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The aviation industry contributes about 2% to the total global manmade CO, emissions,
which is seen as the main (manmade) greenhouse gas inducing climate change. This paper
focuses on the design of a CO, rating system which makes it possible to make a fair
comparison of the environmental performance of airlines with respect to CO, on the basis of
public available data. It is argued that airlines can be best compared on the amount of CO,
emitted per revenueton kilometer (CO,/ RTK) on the basis of distance sectors. Therefore, an
airline israted on various distance sectors. The CO, efficiency scores of an airline within a
distance sector can then be compared with other airlines. For nine airlinesthe CO, efficiency
is modeled, and the distance sector boundaries are determined. It is shown that the relative
positions of airlines may change when choosing a different boundary, since the CO,
efficiency changes with distance. It is also shown that on the basis of public available
information it is difficult to accurately determinethe CO,/ RTK of an airline, which isdueto
lack of detail in public available data. A sensitivity analysis has been performed to show on
which parametersinformation in greater detail is needed.

I. Introduction

LIMATE CHANGE is a “hot” topic nowadays. The avemgarth surface temperature is increasing due to

human activities. Carbon dioxide (¢)ds seen as the main manmade greenhouse gas imbdiotes climate
change, and it is emitted in almost every industrgiuding aviation. Although aviation only contutes 2% to the
global man made CQemission§ this share is expected to increase due to thd gapwth of the aviation industry.
Besides CQ there are other greenhouse gases emitted byicaviathich induce climate change. In addition,
aviation also has other environmental concerns asatoise and local air quality issues around &spo
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On most white good consumer appliances the perfoce@n terms of energy use can be compared. Adl icar
the European Union (EU) are nowadays rated for i€, emission per kilometer. Further, financial ingtisi are
rated for their creditworthiness by companies sagtStandard & Poor’s. For aviation however, therad rating
which makes it possible to compare the environniggeeformance of airlines in terms of g@fficiency. In this
paper, a rating methodology will therefore be desdy Although it is noticed that beside £€mission there are
other environmental concerns, this paper will foonQ.

The main research question is defined“Blaw is it possible to indicate how well or how bad airline scores
with respect to other airlines on their G@fficiency on the basis of public available paréeng/data in order to
make a justified comparison of airlines (a ratinghd to give an initial advice to airlines for areas
improvement?”In addition, to evaluate whether a rating whichyaiates on C® emission covers ‘aviation and
environment’, a concise literature review is présdrabout the effects of aviation on the environtmen

A. Environmental ConcernsAviation

Besides CQ@there are various other environmental concerratingl to aviation: aircraft noise, local air quglit
and global emissions (climate charfgedircraft noise is a subjective matter and isidifft to measure, i.e. one
person may perceive aircraft noise as nuisanceasbseanother doesn’t.

Local air quality (LAQ) is about the air quality amnd around airports, and primarily relates to hutmealth and
welfaré. The International Civil Aviation Organization (O) has regulated the emissions from engines dutiag
so-called landing and take-off cycle (LTO) whiclelundes the operations below 3000 ft. Engine manufacs have
to comply with standards set by ICAO. Apart frone thmissions from aircraft, the LAQ also includesissinns
which 52:jlre due to ground supporting activities, Baxi power unit (APU) usage, and ground transgbror near
airports.

Climate change is caused by the emission of graesthgases (GHGs). Due to these GHGs the composition
the atmosphere changes and this affects the wabpaltince of the Earth. By the combustion of fuekiows
products are formed dependent on the completerfeiseoreaction: CQ NO,, H,O, SQ, and sodt Due to
chemical reactions with substances in the atmospdyed microphysics, these substances change tla¢ivadctive
substances in the atmosphere and therefore thatikadforcing, i.e. CQ ozone, methane,.®, H,O, aerosols and
clouds. Radiative forcing (RF) is defined as the glotminual mean radiative imbalance to the Earth'satém
system caused by human activitieShe radiative forcing index (RFI) is used to eg® the perturbation of a
substance to the atmosphere with respect to thatiradforcing of CQ alone. On the whole, the aircraft emissions
cause the Earth’s surface temperature to incrédse.quantities of the pollutants emitted by airciaie solely
dependent on the fuel consumption for,Gd HO, i.e. for CQ the mass of combustion product per unit mass of
fuel is 3.18. Further, the effect of emitting one ton of £ ground level is the same as in thé.dfor other
pollutants, the impact on climate change dependsmengst others the altitude where it is emitted.

The other pollutants emitted by engines are depenae the equivalence ratib which is used to indicate the
fuel-air mixture, i.e. lean, stoichiometric, andhi Therefore the quantity emitted by the enginedeisendent on
the thrust setting. Further, the level of scieatifnderstanding of the radiative forcing of theglessances is fair or
poof, i.e. for cirrus clouds which develop after thenmiation of contrails the scientific understandisgbor. Only
for CO2 emission the scientific level of undersiagds good. When considering the RFI index of ®aust af’,
the total radiative forcing is about 1.9 as higkc{eding cirrus) as the RF of GOIncluding non-C®@ emissions
could be done by using a multiplier such as RFadoount for the non-CQemissions. Other metrics that could be
used to calculate the effect of the individual sabses on radiative forcing are Global Warming Rié and
Global Temperature Potential. However, RFI as wslithe aforementioned metrics are not directlyiegble to
aviatior?, and proper methods should be established bydurésearch

There are trade-offs between the environmentaksssite. decreasing G@mission of an engine may increase
the NQ emissions. Further, more silent engines can beidéreand therefore may result in a higher,Gnission.
Therefore for a rating, using a multiplier to indeunon-CQ emission may result in distortion.

