impacts of aviation should be addressed to the extent possible. Pending
scientific progress to identify suitable metrics for comparing the different
impacts, a pragmatic and precautionary approach is required. Emissions
of nitrogen oxides will be addressed in other legislation to be presented by
the Commission (Preamble 12).

The summary preceding the proposal states that:

To address other gases, by the end of 2008, the Commission will put
forward a proposal to address the nitrogen oxide emissions from aviation
after a thorough impact assessment.

NO, emissions have impacts on both local air quality and climate. The above
quotation from the proposal indicates that the climate impacts are relevant here.

It is also clear that the policy should ‘address’ emissions of nitrogen oxide. This,

of course, could mean several things:

— First, one could argue that ‘addressing’ aviation NO, emissions simply means
to limit or reduce the emissions. Since the preamble specifically refers to
‘other legislation to be presented by the Commission’, we take this to mean
limiting or reducing NO, emissions relative to a baseline that includes the
policies already being implemented or already being incorporated in
legislation.

— Second, since the Green Paper on fair and efficient pricing (1995), and the
White Paper on efficient use of Infrastructure, the European Transport Policy
2010 (2001), it is a stated aim of EU policy to internalise the external costs of
transport. This has been restated in EC overall transport strategy (Time to
decide, 2001) and the midterm review (Keep Europe moving, 2006). A policy
that addresses NO, emissions could therefore have the objective to internalise
the external costs of aviation NO, emissions, or put differently, internalise the
climate damage caused by aviation NO, emissions.
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Third, in the stakeholder consultations prior to the formulation of the proposal
to include aviation in the EU ETS, attention has been given to policies to
address the non-CO, climate impacts of aviation (EC, 2006°). One of the
arguments that many stakeholders used against using a multiplier was that in
engine design, there is a trade-off between CO, and NO, emissions. A policy
instrument that just targets CO, may run the risk of causing the exploitation of
this trade-off to the extent that the climate impact of aviation deteriorates. This
argument could be used to define the objective of the policy as to limit the
growth rate of NO, emissions to the growth rate of CO, emissions after the
inclusion of aviation in the EU ETS. In technical terms, the aim of the policy
would be to ensure that the emission index of NO, (EINO,, the mass of NO,
emitted per unit of mass of fuel burned) will not increase.

For the purpose of this report, we have chosen to evaluate the policy proposals
on the basis of the objective being defined as to limit or reduce the mass of
aviation NO, emissions relative to a baseline that includes policies already being
implemented or legislated.

20

European Climate Change Programme Il (ECCP Il), Aviation Working Group, Final report, 2006.
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4.1

4.2

Climate impacts of aviation NOx emissions

Introduction

Global aviation emissions of NO, amounted to approximately 2 to 2.5 Tg (NOy as
NO,) per year in 2000, according to various estimates (Gauss et al., 2006; Eyers
et al., 2005; Kim et al., 2007).

According to the IPCC (1999) report, ‘Aviation and the Global Atmosphere’, and
many other studies, aviation NO, emissions at cruise altitudes result in an
enhancement of ozone (O;) in the upper troposphere and lower stratosphere
(UT/LS) and the destruction of a small amount of ambient methane (CH,), of the
order of approximately 1-2% of the background concentrations (IPCC, 1999).

The enhancement of O3 results in climate warming, whereas the reduction in CH,4
is a cooling effect. These effects are usually assessed in terms of changes in
global mean radiative forcing (RF) because of the linear relationship between a
change in global mean RF and a global mean surface temperature response.

In this Chapter the following are addressed:

— How aviation NO, impacts upon climate.

— How these impacts are assessed.

— Whether aviation NO, impacts can be related to those from CO,. And,

— Whether an aviation NO, GWP can currently be recommended for usage as a
means to cost aviation NO, emissions.

How do the climate impacts of aviation NO, emissions come about?

Aviation NO, is well known to affect the tropospheric O3 budget, which is coupled
to the CH, budget.

The formation of tropospheric ozone is a very complex process and whilst some
of the details are incompletely understood (particularly some of the production
processes from non-methane hydrocarbons and the modification to O; budgets
by clouds), the main features of it are reasonably well understood (e.g. Seinfeld
and Pandis, 1998; Wayne 2000) and are outlined as follows.

Ozone is constantly being formed and photolysed in the cycle:

[1] O(*P)+0, +M——0, +M
[2] 0,—>->0(°P)+0,

where O(°P) is atomic oxygen in the ground state formed from the
photodissociation of O, (mostly in the stratosphere > 16 km) where the
wavelength of the incoming radiation is < 243 nm and M represents a third body.
This system is perturbed in the troposphere and lower stratosphere by the
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presence of CO, CH, and other non-methane hydrocarbons (NMHCs). Carbon
monoxide from natural and man-made sources reacts with the hydroxyl radical to
form the hydroperoxy radical HO;:

[3] OH+CO——H+CO,
[4] H+O, +M——>HO, +M

This HO, may then react with NO to form NO, which is subsequently photolysed
to reform NO, and produce O(*P), which may then participate in reaction [1]:

[5] HO, +NO——NO, + OH
[6] NO, —™>NO+O(°P)

Methane and other NMHC’s may also contribute to the formation of HO,:

7] CH, + OH—>CH, +H,0

[8] CH, +0, +M——CH,0, +M
CH,0, +NO——CH,0 +NO,

[9] CH,0 +0,—HCHO+HO,

and then reacting as in equation [5]. NMHCs can also participate as in [7] to [9],
where, by convention, the NMHC is designated ‘RH’, taking the place of CH, and
its derivative species above. The formaldehyde (HCHO) thus formed can also
react with OH to form HO, and its photolysis products contribute towards HO,
formation:

[10] HCHO + OH(+0,)—>HO, +H,0 +CO
[11] HCHO—2H, +CO

and,

[12] HCHO+20, —™ 5 % 2HO, + CO

Ozone is lost from the system, either by dry deposition at the earth’s surface, or
by chemical destruction, principally from photolysis to form O('D) (the
electronically exited state of atomic oxygen) which reacts with water vapour to
form OH, this reaction being the principal source of OH in the atmosphere:

[13] 0,—~-0('D)+0,
[14] O('D)+H,0——>OH+OH
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two other major routes of chemical destruction of O3 are reaction with OH and
HO,

[15] 0, +OH—sHO, +0,

[16] 0, +HO,—0H+20,

However, any injection of NO competes for the HO, and therefore reduces the
rate of loss of O3 by HO, (OH + HO,). Evidently, any NO, present in the chemical
system acts as a catalyst for O3 production. Nitric oxide also reacts with O; to
form NO,, but since the NO; is photolysed during the day, no net formation of O
results on the time-scale of ~1 day except in polar winters. The catalysis is
terminated when NO, is removed from the system which can occur either in the
day by reaction with OH:

[17] NO, + OH+M——HNO, +M

or by night to form HNO3 which is absorbed on existing aerosol:

[18] NO, +0,—>NO, + 0,
[19] NO, +NO, ——N,O,
[20] N,O, +H,0——>2HNO,

However, NO, may be regenerated by photolysis of HNO3:
[21] HNO, —">NO, + OH
or by reaction with OH,

[22] HNO, + OH——>H,0 + NO,

and subsequent photolysis of NO3,

[23] NO,—*>NO+O,
or:
[24] NO,—“>NO, +O(*P)
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The role of HO, is critical; the pathways of OH and HO, generation having been
given in (n). In addition, however, acetone ((CH3),CO), hydrogen peroxide (H,0,)
and other peroxides may provide additional sources of HO, (Wennberg et al.,
1998). Peroxy radicals are removed from the system by three main pathways:

[25] HO, + HO, ——H,0, + 0,
[26] OH+H,0,—H,0+HO,
[27] Net: OH+HO,——H,0+0,
[28] OH+ NO, —" 5 HNO,

[29] OH+HNO,——H,0+ NO,
[30] Net: OH+NO, ——H,0+ NO,
[31] HO, + NO, — 5 HNO,
[32] OH+HNO,—H,0+NO, +0,
[33] Net: OH+HO,——H,0+0,

It has also been known for some time that NO, emissions result in a reduction of
ambient CH,4. Emissions of NO, result in enhanced concentrations of the hydroxyl
radical, OH.

[34] NO + HO, —>NO, + OH

The O; increase associated with NO, emissions is accompanied by a shift in the
concentrations of HO, to OH. The increased OH concentrations from aircraft NO,
emissions then result in a reduction in CO concentrations from the reactions

[35] OH+CO——H+CO,
[36] H+0,+M——HO, +M

The lifetime of CO is of the order months, so that decreased CO concentrations
from increased OH may spread from cruise altitudes down to lower altitudes and
latitudes (bearing in mind that most NO, emissions from aircraft occur at 8-12 km
in northern mid-latitudes). Much of the CH, oxidation in the troposphere occurs at
tropical and sub-tropical latitudes and because CO levels are reduced, OH is
higher (CO being a sink for OH) and as a result, more CH, is oxidised, reducing
CH, concentrations:

[37] OH+CH, —CH, +H,0
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4.3

Thus, as CH4 concentrations are reduced as a result of aircraft NO, emissions,
the RF effect from ambient CH, is reduced, such that a negative RF from CH,
can be attributed to NO, emissions from aviation.

How can aviation NO, impacts be assessed?

There are many examples in the literature of calculations of the impact of aviation
NO, emissions on the tropospheric O3 and CH,4 budgets, some of which were
reviewed by IPCC (1999), and others have subsequently been made.

Most of these studies have examined the impacts of some estimation of aviation
NO, emissions for a particular historical year or some projection on tropospheric
chemistry. In doing so, only the O; perturbation can be calculated to an
equilibrium response. For CH,, multi-decadal integrations would have to be made
to calculate the equilibrium response which would be computationally expensive,
which is why an estimation of the change in CH, lifetime is parameterized (see
Fuglesvedt et al., 1999).

Once the chemical perturbation arising from aviation NO, emissions is calculated,
the usual next step is to calculate the RF arising from these changes. This is
often done with off-line radiative transfer codes (see Prather et al., 1999).

In the IPCC (1999) assessment, the RFs of O3 and CHy, arising from aviation NO,
emissions for 1992 traffic were calculated, which resulted in global mean RFs
from O; of 23 mW/m? and a negative RF from CH, reduction of -14 mW/m?.

Similarly, Sausen et al. (2005) calculated an RF for O3 of 21.9 mW/m? and for
CH, of -10.4 mW/m? for 2000 traffic. This estimate used updated emissions of
NO, from aviation for 2000. The absolute forcings were smaller than was found
by the IPCC (1999) relative to emissions, this was thought to be the result of
improved models of global atmospheric chemistry and transport. Of more
significance was the changed ratio of O3;/CH4 RFs, -1.6 for IPCC and -2.1 for
Sausen et al. (2005). The CH,4 reduction was smaller in later studies, possibly as
a result of less numerically diffusive models arising from improvements in spatial
and vertical resolution.

For the IPCC’s (1999) calculations, it was concluded that the positive RF from O;
outweighed the negative RF from CH, reduction. However, the IPCC was careful
to note that the situation is potentially more complex than implied by simple
subtraction of the CH; RF from the O; RF:

‘The NO, driven perturbations to O3 and CH, produce RFs (+0.023 and -
0.014 W m’, respectively) that are of similar magnitude and in part cancel.
However, the latitudinal imbalance from these two perturbations do not
cancel: the combined O3;+CH, forcing is positive in the Northern
Hemisphere and negative in the Southern Hemisphere. The response of
the climate system to such geographically non-homogeneous forcing is
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unknown. At least regional differences can be expected, and there may
even be differences in the global mean response.’ (IPCC, 1999, Chapter 6).

There is more recent evidence that geographical distribution of aviation-like
forcings is of importance. Stuber et al. (2005) who found that an O; forcing in the
Northern Hemisphere lower stratosphere resulted in a larger climate sensitivity by
a factor 2 over a uniform CO, forcing.

It is important to understand what the calculations presented by IPCC (1999) and
Sausen et al. (2005) were intended to do: the question essentially was ‘what are
the radiative impacts from present-day aircraft NO, emissions?’

The usage of a Global Warming Potential (GWP) implies an entirely different
question, i.e. ‘what is the integrated RF from a marginal additional emission of a
unit mass of emissions (as a pulse) relative to that of CO, over some given
timeframe?

There is currently no sound scientific metric to compare the size of the non-CO,
climate impacts of aviation with the climate impacts of aviation’'s CO, emissions.
Previously, some commentators have suggested using the Radiative Forcing
Index (RFI; some of total forcings divided by the CO, forcing) for aviation, but
CE et al. (2005) argued that this is not a suitable metric for policy purposes.
Since then, Forster et al. (2006) and the IPCC (2007) have also stated that the
RFI should not be used as an emissions index to account for non-CO, effects.

The main drawback of the usage of the RFI in this fashion is that it is based on
the accumulation of historical emissions of CO, in the atmosphere. Thus it
captures the contribution of aviation to climate change, to date, from CO,. Thus,
there is no unique value of an RFI since it depends entirely on the historical
growth rate of emissions and, like RF, it is a partially ‘backward-looking’ metric
(the CO, term). Applying this in a policy context would seem like punishing a
sector for past behaviour, which cannot be changed, rather than encouraging
changes in the future. Also, RFI cannot be related to the common metric used in
climate policy i.e. the Global Warming Potential (indexed to a 100 year time
horizon).

CE et al. (2005) evaluated a number of other potential metrics for a multiplier but
concluded that none were suitable. Most potentially suitable forward-looking
metrics are still in the research domain and currently being assessed and
evaluated, i.e the Global Temperature Potential (GTP) (Shine et al., 2005), a
modification to this for aviation, the Global Temperature Index (GTI) (CE et al.,
2005) or the Emissions Weighting Factor (EWF'®) (Forster et al., 2006;
Corrigendum 2007). What they all suffer from is the uncertainty in underlying
integrated RFs over a fixed time horizon from ozone and methane (Fuglestvedt et
al.,, 2008). This is a function of the complexity of the responses in a
physicochemical system of a pulse or sustained NO, emissions.

10 Actually, Forster et al.’s ‘Emissions Weighting Factor’ is simply a GWP.
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The scientific basis for a ‘multiplier’ on CO, emissions is embedded in the Kyoto
Protocol with GWPs. At present, too much uncertainty remains over the value of
an aviation NO, GWP to recommend a value for policy purposes. However, given
the clear evidence that aviation has positive RF impacts on climate in addition to
those from the impacts of its CO, emissions, it could be argued that the
precautionary principle should be invoked to justify a multiplier.

In the following section, the means by which marginal emissions of NO, might be
related to corresponding CO; emissions is examined.

How can aviation NO, impacts be related to those of CO,?

The conventional way in which the radiative impacts of one climate forcing agent
are related to those of CO; is by the usage of the GWP.

