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Sample Airports

Index|IATA [ICAO |Name Country
1|AMS |EHAM |Amsterdam NL
2|ARN |ESSA |Arlanda SE
3|ATH LGAT |Athen GR
4|BBI EDDB* |Berlin Brandenburg Int DE
5|BCN |LEBL |Barcelona ES
6|BHX |EGBB |Birmingham UK
7|BRU |EBBR |Bruessel BE
8[BSL LFSB |Basel CH/FR
9|CDG |LFPG |Paris Charles de Gaule FR

10|CGN |EDDK [K&In Bonn DE
11|CIA LIRA |Rom Ciampino IT

12|CPH [EKCH |Kopenhagen DK
13|DRS |EDDC |Dresden DE
14|DUB |EIDW |Dublin IE

15|DUS |EDDL |Duesseldorf DE
16|EDI EGPH |Edinburgh UK
17|FCO |LIRF Rom Fiumicino IT

18|FMO |EDDG |Muenster Osnabrueck DE
19|FRA |EDDF |Frankfurt Main DE
20|GLA [EGPF |Glasgow UK
21|GRZ |LOWG |Graz AT
22|HAJ EDDV |Hannover DE
23{HAM |EDDH |Hamburg DE
24|HEL EFHK |Helsinki FI

25|HHN |EDFH |Hahn DE
26|IST LTBA |lIstanbul TK
27|LBA EGNM |Leeds Bradford UK
28[LCY |EGLC |London City UK
29|LEJ EDDP |Leipzig DE
30|LGG |EBLG |[Liege FR
31|LGW |EGKK |London Gatwick UK
32|LHR EGLL |London Heathrow UK
33|LIS LPPT |Lisbon PT
34|LTN EGGW |London Luton UK
35|LYS LFLL |Lyon FR
36|MAD |[LEMD [|Madrid ES
37|MAN |EGCC |Manchester UK
38|MUC |EDDM [Muenchen DE
39|MXP |LIMC [Mailand Malpensa IT

40INCE |LFMN |Nizza FR
41{NUE |EDDN |Nuernberg DE
42|ORY |[LFPD |Paris Orly FR
43|0SL |ENGM |Oslo NO
44|1PMI LEPA |Palma Mallorca ES
45|PRG [LKPR |Prag CZ
46|PSA |LIRP |Pisa IT

47|RHO |LGRP |Rhodos GR
48|RTM |EHRD |Rotterdam NL
49|SCN |EDDR |Saarbruecken DE
50|STN EGSS |London Stansted UK
51|STR EDDS |Stuttgart DE
52|SXF EDDB |Berlin Schoenefeld DE
53|SZG |LOWS |Salzburg AT
54| TXL EDDT |Berlin Tegel DE
55|VIE LOWW |Wien AT
56|WAW |EPWA |Warschau PL
57|WRO |EPWR |Wroclaw PL
58{ZAG |LDZA |Zagreb HR
59(ZRH |LSZH |Zuerich CH

Tale 1.Sample Airportsand Codes. (Source: Bubalo 2009)
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Basic Annual Indicators for Sample Airports

Annual Passangers at Sample European Airports above 10 million PAX 2003-2007
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Annual Passangers at Sample European Airports below 10 million PAX 2003-2007
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Annual Flights at Sample European Airports from 2003 to 2007 above 100,000 Flights
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Annual Flights at Sample European Airports from 2003 to 2007 below 100,000 Flights
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Basic Annual Indicators for Sample Airports

PAX and Ops Change in Percent from 2003 to 2007*
*LGG & WRO change to 2006; WAW change to 2004
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The last four months have been the most interestahgcationahnd demad-
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mental managemeritdo notexaggerate by saying | found a new passkama-

lysing the air transport system.

Once the system is generally understood it becomes even more interesting and
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fields of work, they gave me complete freedom to seek the goals needed for my

thesis.
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| do notknow where | would stankdad | not hadhe chance of usinGregory
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tion of modelsanalysis and writing.