From this literature review it can be concluded thesides C@emission, other environmental issues are linked
to aviation. Rating only on COwill thus not cover ‘aviation and environment’. sAvas mentioned in the
introduction, the scope of this research is onGe emission of an airline. The G@mission of an airline can be
divided into CQ emission due to ground supporting activities (tatg fuel vehicles etc.) and air operations
(caused by the power source of the aircraft itsétlfyas been decided to scope on the €fissions caused by air
operating activities, which covers the fuel usedt®/power source of the aircraft, i.e. the engaras APU. To put
this into perspective, 99% of the total C€mission was due to air operation activities for Brance/KLM in
2007/2008 and only 1% for ground operations.
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B. Existing Ratings

There are various ratings on the market which compize performance of products or companies. Ihogga
with these existing ratings, the airline rating htetology can be set-up. Therefore we have explbosd existing
ratings rate ‘white goods’, cars, aircraft, and pamies.

The EU energy label gives ‘white goods’ a classreq@-G) to indicate the performance of a produdr
consumer goods, the energy efficiency of a prodsictypically the metric used for comparison. Theergy
efficiency metric for a washing machine has bedindd as the energy use (in kWh) kg washing lode Washing
load has been included in the metric because Hrergiashing machines with different loading sifesluding the
latter would make small washing machines in generate energy efficient. Further, to measure thergne
consumption and make a comparison possible, aatawdashing program has been defined by thé Ebl reduce
the CQ emitted by cars and to reach the GHG reductiogetaaigreed upon by the EU at the Kyoto conference i
1997, the EU decided to label cars for their,@ission. The metric used in the rating is grany €Qission per
kilometre.

Flybe, a UK regional airline, has developed a métthagy to compare the environmental performance of
aircraft®. They rate aircraft separately on three aspecisenL.TO CQ emission, and journey G@mission. For
the noise rating, they use the average quota afuam aircraft for departure and arrival. The LTO &mission is
based on the absolute g®mission, and for the journey @@mission they rate aircraft on both absolute, CO
emission as well as G@mission per seat. Furthermore, they rate airorafseveral distances in order to compare
aircraft which serve the same routes with eachroBiace an aircraft has a certain range, it isd&@nly at distances
on which it can operate. Flybe assigns a ratinges¢d-G) by determining the best and worst perfarrok a
distance (in terms of C{per seat or absolute G@mission) and dividing the difference betweenegjnal bands.

DeCicco and Thomasdesigned a “Green Rating” for cars which consiggesnents of the life cycle of a car.
For the various car emissions, the cost to therenmient has been established (i.e. dollar/granméson), and an
environmental damage cost index has been usedadate the impact of emissions on environment Bukack of
data and resources, DeCicco and Thofoassed on the use-phases energy and air pollaffects for the material
production, product manufacture and product usesg@hhaBecause multiple environmental issues were taken
account, DeCicco and Thomas gave equal importaoctheé impacts of GHG emissions as to health-related
pollution for a typical cdr-

Standard & Poor’s (S&P’s) give their opinion on tagpacity and willingness of a company to meéefinitancial
commitments on timé. Both quantitative and qualitative factors aredulsg S&P’s to form an opinion on the credit
risk. Each company has a business risk- and adialarisk profile from which a rating score is deténed. The
rating is forward looking, which means that S&PIscaconsiders market trends and take into accdumbusiness
cycle. When a company is active in different segsiezach segment is analyzed separately, followexhtanalysis
of how important each segment is to the overalanization, and is weighted accordingly

II. Methodology Approach

In analogy with existing ratings, a G@irline rating will be set-up. Therefore a mefiac the CQ efficiency is
determined. Further it is decided how to comparinas in a justified way. When a metric has beefird and it
has been chosen how to rate airlines, the Efficiency of several airlines (i.e. network, regal and low cost
carrier) will be calculated. This is done by makagnodel which includes all flight phases in ortieestimate the
CO, emission of an airline. This model is made onlthsis of public available sources.

Since no actual fuel data of airlines is used, mptions are made which will affect the accuracyhaf rating.
For each phase/parameter the range in which itajlgi varies are determined (on the basis of pualiailable
information), and a base value is chosen. Furtbegyaluate the COemission model, a validation is performed on
actual airline U.S. BTS ddta This will give insight in how well the model estates the C@emission of an airline.
In order to determine which parameters need torlmevk most accurately for a G@ating a sensitivity analysis is
performed. From this analysis, together with defin@nges, it can be shown on which parametersoitigssfshould
be for rating accuracy improvement.

By analyzing several airline types, difference<i@, efficiency between airlines may be observed, amday
be possible to group airlines and give them a dasse, such as A, B, C etc.

[11. Building the model

In this section a Coefficiency metric is defined, followed by a dissien of how to rate airlines. Finally, the
airline fuel modeling for the different stages loé fanding and take-off (LTO) cycle is determined.
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A. Fuel Efficiency / CO, efficiency metric

Since the C@emission from an airline is directly related te fluel consumption, the G@fficiency equals the
fuel efficiency (multiplied by a constant factoitPCC" defines transportation efficiency as the fuel el to
transport one person over a distance of 1 kiloribtesnergy required per passenger-km. Furtherrtiention that
freight may be compared on the basis of energyaséon-km . Mak et d' compared the environmental reports of
airlines and found differences in the fuel effiagndefinition that airlines use. It is found thdtet common
definition used for fuel efficiency is the fuel asper passenger distance or fuel per RPK. Howego, fuel per
RTK (revenue ton kilometer) and fuel per ASK (ashblk seat kilometer) are used by airlines. The éfgtiency
definition depends on whether one wants to compassenger or freight transport. When rating on figel ASK
the fact that besides passenger also cargo camamsported is neglected. Further it does not tat@account how
airlines use their capacity. Fuel over RPK takde mccount how airlines use their seat capacitydwver again
neglects cargo transport. Although there are &slisuch as low cost carriers that only transpasgragers, network
carriers usually transport both, i.e. in the bélyd of a passenger aircraft it can carry freight.