The GWP is the ratio of the radiative efficiency per emitted unit of a forcing agent,
integrated over some time horizon to that of CO, (by convention). Or, more
formally;

Tax [x(t)]dt

1] GWP, = &———

[a[r(t)jdt

where TH is the time horizon over which the calculation is made, a, is the
radiative efficiency arising from a unit increase in atmospheric abundance of the
substance (x) in question (in W m? kg™), [x(t)] is the time-dependent decay in the
abundance of the instantaneous release of the substance, and r refers to the
reference substance in the denominator.

GWPs are generally most suitable for long-lived gases such as CH,4, N,O and the
halocarbons. The time horizon chosen is arbitrary: however, it should be realised
that different values for GWPs arise from the use of different time horizons.

An absolute GWP (AGWP) may also be formulated, which is essentially the
nominator of equation [1], which can be expressed as:

21 AGWP*(TH)= LTH A exp(—% )dt=Aa, [1—exp(—T% )]

for a gas x, where A, is the radiative forcing per kg, ay is the lifetime, and TH is
the time horizon.

In some respects, the AGWP is more straightforward for examining aviation NO,
effects on O; and CH, as the units can be reduced to W m™ yr, i.e. the integrated
RF over a selected TH and the relativity to the CO, AGWP ignored.

7.536.1/Lower NOy at Higher Altitudes 27
October, 2008



Table 1

The above metrics are usually in the form of pulse GWPs and AGWPs. It is also
possible to formulate GWPs with sustained (constant) emissions.

As outlined by CE Delft et al. (2005), the application of GWPs to aviation NO,
emission has been scientifically contentious because of the nature of NO,
emission effects on O; — it is short-lived and spatially variable in magnitude.

In the IPCC (1999) report, the usage of an aviation NO, GWP was rejected on
the grounds that it ‘has flaws that make its use questionable for aviation
emissions’ and that ‘there is a basic impossibility of defining a GWRP for aircraft
NO,’. The basis of the latter statement was that the O3 production per unit NOy
varies in time and space because of complex non-linear atmospheric chemistry
that depends on background concentrations of both NO, from other sources, and
other chemical species.

Others, however, have taken quite a different stance, using the GWP as a
convenient metric to compare different NO, effects for both surface and aviation
sources, e.g. Johnson and Derwent (1996), Derwent et al. (2001); Wild et al.
(2001), Stevenson et al. (2004), Berntsen et al. (2005), Forster et al. (2006),
Derwent et al. (2007). Whilst this list is not comprehensive, these are the most
cited works in the literature. Of these seven studies, four originate from one
research group.

IPCC recently summarized GWPs arising from four of these studies (Forster et
al., 2007), which is reproduced in Table 1 below.

GWPs for O3 and CH4 from NOx emissions for a 100 year time horizon (adapted from Forster et al.,
2006)

Study/NOy source GWP CH4 GWP O3 GWP Net

Derwent et al. (2001) NH surface NO,2" -24 11 -12
Derwent et al. (2001) SH surface NO,® -64 33 -31
Wild et al. (2001) industrial NOy -44 32 -12
Berntsen et al. (2005) surface NOy, Asia -31t0 -42° 55 to 70° 25 to 29°
Berntsen et al. (2005) surface NOy, Europe -8.6 to -11° 8.1t012.7 -2.7t0 +4.1°
Derwent et al. (2001) aircraft NO,2° -145 246 100
Wild et al. (2001) aircraft NOx -210 340 130
Kohler et al. (2008) aircraft NOx d -70 82 12
Stevenson et al. (2004) aircraft NOx -159 155 -3

Notes:

@ Corrected values as described in Stevenson et al. (2004).

® For January pulse emissions.

° Range from two 3D chemical transport models and two radiative transfer models.

¢ Kohler et al. (2008) did not present GWPs but this was calculated by Fuglestvedt et al. (2008, submitted).

As can be seen from Table 1, for surface emissions of NO,, there is poor
agreement on a net GWP, even to its sign. For aviation emissions of NO,, the
results of Derwent et al. (2001) and Wild et al. (2001) are similar, at 100 and 130.
However, Stevenson et al.’s (2004) results (using the same model as that of
Derwent et al., 2001) calculates a small negative net GWP of -3. Kohler et al.
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(2008) have also recently calculated NO, impacts, and the resultant GWPs were
presented by Fuglestvedt et al. (2008 submitted), with a net GWP of 12 for a time
horizon of 100 years.

It is also possible to modify the GWP to include the concept of efficacy of forcings
(e.g. Joshi et al.,, 2003; Hansen et al., 2005). This is the ratio of the climate
sensitivity of an individual forcing agent to that of CO,. Calculations and
investigations of climate efficacies of individual forcings, and effects, are in their
infancy. Some efficacies of aviation forcings do exist for O3, CH4 (as modified by
aviation NO, emissions), e.g. Ponater et al. (2006). Using Ponater et al.’s (2006)
efficacies of 1.37 and 1.18 for O; and CH,, respectively, the GWPs in Table 1
may be modified.

The Stevenson et al. (2004) results warrant some examination as they are so
dissimilar to the other two studies cited by the IPCC (Forster et al., 2007).

Stevenson et al. (2004) used a NOy emission ‘signal’ 10 times greater in
magnitude than actual aviation NO, emissions as a pulse. The reason for a
magnified emission was stated as ‘to produce a large signal in the model, but
also to remain within reasonably realistic bounds for atmospheric concentrations
of NO, (Stevenson et al., 2004, section 5.1). The large NOy signal will have
produced a large perturbation of OH, which is ultimately responsible for CH,4
destruction, reaction of CH,s with OH being the main sink (destruction) term for
CH, (see section 4.2). Moreover, the O3 production chemistry has a tendency to
saturate at high NO, conditions. Thus, Stevenson et al.’s (2004) caution over
interpretation of their results is well made: ‘..we should infroduce a note of
caution when considering the results presented here, especially in absolute
radiative forcing terms’.

More recently, the same research group has published further results on RF from
NO, emissions (Derwent et al., 2007). In this paper, they examine pulse
emissions of NO, and cite a positive net GWP for aviation NO, emissions.

It is clear that the magnitude and sign of the net GWP from aviation NOy is
dependent upon the model used, the experimental design and in addition, the
time-horizon considered.

It was necessary to adopt some numerical values of GWPs for cost modelling.
Like Forster et al. (2007) we do not adopt a best estimate but rather a range. It is
our view that whilst such a large range exists with only a few values available, a
‘best estimate’ is inappropriate. The range that we adopt is 1-130 and a range
modified by efficacies results in net GWPs of 25-220. We have not adopted the
absolute value of -3 from Stevenson et al. (2004) for this analysis whilst
uncertainty remains over the validity of the value, given the artificially magnified
emissions. Thus, a conservative lower value of GWP of 1 was adopted.

Additionally problematic is the interpretation of the above model experiments.
They all use pulse emissions (as do all Kyoto-based GWP calculations). Pulse
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4.5

emissions allow one to look at the effect of an additional unit mass and provide a
convenient aid to understanding atmospheric processes.

However, in the real world, individual isolated pulses are not occurring. Nor are
sustained emissions (effectively, repeated equal emission pulses). For aviation,
emissions of various species are increasing such that the results of pulse
experiments should not be over-interpreted. What they principally do is allow an
examination of decay responses in terms of magnitude and time, and are
instructive about what may ultimately happen to the climate on cessation of these
emissions.

Can an aviation NOy GWP be used as a basis for policies?

Essentially, it is possible, in principle, to use a net GWP from aviation NO, (the
sum of O3 and CH, integrated RFs) for policy development. A policy that targets
the climate impact of NO, emissions from aviation should be consistent with other
climate policies and thus have an approach consistent with the use of a GWP, as
in the Kyoto Protocol. However, the current situation concerning the GWP of
aviation NO, emissions precludes such an approach at the moment.

Currently, if one accepts a time-horizon of 100 years, for compatibility with the
Kyoto Protocol, there are relatively few modelling studies upon which one can
base an aviation NO, GWP. The results are rather variable, and in one case
negative in sign, although this result is peculiar in the sense that a large pulse
was utilized (10 times normal emissions). This made the results less easy to
interpret since the large NO, signal will have produced a large OH enhancement,
which is the principal sink term for CHj,.

One can only conclude that the state of the science in terms of producing a
robust GWP for aviation NO, emissions is immature, and an aviation NO, GWP
cannot be recommended for current policy applications at this point in time.
Essentially, only two modelling groups have been examining this aspect and they
have produced rather diverse results.

Therefore, what is needed is a mobilization of the international scientific
community who have such models at their disposal and a coordinated set of
experiments performed so that a robust, consensus analysis of aviation NOy
GWPs can be undertaken. The outcome of such a hypothetical study cannot be
predicted, but all things being equal, if such a study were performed, it would be
likely to take about 3 years. If, however, such a coordinated effort were to
produce diverse results it is not possible to predict how long resolution would
take.

Clearly, such a coordinated experiment should be undertaken as a top priority to
formulate a robust policy metric for aviation NO, emissions.
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4.6

Conclusions

Under current estimations of global aviation NO, emissions, the positive O3
RF response is larger than the negative CH, response, by a ratio of 2, in
absolute terms. Thus, aviation NO, emissions are currently resulting in
climate warming.

Modelling experiments with pulses of NO, emissions allow atmospheric
processes to be understood. Methane has a much longer lifetime than O3, so
it takes much longer for the atmosphere to come back to equilibrium from a
pulse perturbation in terms of the negative CH, forcing. Thus, it is possible
that the combined integrated O; and CH; RF can be either positive or
negative, depending upon the experimental design and the model used.
Isolated pulses are not occurring in the real world, and as such, pulses are a
hypothetical device to aid understanding of the responses of the atmosphere.
Most pulse studies of aviation NO, imply that the net integrated RF is positive
from O3 and CH, responses.

GWPs for aviation NO, have been derived in a very limited number of studies,
essentially from only three modelling groups. There is poor agreement on the
magnitude, with one result being slightly negative. The study which gives a
negative GWP is an outlier, with all other studies providing a positive GWP.
At this point in time, the science is too immature to recommend an aviation
NO, GWP for usage in policy and it is recommended that an international
study using a variety of suitable models is coordinated to determine the sign
and magnitude of an aviation NO, GWP.
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5.1

Engine technology issues

This Chapter describes the key technical issues and outcomes that it has been

necessary to cover in pursuit of this study. The major headings are as follows:

5.1 The combustor within the aero-engine.

52 Products of combustion.

5.3 ICAO CAEP LTO NO, Standards Stringency.

54 ICAO-CAEP 2007 Medium (10 year) and Long Term (20 year) LTO NOXx
Goals.

55 Fundamentals of NO, formation.

5.6 Engine NO control strategies.

5.7 Trade-offs involved in reducing NO, emissions.

5.8 LTO NOy versus Cruise NO,.

The combustor within the aero-engine

NO, produced by aero-engines is formed in the combustor. The combustor is at
the heart of the turbo-fan (and turbo-prop) engine and it must work reliably at all
engine settings and in all weather conditions. There is no back-up system other
than attempted re-lighting in flight - if the altitude permits. Therefore safety must
remain the top priority and can never be compromised.

Nonetheless, there have been several examples where the pursuit of reduced
NOy has resulted in unacceptable levels of combustor flame stability and/or the
tendency to ‘flame out’. When attempting to control NO, production through the
development of new combustor designs flame stability is often one of the key
challenges and one that rules out many potential technologies. Very high levels
of combustor burning efficiency are also required and any fall-off will cause an
increase in CO, as well as some other pollutants.

Furthermore, in striving for NOy reductions, additional complexity is being
introduced in to the combustor. In addition to safety, several other requirements
are already placed on the combustor designer and Figure 4 below which is taken
from ICAO CAEP’s NO, Long Term Technology Goals Report'" provides a good
summary of the key requirements.

" ICAO CAEP 7 Report of the Independent Experts to the Long Term Technology Task Group on the 2006
LTTG NOy Reviewand the Establishment of Medium and Long Term Technology Goals for NOy.
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Figure 4

5.2

Aero-engine combuster key requirements

CAEP LTTG Review 19

Products of combustion

Aero-engine products of combustion roughly comprise 70% CO,, a little under
30% H,0, and less than 1% each of CO, NO,, SO,, VOCs, particulates and other
trace emissions including Hazardous Air Pollutants (HAPs). Figure 5 is an
industry (ICCAIA) portrayal and illustrates typical values for these emissions at
the cruise condition. Currently international ICAO limits exist for CO, Smoke,
unburnt hydrocarbons (UHC) and NO,. Sulphur is controlled through fuel
standards. H,O and CO, are directly related to the fuel burn and the engine
design and duty and are uncontrolled other than by commercial and performance
pressures.
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Figure 5

5.3

Typical Aero-engine Mass Emissions at the Cruise Condition

&

Typical Emissions from an Aero Engine at Cruise

Emission From 1 Kg fuel
Kerosene
(C12H23.4) CO, 3160 g
H,O 1290 g \ 200:1
NOy <15g
SOy <08g
CO <06g

Hydrocarbons <0.01g
Particulates <0.05¢g
Air lots

Note: This study team’s analysis of Cruise EINOy indicates a range of between about 8 to < 25 as compared
with 15g/Kg shown above.

ICAO CAEP LTO NOy Standards Stringency

The regulation of LTO NO, through ICAO first became effective in 1986 (CAEE).
No further tightening came in to force for ten years until 1996 (CAEP2) when a
20% reduction was made against the CAEE standard. Since then further
reductions have been made at shorter time and smaller reduction intervals:
CAEP4 with an effective date of 2004 -16% versus CAEP2; CAEPG6 effective date
2008 -12% below CAEP4. Until CAEP4 the standard was a simple straight line of
permitted NO, rising with increasing overall engine pressure ratio (OPR),
however, from CAEP 4 onwards an increased slope kink in this line appeared at
OPR 30 which permitted higher OPR engines to produce more NO, than would
have been the case with a straight line. Also at CAEPG6 the slope of the line was
reduced somewhat for engines below OPR 30. These regulations apply for
engines rated above 26.7kN (6,000 Ibs thrust) though for engines up to 89kN
(20,000 Ibs thrust) some ‘small engine’ relief is available.

The LTO NO, metric used for all of these ICAO standards was Dp/Foo which is
defined as the mass of emissions produced (Dp) during a static sea level
(oo)engine test for a simulated idealized LTO (landing and take-off cycle)
normalised against maximum engine thrust (Foo). Figure 6 below shows these
various ICAO NO, standards together with non-attributed in-production engine
data from the databank also highlighting the more recently certificated engines.
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Figure 6 Progression of ICAO NOy certification standards together with engine; data points - recent
certifications are highlighted

140 CAEE
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I1,, - Engine Overall Pressure Ratio

It can be seen from Figure 6 that significant reductions in ICAO certificated NO,
levels have already been promulgated. Overall, from 1986 through to the 2008
requirement, at OPR 30, the permitted level has reduced by about 40% from the
initial level though this reduction is somewhat less at higher OPR levels due to
the ‘kink’ in the curve introduced in CAEP4.