The common way had to be done, too, with enormous atsofidata angkis
involved, but the adoptioaf the software and the simulation | wanted to realise
simultaneouslyl was ndeed aware of the large learning curve for SIMMOD
and the challenges involved in getting accustomed to the softwart@rdgary
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diatefeedback omy results.

| also want tahank my mother Gabriele Bubalo, having over 35 yehex-
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AThe difficult we
theimposvp | e takes a |
Motto of the Navy Seabees in World War |l

1 Introduction

We live in adventurous times where everything in the future seems to e poss
ble. As most of the first decade in the new millennium lies behind us, it is time
to reflect. We saw ups and downs in almeseryglobalmarket orindustry,the
banking industry, the information technology industry, the real estate industry,
the automobile industry, the tourism industry, commodities market, and of
course the aviation industry. &\faw political challenges and military conflicts;
we fully realized the damaging potential of climate chamgexperiencing
surprising extremes in global weatfzerd realized the nethreats toour life-
styleresulting fromreligious extremism.

Surely thisis nothing newThese havein one way oanother alwaysbeen

with us but in addition to those events we saw also major catastrophralnat
and climatic events, I|ike the flood
and thesunami inSouthEast AsiaThese events weratherunique.

In the world today with its communication, global transportation and gl@baliz
tion, all people seem to sit in the same boat. Every major eventfeeted our
lives, directly or indirectly As we watched the news aalevision, wefelt in-
stantly connected with victims, survivors and helpers independent atfgou
belief or political agenda. This is tipesitivepart ofreflecting on the auent

decadethe world has never been more united.

It is becoming ever more imparit for the global community to exchange
knowledge, information, ideas, opinions, products, capital and caltooag
its constituent countrie®We want to know more about each otlvee want to
explore;and we want to taste each otliengising listen toeach othersnusic
and share each othéexperiences.
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With theexplosive expansion of thaternetoverthe last 15 yearshe speed of
globalisatiorhasacceleratedflows of information and product®w cover the
whole world andthis hashecamehenaturalstate of affairgor the people and

the economyvorldwide

China and India arm the throes o& huge transformation process which will
almost certainly lead to two nesconomidi s uper power soO amo
group of super powers being the BRIC ntries, Brazil, Russia, India and

China. This brings challengés developed regions like Europe as well

To keep up with the increasing need the global community, mass transpo
tation must meet the demanespeciallyin the area ofair transportation

Since time nowadays is such a valuable and precious resource aldaty a
can communicate and share information globally in real time, it is specifically
the duty of air transportation to provide timely traffic on a global svdée.

physically and vimally want to be anywhere at anytime.

1.1 RecentDevelopments and Future Outlook in Air Transportation

Air transportation imowadayso important to the global economy, fwththe
transportation of passengensd goodsthat | doubtt will be permanenylaf-

fected by the currerifinancial crisi®. Demand for travel and air transportation
will, despite the current financial crisntinue to grow in the futur@ot only
globally, but also regionally within Europe

Basil Borim, vice president for operatis and safety of the Air Transpors-A
sociation (ATA)cl ai ms that #Ai f carriers can
sense, theyoll have access to coapit.
day January 12009).Same will be true for airports, becausoth industries are

tightly connected.

All sourcestomy knowledge | i ke t he fAChall enges ¢
EUROCONTROI) forecasta strong demand for air trgportation in the future

(Fig. 7). Business and consumption will contirtoegrowon a gldal scale
(EUROCONTROL 2008)
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Fig. 7. Annual monthly traffic and variations (2007$ource: EUROCQ-
TROL 2007)

Also from immediate knowledge | know that peogtestill seekng to travel
and will continue doing so in the future. From earlier crisesalsoknown
thatadeclinein demand for air transportationusuallyabsorbedn the follow-
ing one or two years. In the long run the demand for air transportation will

grow 4% annually on average (FR).
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Fig. 8. The longterm view of growth is of atable longterm trend(Source:

PRC 2007)
What also plays a significant role in the continuous growth of air traffic is the

much citedderegulationand liberalization of the air transport market since the

mid-seventies in the U.S and the amoheties inEurope. Airports formerly
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being under federal authority, must behave increasingly likinéssdriven

and profitoriented entitie¢Graham 2005)

Regulations considering prices, routes and the scheduling process for air travel
were gradually abandonedlcaving more freedom and more competition

among airlinegTable2) Thi s | ed t o t He ibBwhassbg e n (
carriers (LCC) or low fare airlines in the late nineties (e.g. Ryanair ang eas

Jet), which have different and more flexible businesdeis than the more
established airlines hav€his development brought more competition ta-var

ous portions of the entire air transport system.