To include both passengers and cargo transporiietéc, the fuel efficiency is defined as the fuedjuired to
transport revenue weight (cargo as well as passengeer a distance unit, i.e. @ARTK. A typical weight should
then be assigned to a passenger (including bagdafien rating on C@ RTK, airlines are rated on how efficient
they use their transport output, i.e. how well Heyt use their available capacity in terms of batlssenger and
cargo transport. RTK is commonly used in the agratndustry as a measure of the transport output.

B. Comparing Airlineson their CO, Efficiency

In the Flybe aircraft rating, aircraft are ratedsmveral distances on which they operate. This maksossible
to compare aircraft that operate on the same (figextances. In analogy with this, an airline coalso be rated on
fixed distances. However comparing airlines is namplex since an airline is composed out of aftdyges that
are put on several routes, for which the,@®iciency differs per route and aircraft. Althdugne particular aircraft
of an airline may be very efficient, the g@irline rating should rate the total g€éfficiency of an airline and how it
uses its fleet. Therefore, it could be decideddtednine the Coefficiency by dividing the total CQOemission and
RTK production of an airline. However, is it fag tompare airlines that operate on totally diffédeeuls? Could a
regional carrier's C@efficiency score be compared with one of a netwaankier? Since in general the efficiency in
terms of fuel per km increases with distance, dored carrier might by definition be less efficiethan a network
carrier. The C@ RTK score of a network carrier is predominantitetmined by its long haul flights. For example,
for one of the analyzed airlines the shares of, @@ission and RTKs with respect to the airline’saltaare
respectively 85% and 92% for flights above 1,500rketers, whereas they cover only 23% of the adirtotal
flights. This means that an airline’s g@RTK score is predominantly determined by itsHtiggbove 1,500 km in
this example. Whereas the g@fficiency of the regional flights of this carriare very CO2 inefficient has no
significant effect on the rating score. Thereforgew rating airlines on CORTK in this way, the C@efficiency
cannot be compared in a justifiable way.

One could argue that the @CRTK could be calculated per flight, and then ttia overall score would be
determined by adding up all single scores and divicoy the total number of flights. However, irattcase the
airline in the example would be predominantly ratedits flights below 1,500 km since it performs¥% of its
flights in that sector. Therefore, another approabbuld be followed to make a justified comparidmtween
airlines.

One could see an airline as a composition of varipwoducts’, i.e. the transport of payload on oegil haul
routes, short haul routes etc. An airline decidaglwvaircraft they put on its routes, which canblased on various
reasons which are beyond the scope of this rese@fiben comparing the GORTK on so-called distance sectors,
the same sort of ‘products’ are compared, i.eréggonal network of a network carrier would be camga with a
regional carrier. Whether an airline uses an direvhich is designed for long haul or puts 130 séastead of 150
seats in an aircraft to accommodate business pgexseis their choice. For the rating only the LRTK matters
which considers how an airline performs in a sedttww the distance sectors will be defined will determined
later in the analysis. It should be noted that whereirline is rated in a distance sector it dogtsmean that all
flights of that airline are less/more géXficient than these other airlines.
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Concluding, the approach for which it is believkdtta justified comparison can be made is to nataiine on
CO,/ RTK on several distance sectors. This approadhusgrated in Fig. 1, which shows seven airlimggrating in
various distance sectors. An airline will only keted when it is operating in a distance sector. fimaber of
distance sectors and the position of the boundaiiiebe discussed later.

Airline VI
Airline V Airline VII Distance increases

Sector 3

Figure 1. Rating airlines on distance sectorson their CO,/ RTK

C. Airline Fuel Modeling

Since the scope is on G@mitted during the air operation activities, th@,@&mission of an airline from the
engine as well as the APU needs to be determindg:nivthe C@ emission and RTKs of an airline are known, the
efficiency can be calculated.

Similar to existing emission models (such as AEMBHurocontral’), the fuel of a flight is composed out of
two components: the LTO cycle fuel (below 3,000 dind the climb/cruise/descent fuel (above 3,000Ttie LTO
cycle comprises the following phases: taxi-outetakf, climb-out, descent/landing, and taxi-in. Ap&om these
phases, the parking phase has been added in ar@gmcount for the fuel used by the APU. Figure 8wshan
illustration of the phases included in the model.

Climb / Cruise / Descent

Parking| [Taxi-out Taxi-in Parking

Departing airport ‘ Arrival airport

Figure 2. Flight phases considered in the model

For all of these flight phases the parameters tiffgche fuel of the phases have been investigatétiough
each phase basically depends on thrust settinglaradion, the relation between these two is not Wwedwn, i.e. a
lower thrust setting may result in a longer dumatiwhich could mean a reduced £€mission, however also the
opposite. Therefore it was decided to set for gawmse (excluding climb/cruise/descent) a standambt setting
and duration, which is referred to as base vallies.typical range in which the fuel varies for aph with respect
to the fuel calculated by using the base valuesthes determined. This could then be used in atdgtysanalysis
to show whether a phase or parameter was needadri detail or not, i.e. when a change in paran@tibr has a
minor effect on the rating output, then using aebaslue may suffice. It is further used to getghsion what
parameters the focus needs to be for further relsear
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1. LTO phases

For the LTO cycle standards defined by ICAO haverbesed for thrust setting and duration. This mehat
for each engine, the fuel flow has been used ed fit the ICAO Engine Emissions Datab¥nkvhich is based on
the defined thrust setting. Eurocontrdhave also used for their emission model the ICADLthrust setting and
durations, and validated it with actual airlineale&Erom their results, the range in which the fueles (normalized)
was determined.

2. Parking phase

For the parking phase, the duration and fuel floivthe APU were deduced from Unid@iewhich specifies for
a number of aircraft type which APU type is typlgaised and the average fuel consumption per Rdilven an
aircraft is parked at a pier it only uses the ARWdbout 8 minutes (at Zurich Airport), however what a remote
stand it may use the APU for about 41 minutes. dugd power unit may also be used, however, fromIR&F it
was noted that some airports charge excessivefdedhe use of these units. Some airports limit dioeation of
APU because of LAQ issu€showever for most airports it is known that theyé not such restrictions. Therefore
it was decided to use 41 minutes as base valuthéoAPU duration. Further research is necessarthehehis
duration can be used on all aircraft types sincéquu\’ shows that there are significant differences betwe
turboprop and short haul aircraft.