Despite these significant increases in the stringency of ICAO standards, because
higher OPR engines are permitted to produce more NO,, and because of fleet
growth and slow fleet rollover, it is not necessarily the case that total fleet NO,
has been reduced. Had OPR remained at the 1986 level (and in the absence of
growth) absolute NO, levels would have fallen as a result of the subsequent NO,
reduction technologies. However, OPR increases were employed to achieve
substantial improvements in fuel burn i.e. CO, reduction.

NO, production at the higher OPRs was, of course, reduced by the technical
improvements to always fall below the stringency lines. However the absolute
emissions increased due to the general increase in OPR. The reductions
required by ICAO would have needed to be much greater to have produced an
absolute reduction at the high OPRs employed.
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These ICAO certification limits apply only to newly certificated types and with
industry standard production lives of 15+ years for most aircraft types coupled
with the even longer in-service lives of 30+ years for passenger aircraft and about
45 years for freight types, total fleet NO, is slow to respond to a change in the
stringency of the NOy standard. This is illustrated by ICAO’s FESG finding that
60% of passenger aircraft were still in service at 30 years of age!™ - and this
factor of long service life is in addition to the continuing production of engines
certificated to an earlier standard stringency.

The incorporation within these ICAO standards of a slope against OPR was in
response to the characteristic for the mass of NO, emitted to increase along with
increasing OPR (and temperature). This characteristic is discussed more fully
below in Section 5.5. These higher pressures and temperatures have been used
in a drive to improve fuel efficiency through improvements in thermal and cycle
efficiency. The CAEP 4 kink was introduced in recognition of the fuel efficiency
benefits of encouraging high OPR engines and also because of the even steeper
NO, rises that are a feature of ‘throttle push’ engines - variants designed to
operate over a range of increasing thrusts developed from a base engine.

A significant fact is that these ICAO stringency increases were adopted only after
the latest engines had been certificated and therefore demonstrated to be below
the proposed new standard. Thus these ICAO standards were not technology
forcing though importantly they have prevented regression by subsequent later
engine types.

When designing new products, particularly the first of a new family of engines,
manufacturers will design in a NO, compliance margin to guard against any
shortfall in NO, control performance and to meet customers’ expectations of
proofing against future increases in stringency. Moreover, several stakeholders
have argued that their research has been oriented by the expectation that
standards would be tightened. As a result, for future engine designs,
manufacturers aim not only for compliance with standards, but for exceeding the
standards by at least the next anticipated stringency increase. These margins are
evident from the most recent certifications, where most new engines were
certificated at between 5 to 20% below CAEPG.

There has been discussion in ICAO for very many years of the possible
development of a recognised metric and method for identifying the mass of NOy
emitted while an aircraft is at cruise. Thus far this work has not yielded an agreed
approach. Section 5.8 below provides a discussion about using LTO based NO,
for Cruise NOy estimation.

Finally it should be noted that these (LTO based) ICAO NO, certification
standards have been applied only to turbo-jet and turbo-fan engines and not to
turbo-propellers. Some more limited databanks do exist for turboprop LTO NO,,
for example, manufacturers have reported the corresponding data to Swedish
Aeronautical Institute (FOI). FOI has published an interim database that, with the

12 Wickrama U. CAEP/5-1P/11, 8-17 January 2001, Montreal.
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manufacturers consent, could be distributed to authorized parties. This database
is currently used for inventory purposes and charging schemes at various
airports.

ICAO-CAEP 2007 Medium (10 year) and Long Term (20 year) LTO NOy
Goals

In 2006 ICAO’s CAEP commissioned a study from a small group of independent
experts to establish long term technology goals (LTTGs) for LTO NOy reduction
technologies used in commercial aero-engines with the time periods to be
considered being Medium Term (MT Goal 10 year) and Long Term (LT Goal 20
year). The Independent Experts were tasked with reviewing current NOy
performance; potential outcomes from current research programmes; longer term
potential reductions and finally climate impact evidence.

The report of the Independent Experts' was presented to the CAEP 7 meeting in
February 2007 and the findings were accepted. The declared MT and LT goals
are shown below in Figure 4 which has been taken from the report to CAEP. This
shows that both goals were expressed as bands with the MT 10 year band lying
about 45% below the CAEP 6 standard (at OPR 30) and with the LT 20 year
band at about 60% below CAEP 6.

It is immediately apparent that both LTTG Goal bands lie well below current
standards and by a large margin as compared with the difference between
successive changes to standards. In this connection it is particularly noteworthy
that while ICAO standards, by and large, follow proven technical capability, in
contrast these Goals were set at what was judged by the Independent Experts to
be the likely leading edge of NO, reduction capabilities at the two declared time
periods. Note that when performance in the MT NO, band has been achieved,
NO, production at the highest OPR will be lower than in the lowest OPRs of
CAEP 6 and absolute NO, reductions will have been achieved.

Figure 7 also includes the ACARE goals for NOy plotted against the same basis
and it can be seen that the assumed ACARE engine contribution to LTO NO,
reduction (by the year 2020) lies close to the bottom end of the MT (2016) Goal
but above the LT 2026 Goal. It would appear, therefore, that these CAEP Goals
and the ACARE NO, goal are broadly in line with each other.

" Report of the Independent Experts to the Long Term Technology Task group on the 2006 LTTG NO
Review and the Establishment of Medium and Long Term Technology Goals for NO, — Proceedings ICAO
CAEP 7 Montreal February 2007.
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Figure 7

5.5

ICAO CAEP 7 Long Term Technology NOx Goals shown alongside ICAO NOy standards together
with ACARE targets
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Fundamentals of NO, formation

The formation of nitrogen oxides in aircraft gas turbines

The formation of NO, in aircraft engines can be via four different routes: the
thermal route (‘thermal NO,’); the prompt route (‘prompt NO,'); the nitrous oxide
route (N.O) and the fuel-bound nitrogen route (Bowman, 1992). Of these the
thermal route overwhelmingly dominates in aero gas turbines burning aviation
kerosene.

Thermal NOy arises from the thermal dissociation of nitrogen (N») and oxygen
(O,) molecules in combustion air. At high temperatures, N, and O, dissociate into
their atomic states, N and O and react with N, and O, to form NO via the
‘Zeldovich mechanism’, whereby:

(] N, +O—>NO+N
2] N+0,—>NO+O
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Rates of these reactions are dependent upon the stoichiometric'* ratio (air to fuel
ratio) in the primary combustion zone, flame temperature, system pressure and
the time spent at the flame temperature (residence time or stay time). Therefore
the NO, formed is a function of expT x P" x R. Here T is the characteristic flame
temperature and P is the combustor pressure. The exponent ‘n’ is typically ~0.5
but can approach zero in premixed lean flames. Residence time R at the highest
temperatures will, typically, only be unit milli-seconds, by design, in order to
compete with NOy reaction rates that are very fast at high power conditions.
Figure 8 illustrates the rate at which NOy El increases with pressure ratio in
combustors that did not feature any (deliberate) NO, reduction technology. Whilst
the difficulty of making substantial reductions in NO, at the high pressure and
temperature conditions is evident it should also be true that any technology
capable of producing such reductions should make even bigger percentage
reductions at low power.

NO (nitric oxide) is the primary NO, species produced in the flame. Subsequent
reactions form NO, through the turbine, jet-pipe and in the environment. This
further reaction is favoured by relatively low gas temperatures and by traces of
unburned fuel and carbon monoxide. The range of possible temperature regimes,
times and trace gas concentrations within the engine and near plume can result
in conversions of NO to NO, ranging from almost none to levels in excess of
80%.

" In a fuel/air mixture at stoichiometric ratio = 1.0 all of the available fuel is exactly able to burn with all of

the available oxygen. At higher values of the ratio all the oxygen would be used but there would be an
excess of fuel in the combustion products. At lower values there would be an excess of oxygen remaining
in the combustion products.
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Figure 8

5.6

Relationships between NOy El and Pressure ratio'®
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Engine NO, control strategies

Combustor designs

There are two, main, NO, controlling combustion modes that could be applicable
to gas turbines.

— Rich burn, Quick quench, Lean burn (RQL).

—  Leanburn™.

Each will be described below in more detail.

Various other successful NO, reduction technologies such as ‘catalytic
combustion’ ‘flameless combustion’, etc. have not proved suitable for aero engine
use as a result of problems such as weight, size, stability, etc.

RQL Combustion

The familiar, traditional, combustor that dated from the origins of the gas turbine
until the advent of emissions controls was, generally, a rich burn, quench, lean
burn design. (Figure 9) It was natural, therefore, that work to reduce smoke,
idling emissions and NO, would start by making improvements to the existing
design. The current RQL designs are very sophisticated versions of this original
design which feature excellent control of fuel preparation, air/fuel ratios, internal

' From LTTG Report.
16 Lean Premixed Prevaporised combustion (LPP) which is not now considered practicable for liquid fuelled
engines is also described here briefly.
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Figure 9

aerodynamics and residence times. The most modern designs also owe much to
the investment in Computational Fluid Dynamics (CFD) and combustion
chemistry models that has been made over the last 30 years or so. In the RQL
design the primary combustion zone of the combustor is operated richer than
stoichiometric at take-off and climb, in a fairly narrow air/fuel ratio (AFR) band
that avoids smoke formation whilst making little NO,.

Schematic illustration of an RQL combuster

Fuel P wRich/ Combuster exit
injector o 'BH' ‘zone ' ~& Turbine

Figure 10 shows, schematically, the relationship between NO, formation, flame
temperature and AFR together with acceptable and unacceptable operating
bands.

42 7.536.1/Lower NOx at Higher Altitudes @
October, 2008



Figure 10 NOy production versus AFR and gas temperature

NOXx production versus AFR and gas temperature
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In Cruise and Approach the primary zone may operate in or close to the NO,
production band. However because of the design features built in for LTO NO
reduction, — good fuel preparation, short residence time — and because the
combustion air temperature and pressure are low NO, production at these
conditions is also reduced. It should be expected that NO, reduction technology
designed for the take-off and climb conditions (where NO, reduction is very
challenging) would be at least as good at Cruise and Approach where, from a
NO, reduction perspective, conditions are much more benign.

After the primary zone, additional air is injected into the combustor to dilute the
part-burned rich combustion products from the A-B zone (Figure 10) to
somewhere in the C-D band to complete burning. Clearly, the mixing of the air
with the primary zone products must be very fast and uniform so that NO,
production is minimized in passing through the B-C zone. Achieving this
minimization is a considerable technical challenge because the NO, production
rate is very fast and the aerodynamic mixing process (which is not naturally very
fast) has to be designed to be as efficient as possible and comparably fast.

7.536.1/Lower NO, at Higher Altitudes 43
October, 2008



Lean burn Premixed Prevaporised combustors
LPP technology is illustrated conceptually in Figure 11.

Figure 11 Schematic illustration of an LPP combustor

|
& o
o

This technology aims to emulate gas fuelled combustion in that the fuel spray is
perfectly mixed with an excess of air and evaporated before entry to the
combustor. In principle the technique could produce very low NO, emissions than
are currently being achieved in gas fired power plant applications where weight,
complexity and passenger safety are not problems. However, in spite of
considerable research activity in the 1980s and ‘90s the technology was best by
numerous problems that appear to be insurmountable. Although NOy reductions
of better than 90% were demonstrated (at reduced combustor pressures) it was
necessary to use non-premixed pilot combustion in order to ensure the safe
operation of the combustor. This reduced the gains to ~60% only. Overall there
were huge operability and flight safety issues.

Lean Burn direct injection Combustors:

In spite of the large NO, reductions that have been achieved by RQL technology,
rising pressure ratios and combustion air temperature are increasing the difficulty
of making further large improvements, especially for the larger, high pressure
ratio engines. After the LPP research programmes, possibilities of lean
combustion, direct injection (i.e. fuel sprays) were investigated in combustors
featuring novel aerodynamics that allow separate combustion zones to co-exist in
the same combustion space (Figure 12). These separate zones allow staging for
high power and low power duty to be achieved in order to optimize the
combustion process.

This design approach requires that a very high percentage (in the region of 40 to
50%) of the combustor air passes through the airspray fuel injector. Therefore the
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Figure 12

5.7

fuel injector tends to become large and complex with some issues of cost and
weight and problems of overheating. Excellent performance in terms of fuel spray
placement and quality is required of the atomizer in order that the spray should
be as much vaporized and mixed with the airflow as possible prior to the flame.

Schematic illustration of a DLI combuster

From the results of experiments with circumferential staging in the past it might
be expected that this technology would require much work to meet low power
efficiency/emissions targets. Also because of the staging it cannot, automatically,
be assumed that Cruise/LTO NOy relationship will be retained. Rather, Cruise
NOy will have to be optimized separately in its own right. On the other hand
because of the additional flexibility offered by the more complex fuel injection
system and the staging there must be prospects of achieving better Cruise NO
than the current RQL technology.

Trade-offs involved in reducing NO4 emissions

Engine design involves making trade-offs between many requirements. For the
purposes of this study, the most important trade-offs at the engine level are those
between CO, and NO,, and the trade-off between NO, and noise. It is important
to recognise, however, that trade-offs occur not only at the engine level, but also
at the aircraft level, where the pollutants are eventually emitted. At the level of the
whole aircraft, trade-offs are broader than in the case of the engine alone.
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5.7.1

Figure 13

CO,: NOy Trade-offs at the engine level

With these two gaseous emissions in mind it is clear that for a fixed engine
technology standard, if engine core temperatures and pressures are increased in
pursuit of reduced fuel burn and CO,, then all else being held equal, the mass of
NO, emitted will rise. Alternatively in the opposite direction, if engine core
temperatures/pressures are reduced in order to reduce NO, output then engine
thermodynamic efficiency will be reduced and additional fuel will be burned in
order to restore thrust.

However, in practice over time, reduced fuel burn and reduced NO, production
have both been achieved by pursuing concurrent fuel burn and NOy reduction
technologies. As long as further NO, control technologies remain to be developed
then improvements in both characteristics can continue though, if in the future
NO, control was to plateau, then trade-off may become a bigger factor. The ICAO
LTTG NOy goals study referred to above indicates that this plateau has not yet
been reached nor is likely to be in the next ten years and possibly twenty years.
Figure 13 produced by industry (ICCAIA) amply illustrates that both specific fuel
consumption (SFC) and NO, have been reduced over the past several decades
and that future NO, goals (ACARE is used here for illustration), if achieved, will
result this happy situation continuing.

lllustration of CO, : NOx Trade-off for varying combustor technology standards
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5.7.2

5.7.3

To what extent could fuel efficiency (CO,) improvements have been taken
further in the absence of NO, controls?

Given the significance of CO, emissions to climate change, the question remains
to what extent even better fuel burn (CO, performance) may have been possible
if NO, controls were more relaxed. This study has sought to better establish the
strength of this NO, : CO, trade. To this end discussions have taken place with at
least three major engine manufacturers and a breadth of comments have also
been received from other stakeholders including several involved in the ICAO
CAEP process.