Airport charges for example, which are weight passengeibased and which
airlines have to pay for each amft takeoff and landing and for the infrastru

ture used at an airport, are a significant cost factor for airlines. Therefore less
developed airports are seeking opportunities to provickcss tailored for
those LCCoO6s (e. g. | tarewand dnatitugasognd timess s i
like Hahn or Stansted airports).

It is plausible to believe that a secondary network of these LCC airports will
develop. LCC airports will try to serve a catchment area comparable ts-the e
tablished hubs or internationat@orts, others will see their opportiiy in spe-
cialized services (e.g. cargo, business flights or general aviation, like Liege

(LGG) airport for cargo).

Before After Implications of
Choice Deregulation Deregulation Deregulation
. Freedom to -
Strictly controlled Loss of secure tenure
Routes ’ change
. . Freedom to .
Prices Set by formula Price wars
’/ change
Frequency of . Freedom to set . :
FeqUeEncy Controlled _ Capacity wars
tlights schedules ’/
: - . Freedom to . :
Aircraft type Often controlled : Capacity wars
’ choose 7

Table2. Freedom of Action for Airlines before and after Deregulat{Source:
De Neufville 2008)

We will also see more competition on comparable routes. It will not make

much difference in time when flying from Rome Ciampino airport todom
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Stansted airport or flying from Rome Fiumicino airport to London Heathrow
airport. But the ticket price willhake a difference.

In metropolitan areas we will usually find more than one airport. The greater
London area has five airports (LHR, STN, LGW, LCY, LTMhich are, with

the exception of LTN, all operated by the company British AirpathArity
(BAA), urtil 2008 Belin had three airports (THF, SXF, TXLandfrom 2011

on Berlin will most likely only have one newly constructedpairt (Berlin
Brandenburg International (BBJ)Rome and Paris have two each FCO, CIA
and ORY, CDG, respectively. In additiontteese airports, there are airfields
and arstrips scattered all across Europe and also others near the large urban

areas, which could serve a$ieeer airportsn the ture.

Although reliever airports will grow strong, it is still the main European hubs
that will dominate thair transporsystem. A hub is a main internationaipart
which links the regional and national routes, the spokes, with international co
nedions. We therefore speak ohab-and-spokenetwork in Europe. Over

time, with new route and airports, th might transform more into@oint-to-

point network.

In the top ten major global hub ranking of 2007, there are three European ai
ports in the top five, first being London Heathrow airport (LHR), third being
Paris CharlesleGaule (CDGirport and fifth being Frankfugm Main ai-

port (FRA) (Fig.9).

1997 2002 2007

1-Londra
2-New York

1-Londra
2-Tokyo

1-Londra

3-New York 3-New York 3-Parigi
4-Los Angel A-Parigi 4-Tokyo
5-Parigi 5-Franc 5-Francoforts
6-Franc 6-Los Angel 6-Hong Kon,
7-Hong Kong 7-Hong Kon; 7-Los Angel
8-Singapore 8-Singapore 8-Singapore
9-Bangkok 9-Bangkok 9-Bangkok
10-Amsterdam 10-Amsterda 10-Dubai

28-Dubal 18-Dubai

Fonte: 0AG, 2007

Fig. 9. Ranking of the main global hub$Sourcethe European Housemx
brosetti2008)
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As the simulation of current and future &affic has shown, LHR is the main
bottleneck of the Ewpean air traffic system (ATS). LHR faces delays for
every departure from early morning on and is highly congested. The problem
is, that LHR is the main hub forajbal air traffic as well (i§. 3) and creates

delays for many destination airports amil affect any connetion flight.

Through air traffic procedures during the flights, this can only marginally be
reduced. As my simulation has shown, the last flight on each day at I'HR ai
port could already face upfew hours delay.

Since LHR operates atcalculatedevel much over itsnaximum capacityy-
timatdtechnicalcapacity, at around 30% over its ultimate capacity, this is
clear.