3. Climb/cruise/descent phase

For the climb/cruise/descent phase fuel flow datenfthe Emission Inventory Guidebook (Ef&syvas used,
also referred to as EMEP/CORINAIR data. It gives thel consumption for 44 aircraft types on sevdisiances,
i.e. 125 nm, 250 nm etc., which are deduced fromsutations by PIANO (Project Interactive Analysisda
Optimization). Although the assumptions on which talculations are based are not mentioned in Eltas been
assumed that the fuel information represents optiifight conditions, which are typically used in &sion
inventories, i.e. NASA' mentions for their model: no winds, no cargo, myaii flight profile, optimal operating
rules, direct distance etc.

Therefore, the fuel data of Effscannot be directly used to estimate the, @®ission of an airline. In the model
the following aspects are corrected for: altitudpeed, payload weight, engine deterioration, ceotrgravity
position, and additional distance with respecthi great circle distance (GCD). Other aspects winifthence the
fuel consumption are weather conditions (wind), semperature difference at altitude with respecstandard
conditions, however are assumed to cancel out.

Airbus? analyzed the factors that affect the fuel consionpof aircraft. They investigated the effect ofifig
lower/higher than the optimal altitude for seveaddcraft. According to AirbUs, aircraft typically fly about
+2,000 ft near their optimum altitude, due to amorngkers Air Traffic Control (ATC). Further, it sht be noted
that the optimum altitude is not fixed, i.e. theceaft becomes lighter due to the burning of fuad éherefore has a
different optimum altitude. This causes the fudhirease by about 1-2%. However flying at altiterther below
or above the altitude will cause a fuel penaltyhleigthan 2%, i.e. an Airbus A320 which operate9@ f below its
optimal altitude will have a 5-6% fuel penalty comngd to optim&f. For the model it has been decided to correct
the fuel used during the climb/cruise/descent plwgsadding 2% of extra fuel to the total fuel comgtion during
this phase. It should be noted that this value lshba investigated further, i.e. whether it mayapplied on long
haul flights as well as regional flights and whettieere are differences between aircraft etc. Farus® it can be
deduced that there are differences in fuel pertween aircraft types.

For the EIG (2007) fuel data it has been assumatitiie speed at which an aircraft operates is pleed at
which 99% of the specific air range can be achiewso known as the long range cruise (LRC) sp@éis
assumption is commonly used in emission inventosiesh as NASA' and AERO2K”. The speed at which the
minimum fuel is used is the maximum range cruis®&@) speed. However, the time gain by using the IsR€ed
instead of the MRC speed is significant, and tleeeehirlines typically fly faster than the MRC sde&ince fuel
costs are only part of the total operating coshidines, the so-called cost index (Cl) is use@xpress the cost of
time versus cost of fuel. Airlines use the CI ttedmine the speed which is most economical. Theedps different
for each airline (due to a different cost structussd might even differ per rodte The flight management system
of an aircraft has a feature which allows a pisélect a certain Cl, from which the climb/cruis’cent speed is
determine. For several Airbus aircraft Airb&isdetermined the fuel increase using a typical ststcture of an
airline. For the analyzed aircraft the fuel inceeasuld be up to 7% between the extremes, i.e. MRCmaximum
operating speed. However neither extremes are bgealrlines. Although it is expected that airlinegerate at
higher speed than MRC and LRC, it cannot be exagthntified. It has been decided to add 1% of fluel to speed
to the EMEP/CORINAIR climb/cruise/descent fuel.
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The weight of the aircraft influences also the foehsumption of an aircraft. Airbtfsfound that increasing the
maximum take-off weight by 1% will increase the [feensumption of about 0.8-1.2%, dependent on trozadt
type. Although operating empty weight differencedween airline operators will cause the fuel congion to
vary, the largest weight differences will be in thaffic load weight, and in the fuel load carridhe fuel that an
airline loads depend on the trip fuel needed tahdhe destination plus contingency fuel for safetgsons and
extra fuel. The latter can be added by the capgtaivarious reasons, i.e. weather conditions, laickonfidence in
flight planning et¢ The traffic load consists of the weight of thevereue passengers and cargo. For the
EMEP/CORINAIR data it is known that for the turbops a passenger load factor (PLF) of 65% is Us€dr the
turbojets the PLF is not known, however as mentidnefore emission inventory models typically us&0&o PLF.
This means that when using the EMEP/CORINAIR datéghe model, the climb/cruise/descent fuel needbeto
corrected for airlines that operate with a differ&LF. The PLF only tells how much seats in anraftcare
occupied, however it does not tell how much of plagload capacity is used in an aircraft The welghd factor
expresses that instead, which is defined as the oftthe weight transported over the capacity lawde. The
relation between the weight load factor (WLF) andlfconsumption was investigated by LIDO for Ungigr of
Westminstef. They analyzed the fuel flow differences betwed#fedent WLF: 50%, 65%, and 80%. On the basis
of this research it has been calculated what tfectebf a 1% increase in WLF is on the fuel constiompof an
aircraft. It was found that the fuel consumptioorease depends on the aircraft, i.e. the one #iteas a higher
payload capacity than the other. In general a léfease in WLF will cause the fuel consumption toréase
between 0.18-0.32%. This means that flying with aRWf 0% instead of 100% will let the fuel consuippt
decrease by 18-32% dependent on the aircraft type.

A 65-70% PLF load factor of EMEP/CORINAIR does mtitectly tell how much of the payload capacity is
used. For the model, it has been assumed that @P8%70% equals 50% of the WLF, and a relatios s&t-up to
account for the additional weight of an airline gared to modeled by EMEP/CORINAIR.