The conclusion of this study is that improvements in SFC (CO,) to date have
been constrained more by materials’ temperature limits, for example, turbine
entry temperatures (TET) and consequent cooling issues than by the
mechanisms employed to reduce NO,. Thus far there has been little inhibition in
CO. performance caused by the need to control NO, other than in some cases
where NO, control mechanisms may have added some additional engine weight
(though not significant at the scale of the whole aircraft). This might rise to
perhaps 100 kg) in a future DLI combustor as a result of a more complex fuel
control system and additional manifolds, etc. as well as some additional
combustor complexity. Having said this, many of the modifications have turned
out to have other value. For instance combustor traverse factor, smoke
emissions, and wall cooling and computational methods have all benefitted from
the enhanced research environment.

This finding that the pursuit of NO, reduction technologies has had little effect on
CO, cannot be altogether surprising given that, at least in the case of ICAO
CAEP, any change in stringency demands proven technical feasibility and
economic reasonableness. It is also supported by the fact that on-going CAEP
studies on the cost-effectiveness of modifying non-compliant engines by fitting
modern low NO, combustor systems assume a CO, penalty of just 0 to 0.5%,
with 0.25% being viewed as a reasonable single figure.

Arguably, the concentration on fuel burn reduction in the last 30 years allowed
high OPR NO, emissions to rise faster than the reduction technology could keep
pace with. Although this is easier to see with hindsight, it does indicate the
dangers of pursuing a single minded long term goal without periodic reviews to
identify any perverse or linked effects.

Therefore can NOy : CO, Trade-offs be ignored for future regulations?

The short answer is no! As was described in Section 5.7.1, at the fundamental
level there is an inverse link between the production of CO, and NO,. If the
thermal efficiency of an engine core is raised through higher core pressures and
temperatures (increasing fuel efficiency/reducing CO,), and all else is held equal,
there will be a resulting rise in the mass of NO, emitted. This might be referred to
as the NO, : CO, seesaw with, on the one side, NO, regulations and standards
bearing down on NO, as against fuel price and payload/range pressures bearing
down on CO..
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Therefore, at a given technology standard, if pressure builds on CO, reduction
then NO, will tend to rise, and conversely, if heavy pressure is exerted to reduce
NO, then CO, production will tend to rise. However, Section 5.7.1 also described
that over time both of these emissions have been reduced concurrently and that
this was due to improving NO, control technologies coming on stream coupled
with the emergence of higher OPR engines (as well as higher by-pass ratio).
However, this success is slightly overstated as it must be borne in mind that
engines with higher OPRs are permitted to produce more NO, under the slope in
the ICAO NO, standards — see Figure 6.

With current high fuel prices and the forthcoming inclusion of aviation in the EU
ETS there is an even higher incentive to reduce fuel burn and CO, emissions.
This may result in the exploitation of the NO, : CO, trade-off in new engines to
the point where reduced climate impacts resulting from the inclusion of aviation in
the ETS may be partly offset by increasing NO, emissions.This situation would
tend to the view that both CO, and NOy need to be borne down on to avoid either
one being adversely affected by pressures otherwise applied solely on the other.

Interestingly, given the presence of ICAO NO, standards, which it has already
been described inhibit backsliding on NO,, this would appear to mean that, other
than utilising the ICAO permitted NO, vs. OPR slope, in extreme circumstances
there is greater potential for a degradation in CO, performance rather than for
CO, pressure to degrade NO, performance.

Figure 14 below has been provided by ICCAIA and is similar to one incorporated
into the ICAO LTTG Report. This shows that for a given technology standard
minimising CO, may be adversely affected at the level of between 1 to 3%
against a reduction of between 15 to 30% improvement in NO,. If a single figure
were to be chosen then the gearing might be summarised as 2% CO, penalty for
a 20% NO, improvement. The corresponding figure taken from the LTTG report
would be a 2% CO, penalty for a 22% NO, improvement — i.e. broadly similar.
Trade off at these relatively high levels has been taken to indicate the dangers of
forcing the pace on the regulation of NO,, through such as standards, ahead of
the availability of viable NO, reduction technologies which, when available, permit
both CO, and NOy to be reduced.
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Figure 14  Example carpet plot of engine cycle trade offs - CO,/NO,/Noise
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The Impact of Future Engine Technologies on CO,: NOy Trade-off

Since the development some 40+ years ago of the Turbo-fan engine from the first
generation of pure jet engines their progress has been characterised by two key
trends, that of increasing by-pass ratio (BPR) and of overall pressure ratio (OPR).
Both of these trends have been driven by the requirement for improved fuel burn
— and reduced noise. Improved fuel burn has been achieved through improved
propulsive efficiency provided by the front fan coupled with improvements in
thermal efficiency achieved by making the (reducing sized) engine core work
harder. Since the introduction of the by-pass engine these increases in BPR and
OPR can be considered to have been gradual and progressive — evolutionary
rather than revolutionary.

By-pass ratio has progressively increased

The numerical value of BPR reflects the proportion of the total air moved by the
front fan of engine as compared with the proportion passing through the hot core
of the engine (compressor, combustor and turbine) and which itself drives the
front fan. Over the 40 years or so since the introduction of by-pass engines,
values of BPR have risen from around 1 (i.e. equal flows through the fan and the
core) to the highest values today of around 10:1 where approximately 1 part of
the air passes through the core for every 10 passing through the front low
pressure fan. Engine diameter increases with BPR in order for the fan to pull
sufficient quantities of air. Figure 15 below illustrates the trend in BPR. Due to
several competing factors related to aircraft mission, engine performance and
physical size, the highest BPR engines tend to be on long haul wide-bodied
aircraft whereas modern engines powering today’s narrow-bodied fleet have
maximum BPRs of around 5 or 6.
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Figure 15 Long term trend in engine by-pass ratio
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Future trend in BPR — possibilities for more radical change

As described above the past several decades have been characterised by a
steady rise in BPR within the constraints of what might be termed conventional
turbo-fan engines. However, there are today at least some possibilities for more
radical change and recent very large rises in fuel price have certainly renewed
interest in concepts that have been gently simmering for a considerable period of
time. Two notable examples are the geared turbo-fan engine (GTF) and the open
rotor (sometimes also called the propfan) engine.

Taking these in turn:

The essential difference between the GTF as compared with a conventional
turbo-fan engine is the addition of a gearbox between the front fan and the
turbine driving the fan. This will permit the BPR for engines for narrow-bodied
aircraft to rise from around the present day value of 5 or 6, it is claimed, to a
value around 10 to 12 (i.e. as good as today’s best wide-bodied aircraft engine).
The GTF is currently being designed around applications requiring up to around
30,000 Ibs of thrust (nominally single aisle 150 seaters). In principle higher thrust
GTF engines for wide-bodied aircraft might in time be envisaged though issues
will arise related to gearbox weight and design for such high powers. As is
intrinsically the case with increasing BPR, GTF engine diameter will be larger but
in other respects outwardly it will have the appearance of a conventional turbo-
fan engine.
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The open rotor or propfan engine concept. Unlike the GTF, the open rotor will be
strikingly different to today’s turbofan arrangement. Its most striking feature will
be that the fan case will have been removed and the fan itself replaced by
immediately apparent large swept propeller-like blades. At the simple concept
level the open rotor can be thought of as a turbo-fan where the BPR has risen to
very high levels (several tens) and the cowl has therefore grown to an impossible
diameter (weight and drag) and therefore has been dispensed with. In many
senses this concept is closer to the turbo-propeller but with the swept blades
enabling speeds and cruise altitudes closer to turbo-fans. It is likely such engines
will employ a contra-rotating pair of blades. An apparent limitation will be
maximum thrust size as even a mid thrust size engine suitable for 150 seaters
will be likely to have a diameter close to 4 metres. There will be challenges
related to en-route noise and engine placement but with anticipated significant
fuel efficiency benefits. Considering NOy, such will be the propulsive and core
cycle characteristics that changes to NO, production may be quite complex and it
seems likely that changes to NO, production may go in opposing directions at
different stages of the flight envelope.

Overall Pressure Ratio has progressively increased

Coupled with increasing BPR, relatively, engine cores have reduced in size and
been made to work harder as evidenced by the rising OPR trend. This has led to
higher engine core working pressures and temperatures resulting in increases in
engine thermal efficiency. Figure 16 illustrates this trend over time. OPRs have
risen progressively to highest values today of 40+: 1 where today materials’
temperature limits and limitations in cooling and modelling methods have slowed
OPR growth.
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Figure 16 Long term trend in engine OPR, TET, and cruise SFC
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Future trend in OPR - possibilities for more radical change

In today’s climate it may be hard to believe but it is less than 5 years ago that jet
fuel was priced at less than one a US dollar a gallon, today it is above three
dollars. The materials temperature limits discussed above require costly and
complex solutions to help to encourage further increases in OPR (and
temperature). At lower fuel prices the balance lay more towards favouring greater
reliability and longer component life rather than in pushing very hard at the OPR
limitations. At today’s fuel prices, however, the balance has moved considerably
further towards justifying attempts to move significantly further on OPR though
this implies more complexity, for example, the use of intercoolers. This will also
put further pressure on NOy control technologies which may require their own
step changes and certainly so if either the ACARE goals or CAEP’s LTTG goals
are to be realised — see Figure 7.

CO,: NO, Trade-off at the whole aircraft level

At the engine level the trade-off between NO, and CO, is contained within the
thermodynamics and combustion chemistry of the engine itself. At the level of the
whole aircraft this issue becomes yet more complicated as both aerodynamic and
structural efficiencies also come in to play. For example, as has already been
evident above when considering ICAO certification trends, it is perfectly possible
(indeed not unusual) for an engine with improved efficiency through higher OPR
to exhibit reduced fuel burn (reduced CO,) but increased certification LTO NO,.
When this engine is then coupled with an airframe this airframe itself may have
improvements in aerodynamic efficiency (lift/drag) and/or improvements in
structural efficiency (reduced weight).
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These airframe improvements combined will, for the same payload & range
mission, result in a somewhat lighter airframe due to (somewhat) smaller wings
and engines, having the effect of reducing fuel burn in flight and also of reducing
the required thrust and therefore engine size or throttle setting. Such may be the
scale of these reductions that the original higher NOy production of the higher
OPR engine may be more than offset by reductions in NO, production resulting
from savings due to these other factors.

In El terms (Emissions Index — grams NO produced per kg of fuel burned), such
a situation would result in an engine with a higher EINO, being fitted to a more
efficient airframe with the overall result that at the level of the whole-aircraft,
EINOy (or mass of NO, produced per seat km) is reduced as compared with an
aircraft/engine combination of a previous generation. The following sequence of
three figures taken from Appendix A.2.6, demonstrate exactly this outturn.
Working through these, Figure 17 shows a trend of increasing whole aircraft El
NO, (g NO,/kg Fuel) against entry into service date. Figure 18 illustrates the
improvement in fuel efficiency with time due to a combination of both aircraft and
engine improvements. When these two trends operate together Figure 19 shows
the resulting fairly flat trend in mass of NO,/SKO (seat kilometre offered) emitted
with the growth in EINO, being almost exactly balanced by fuel efficiency
improvements.

The ACARE goals, and even more CAEP’s own Medium Term and Long Term
NO, technology goals, indicate that there is every prospect of further significant
improvements in NO, reduction technologies. If these LTTG Goals are achieved,
coupled with potential fuel burn improvements, then on a per SKO basis
significant reductions in mass NO, emitted, even at high OPRs, may be
achievable.
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Figure 17 Whole aircraft EINO versus Entry into Service Data - FAST 2000 Model
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Figure 18  The rate of fuel efficiency improvement versus entry into service date - FAST 2000 model
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Figure 19 Mass of NOy emitted resulting from the combination of growth in EINOx and decline in fuel burn -
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NO, : Noise Trade-off

From stakeholder discussions there does not appear to be a proven significant
NO, : Noise trade in the sense that reducing NO, has not caused an increase in
noise.

Any operational procedures requiring high thrust take-offs will have a relationship
to increased NO,, though in the more usual circumstances of reduced thrust take-
offs both noise and NO, will be reduced. In each of these cases, however, the
effects will be felt at the local level. The ICAO LTTG 2007 NO, Report made
mention of a single example having been presented where minimising noise had
apparently resulted in a 1.5% NOy penalty, however, its overall conclusion
similarly was that there appeared to be a relatively weak relationship though
further study was recommended.

There are examples of indirect secondary trades between the mass of NO,
emitted and noise that may be significant in the context of the overall refinement
of the aircraft/engine combination and possibly more relevant to altitude effects.
For example, if greater noise stringency requires longer ducts or heavier acoustic
absorbers, or if there is a thrust loss resulting from Chevron-type noise reduction
(changing the shape of the rear of the engine then the increase in weight and/or
loss of effective thrust would result in an increase in fuel burn which would in turn
result in an increase in mass of NO, emitted for a fixed EINO,. Another future
example would be if active boundary layer control came in to use with
consequent thrust loss together with a mass increase. In such cases, for any

7.536.1/Lower NO, at Higher Altitudes 95
October, 2008



5.8

given technology standard, the additional thrust required must be expected to
increase, somewhat, the mass of NO, produced. Nonetheless, the overall
conclusion remains that in respect of NO, there appears to be a relatively weak
direct trade with noise.

LTO NO, versus Cruise NOy

For the purposes of controlling aircraft NO, at cruise altitudes the ideal would be
to have available a way of measuring real time NO, produced during each flight.
Unfortunately, we are far from this ideal. Not only is there no routine way of
measuring real time Cruise NO, but neither is there an agreed database of
calculated Cruise NOy production for each aircraft & engine combination let alone
with the added complication of individual flight routings, distances and payloads.

Given this situation, this study has been faced with a choice of either
recommending the creation of such a reference database using aircraft
performance models to establish fuel flow and from which to calculate NO,, or
alternatively trying to work with an existing database which is available even if it
does not contain exactly the cruise information needed. With this difficulty in mind
considerable thought has been given to the suitability, or otherwise, of using the
current ICAO LTO NOy certification database which covers essentially all
certificated turbo-jet and turbo-fan engines above 26.7 kN (6,000 Ib) thrust. Given
the certification nature of this database it has the distinct advantage that it is
widely accepted and individual engine relative positions are not open to
argument.

The major issue with using this internationally recognised dataset is that it is
based on an idealized LTO cycle operating at altitudes only up to 3,000 feet
(915 metres) and therefore it does not contain Cruise NO, information. It should
also be noted that turbo-prop aircraft are not covered by the ICAO LTO
certification scheme (and neither are turbo-fans below 26.7kN (6,000 Ibs)) so if
they are to be included in any EU scheme additional data sources, will need to be
found. Separately, there is a climate science question as to whether the impact of
turbo-props is significant given their short range operations and lower cruise
altitudes. Some more limited databanks do exist for turboprop LTO NO,, for
example, manufacturers have reported the corresponding data to Swedish
Aeronautical Institute (FOI). FOI has published an interim database that, with the
manufacturers consent, could be distributed to authorized parties. This database
is currently used for inventory purposes and charging schemes at various
airports.

The crucial question therefore is to what extent can this idealized but accepted
LTO based database be used to address altitude/Cruise NO,? Considerable
effort has been undertaken within this study to address this question.