Recentlythe government and the British Airport Authority (BAA) resolved a
long-lasting battle and saw the urgency of mhatter to expand London Héat
row as quickly as possibl#.is proposed to build a thindinway and a sixth
terminal by 2020 (BB@ovember 22, 2008

Paris CharlesleGaulle(CDG) airport isthe third global hub and my analysis
has shown, thafDG haserough spare capdygifor some more years, since it

operats at approximately 84% of its technical or ultimate cajyac

Frankfurt (FRA) ranks fifth in the ranking of main global hubs and faceis sim
lar problems. FRA operates at a level of 40% over its teahoapacity, which
means over a years time the demand is 40% higher, than the airport gan poss
bly handle. In this case the fourth runway is already planned and construction

began. The new runway is expected to go into service by 2015.

One may ask howperations can work every day under the circumstance of
operating over the technical capacity. Well, firstly the technical capacity is an
estimateof the annual manageable flights of an airport and secondly, the obse
vations to come up with these estimdtaseach runway configuration were
doneseveral years aganddo nottake into account the technical development

in air traffic control equipment, which allows less separation between aircrafts



while takingoff or landing and therefore allows more openasiper hour or

per yeaFAA 1995)

Still, the estimates of the so calladnual service volum@SV) are approved

by the FAA and make the assumption, that only this amount of annual flights
should be operated at an airport with the defined configuratidnwéth regard

to current ATC rules and practicdsAA 1995, p.5).

As a result we see these everyday delays at airports, which either operate close
or over the ASV. With the forecasted growth in European air traffic theese d

lays will multiply at overutilized airports and will affeother airports in the

network.

1.2 Fuel Prices Affecting Air Transportation

The decline in demand for air travel during the last three to fourth months du
ing the financial crisis anthe high fuel prices over the past year, war®ugh

to handle combination of events for airlines, airports and travel operators t
gether.

The fuel prices have dropped and the oil bairieleis expected to stabilize at
around$80, so some fingcial pressure has been releagetithe same time oil

price shifts do occur équently.

I n | ATA6s view, the industry |l ost $!
$4.1 billion in 2009. The earnings of 2009 will be important to many airlines
andto the whole aerospace industand some will have to adjutteir busness
model s, routes or services, because

o Vv e r c(Aviagon Today January 2009).

In October2008 Calyon Securities published a research report which points out
that the U.S. air transport industryeisx pect ed t o | ose $3 |
posting earnings of $5 billion in 2
have positioned themselves such that they should be able to survive the credit
challenges until spring, when traffic demand is exg@to ncrease and we
forecasttheindisr y returning to profitabili
IATA Director General and CEO Giovanni Bisignasimore gloomy; hexe

pects the situation to remain fibl eal
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prices and falling demand continues poi son t hetabdlbsty
(Aviation Today January 2009).The combinatiorof efficient business nb

els,a stabilisation of fuel prices and the global economic environment will

bring relief to the aerospace industrijhere is still a lot otincertainty, which

pushes even more towards an efficient air transport system, with lower fuel
consunption and lower costs for airlines and therefore lower ticket prices for

the end cosumer.

Speaking of theperational side of air transportatjdasilBaromo indcates

that 1 f Ayou can trim a minuter-or t-
port, the fuel savings are sig#i fic,;
barrel oil than they are at $&Bbarrel oil, but they still are veryggiificant.

We 6r e t al kwide, gotentiallg husdtedsyof millions of dollars [saved]
annually. o

Barimo of the ATA further suggests |
dures [...] allows [the air transport industry] to squeeze more capacity out of the
systen and at the same ti me makes it e
capaciy translates into reduced deJand that translates into real savings of
[turnaround] time of aircraft, crew, fuel burnand allofshe t hi ngs . o
Today January 2009)

This meanghatby efficientairportoperation andhe smart use of airportae
pacities, which will result ifiewerdelays and queuing or ground times, huge
amounts of money can be saved by airlif&gting costs might be another way
to increase prdfbility, but this has already been done over thstgew years
due tothenew competitive dynamsxcreated byhe LCCs.

Cutting more costs will call the reputation and business reofiehain carrers

deeply into question, batsaving potentialhroughefficiencyis there.