Due to a misplaced centre of gravity (CG) positibe fuel consumption may also increase. Aifbamalyzed
for several Airbus aircraft types the differencespecific range due to an aft and forward CG. Sihée assumed
that an airline will typically operate with a CG igh is close to optimal, it has been assumed thattd CG an
additional fuel quantity of 1% of the total fuelrumption is used.

In addition to the direct route or GCD between aiitp, excess distance is flown caused by amongetrsit
ATC, Standard Instrument Departures (SIDs), Stahdarminal Arrival Route, weather conditions andirse
reversals. Kettunen et dlsuggests that the additional distance may vanyd®si geographic regions. Faber efal.
has calculated the mean excess distance for sedistahce sectors, which is used to correct the G€veen
airports in the model.

Engine deterioration causes the fuel consumptioim¢oease due to dirt accumulation, mechanical waiad
erosior®. Eurocontrol’® mentions that on the basis of information provilgdsome airlines, the increase in fuel use
due to engine deterioration is between 2-6%. BaseNASA?, a logarithmic formula was derived to correct thoe
increase in fuel consumption due to engine detatim.

The parking, LTO phase, and climb/cruise/desceatethave been used to calculate the fuel consumiptite
model. For US carriers that report both fuel congtiom and airline schedule data, the fuel consupnptias been
calculated using the model in order to see whetieestimation is close to actual reported fuehdatthough, the
sample size is small, the objective is to verifyetiter the fuel estimation is close to actual. Ddfees can be
explained due to assumptions and variations iptases and parameters. Some of the results are$hdwable 1.

Table 1. Fue calculation for several aircraft types of airlines.
For quarter 1 and 2 of the year 2008 (based on US d&ata)

Rev a/c airborne

Aircraft Calculated | Rev a/cairbornehours/ Calculated | hours/ total
types vs. Real total airborne hours Aircraft types | vs. Real airbornehours
A319 1.02 1.00 B742 0.95 0.96

A320 0.98 1.00 B752 1.01 1.00

A330 1.07 1.00 B753 1.04 1.00

AT72 0.90 1.03 B763 0.99 1.00

B733 1.06 1.00 B772 1.04 1.00

B735 1.07 1.00 DH8B 1.46 0.99

B737 1.10 1.00 DH8D 1.27 0.99

B738 1.03 1.00 MD82 1.01 1.00
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The ratio of calculated vs. real is defined asrtfueleled fuel divided by the actual reported fueU& carriers,
i.e. when this ratio is 1 the calculated fuel egqulk reported fuel. The revenue aircraft airbdrogrs over the total
airborne hours indicates whether the schedule w¥ech the fuel has been calculated is the fuel aviich an
airline has reported its data, i.e. 95 means thatftiel calculation is made on the basis of onl%9& the total
flown hours for which the fuel is reported. Frone tfesults it cannot be deduced whether the fughakes have
been determined correctly; only the total can bamgared.

The results show that the fuel calculation reashynafuals the actual reported fuel consumption. TEngest
difference between calculated and actual fuel iaiioraft that operate on regional/short haul disés. This may
indicate that the LTO fuel is overestimated sirtoe share of LTO is greater for short flights. Heee further
research is necessary in order to adjust the model.

IV. Mode CO, Efficiency Airlines

In order to calculate the G@fficiency of an airline one has to determine thesithe C@ emission the RTK
production. The RTK production of an airline is dadent on the payload weight transported and tbenfl
distance. Therefore an estimation about the paylwatls to be made. Further in order to determieeCt)
efficiency of an airline, some airline specific pareters have to be set besides the general paranfete CG,
additional distance etc.) which were treated in puevious section. The GQefficiency of airlines will be
determined on the basis of actual flight data (dahes aircraft, frequency) provided by Eurocontibhis data file
contains all flights performed in January 2004. Tise is however limited to flights only departingdaarriving
from European countries (ECAC), which means thghfs outside this area are not included, i.eightlfrom Hong
Kong to Sydney. However, it is not expected thi thakes a significant difference in rating score.

When the CQ efficiency of several airline types have been wheiteed, the scores can be compared and the
boundaries of the distance sectors will be detezthiBince an answer needs to be found on whettieeaican be
rated on the basis of public available data, thegeain which each parameter varies has also bealyzaual.
Therefore, for each parameter/phase the range iohwthe fuel can vary has been determined. By &iteity
analysis, the effect of these ranges on the ratirtgut are analyzed. From the sensitivity analyisisan then be
seen which parameters need to be known more aeduaraite an airline on the basis of public avédatata. An
overview of the model is shown in Fig. 3.

Airline specific Rating output: class
parameters: PLF, score (i.e. A, B, C etc.)
CLF, seats, fleet age

Airline schedule: a/c, Sensitivity analysis
route, distance,
frequency

Model CO2/RTK
CO2 emission and
RTK calculation

A 4

\ 4

General parameters:
PLF, CLF, seats, fleet
age

Relations. Weight,
engine deterioration,
altitude, speed, cg,

distanci

Figure 3. Overview of model which calculatesthe CO, efficiency of airlines

For the analysis, in order to find differences i@ @fficiency between different business types it @Wasided to
select 3 low-cost carriers (LCCs), 3 network casrigN\Ws), and 3 regional carriers (REGSs), whichasbreviated
as shown in Table 2. A low cost carrier is defimasda carrier with a high seating density and tylyicective on
distances below about 2000 km. A network carrieadive on all distances, from regional to ultragohaul.
Further, a regional carrier is predominantly activedistances below about 1000 km.

8
American Institute of Aeronautics and Astronautics



Table 2. The airline types and names assigned to the airline cases

Airlinetype Airlinename Airline name Airlinename
Network Carrier NW1 NW2 NW3

Low Cost Carrier LCC1 LCC2 LCC3
Regional Carrier REG1 REG2 REG3

A. Airline specific parameters

The PLFs for the airlines are derived from an 1A3usvey of 2008. The PLF information in the survegither
compiled out of IATA World Air Transport Statistia out of airline annual reports. Since it wasided to rate
airlines on certain distance sectors which arengeffiater, the PLF should be determined on thederse Using an
annual PLF for an airline’s total flight may resimtinaccuracy in the rating. However, since ag$irusually provide
no PLF per distance and no specific informationid¢dne found about the PLF, the average annual Buséd for
all (to be defined) distance sectors.