This same question has been the subject of extensive debate within ICAO CAEP
for several years and despite attempts to devise recognised Cruise NO, metrics
and aircraft/engine Els (emission indexes) none of these have as yet found
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general favour to the point of being adopted. Several of the stakeholders involved
with this debate within CAEP have been interviewed, including the Rapporteur of
the lead Working Group. Our clear understanding of the present position in CAEP
is that the LTO NO, procedure and databank is thought to provide a reasonable
guide also to altitude NO.

This study is aware that there is some disquiet with using LTO based data to

address altitude emissions. The key arguments can be summarised as follows:

— The LTO cycle is an idealized procedure carried out at static sea level
conditions.

— The LTO cycle does not extend beyond 3,000 feet (915 m) altitude.

— The LTO to cruise relationship appears to work less well for families of
engines where, what is termed, throttle push is taking place to certificate
engines at greater thrusts - though it appears in these cases that it may be
LTO NOy that increases rapidly rather than altitude NO,.

— The current possibly workable relationship between LTO and Cruise NO, may
not hold true in the future for all new combustor designs (e.g. lean burn
engines), changed engine architectures (e.g. open rotor or propfan engines),
and radical airframe designs (e.g. blended wing bodies).

— Airframe characteristics are not involved in the ICAO LTO engine certification
and therefore differences between efficient and less efficient airframes will not
register.

LTO NOy : Cruise NO, - Study Conclusions:

Current technologies:

In principle a database of all engine/aircraft combinations could be created from
calculations of altitude NO,. To do this most accurately would require engine
temperature and pressure information — referred to as P3T3 methods — however,
such information is commercially sensitive and therefore not freely available.
Additionally, for greatest accuracy, information would be required on the payload,
fuel load, wind and met conditions for every flight. Clearly such an approach
would be hugely burdensome and therefore currently impractical.

An alternative would be to estimate for each aircraft/engine combination the fuel
burn for given mission distances using commercially available software tools
such as PIANO and using these results to estimate NO, production using
recognised and what are termed ‘fuel flow methods’, for example, Boeing or DLR.
This would necessitate creating an accepted database of such estimations again
for all aircraft/engine combinations and mission distances but would be subject to
estimation errors and liable to dispute.

The study team found widespread industry support for using the existing ICAO
certification LTO databank rather than creating something new and therefore
careful consideration was given as to its suitability for addressing altitude NO.
Several pieces of work relevant to this issue have been received within CAEP
and Figure 20 is but one example presented by Airbus. This shows that industry
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believes that for all but the shortest ranges there is a good relationship to within
+/- 15%.

Figure 20 Industry view of level of agreement between altitude NOx and LTO NOy

Airbus Fleet Overview
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Within the CAEP community the measure of agreement between LTO
Certification NO, and altitude NO, has been expressed in terms that if LTO NO,
increases then it is expected that Cruise NO, would move similarly. It is not
claimed that the relative altitude NO, characteristics of all engines would be
accurately reflected but that as a general rule it is acceptable. Figure 21 provided
by ICCAIA illustrates some of this variability.
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Figure 21  Industry chart showing similarity between improvements in LTO NO, : Altitude NOy
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Work was undertaken within this study to further examine the strength of this
correlation using the Piano aircraft performance tool and the DLR fuel flow
method. This appeared to indicate a potentially greater spread than that in Figure
20. Further analysis suggested this effect was related more to families of engines
where throttle push was being used and where in such cases LTO NO, rose to a
much greater extent than did altitude NO,, However, data limitations on engine
fuel flow and mission aircraft weights precluded further analysis and may have
themselves caused some of the apparent spread.

A considerable body of analysis was completed for this study to further
investigate the strength of the correlation between LTO and altitude NO,. In
summary it was concluded that there is a reasonably good correlation between
the mass of NOy calculated from the LTO cycle (including the effect of multiple
engines) and when multiplied by mission distance as compared with the mass of
altitude NO, estimated from aircraft performance models and NO, estimation (fuel
flow) models. Details of these calculations together with the detailed statistical
analysis can be found at Appendix H.

Future Technologies — will the LTO : Cruise relationship hold?

The short answer is possibly not. Various technologies have been discussed in
the preceding pages and many of them hold the possibility of changing not only
the NOy : CO, trade-off as already discussed but also of changing the
relationship between LTO NO, and altitude NO,. This finding should not be a
surprise as it repeats the broad conclusions of CAEP’s LTTG review.
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The technologies that may potentially be responsible for changing the current
relationship are by no means limited to the combustor though here also there are
question marks over the not too distant future. Lean Burn staged combustors
currently in development cannot automatically be assumed to maintain today’s
relationship. These combustors appear to offer the possibility of optimizing the
cruise condition in its own right and hold the prospect at least of possibly
improving cruise NO, performance though this begs the crucial question of where
the pressure for this optimisation will come from in a solely LTO certification
world.

Furthemore, radical engine architectural changes, for example the open rotor
with a huge increase in BPR, again hold the prospect of significant change. In
this case the changes are likely to be complex with the potential at least for
significant reductions in LTO NOy but coupled with a possible increase in cruise
EINO, though given the expected fuel burn improvement overall cruise mass NOy
may still show a reduction.

Even possible airframe changes may require study in respect of LTO to Cruise
NO,. More radical potential changes such as (forced) laminar flow or the
development of a blended wing bodied aircraft seem likely to require study
though in respect of future ‘conventional’ airframes there seems no reason to
expect significant divergence caused by the airframe itself - though as described
above a combustor change or change in engine architecture even on a
conventional airframe are likely to change the relationship.

The conclusion of this study is that while today there is a reasonable correlation
between LTO NO, : Altitude NO, future (even relatively near term) technologies
do hold the potential for significant change to this relationship. These future
technologies will need to be monitored to ensure the relationship holds or is, if
necessary, adjusted. ICAO CAEP’s LTTG process offers the prospect of regular
review though a specific monitoring process has yet to be developed.
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6.1

Policy options

The policy options studied in this report have been selected in a two stage
process. First, a long list of conceivable policy options has been drafted. After a
broad evaluation and consultation with stakeholders, five options have been
selected for further design and evaluation.

This chapter presents the long list of options in Section 6.1. The selection of the
five options is described in Section 6.2. Sections 6.3 through 6.8 describe the
design of the selected options.

Comprehensive list of policy options

A comprehensive list of policy measures was drafted, categorising them in four
groups:

1 Standards of emissions at source.

2 Operational procedures to reduce NO, emissions.

3 Economic and financial incentives.

4 Miscellaneous.

Specifically, the long list included the following policy measures.

1 Standards of emissions at source

a EU push for increased stringency of existing ICAO standards for
LTO NO4 emissions of new engines; the EU intensifies its efforts to
argue for increased stringency of ICAO standards.

b EU action for the introduction of ICAO standards for cruise
emissions for new aircraft or engines; the EU starts to press for the
introduction of ICAO standards for cruise emissions, either NO, or NO,
and CO, combined.

¢ EU LTO NO, emission standards for engines or aircraft newly
registered in EU Member States or operated on flights to and from
EU airports; the EU agrees on standards for engine or aircraft LTO NOy
emissions that are more stringent than current ICAO standards.

d EU cruise NOx emission standards for engines or aircraft newly
registered in EU Member States or operated on flights to and from
EU airports; the EU agrees on standards for engine or aircraft cruise NO,
emissions.

e A phase-out of the worst performing engines on EU registered
aircraft or on aircraft operated on flights to and from EU airports,
followed by a ban; the EU agrees to ban aircraft with engines surpassing
certain emission standards from registering in EU member states or from
landing at EU airports after a phase-out period.
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2 Operational procedures to reduce NO, emissions

a

Strengthen implementation of the Single European Sky; the EU
implements measures ensuring efficiency improvements in the European
air traffic management system, thereby reducing detours on flights in EU
airspace. This would reduce all emissions, including NO,. This is already
part of the comprehensive approach to addressing aviation emissions set
out in the Commission's Communication in 2005 (COM (2005)459 final).
Climate-optimised air traffic management - flying at altitudes or
routes that minimise NO, emissions, contrail formation and CO,
emissions); the EU implements air traffic management procedures for
the entire flight aimed at reducing the climate impact of flights, e.g. by
changing altitudes and flying around supersaturated areas in which
contrails form, or increased use of continuous descent approach.

3 Economic and financial incentives

62

a

EU-wide differentiation of existing charges according to LTO NOy
emissions or EU LTO NOy charge; the EU implements a scheme for the
differentiation of charges related to aviation (be it ATM charges, airport
charges or government charges) based on NO, emissions, either LTO
NO, emissions or cruise NO, emissions. Or the EU implements a LTO
NO charge, the revenue of which could be used for offsetting or for R&D.
EU NO, en route charges or performance incentive; the EU
implements en route charges for cruise NO, emissions, be it for flights to
and/or from or between EU airports, flights in EU airspace or any other
flights within the jurisdiction of EU Member States. The revenue could be
used in a number of ways. A performance incentive would not have
revenue, since it is a revenue-neutral charge-subsidy system, which may
be based upon absolute emission levels or relative criteria such as
emissions per RTK, or load factor related.

Inclusion of aviation NO, emissions in the EU ETS; the EU creates
allowances for aviation NO, emissions that can be traded against CO,
emission allowances; aircraft operators would need to surrender NOj
allowances in addition to CO, allowances for flights to and from EU
airports.

Introduction of a multiplier for aviation in the EU ETS; aircraft
operators surrendering EU emission allowances (EUAs) to cover their
emissions under the EU ETS would be required to surrender more than
one EUA for each tonne of CO, emitted in order to reflect aviation’s non-
CO, climate impact; the multiplier could be general or aircraft specific.
Introduction of a NO, emission trading system; aircraft NO, emissions
would be included in an emission trading system for NO,, which could
extend to other sectors.

NO, emissions are included as criterion in airport slot allocation
rules; this way the use of low-NOy aircraft could be rewarded through
preferential access to or advantages in obtaining slots at congested
airports.
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4 Miscellaneous

a Voluntary agreements with aircraft engine manufacturers and/or
airframe manufacturers and/or aircraft operators on NO, emissions
from engines; the EU enters into an agreement with aircraft engine
manufacturers and/or airframe manufacturers and/or aircraft operators to
reduce the NO, emissions from engines or the emissions per LTO or per
passenger or per revenue tonne kilometre according to a specified time
path, such as for example set in ACARE’s technology goals.

b Further funding of research into:

— Reduction of NO, emissions from engines; the EU increases its
funding of aircraft engine research and emphasises the reduction of
NO, emissions.

— Reduction of NO4 emissions or climate impact by changing
operational procedures; the EU increases its funding of air traffic
management research and emphasises the reduction of NO
emissions or climate impact.

— Best practices to reduce NOy emissions during flights; the EU
funds a study into the best practices of reducing NO, emissions during
flights and facilitates the dissemination of the findings to the relevant
stakeholders.

Giving higher priority to aeronautics research is already part of the

comprehensive approach to addressing aviation emissions set out in the

Commission's Communication in 2005 (COM (2005)459 final.

Selection of options

A broad evaluation and a stakeholder consultation led to the selection of two
groups of policies and the decision not to study a third group.

The first group of policy measures was found to hold potential for limiting or
reducing NO, emissions, but the policies, however desirable, do not qualify in the
context of this study as primarily addressing NO, or they do not qualify as
additional legislation. They include:

— Implementing the Single European Sky.

— Funding of research.

These policies have not been selected for further design and evaluation for a

number of reasons:

— To propose a design for these policies within the scope of this project would
be inappropriate, as for example the design of policies to implement the
Single European Sky is the purpose of SESAR.

— Both SES and funding of research are existing policies. As such, they can
hardly qualify as the ‘proposal to address the nitrogen oxide emissions from
aviation’ that the Commission promised to issue in 2008.

— SES does not target aviation NO, emissions. Rather, it aims at eliminating
inefficiencies in the air traffic management system. As a result, fuel burn will
be reduced and NO, emissions will be reduced proportionally. The trade-off
between NO, and CO; in engine design will not be affected, however.

7.536.1/Lower NO, at Higher Altitudes 63
October, 2008



Furthermore, aviation being a competitive industry, the cost reductions
induced by SES will be passed through to the customers, triggering a rise in
demand and partially offsetting some of the environmental gains.

The second group was found to be effective in limiting or reducing aviation NO
emissions, legally feasible, would not encounter severe data problems, would be
feasible to implement, and could be designed in such a way as not to distort
competition. These are:

An LTO NOy charge.

An LTO NO, charge with a distance factor.

A NOy en route charge.

Including aviation NOx allowances in the EU ETS.

LTO NO, emission standards, either issued by the EU or by ICAO following
concerted EU action.

a s WON -

To these options a politically relevant sixth has been added, viz. the multiplier as
proposed by the European Parliament (P6_TA(2007)0505)"".

6 A precautionary emissions multiplier.

Other options included in the long list were discarded for the following reasons:

— Options involving cruise NO, stringency were discarded because there is
currently no agreed metric for cruise NO, emissions nor an agreed method for
measuring these. However, it is conceivable that the current relation between
LTO NO, emissions and cruise NO, emissions may break down (see Chapter
5). Therefore, it is recommended to monitor the relation between cruise NOy
and LTO NO,.

— A phase-out of dirty engines could be prohibitively costly, as the trend in
cruise NO, emissions per seat kilometre is almost flat. This means that such a
policy might imply scrapping new engines with a high residual value, if the
criterion would be emissions per SKO, or, if the basis would be CAEP
standards, would have very little environmental impact.

— Operational measures such as climate-optimised air traffic management are
not feasible at the moment because scientific knowledge in this area is
immature.

— Inclusion of a NO, criterion in slot allocation rules would introduce
inefficiencies in the use of slot co-ordinated airports and have welfare costs.
Furthermore, it could encounter legal obstacles.

7 As long as there are no Community measures which incentivise the reduction of releases of nitrogen oxides

from aircraft (...) and which ensure the same ambitious level regarding the protection of the environment as
this Directive, (...) the amount of carbon dioxide which an allowance, other than an aviation emissions
allowance, or a CER or ERU permits an aircraft operator to emit shall be divided by an impact factor of 2.
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Design of the LTO NOy charge

An LTO NOy charge as currently implemented at several European airports
primarily targets local air quality. Thus its impact on cruise emissions would
normally be considered a co-benefit, but since LTO NO, emissions and cruise
NO, emissions seem to be aligned in most current technology cases'®, policies
that would reduce LTO NO, would also reduce cruise NO,. An LTO NO, charge
can thus in this context be seen as a surrogate climate change charge.

The basis of the charge would be the mass of LTO NO, emissions calculated
according to ECAC/ERLIG method®. For the calculation of the charge, the ICAO
engine emission databank would be used for the large jet engines (>26.7 kN
rated output) which power most commercial airliners and regional jets; and the
ICCAIA/FOI database for turboprops. Depending on the MTOW threshold for
charging, there may be need for an additional database for small jets, although
FAA data referenced by ICAO includes some common business jet engines.