1.3 NewAirspace Surveillance Technologies

For airlines i would require new investments in technical equipma&nthas
communication andonradar GPShasedsurveillance systems, which would

general allow aircraft to use, runwagsportsandairspacemore precisely and
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in higher frequencies. Same is true for the various air traffic cq#{fidr) sta-
tions at airportswhich would need more staff and would also need-siatiee-

art communication and surveillance equipment

There ae developments in that direction all over the world, like the U.S. Next
Generation Air Transportation System (NextGen) or the Europete
European Sky Programme (SESSESAR.

Airlines or alliances of airlinesven independentiglanto implemeninewv
technologies to operate their fleetore efficiently Because the situation is not
changing fast enoughirnes are willng to pay millions of dollars for more
efficiency. What is missing is the withtnd speedf most airport@ind federal
governmentgso alsoinvest in new technologias capacity expasion. This
imbalance has to be evened out.

One example: Dallabased Southwest Airlines wants to invest $175 million in
their fleetfor Required Navigation Performance (RNP) proceduvelsich are
expectd t o fAyield $25 million in fuel
1/1/2009). As a comparison a new runway at an airpors absut $300 nh

lion (AMS and MAD airports for example IATA 2003) and would bring
benefits to all airlines.

Since every party wolved would benefit from those investmentssts could

be divided between airlines and airports and would in some cases redplice pu
private partnership (PPP) (Interview: Daduaauary 152009).

In Europe we see a similar development with the itadtah of Automatic De-
pendent SurveillancBroadcast (ADSB) which Air Berlin is already installing

in its fleet ACSS2009 Interview: Lamberyy Air Berlin is far ahead in itgn-
plementation of the European SES programme, which mandates all fleets be
equpped with ADSB by 2015.

1.4 Capacity

| was overwhelmetb discovetthe fact that there is not only one capacity, or
capacity utilization, at airportthere arenany, maybe hundreds odgacities

involved.
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Actually every process involved in serving passesgad/or aircraft and/or
cargo has its own capacity. On the landside, think of a security capacity, which
is the maximum throughput pssengers per unit of time through airperti-
rity, or a gate area capacity, which could serve a certain maximonoenof
passengers penit of time and allow them to spettideir waiting time can-
fortably before boarding.

The @ame is true with parking position capacity, air traffic control staff capa
andrunway capacityall of which define the maximum number of aatft that

can beprocesseder given unit otime.

As can be seen, the airport system is highly dynamic, and the situation at an
airport can changsignificantlyin a matter of minutes. This is especially true
for many secondary airports that have stroegls in the morninfpr two or

three hours anthenexperience a sharp decline of traffic after this peféd.
HAM and ARN)

With arriving and departing aircratarrying asmanyas 400 passengers at a
time (Boeing 747and airports processing up toQJ@00 passengers per day or
around 10.000 passengers per hour (LHR), thene éharmousamount of

traffic activity at an airporover the course aiday.

Sothereimmo si mpl e answeill0.t o Acapacitybo

ST & _ i Case: Terminal capacity reached Case: Runway capacity reached
Limiting Factors for Capacity and Interdependencies at Airports :

|| SLF : I SLF
Capacity limit dictated by: PR A T PR A T
..................................... E o = e
Airport Interface Airside / Landside Terminal Modality Road!
oa
: Interface Rail
Parking/Gate ’ Shuttle/Taxi/ Al
stands ] "Meet and Greet" Train/Bus | Access
! Staff
Apron ] Gates Size &
= ............. Frequency
) : Runway . § E'-‘ No. of Taxis P/-;:fker
Weather/ Noise/ 3 ATC Traljslallon ) 18 e Arriving PAX
Topography Emissions & into Arriving PAX 2 2 % ) "Meet and Greet"
H PAX P Parking i
No. of $ Space Sta
TR o ; % Bus/
Departing Aircraft s Aliezfts Seatloadfactor e Train/
Aircraft Type : perhour ; ] Cars Taxil
Seatload Wind Speed, . (3LF) Transit PAX : § per hour -
Gust H Turnaround No. of Seats e SEEEARTE H Shcume/
& Direction/ Time ' oy Mean i
Precipitation/ o s Take-Off & ’ ' e Parkin Departing PAX
Temperature/ dB o | mLs Landings Ops Base : Departing PAX . ," 2 T|meg PAX "Mest arl\dgGreet"
Obstacles ugim* |+ | DME per hour per hour of aircraft 1 e £ e e o per hour
Arriving Aircraft e H ‘5: $ % e % Long per lane Staff
Aircraft Type i :},d H g : b Torm
Seatload : ceesssscscsmecscasecses Parking
Environmental ¢ Technical Infrastructural
. Not to scale. Source: Bubalo 2009