Mainly network carriers transport besides passengksio cargo. However, the share of cargo transpastnot
well known. On the basis of US B¥data, the cargo load factors from/to US from tekected network carriers
have been determined. For the three selected retvesries the cargo load factor (CLF) varied betw26-30%.
Since this CLF may not be representative for ghts of a network carrier it has been decided ad&era distinction
between CLF for distances below 1,500 km (regichalt haul) and above 1,500 km. The CLF of all NNdse
been set at 25% for flights with a distance latgan 1,500 km. For flights below 1,500 km, it ha®i decided to
only use a 4% CLF for network carriers, since thare of cargo is usually low for European routes REG
carriers and LCC carriers no cargo has been takeraccount.

The payload capacities of aircraft have been dérivem US BTS dafd. For each aircraft the available
payload capacity of a passenger aircraft have Hetarmined. The number of seats in an aircrafedifper airline,
and might even differ within an airline for the samircraft type. The number of seats of the andlygidines were
taken from either the airline’s website or seatguont’. In the case an aircraft type was no longer usedrb
airline, typical seating configurations for a carnvere used instead.

The fleet age have been used from airfleet¥.nehich is a website for which from each airline #neerage
weighted age can be obtained. Whether it is ap@i@pto use the average weighted fleet age to cofoe engine
deterioration should be investigated, i.e. thetfege does not necessarily say something abowdngime age, i.e.
an airline could have replaced an engine in thenmvbie.

It should be mentioned that the accuracy of thinas specific parameters is low. This is becaudmes do
not publish the data in the preferred detail. Rertresearch is necessary in the airline specirarpeters and the
effect on the rating score. In order to see on ligarameters the focus needs to be for data imprent the
typical or expected range in which a parameteregaaind the effect on the rating output will be stigated using
tornado diagrams. In the next section the modeiltevill be discussed and the distance sectoldwitlefined.

V. Results

For each of the airlines the G@fficiency score has been determined. Before mdicg with the base-case
results discussion, the distance boundaries neetle tletermined as well as the number of sectarsviich the
CO, efficiency needs to be calculated. The first distasector will start at 0 km, and the boundaryhef distance
sector on the right needs to be determined. Thexefte CQ/ RTK score of airlines have been calculated by
increasing the right boundary from 0 to 2,000 knsta@wn in Fig. 4 below.

The reason why the GORTK score decreases is because the &fitiency increases in general with increasing
distance. This is because a flight that travelth&arspends relatively more time in the fuel effiti cruise phase.
Further the share of the LTO-cycle to the totalrdases. From Figure 4, one can conclude that Wigstbaee
groups of airlines are formed with about the sar@g €fficiency score: LCC1-3; NW1-3 and REG1,3; andRE

The choice of where to put the right boundary ctatice sector 1 affects the relative position dinais with
each other, i.e. in the figure a cross means Heatdlative position of one carrier changes with ather. It can also
be seen that for the regional carriers, the, €fficiency stays constant after about 1,000 knis Te to that these
carriers don’t operate on these distances. Thismtsat when putting the boundary at distances afé90 km the
comparison becomes invalid. The boundary needstpléiced at a position in which still a comparisam be
made, i.e. when all (or most) carriers performhiggin a distance sector. When one chooses thedaoyivelow
distances of about 500 km, the relative positioaidines changes considerably. It has been dedm@ut the first
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distance sector at 750 km, because the relativiéigrosf airlines changes not that much anymoree Titst distance
sector is thus defined as: 0-750 km.

It should be noted that a change in rating scoraldvoot directly mean that the class score (i.eBAC) differs.
Therefore the way the rating score is mapped ontdass score may also be considered when chooking t
boundary. The distance should be set at placesevtherleast class score changes occur, and atasplelte that a
comparison can still be made.

Determining the right boundary of distance sector 1

3.00 \ \
2.80

240 | —

—A—LCC1
220 | — —<—LCC2

—+—Lce3
2.00 ——NW1
Ny s

1.80 ——t -
\K}\ vvvvvv —0—NW3
——REGL

1.60
REG2
1.40 ~—=—REG3

1.20

CO2/RTK scoree airline

1.00
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400

Distance (km) right boundary sector 1: 0 - X km

Figure 4a. CO2/ RTK score of selected airlines while extending the right boundary to determine distance
sector 1.

Determining the right boundary of distance sector 2

25

23

—A—LCC1

—>—LCC2
—+—LCC3

—o—NW1

CO2/RTK score
-
n

—H—NW2
—0—NW3

—B—REG1

REG2

0.9
~——REG3

0.7

0.5 t t t
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000

Distance (km) right boundary sector 2: 750 - X km

Figure 4b. CO2/RTK score of selected airlines while extending the right boundary to determine distance
sector 2.
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For the second distance sector, the left boundagsD km, and the right boundary will now be deiegd
following the same approach. Figure 4 shows the/ ®DK score when calculating the géXficiency from 750 km
onwards. It can be seen that the position of @slido not change anymore significantly. Due toatsumption that
network airlines have a CLF of 25% from 1,500 kmvards, the C@efficiency of NW carriers increases after that
distance. Regional carriers 1 and 2 have only fgghté after about 1,500 km which can be seen lkydbnstant
COy/ RTK score. Regional carrier has only 1 route-pdia distance above 1,500 km, which is the reagonthe
score starts at that distance. Four groups caistirglished: REG1-2; NW1; LCC1-3, NW2-3; and REG8r this
distance sector it has been chosen to put the loyrad 2,000 km. The second distance sector isdeined as:
750-2,000 km. It should be noted that when congidemore airlines these distance sectors may beerho
differently.