The level of the charge per kg of NO, would be set at the local air quality (LAQ)
damage costs of NO,, in line with established EU policy to internalise external
costs, and would thus vary in different Member States. The charge would be
levied on aircraft operators by all EU airports, in order to align the geographical
scope with the scope of the EU ETS.

Revenue neutrality, if desired, could be achieved either by a simultaneous
introduction of the charge and a reduction of landing fees, or by a separate
account to which higher-than-average-emitters pay a charge and from which
lower-than-average-emitters receive a bonus. The advantage of the former would
be that the charge could be made revenue neutral for each aircraft size category
since airport fees usually have a weight dependent element and a reduction
across the board with a fixed percentage would mean a larger absolute reduction
for large aircraft, which also would have to pay the highest NO, charges. In this
way, the most polluting aircraft in each size category would be worse off while the
least polluting would be better off. In contrast, the latter (average-based) method
for ensuring revenue-neutrality would mean a transfer of funds from large to
small aircraft. Both methods would require regular review of the bonus/malus
break point at each airport, to maintain such neutrality.

Anecdotal experience, and limited CAEP investigation, would suggest that the
effectiveness of an LTO NO charge at the LAQ damage cost internalisation level
proposed would be marginal, in terms of influencing manufacturer or airline
action to reduce emissions. However, these conclusions are based on a situation
where a limited number of airports have introduced charges. The higher the

Future engine design developments could result in the breakdown of this relationship, which should
therefore be kept under review.

This broadly correlates with the ICAO Simple Approach, using standard times in mode (TIM) and thrust
settings. In the longer term, given international agreement, ICAO Advanced and Sophisticated Approaches
respectively using, for example, airport-specific TIM and thrust settings, could provide more accurate
measurements, also incentivising operational measures to reduce emissions.
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number of airports with charges, the larger the incentive for engine
manufacturers to design low NOy engines.

Design of the LTO NOy charge with distance factor

For current engine technology, there appears to be a robust relationship between
emissions of NO, that occur during the standard landing-takeoff cycle (LTO) and
those that occur during the cruise phase.

As cruise NO, emissions are difficult to calculate accurately without access to
proprietary P3T3 models and even more difficult to establish empirically, they
could be approximated by LTO NO, emissions. The way this could be done is to
assume that there is a correlation between EINO, in the LTO phase and EINOy in
the cruise phase. If one furthermore assumes that fuel burn in LTO is correlated
to fuel burn in cruise, and that fuel burn correlates with distance flown, one could
approximate NO, emissions aircraft i on mission j during a flight by:

TOTNOX, ; = f#x LTONOX, x D,

Where

— TOTNOKx;, is the total NO, emissions for aircraft i on mission j in mass units.

— B is the co-efficient of correlation between LTO NO, emissions times a
distance factor and cruise NO, emissions (per unit of distance).

— LTO NOy; is the mass of the LTO NO, emissions of aircraft j (in mass units).

— Djis the distance of mission j (in distance units).

A charge could then be implemented on the total NO, emissions. The basic
formula for this charge for aircraft i on mission j would be:

Cii = ciimnox X Bx LTONOX; x DJ'

0y

Where

— Cj;is the charge for aircraft i on mission j in Euro.

—  dcimnox is the charge level in Euro per unit of mass, set at the monetary value
of the climate impact of NOy (in Euro).

— B is the co-efficient of correlation between LTO NO, emissions times a
distance factor and cruise NO, emissions (per unit of distance).

— LTO NOy; is the mass of the LTO NO, emissions of aircraft /i (in mass units).

— D;is the distance of mission j (in distance units).

Each of the parameters will be discussed below.

The level of the charge would be related to the climate damage costs of NO,,
being the global warming potential (GWP) of NO, times the damage cost of CO..
Section 4.4 discusses the NO, GWP estimates and concludes that a concerted
effort of the scientific community is needed to establish one. At this point in time,
all that can be said is that a value will probably be in the range between 1 and
130. As for the damage costs of CO,, this study has chosen to approximate these
by the price of emission allowances in the EU ETS. Although this is clearly not a
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valid assumption from a methodological point of view (the price of allowances
reflect the marginal prevention cost rather than the marginal social cost), this
approximation is justified by looking at the aim of this policy instrument, i.e. to
avoid the exploitation of the NO, : CO, trade-off in engine design to the point that
increased NO, emissions would offset reductions in CO,. Including aviation in the
EU ETS means that CO, is valued at the EU ETS allowance price. By valuing
NO, at this price times the GWP, the relative costs of NO, and CO, have the right
value, even though the absolute costs may not internalise all externalities.

The co-efficient of correlation can be determined empirically with sufficient
accuracy to serve as a basis for a charge (see Appendix H). It can either be
aircraft specific or fleet average. In the former case, calculating the co-efficient of
correlation would imply performing the calculations outlined in Appendix H for
every aircraft type in Europe. This is beyond the scope of this project, but not
immensely complicated or time consuming. In the latter case, the co-efficient of
correlation would depend on the fleet within the geographical scope and the route
network. This would mean that the co-efficient can be determined by analysing a
weighted sample of data on LTO NO, and cruise NO, for the most widely applied
aircraft-engine combinations.

The mass of LTO NOy emissions would be calculated according to ECAC/ERLIG
method (see Section 6.3). The best way to account or distance would be a
continuous distance metric based on great circle distance (GCD) between airport
pairs.

The basic administrative arrangements comprise three steps:

1 Monitoring the basis for the charge, i.e. LTO NO, x GCD for every flight.
2 Levying the charge.

3 Recycling the revenue (if desired).

If revenues needed to be recycled, it could be done in a number of ways. A direct
reimbursement to aircraft operators would be a clear possibility, as would funding
of R&D and climate-related spending by states. At the higher end of the
estimates, the sums involved would be high enough to warrant the recycling of
revenue in more than one way.

The administrative burden would be lowest if as many steps of the administrative
arrangements are dealt with in the same organisation. Every exchange of
information or funds between organisations adds administrative complexity to the
issue. On the basis of this consideration, we think that it would be best to assign
the task of levying the charge to EUROCONTROL. This organisation has all the
necessary data for calculating the charge in the major part of the EU Airspace.
Moreover, it has well-established financial agreements with most aircraft
operators active in this airspace. For a revenue raising charge, EUROCONTROL
could reimburse the revenues to the Member States, for example proportional to
the number of MTOW km by flights to and from airports in these states. For a
revenue neutral charge, EUROCONTROL could recycle the revenue to aircraft
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6.6

operators on the same basis or proportional to the share of RTKs of these
operators.

Design of the cruise NO, charge

Of all the policy instruments selected, a cruise NO, charge would be aimed at
cruise NO emissions and thus the climate impact of aviation NO, most directly
provided that cruise NO, emissions could be monitored accurately. However,
they cannot. And although in principle they could be calculated reasonably well
per flight using P3T3 methods, these calculations would require both confidential
information from aircraft operators on fuel flow and proprietary information from
engine manufacturers on combustor temperatures.

Alternatively, the Boeing ‘Fuel Flow Method 2’ (BFFM2) can be used to calculate
emissions (DuBois and Paynter, 2006)%. The BFFM2 requires mainly information
which is publicly available, and does not rely on proprietary information. Although
not as rigorous as the P3T3 method, it gives a reasonable approximation,
especially for NO, emissions (in the order of +/-10 t015% of the P3T3 method).
The only data lacking for calculating NO, would be the fuel flow. This could be
calculated with reasonable accuracy using aircraft performance models such as
PIANO though these are more capable for established aircraft types than for new
aircraft/engine combinations.

With these calculations, a database could be established with cruise NO,
emissions per aircraft type over a range of distances. Each flight under the
system could be assigned a value of NO, emissions from the database. A charge
could be levied based on the emissions and their climate damage costs,
calculated in the same way as in the LTO charge with a distance factor (see
Section 6.4 and Appendix C.2.1).

The administration of the cruise NO, charge could be organised in the same way
as the LTO NO, charge with a distance factor (see Section 6.4). Charges could
be collected by EUROCONTROL, provided that the EU enters in to an
agreement with EUROCONTROL to do so. EUROCONTROL could either
reimburse the charges to Member States or recycle it to aircraft operators.

Design of the inclusion of aviation NO, emissions in the EU ETS

Inclusion of aviation NO, emissions in the EU ETS would allow the internalisation
of the full climate impact of aviation engine emissions and incentivise aircraft
operators and engine manufacturers to reduce it and to design engines to have
the minimal combined impact.

2 DuBois and Paynter (2006), ‘Fuel Flow Method2’ for Estimating Aircraft Emissions, SAE Technical Paper
Series, no 2006-01-1987, ISSN 0148-7191, Warrendale, US, 2006.
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It requires extending the scope of the EU ETS to include emissions of gases with
indirect climate impacts, specifically aviation NO,. Based on the GWP of aviation
NO,, the amount of NO, that may be emitted per allowance can be established by
the formula:

Mass —of —NO, = &(kg)
GWP

NO,

The amount of NO, for which allowances have to be surrendered can be
calculated in the same way as the basis of the LTO NO, charge with a distance
factor:

TOTNOY; ; = f#x LTONOX; x D;

Where

— TOTNOKx;, is the total NO, emissions for aircraft i on mission j in mass units.

— B is the co-efficient of correlation between LTO NO, emissions times a
distance factor and cruise NO, emissions (per unit of distance).

— LTO NOy; is the mass of the LTO NO, emissions of aircraft j (in mass units).

— Djis the distance of mission j (in distance units).

A historical baseline can be calculated for total aviation NO, emissions in the
geographical scope of the EU ETS for each year or set of years for which data
are available on aircraft/engine combinations and great circle distances of flights
in the system. EUROCONTROL currently has these data for all recent years.

The administration of the inclusion of aviation NO, emissions in the EU ETS can
be organised in the same way as the inclusion of aviation’s CO, emissions.
Moreover, all other design elements would be the same.

Design of standards

The relevant parameters in the design of options are as follows:
— Level of stringency.

— Slope of the line.

— Implementation date.

— Applicability to large and small engines.

— Geographical scope.

— Inclusion of production cut-off.

The review of stringency standards by CAEP and their progressive tightening on
a regular basis (roughly every 6 years) is against the backdrop of continuing
technical progress into the future, illustrated by the CAEP NO, goals assessment.
However it is generally recognised that ICAO NO, standards have not been
technology forcing, with their main role being to prevent regression of combustor
technology. This is illustrated by the fact that, despite the problems mentioned
above with some large engines in production meeting tighter stringency
standards, the most recent engines have been certificated with a margin of 5 to
20% below the CAEP/6 standard. Since ICAO standards require international
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agreement, it may only be possible to set more aggressive standards at the EU
level.

This study considers ICAO standards with a stringency increase up to 20%.
Consideration was given as to whether standards should be accompanied by a
production cut-off, but this was rejected on the ground that there is evidence to
indicate that the assumption used for analysis of stringency standards in ICAO,
that market forces will result in non-compliant engines being produced after the
date of implementation.

The level of the stringency could be based on cost-effectiveness considerations.
These are analysed in Section 7.6. Although these figures are provisional and
subject to review as CAEP/8 is currently conducting a more thorough analysis, it
seems that the cost-effectiveness of CAEP/6 -10% is the best, although the cost
effectiveness of CAEP/6 -20% is less than twice as expensive per kg of NO,
which could be within the confidence range of these preliminary calculations.

EU LTO emissions standards?

LTO NO, emissions standards introduced by the EU could in theory lead to larger
and quicker environmental benefits than ICAO standards, and may provide a de
facto global standard if they influence the behaviour of non-EU manufacturers. If
the costs of meeting EU standards would exceed ICAO standards by a modest
margin, it seems likely that engine manufacturers would react by designing many
of their engines to meet these tighter standards, as the cost of maintaining two
sets of engines compliant with different standards would be too high.

EU standards could lead to distortions of competition to the disadvantage of
European manufacturers, though this would be limited in the absence of a
production cut-off and insofar as non-EU manufacturers designed engines in
compliance with these tighter standards. In addition with EU standards likely to
apply to aircraft registered in the EU, there is the risk of distortion of airline
competition, particularly on those routes where EU and non-EU carriers are
competing head-to-head. Airlines may also suffer indirect effects through loss of
second values of their existing fleets. Global environmental benefits of NO,
standards set by the EU are likely to be relatively small and could be further
eroded if these measures had the effect of displacing the problem to other parts
of the world. However they will be larger if an EU standard becomes a de facto
global standard.

EASA could be the agency responsible for implementing, monitoring and
enforcing standards, as it approves engines types that are introduced to the
market. All aircraft registered in EU states need to have EASA type approval for
the engines fitted on the aircraft. The current environmental essential
requirements, as stated in the EASA Basic Regulation (2002/1592), directly
references the ICAO Annex 16 requirements and thus it is not possible to
implement stricter standards. However EASA has published an Notice of
Proposed Amendment (NPA) on Friday 30™ May which includes proposals to
revise the essential requirements and provide flexibility to deviate from these if
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the EU wished to do so. In designing an EU standard that exceeded those set by
ICAO, consideration would need to be given on the competitive reaction to
regional standards and the legal compatibility with the Chicago Convention. Our
view is that engine manufacturers worldwide might be expected to respond to
design engines to meet tighter EU standards, provided that the cost of doing so
would be less than the cost of exiting the market or manufacturing two sets of
engines compliant with different standards.

An analysis of preliminary CAEP/8 data on engines shows that the number of
engine families affected by tighter standards and the estimated costs of the
technological modifications would not increase much between a stringency
increase of -5% and -10% (or even -15% but then only with a slope of 2.2).
However, above these values the number of engines families needing
modifications and also needing major modifications would rise sharply. As a
result, the costs for engine manufacturers of meeting these higher standards
would rise significantly. The non-recurring costs would rise from € 320 min -
€ 682 min to up to € 2,358 min if stringency were increased from -10 to -15%
(see Appendix E.2). This would increase the incentive for engine manufacturers
to exit the EU market or to manufacture two sets of engines compliant with
different standards. Therefore, we consider it unlikely that the EU can set
standards that would become de facto world standards, although it has to be
stressed that this analysis is based on preliminary data.

Design of the precautionary emissions multiplier

Most design choices for the precautionary emissions multiplier would be identical
to the design of the Commission’s proposal to include aviation CO, in the EU
ETS (COM(2006)818). The only difference would be the precautionary emissions
multiplier. A factor can be established as a precautionary emissions multiplier,
even though there would currently be no scientific basis for its value. In that case,
aircraft operators would have to surrender either one aviation allowance or more
than one other emission allowances (be they EU ETS allowances, ERUs or
CERs) for each tonne of carbon they emit. This is in line with the
P6_TA(2007)0505 proposal of the European Parliament noted in Section 6.2 of
this study.

Conclusion

At present, only the LTO charge and the standards can be fully designed. For the

other policy instruments, data and analysis are lacking:

— Both the LTO NO, charge with a distance factor and the cruise NO, charge
suffer from the fact that there is no consensus value of NO, GWP. Achieving
such consensus would require the mobilisation of the scientific community. It
could take around three years to arrive at a value if the different models yield
similar results. If not, it could take longer.