Fig. 10. Limiting Factors for Capacity andterdependencies at Airports
(Source: Bubalo 2009)
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Due to time and dat@actors | havealmostexclusivelyconcentratd on the

most crucial capacity atnairport system, the runway capacity. One coud a
gue that terminal capacity might be more impatithut | think that is not the

case.

The fundamental function of an airport is to provide an interface between air
traffic and ground traffic. So therefore tbencepts that a runway ithe most
significant constructioatan airport. You need a runway a system of mr

ways to meet your local demand in air traffic services. Everything else is rather
an additional Aser vi ce thisdtthefirstainsgipsc u s
built in AustraliaandEurope or as a matter of fact at any ofahginal air-

strips.

Almost immediately there wasreeedfor hangars for aircraft repasufficient
parking stands and fuel statig@asis the caset military air bases.

With the emergence of commercial air traffic and the establishmentwéreg
rout ¢ s ntenedd for passenger facilit@oseat developed goorts.

Since flying was very costly the earlydays passengers expectsome co-
venient servicgat airports and frortheairlines. With larger acraft and more

air travellersairports neded passenger waiting areasgfiage arrial and pick

up areas.

At large airports nowadays around 50% of the total airport revisysmeated

by nonraviation activities. This means that revenue generated through charges
and service feefor processingircraft and passengerscaunt for only half of
theoverall revenues, the other half comes from commerciaiitges like rents,
leases, concessions andrketing, by providing room for shops, restaurants,
offices conference rooms and hotelsirports havebecomeplaces where pa-
sengers and consumers like to spend time and money. Theuragaity to

air transport proves to be rathmneficialto many enterprises armbnstantly
attracts more buesses (TRB 1975, p.1)(Fiyl).

In fact for main hubsind large airports it ian obvious facthat terminas are

strong revenue generasointernationally we find many other examples of still

L strongly recommend the AAIT Aus
about the adventurous times of aviator Charles Kingsford Smith and the deve
opment of Qantas Airline inAustralia. It gives an insight into the

transformation of an air traffic service over the years from its early

adventurious beginningbttp://www.guba.com/watch/3000056128
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developing airports which provide only basic service. Htgg and savenir
shops or restaurants are very popalaong all airports.

Additionally the amount of passenger traffic, tourists and level of pratetiz
play a significant rolén revenue generation

Thus, hcentives aren placeto get more revenueom the passengerbut
nonetheless after all has beamsand done, it is stithe runway which -

vides the needed traffic.

In a discussion with Klaus Knoepflef@merground handling operation ma
agerat Stuttgart airport (STR), he gave an exangdla quickadapation tothe
unanticipaed need for adtdonal terminal capacity at STR. As the number of
passengers, especially in thefrills sector grew stronglyan old ternmal was
demolisted,but, as itwould takesome timeo rebuild, the only solution was to
transform a maintenance hangar into a pagseterminal, which now is Te
minal 4. And that worked perfectiyell for thelow-fare and charter airlines

(Interview: Knoepfle 2008).

This kind of temporary solution is of counset possible with runways.

Target Groups and Offerings at Airports

"Regionals"

Scientists

Employees with families Category 4

Independent companies "airport region"

Mobile services

Category 3

Shipping companies

"airport city"

E-commerce

"Aerotropolis"
Logistic services

Population surrounding area Category 2

Visitors "airport with mall

Meeters & greeters Category 1 and office park"

Airline personnel "extended

Airport personnel terminal services"

PAX - business travellers

PAX - tourists

Potential
target groups

Entertainment
Distribution
Training and
education

center/
Leisure and

Gastronomy
Parking
Marketing
Conferences
Offices/
subsidiaries
Landside
shopping mall
Industrial
estate
Medical clinic
Warehouse
Production
plants
Free-trade
zone

sports
facilities
Housing

Offerings

Retail
Hotel/

Fig. 11. Target Groups and Offerings at parts.(SourceBubalo 2009
adapted fromLeutenecker & Fraport 2008)




1.5 Ultimate Capacity

The ultimate capacityexpresses the maximum physical capability ofravay
system to process aircrgftd. Demandjor specificconditions (Horonjeff

1994 p.310).This type of capacity is also refered to astdahnical @pacity.
Beyond this capacity, which is expressed as total flights per time (usually one
hour),the acceptable level of average delays per flights is too high to be able to
operate the airportydherunway, any further.