In a similar way, distance sector 3 has been s2{080-4,000 km, and distance sector 4 at 4,00@kdhabove.

It has been decided to define only four distanagtose because adding an additional distance segstatd not
considerably change the relative positions ofradiwith respect to the latter.

Table 3 shows the GDRTK score of airlines when using the base capetimdata, i.e. using standardized
durations and thrust settings for the LTO phase, ktshould be mentioned that by rating airlines distance
sectors, the rating score indicates which airliae & higher C@efficiency score based on the flights performed by
an airline within that sector. It does not tell wer an individual flight of an airline in that egory is more C®
efficient than that of a competitor, i.e. an ailimight operate with some very inefficient aircrafhile also
operating the most efficient aircraft. The resa@sswell as ways to map the rating score on a desee will be
discussed after the sensitivity results.

Table 3. Base case CO,/ RTK rating scoreson the several defined distance classes

Sector 1 Sector 2 Sector 3 Sector 4
Airline 0-750km 750-2000km | 2000-4000km 4000km >
LCC1 1.51 1.29 - -
LCC2 1.65 1.07 - -
LCC3 1.58 1.15 0.99* 0.93*
NW1 2.12 1.50 0.88 0.87
NW2 1.99 1.20 0.78 0.86
NW3 1.99 1.26 0.92 1.07
REG1 2.09 1.93 0.81* -
REG2 2.51 1.99 - -
REG3 2.00 0.92* - -

*. very few flights in distance sector

A. Sensitivity Analysis

The CQ emission composition of airlines differs with respto each other, i.e. the one airline will havegher
share of taxi-C@emission whereas has a higher share for the cphiase. The consequence is that changing for
example an LTO parameter will affect the ratingrecfor the one carrier different than for the oth&rsensitivity
diagram shows for each carrier how a change innpeter affects the rating score. A tornado diagraows what
the effect is on the rating score when varyingglemeter in a typical range.

1. Sensitivity diagram

A sensitivity diagram has been made for each digt@ector and airline. Figure 5 shows the sensitidiagrams
for NW1 and REG1. Basically, the steeper the lthe,larger the effect of changes in a parameteherCQ rating
score. Not all the parameters affect the ratinges@o a distance sector, i.e. the additional distafor distances
between 1,500-2,900 km is not applicable, becewsedistance sector is from 0-750 km.

One can conclude that the LTO phases are moretisents changes for REG1 than for NW1. This is hsea
regional carriers have relatively shorter flightalahus the influence of LTO is larger. On the cary, the cruise
fuel is less sensitive to changes for REG1 thanN@fl. Although not shown, the sensitivity diagraofsother
distance sectors show that the rating output isinérg less sensitive to LTO parameters (includirig), whereas
the cruise phase will more significantly affect ttaging. This is caused by the fact that the LT®I &hare to the
total gets less when the distance increases, Wigleruise fuel increases.
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It can be seen that the parameters affecting th€sRF an airline have all steep curves, which mehas the
rating output is very sensitive to changes of theammeters. This is because a change in the phyleight
affecting RTK will only have a minor affect on thesl consumption.

In the sensitivity diagram the parameters are athralized and varied from 0-2. However, the rangevhich a

parameter varies differs per parameter. Therefdrervincluding these ranges, it can be deduced wiacameters
affect the rating the most significant, and therefcan give insight on which parameter to focusnmprove

accuracy of the rating.

2. Tornado diagram

For each parameter it has been investigated whdyftical range is in which it varies. When anaigzivhat the
effect on the rating score is of the left and rigbtindary of such a range, it can be determinedhwparameter
causes the largest variance in the rating scores iShillustrated by a so-called tornado diagramwihich the
parameters that most affect the rating score ateprFigure 6 shows the tornado diagrams for NYw2 REG2 for
distance sector 1. It can be seen that due to taigrin the parameters affecting RTK’s the ratswpre can be
significantly affected. Further, the parameterseetihg the LTO phase also affect the rating scamsicerably.
From the figure it can be deduced that when aeahas a different taxi-out time than ICAO standaiits CQ/
RTK score can be about 10% lower or 6% higherait be concluded that the additional distance afféet rating
only slightly compared to LTO, cruise and RTK paedens. For REG carrier the influence is howevehéig
because additional distance flown have a relatihedper impact when the distances flown are smallthe effect
of 50 km on 200 km is larger than on 500 km.

NW2 REG2
07 08 09 1 11 12 13 07 08 09 1 11 12 13

Pax LF short PaxLF short
Seats aircraft/airline Taxi-out fuel
Weight pax Weight pax
Taxi-out fuel Seats aircraft/airline
Climb/Cruise/Descent fuel Climb/Cruise/Descent fuel
Taxi-in fuel 0-550 km add. distance
Climb-out fuel Taxi-in fuel
550-1500 kmadd. distance Climb-out fuel
Deterioration fuel CG fuel
Take-off fuel Deterioration fuel

CG fuel = low Take-off fuel = low

0-550 km add. distance B high APUfuel ™ high
APU fuel Speed correction fuel
Speed correction fuel Altitude correction fuel
Altitude correction fuel Approach fuel
WLF cargo short Capacity aircraft
Approach fuel 550-1500 kmadd. distance
Capacity aircraft PaxLF long
Pax LF long WLF cargo short
WLFcargo long WLF cargo long
1500-2900 kmadd. distance 1500-2900 kmadd. distance
2900-5500 kmadd. distance 2900-5500 km add. distance
5500 km+ add. distance 5500 km+ add. distance

Figure 6. Tornado diagramsfor a) NW-2 and b) REG-2 for distance sector 1

The total uncertainty in a GORTK score has not been determined, and shoulithuestigated in further
research. Due to the uncertainty in £&hd RTK, from the diagrams it can be concluded tatng purely on the
basis of public parameters is not possible unllessatcuracy is improved of certain parameters. d\Mitlshowing
the tornado diagrams for the other distance sectbrsan be stated that the influence of RTK rermadtill
significant, and that the influence of uncertaimtyarameters affecting LTO get less important.ti@ncontrary, the
cruise fuel/ CQ@ emission gets however more important. This difieeeis caused by the fact that the shares of fuel
are different for the sectors.
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It can be concluded that due to uncertainty in iggarameters, the G@fficiency of carriers may vary
significantly. Therefore further research shouldbe&ormed to increase the accuracy of paramétatsaffect the
rating score significantly. Due to differences irelf composition in distance sectors there are rdiffees on where
the focus should be in the defined sectors i.edifstance sector 4 the cruise fuel is more impotmknow accurate
than for sector 1, whereas for the parameterstaffptTO it is the opposite. To design a ratingthe next section
the CQ efficiency scores of airlines will be mapped ociass score.