— The charge on LTO NOy with a distance factor currently lacks a correlation
factor. The methodology used in this report was based on available data. A
full analysis would need to select the most accurate method to calculate
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cruise NO, emissions. It would also need to include more aircraft and engine
types and apply the values to the relevant fleet. To undertake this work, a
technical committee could be set up along the lines of the committee that
advised ECAC on the LTO NO, charges. Such a committee should be able to
agree on a correlation factor in a few years.

The cruise NO, charge requires the choice of models to calculate cruise
emissions and the actual calculations. The model choice used in this report
was based on availability rather than on a thorough analysis of the strengths
of available models. We would recommend setting up a technical committee
for model choice and model input. Again, such a committee should be able to
reach conclusions in a few years.

The value of the multiplier cannot be determined on scientific grounds.
Therefore, this report cannot recommend a value. Any decision on such a
value would be a political one.
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7.1

7.1.1

Evaluation of policy options

This chapter evaluates the policy options designed in Chapter 6. After some
general considerations applicable to all options in Section 7.1, Sections 7.2
through 7.7 evaluate the options on environmental impacts, the feasibility of
implementation, legal issues, costs and cost-effectiveness, environmental trade-
offs and impacts on markets or market segements. This chapter is a summary of
more elaborate assessments in the Appendices D (on the impacts of market
based instruments), E (on the impacts of standards) and F (on legal
considerations).

Some general considerations

Revenue neutrality of environmental charges - the pros and cons

Internalising external costs by means of an environmental charge generates
revenue. This revenue may not be the primary purpose of the charge, but since it
inherently accrues, the question of the usage of the revenue arises. One aspect
of the usage of the revenue is whether the charge is designed as being revenue
neutral or non-revenue neutral. In a broad definition, a charge is revenue neutral
if there is no net revenue because revenue generated from some actors is
ringfenced to other actors in the scheme. In the following we will first go into the
different kinds of revenue neutral and non-revenue neutral environmental
charges, before turning to the advantages and disadvantages of these.

Revenue neutral and non-revenue neutral charges

Revenue neutral environmental charges

Environmental charges that are designed as being revenue neutral, might take

different forms.

1 The revenue is recycled directly to the ones paying the charge, lump sum or
via an allocation key. Example: The aircraft landing charges per MTOW are
reduced when an LTO NO, charge is being introduced.

2 The ones whose activity level is above-average have to pay a charge to those
whose activity is below average and thus more environmentally friendly. This
option corresponds to the definition of revenue neutrality in the narrow sense.
Example: The average LTO NOy emissions of aircraft at a certain airport are
determined. The airlines pay a charge for every kg LTO NO, that an aircraft
emits more than the average and get a rebate for every kg LTO NO, that an
aircraft emits less than the average.
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Non-revenue neutral environmental charges

Non-revenue neutral charges differ as to the entity that can decide on the use of

the charge:

3 The revenue might be used for a purpose that is not directly connected with
the activity upon which the charge is based. Example: A government reduces
income taxes by means of the revenue of a LTO NOy charge.

4 The revenue might be recycled indirectly to the ones paying the charge.

Example: The revenue of a cruise NO, charge is used to finance a research

project to develop cleaner aircraft engines.

Revenue from a charge is part of a global budget of a government

6 Revenue from a charge is part of the budget of the collecting, non-political
entity

(¢)]

Advantages and disadvantages of revenue neutral and non-revenue neutral
charges

The advantages and disadvantages of the revenue neutral and non-revenue
neutral environmental charges are discussed below. We look at the
environmental effect of the charge, whether the charge implements the Polluter
Pays Principle, the usage of the revenue and, closely related with this, the
acceptability of the charge. Note that we assume that the supply side of the
market is charged for the polluting activity.

Environmental effect

The environmental effect of a charge depends on changes of demand and supply
in the market, on the abatement measures taken by the supplier (other than
adapting supply), and on the effects that these changes have on pollution. Note
that the scope of the demand and supply effects to be analysed depends on the
pollutant under consideration. For a global pollutant the effects on global demand
and supply have to be taken into account. For a local pollutant the effects on the
demand and supply in the respective geographical entity have to be analysed.

The different design options do not always differ with respect to the effect that
they have onto the supply on a market. They will however have different effects
on the demand side of the market and probably also on the adaptation behaviour
of the supplier with respect to the abatement measures.

If the charge raises revenue and is, at least partially, passed onto the consumers,
it will have an effect on the demand side, at least, if demand is not completely
inelastic. In contrast, revenue neutral charges will not impact on total demand,
assuming that the suppliers that do not pay the charge are able to satisfy the
demand of the consumers that no longer make use of the service of the suppliers
paying the charge.

The timescale of adoption of abatement measures might be different for the
different design options. This depends on the use of the revenue and on the total
effect an option has on the budget of the supplier. If the revenue of a charge
flows, for example, into an R&D project, a new abatement measure might
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become available sooner, than if the revenue had been used for reducing income
taxes.

Polluter Pays Principle

The Polluter Pays Principle is a principle that postulates that the actor
responsible for the pollution has to pay for it when it comes to the internalisation
of the external costs of the pollution. Revenue neutral charges are not in line with
the polluter pays principle. When revenue is ringfenced to a sector, it is a matter
of debate whether it is compliant with the polluter pays principle. In fact, only
options that raise revenue (options 3 through 6) are fully in line with the polluter
pays principle (CE et al., 2002)?".

Use of Revenue

Only under option 2 is the usage of the revenue automatically determined. For all
other options the question of the use of the revenue arises. From an economic
point of view, revenue should be used efficiently, in the sense that it should be so
used that the welfare gain is maximised. Lowering distorting taxes by use of such
revenue is an often quoted example in this context. Recycling revenue in R&D
may provide a larger supply side response (Fullerton and Wolverton, 2005)%,
assuming that the inputs for R&D are unlimited (otherwise subsidies may end up
as scarcity rents).

Not earmarking the revenue leads to the risk of government failure (government
intervention resulting in less efficient allocation of resources, Buchanan 1962)%,
but earmarking also has its disadvantages. First, it might be difficult to agree on a
compensation mode, especially if there are polluters from a variety of States.
Earmarking further leads to less flexibility in the use of the revenue. Thirdly, if
certain projects are being financed by the revenue, these might last inefficiently
long. (CE et al., 2002)**. And fourthly, since distribution of the revenue has to be
organised, the administrative costs of option 1, 2 and 4 are probably higher than
those of the other options.

Acceptability to industry stakeholders

The acceptability to industry stakeholders of an environmental charge is in
general higher if it is revenue neutral instead of being non-revenue neutral, in
particular if the revenue of the charge is not being used by a political entity
(option 6). Looking at the revenue-neutral options, the acceptability will largely
depend on the compensation mode chosen.

z CE Delft, ITA, IIASL, Peeters Advies, D. Greenwood and R. Doganis (2002), Economic incentives to

mitigate greenhouse gas emissions from air transport in Europe.

Fullerton, Don, and Ann Wolverton, 2005, 'The two-part instrument in a second-best world', Journal of

Public Economics 89 (2005) 1961-1975.

Buchanan, James M., ‘Politics, Policy, and the Pigovian Margins’, Economica 29 (February 1962): 17-28.

CE Delft, ITA, IIASL, Peeters Advies, D. Greenwood and R. Doganis (2002), Economic incentives to
mitigate greenhouse gas emissions from air transport in Europe.
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7.1.2

Financial impacts of revenue raising charges

It has sometimes been argued that revenue raising charges would deprive actors
of funds to invest in innovative technologies, and would thus reduce the
environmental impact of a charge. Section 7.1.1 demonstrates that revenue
raising charges induce a demand side effect in addition to a supply side effect,
whereas a revenue neutral charge effectively only incentivises supply side
responses. Since demand side effects may also have environmental impacts, the
environmental impact of revenue neutral and revenue raising charges could
differ. In addition to this argument, this section discusses the merits of the claim
that supply side responses could be restricted by revenue raising charges.

In the debate about the inclusion of aviation in the EU ETS, a number of studies
have looked into the issue of how ETS would affect aircraft operator’'s profits,
profit margins, and the related question of how much of the costs incurred by
aircraft operators could be passed on to customers (CE et al., 2005; PWC, 2005;
Ernst & Young et al., 2007; CE, 2007)25. On the issue of cost pass through, these
studies conclude almost without exception that expenditures will be passed on in
ticket prices. PWC (2005) supports their theoretical argument with an
econometric analysis of the passing on of changes in kerosene prices, which
they find as total, albeit with a two year time lag. Ernst and Young (2007)
concludes that costs will be passed on unless airlines operate in a monopoly or
oligopoly market. In this case operators will not be able to pass on all the costs
as some of the costs will be absorbed in their oligopoly rents.

If aircraft operators are able to pass on cost increases to their customers (unless
they currently extract monopoly or oligopoly rents and thus make higher than
normal profits anyway), their profit margin would not be affected by the
introduction of financial instruments. Of course, there may be a transitional period
during which operators would adjust to new circumstances, and in this period
there may be a decrease in profit margins. PWC (2005) shows that this period is
about two years for variations in fuel prices, which are unexpected, so the period
is likely to be shorter for financial instruments that are announced well in
advance. It may therefore be argued that profit margins per passenger or tonne
of cargo will hardly be affected by the introduction of financial instruments,
although there may be circumstances when charges can not be passed on
immediately, even if announced in advance. For example if they were introduced
during an industry downturn, there could be a short term impact on profits and
funds available for investment.

% CE, 2005, Giving wings to emission trading; CE, 2007. Allocation of allowances for aviation in the EU

ETS; The impact on the profitability of the aviation sector under high levels of auctioning; CE Delft & MVA
Consultancy, 2007, Implications of EU Emission Trading Scheme for Competition Between EU and Non-
EU Airlines, Joint Report by CE Delft and MVA Consultancy, Draft Final Report for Directorate General for
Trans-port and Civil Aviation, In Association with SEO Amsterdam; E&Y, 2007, Ernst & Young and York
Aviation, ‘Analysis of the EC proposal to include aviation activities in the Emission Trading Scheme’,
Brussels; PWC (Price Waterhouse Coopers), 2005, Aviation Emissions and Policy Instruments.
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Even if profit margins per passenger or tonne of freight are unaffected, total
profits will be affected by reduced demand. Could this dent the ability to invest?
This is a difficult question to answer. On the one hand, the funds available from
retained profits would be reduced, thus reducing the ability to invest. On the other
hand, the business case for investment in clean technology would be
strengthened by the financial instrument, thus improving access to the capital
market. In summary, there is no evidence to support the argument that the
environmental impact of revenue raising charges would be smaller than that of
revenue neutral charges due to lower investment in clean technology, and this
should not be used as an argument for or against revenue neutrality.

Environmental impact of revenue neutral charges

It has not been possible to model the environmental impact of revenue neutral
charges with an acceptable degree of accuracy at the LAQ level, which is where
it might most readily be observed. The AERO model is unable to capture all the
possible supply-side responses to NO, charges. In AERO the aircraft fleet is
represented by 10 generic aircraft size classes and two technology classes (old
and current). In total AERO thus distinguishes 20 generic aircraft types. The NOy
charges are differentiated between these aircraft types based on the average
NO, characteristics of the 20 aircraft types. The difference of the average NO
emission characteristics between the two technology classes for any of the
aircraft size classes, is not very large. This is because historically there has not
been a very strong trend towards more NO, efficient aircraft, and also for the
future it is not assumed that the NO, emissions per SKO of new aircraft will
significantly improve.

Because AERO uses 20 generic aircraft types, it cannot capture the results of a
possible re-engining of existing aircraft or a substitution of high NO, aircraft within
a generic aircraft type with a low NO, one. As a result, the supply side effects of
the NO, charges, as computed by AERO, are probably slightly underestimated.
However, it is expected that, even if the supply side effects of NO, charges were
to be modelled more accurately, the demand side responses would still be
dominant in the reduction of total EU NO, emissions resulting from NO, charges.
One reason is that most supply side responses would be very costly, such as re-
engining aircraft or accelerated fleet renewal.

LTO NOy charge

An LTO NOy charge according to the design summarised in Section 6.3 has
proven to be feasible to implement as it is currently levied at various airports in
the EU. The enforcement can be organised in a way that is legal and feasible, as
payment of the charge could be enforced in the same way as payment of airport
charges.

The environmental impact of an LTO NOy charge as designed in Section 6.3 has
been calculated for a charge with a uniform level of € 12 per kg of LTO NO, and
€ 4.40 per kg of LTO NO,. These levels reflect the arithmetic mean damage costs
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Table 2

of NO, emitted at ground level in EU Member States according to CAFE/WHO
(BeTa Methodex (version 2, 2007) tables). Impacts of the corresponding ExternE
value of € 1.30 have not been calculated as the effects would be minimal. A
revenue neutral option has not been calculated due to constraints of AERO (see
Section 7.1.3). Table 2 shows the reduction in emissions for the highest charge.
Full results of the AERO-MS calculations can be found in Appendix D.

Environmental impacts of LTO NOy charges € 12 per kg of NOx emitted in LTO

BaU emissions % reduction in 2020
NOx (kt) CO; (Mt) NO« CO;
EU domestic 116.1 25.8 -1.6% -1.4%
Intra EU international 290.1 70.1 -0.8% -0.7%
EU «< non EU 1,348.7 282.8 -0.4% -0.4%
Total 1,754.9 378.7 -0.5% -0.5%

Bron: AERO MS; note that the BaU scenario takes into account ETS and SES.

Table 2 shows that the environmental impacts of the LTO NO, charge are
modest, even at the highest estimate of external costs and in a revenue raising
variant. Furthermore, CO, emissions and transport demand (shown in Appendix
D) are decreased by approximately the same proportion as NO, emissions. This
indicates that the environmental impact is mainly due to an impact on demand
(although this may be partly due to limitations of the AERO-MS, in which supply
side responses to NO, charges are limited).

Table 2 also clearly indicates that short haul flights are impacted more severely
than long haul flights. The reason is that these flights emit relatively a large
amount of LTO NO, per RTK. As a result, fares have to be increased more than
fares of international flights. The climate impacts of NO, emissions from long haul
flights are higher than for short haul flights by an order of magnitude, however.
Thus it can be concluded that an LTO charge would be a poorly targeted climate
policy instrument. In contrast, short haul flights contribute most to LTO emissions.
From a local air quality perspective, an LTO NO, charge provides the right
incentive.

An LTO NOy charge would provide an incentive to reduce LTO NOy emissions,
especially for the smaller engines which are on short haul aircraft. For the current
engines, there is a relation between LTO NO, emissions and cruise NO,
emissions. However, the introduction of new engine or combustor technologies
may lead to the breakdown of this relation. If that were the case, the climate
benefits of the charge could be reduced.

An LTO NO, charge would affect the operating costs of airlines marginally. Their
total operating costs would increase by 0.1%, their operating costs per RTK by
0.6% (see Appendix D). Since most of these costs can be passed on, operating
margines will not be affected.
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Table 3

Since the charge could be implemented regardless of the nationality of the
aircraft or the aircraft operator or the destination of the flight, the competitive
markets would not be distorted. However, as indicated in Table 2, it is clear that
operators with relatively many short haul flights will be more impacted than
operators with relatively many long haul flights.