B. Rating Mapping

When the CQ RTK has been determined for each airline in #adise sector, it can be mapped to a class score
such as A, B, and C. For the airline 0@ting, it has been decided to use a similar agr@as how the class scores
of the EU energy labels have been determined. &ke base rating scores have been determined footis&dered
airlines for the distance sectors (see Table 3)indar mapping approach has been chosen to dikiglairlines into
3 classes: A, B and C. The difference between thestwand best score of each distance sector (dgle Bahas
been divided by 3 and the result has been addgtttminimum CQ RTK score. The C® RTK scores belonging
to a class score are shown in Table 4.

Table 4. A linear approach for the rating classes

Min Max A B C
CO,/RTK | CO,/RTK
Distance category 1: 0-750 km 1.51 2.51 <1.84 1.84-2.18 | 2.18>
Distance category 2: 750-2000 kn 0.92 1.99 <1.28 1.28-1.63 | 1.63>
Distance category 3: 2000-4000 km 0.78 0.99 | <0.85 0.85-0.92 | 0.92>
Distance category 4: 4000+ km 0.85 1.07 <0.92 0.92-1.00 | 1.00>

It may be later decided to divide in more clasbesyever this will amongst others depend on the raoguof the
data. In analogy with S&P, it could also be decitiedate in 3 classes and to assign a ‘+' or ‘ighsto the class
score, i.e. A+ to show the relative standing ofaatine with respect to another airline in a clag®r such relative
standing, again the accuracy is important.

When the linear approach is followed, the airlimél get a class score as presented in Table Shduld be
noted that limited conclusions can be made, siheestore of an airline may vary as was shown insémsitivity
analysis. When considering the base case valuaSslifave a higher Gefficiency than other airlines in distance
sector 1, and NW carriers and REG carriers scavatahe same.

It can be concluded that although an airline mayehalow CQ efficiency with respect to other airlines in the
one sector, it may have be better one on the gitor. When considering the base-case resultgL@C€2 has an
‘A’ score in all sectors where it's active. Furti¢w2 scores ‘A’ on three of the four distance seto

Table5. Airline ratings on the several defined distance classes

Sector 1 Sector 2 Sector 3 Sector 4
Airline 0-750km 750-2000km | 2000-4000km 4000km >
LCC1 A B - -
LCC2 A A - -
LCC3 A A C B*
NW1 B B B A
NW2 B A A A
NW3 B A B C
REG1 B C B* -
REG2 C C - -
REG3 B A* - -

*. very few flights in distance sector
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V1. Conclusion

Aviation and environment cannot be represented @y €nission alone. Also other environmental concenes
caused by aviation such as noise and local aintguélO, is seen as the main man-made greenhouse gas which
induces climate change, and it is known that engjtit at the ground has the same effect as in ith@ther non-
CO, GHG also play a role but the scientific knowleddmut their impacts on the climate is less wellimoBy
including non-CQ gases, the ranking of an airline in a £Airline rating may change. The research has scoped
the CQ emissions which are emitted by the power sourcthefaircraft. When considering aviation and clienat
change, at the moment rating on £&@ems appropriate given the uncertainty in impédhe other GHG on the
climate.

CO,/ RTK is the best ratio to express the Lficiency of airlines, since it takes into accbboth the aircraft
types as well as how aircraft use their aircrafte Tatio cannot be used directly to compare aslimea justified
way on their CQefficiency. Instead the GDRTK needs to be determined in distance sectors.

It was shown that when considering base case valesQ efficiency of an airline differs per distance sect
as well as the class score, i.e. a carrier can ddwe CQ efficiency compared to other airlines on the oistathce
sector, whereas on the others it may have a higgoge. A model was designed that estimates thee@@ssion and
RTK production of airlines. However, due to lackdata availability, the COemission and RTK production of an
airline are difficult to estimate, i.e. it was shothat the calculated G@fficiency score may differ from actual. At
the moment, on the basis of the data used, it ispossible to accurately determine the CRTK score of an
airline. Therefore, it is necessary to improvedbeuracy of parameters that significantly affeetihting score.

Initial advice to airline can be given only on ailevel of abstraction: an airline should strieefitl their
aircraft as full as possible (either cargo or pagees), use Cgefficient aircraft, and put aircraft on distandes
which they are designed. Airlines should focustepgarameters that influence the rating the most.

A. Further research and recommendations

When one wants to rate airlines on the basis ofipparameters, further research is necessary psave the
accuracy of the modeled parameters. Further rdssaiauld be focused on how to improve the levelatéil of the
parameters that affect the rating score signifigafithe accuracy of fuel and RTK estimation shobddincreased.
The RTKs could for example be determined with mareuracy when using data from ICAO, which storeffitr
by flight stage information of carriers.

Further research is necessary to decide whereatte fhe boundaries of the distance sectors. Thedpen
which an airline is rated should also be decided airlines could be rated on the basis of onetmschedule, or on
a yearly schedule. Since typically airlines dedide late stadium which aircraft they put on a egdhe use of data
from the previous year is recommended since themiticraft used on which route is known.

Further, it should be investigated how to introdube rating on the market. Airlines could be given
preliminary rating score, and a verified ratingrecavhen real data is provided by the airline itself
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