From a legal perspective, as this charge very much touches upon local
conditions, it would be less vulnerable to challenges coming from international
aviation law. International aviation law is designed to regulate the establishment
of aviation charges at various levels, including the Chicago Convention, ICAO
rules and principles and recommendations, and bilateral provisions. However,
ICAO itself acknowledges the reach of international environmental law mandating
this measure, and the responsibility of states for the imposition of local measures
designed to mitigate NO, emissions.

Regard may be had to principles of Community law, geared to maintain a level
playing field and strike a balance between internal market objectives, including
the freedom to provides services, and environmental goals. Environmental rules
must be aligned with air transport rules, as evidenced by the future Directive on
airport charges.

LTO NOy charge with a distance factor

A LTO NO, charge with a distance factor would be feasible to implement. If
EUROCONTROL were to be assigned with the task of collecting the charge, it
would have the infrastructure and the expertise in place for collecting such
charges. Enforcement would be possible in the same way that collection of air
navigation charges is currently enforced by EUROCONTROL, but this would
need a separate legal basis.

The environmental impacts of an LTO NOy charge with a distance factor have
been calculated for a number of values of GWP of aviation NO,. Since the current
scientific knowledge does not permit postulation of a singlevalue for GWP, the
environmental impacts are presented as a range here for GWP ranging from 1 to
130. Table 3 shows the reduction in emissions for the corresponding range of
charges. Full results of the AERO-MS calculations can be found in Appendix D.

Environmental impacts of LTO NOy charge with a distance factor: 1<GWP NO,<130

BaU emissions % reduction in 2020
NOy (kt) COy (Mt) NOx CO;
EU domestic 116.1 25.8 0--0.9% 0--0.7%
Intra EU international 290.1 70.1 0--1.7% 0--1.4%
EU < non EU 1,348.7 282.8 0--3.6% 0--3.5%
Total 1,754.9 378.7 0--3.1% 0--2.9%

Bron: AERO MS.
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Table 3 shows that the impacts of the LTO NO, charge with a distance factor on
NOy emissions of flights to and from the EU vary from zero to a reduction of
3.1%, depending on the value of the NO, GWP. The impacts are roughly
proportional to the GWP value chosen in the model calculations.

In contrast to the LTO NOy charge without a distance factor, the charge with a
distance factor reduces NO, on long haul flights more than NO, on short and
medium haul flights, though less so than the precautionary emissions multiplier
(see Sections 7.2 and 7.7). The reasons are that large aircraft, which are
operated on long haul routes, emit more LTO NOy per seat than small aircraft. As
a result, the cost increase per seatkilometre is larger on long haul flights than on
short haul. Furthermore, elasticities on route groups vary, resulting in different
demand responses.

An LTO NOy charge with a distance factor would provide an incentive to reduce
LTO NOy emissions for all engines. For the current engines, there is a relation
between LTO NO, emissions and cruise NO, emissions. However, the
introduction of new engine or combustor technologies may lead to the breakdown
of this relation. If that would be the case, the climate benefits of the charge could
be reduced. If the charge would be introduced simultaneously with the inclusion
of aviation in the EU ETS, it would not result in a negative NO,: CO, trade-off, as
both external effects would be internalised. In contrast, the charge would ensure
that the ETS would result in an exploitation of this trade-off that would have
suboptimal climate impacts.

An LTO NO, charge with a distance factor would affect the operating costs of
airlines more that the simple LTO charge. Their total operating costs would
increase by up to 0.4%, their operating costs per RTK by 2.9% (see Appendix D).
Since most of these costs can be passed on, operating margines will not be
affected.

From a legal perspective, the distinction between the LTO NO, charge and LTO
NOy charge with a distance factor is related to the introduction of the distance
factor into the previous option. The distance factor implies that all flights from and
into EU airports, whether those flights are operated inside or to/from points
outside the EU, are deemed to fall under this option. It would seem that this
option is a combination between the previous and the next option, that is, the
LTO NO, charge and the en route charge respectively.

A number of international law considerations may have to be addressed before
implementing this option. Amongst others, as foreign operators, flying in foreign,
that is, ‘their own’ airspace may be affected by this measure, agreement among
EU States, and between EU and third State(s) would be likely to enhance its
legal feasibility. Also, as EUROCONTROL would be assigned with collecting the
charge, EU states who are a member of that organisation may wish to reach
consensus on this charge within the EUROCONTROL framework.
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Table 4

Since the charge could be implemented regardless of the nationality of the
aircraft or the aircraft operator or the destination of the flight, the competitive
markets would not be distorted.

Cruise NO, charge

A cruise NO, charge as described in Section 6.5 would require building and
maintaining a database of cruise NO, emissions for all aircraft/engine
combinations on a large number of distances. While this would require manpower
to be assigned to this task, it is our opinion that the amount of work would not be
prohibitive.

The monitoring of the relevant parameters for charging (aircraft registration to
derive aircraft/engine combination and route to calculate great circle distance)
could be done by the organisation collecting the charge. If Member States were
to collect the charge, they could instruct their airports to monitor the relevant
parameters for them and report them, or they could make aircraft operators
responsible for monitoring and reporting. In that case, an external verifier could
ascertain that the reported data are correct. If EUROCONTROL collected the
charge, relevant parameters such as disnatce, aircraft type and engine
configuration would already be registered in its information systems.

The environmental impacts of a cruise NO, charge have been calculated for a
number of values of GWP of aviation NO,. Since the current scientific knowledge
does not allow postulation of a single value for GWP, the environmental impacts
are presented here as a range for GWP ranging from 1 to 130. Table 4 shows the
reduction in emissions for the range of charges. Full results of the AERO-MS
calculations can be found in Appendix F.

Environmental impacts of a cruise NOx charge : 1<GWP NO,<130

BaU emissions % reduction in 2020
NOy (kt) CO; (Mt) NOx CO2
EU domestic 116.1 25.8 0--0.9% 0--0.9%
Intra EU international 290.1 70.1 0--1.6% 0--1.4%
EU «< non EU 1,348.7 282.8 0--3.2% 0--3.1%
Total 1,754.9 378.7 0--2.8% 0--2.6%

Bron: AERO MS.

Table 4 shows that the impacts of the cruise NO, charge on NO, emissions of
flights to and from the EU vary from zero to a reduction of 2.8%, depending on
the value of the NO, GWP. The impacts are roughly proportional to the GWP
value chosen in the model calculations.

Like the LTO NO, charge with a distance factor, the cruise NO, charge reduces
NO on long haul flights more than NO, on short and medium haul flights, though
less so than the precautionary emissions multiplier (see Section 7.7). The
reasons are that large aircraft, which are operated on long haul routes, emit more
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NO, per seatkilometre than small aircraft. As a result, cost increases and thus
demand impacts are larger for long haul flights than for short haul flights,
although different price elasticities also affect the results.

Provided that cruise NO, emissions can be calculated accurately and that the
external costs of CO, are internalised, the cruise NO, charge would not have
negative environmental side-effects.

A cruise NOy charge would affect the operating costs of airlines. Their total
operating costs would increase by up to 0.3%, their operating costs per RTK by
up to 3.0% (see Appendix D). Since most of these costs can be passed on,
operating margines will not be affected.

From a legal perspective, This option affects a number of international and
European aviation law regimes. Those regimes regulate the establishment of
user charges, including route charges, and define their parameters
internationally. Those rules may either have to be fine tuned or even adapted, in
order to make the implementation of this charge possible.

If the charge is implemented regardless of the nationality of the airport operator, it
would not distort market. Furthermore, its impact on various market segments
(long haul, short haul) are proportionate to the climate impact of emissions in
these segments.

Inclusion of aviation NO, emissions in the EU ETS

It would be feasible to include aviation NO, in the EU ETS. The administrative
procedures, including the monitoring, reporting and verification requirements
would be the same or very similar to the inclusion of aviation’s CO, emissions.

The environmental impacts of the inclusion of aviation NO, emissions in the EU
ETS are the same as the impacts of the LTO NO, charge with a distance factor.
The reason is that the inclusion in the ETS is based on the same formula, so at a
given GWP and ETS price, both the charge and the costs of the allowances to be
surrendered would be equal. Again, since the current scientific knowledge does
not permit postulation of a single value for GWP, the environmental impacts are
presented as a range here for GWP ranging from 1 to 130. Table 3 shows the
reduction in emissions for the corresponding range of charges. Full results of the
AERO-MS calculations can be found in Appendix D.

Environmental impacts of the inclusion of aviation NOx emissions in the EU ETS : 1<GWP NO,<130

BaU emissions % reduction in 2020
NOy (kt) COy (Mt) NOx CO;
EU domestic 116.1 25.8 0--0.9% 0--0.7%
Intra EU international 290.1 70.1 0--1.7% 0--1.4%
EU < non EU 1,348.7 282.8 0--3.6% 0--3.5%
Total 1,754.9 378.7 0--3.1% 0--2.9%

Bron: AERO MS.
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Table 3 shows that the impacts of the inclusion of aviation NO, emissions in the
EU ETS on NO4 emissions of flights to and from the EU vary from zero to a
reduction of 3.1%, depending on the value of the NO, GWP. The impacts are
roughly proportional to the GWP value chosen in the model calculations.

The inclusion of aviation NO, emissions in the EU ETS would provide an
incentive to reduce LTO NO, emissions for all engines. For the current engines,
there is a relation between LTO NO, emissions and cruise NO, emissions.
However, the introduction of new engine or combustor technologies may lead to
the breakdown of this relation. If that would be the case, the climate benefits of
the charge could be reduced.

The inclusion of aviation NO, emissions in the EU ETS would affect the operating
costs of airlines more that the simple LTO charge. Their total operating costs
would increase by up to 0.4%, their operating costs per RTK by 2.9% (see
Appendix D). Since most of these costs can be passed on, operating margins will
not be affected.

From a legal perspective, while the inclusion of aviation NO, emissions in the EU
ETS would require changing the ETS directive. Care should be taken that the
ETS would still qualify as a compliance mechanism for the Kyoto Protocol,
despite the fact that NO, is not a greenhouse gas. One way to do this is to ensure
that aviation as a whole cannot become a net seller to the rest of system. With
respect to international law, the inclusion of aviation NO, emissions would not be
fundamentally different that the inclusion of aviation CO, emissions.

Since the charge could be implemented regardless of the nationality of the
aircraft or the aircraft operator or the destination of the flight, the competitive
markets would not be distorted.

ICAO LTO NO, Standards

An ICAO LTO NOy standard would need to be set by CAEP. The EU, or rather,
its Member States, may influence the outcome of the CAEP process, but only to
a degree as the standards are usually set by consensus. Therefore, and because
Section 6.7 concluded that the EU cannot set tighter standards that would
become the de-facto world standards, it is questionable whether this policy option
is an option that the EU can shape. Still, it is included here in order to allow the
comparison with other options that the EU can implement unilaterally.

From a legal point of view, this option can without much ado be applied to
operators of aircraft registered in EC states. International arrangements, whether
the Chicago Convention, Standards of ICAO or bilateral regimes, create room for
more stringent measures applying to operators falling under the jurisdiction
introducing such more stringent measures.
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Special procedures may apply in case of aircraft used, whether leased or
otherwise, by operators of non-EC registered aircraft. Procedures coming under
the recently adopted EASA regulation (216/2008) lay down such procedures.

Cost effectiveness

LTO standards for NO, are currently set by CAEP. Their periodic review and
expectations of increased future stringency have an impact in driving research
and technology towards lowering engine emissions, and options for increased
stringency are currently being assessed in CAEP for decision in 2010. Engine
manufacturers consider that ICAO standards are the most appropriate instrument
to tackle NO, emissions as they apply to all aircraft and operators worldwide in a
harmonised fashion. They have argued that they aim to introduce new engines
that not only comply with current standards, but exceed them by a considerable
margin.

On the other hand, an EU push for increased stringency of ICAO standards
represents a continuation of current policies through periodic tightening of LTO
NO, emissions standards by ICAO. As such it can be regarded as a default
option. These ICAO standards do not have a significant impact in driving engine
technology, though they do prevent regression by subsequent later engine types.

An economic assessment of the cost effectiveness of more stringent NO,
emissions standards was conducted for CAEP/6 in 2001. Costs per tonne of NO,
reduced over the LTO cycle were calculated for a range of options compared
against a base case of no policy action for two alternative implementation dates,
using a range of discount rates. The costs included additional recurring and non-
recurring costs borne by manufacturers and airlines, while the benefits were
measured by reductions in tonnes of NO,. The number of non-compliant engines
under each of the options was identified, the technology levels required for each
engine family to meet each of the options and the estimated development costs
associated with these. For major technological changes requiring the
development of lean staged combustors, development costs of $ 500m -
$ 1,000m per engine family were used, together with a 2% fuel burn penalty.

The cost effectiveness results, carried out for CAEP/6, showed that the minus
10% stringency option was the most cost effective, with the lowest cost per tonne
of NO, reduced, followed by the minus 5, 15, 20, 25 and 30% options, with the
ranking of options robust to all the sensitivity tests applied to key input
assumptions.

Economic analysis of options for CAEP/8 is currently at a very early stage, with
no results expected until early 2009. Consequently any cost effectiveness
analysis for this study will not be able to anticipate this analysis and will need to
draw on the earlier CAEP/6 analysis, with some rough adjustments made as
necessary to reflect subsequent changes in the design of options and key
economic and technical assumptions. Using the CAEP/6 results as a measure of
the cost effectiveness of future ICAO standards is clearly imperfect for a number
of reasons. For example the number of non-compliant engine families affected by
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stringency options relative to CAEP/6 and the costs associated with them will be
different, traffic forecasts have been updated and there has been a substantial
hike in fuel prices since 2001. The costs of technology response being used for
the CAEP/8 stringency assume development costs of $100-$500m , with a fuel
penalty of 0 - 0.5%. The CAEP/6 estimates have been adjusted to reflect the
revised non-recurring manufacturing costs and fuel penalty assumptions being
used for CAEP/8 and current fuel prices. Making these adjustments has an
impact in reducing the compliance costs of the higher stringency options,
particularly 20% and beyond, but is insufficient to change the ranking of options.
It is not possible to prejudge of the economic analysis currently being performed
for CAEP/8, but it seems likely that the results will display a similar pattern.

For the purposes of this study which is focussing on the climate change impacts
of NO, emissions from aviation, it will be necessary to estimate reductions in
cruise NOy associated with each of these stringency options, and use these as
the basis of the cost effectiveness results.

A preliminary estimate of the cost effectiveness of stringency options has been
conducted. It shows that a stringency of -10% relative to CAEP/6 would be most
cost-effective in terms of cruise NO, emission reduction at € 10 per kg of NOy
reduced. A stringency increase of -20% would double the costs per kg of NO,
while a lower increase (-5%) would have significantly higher costs beca