It is suggested in various literature éNeufville 2003 ADRM 2004;ACD

1995 and others) that the acceptable average level of delay per flight of four
minutes should never be exceeded. This therefore is a strong criterion to est
mate thepractical capacity The relationship between average delays per flight

and pratical capacity is shown in Fig.2.

Utilization
87% Ratio
55% 65% 75% 85%:90% 95% 100% (p=A/p)
_ . . ——r 200%
= [
=3 i
w [
= : s
& " 0
2 - &
E | 8’
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> x 9 | > 3
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R e T A = @ sepmies § el O
(=] (e.g. 4 minutes of delay ) e " 3 >
o o
o2 per flight) ] & | * §
§ : | [5)
" -
< I | 2
;| [ ks
2| |
Current —i : !
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Demand (A) —% | |
0 — } 0%
Practical Ultimate Demand

Capacity Capacity (1) (e.g. Flights/hr)
Fig. 12. Relationship between delaglated and ultimate capacity. (Source:
Horonjeff 1994)
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The correlation of delay and capgciiso shows that the delay reacts veay
sitiveto an increase in operations per hour when surpassing the practical capa
ity. It makes a huge difference if an airport operates at 60% to 65% opff it o
erates between 85% and 90% of it ultimate capac&yNeufville 2003, p.

448).

And it is because airport inhancement programmes, especially for coingtruc

a runway, take many years to plasually more than 10 years, due to long
lasting approval proceduresncerning environmental conceynthat a timef
planning process should be started as soon as capacity shortages age forese
able.

We will see theelationshipbetween demand, delay and capacitiether in
thebstaticd air por t dyapamadhinpastisystenaanalysid at e

when running dferent airport sinulations.

2 Methodologies and Models

The flood of informatioron airport benchmarking, management, enginge
efficiency and operations isterestingbut also neveending.lt is difficult to

point out one specific model which coldd applied to measure airport pradu
tivity or to generate a benchmark. The research on airporhimemking is still
ongoing and the obstacles involved have been pointed out in many academic
papers.

That is why this study will only cover a selection ofdets, thedeabeing

more toproduceaworkbookwhichwill give an overview of what is going on

at airports on a dato-day basisand to identify a greater choice of inputs for

statistical and econometric calculations thanthas farbeen done

With thecollection of very recent dathwanted to create a snapshot of the
airportstoday This very transparent approach should answetrtignedike
AWhat i s theapaoualy/ bdbueahyaingstedt ?0
and when?o, fiphre capadbity for elevedoproent gnlthe gears to
comewith respecto growth in traffic and the continuous ergence of new

(LCC) airlines and routes?0 and AHoO"
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modernenvironmental challenges and to help airlinesicedelays andhe
costsof fuel consumptiof? 0 .

Regarding thditerature it was handled quitdifferently, asit spans the last

four decades. In this case | wantedrjoto get to the roots of models and

thoughts about airport capacity, like the wondef A Ai r por tc-Land
ityo Speci al Report 159 of the Tran:
1975 which could be published today without loosing @inys topcality.

In short, here was a neddlt to understand the capacity problem in the air

trangort system.

| started collectingelevant books, and did some data collection. From within

the GAP project | had accessa@reat deadf airportrelated liteature and

data. Unfortunately much of the data had been modified by eliffgeople,

was outated or simphdidn éhavethe scope of what | needed. Also much of

the literaturevasrelated to economics and econometrics lzaudlittle rele-

vanceto airport infrastructure and operations. But still it providedwiik use-

ful information.

The AAiarppaocritt yC and Del ayo (ACD) gqgui d
Aviation Administration(FAA 1995, p. 14generally suggests whiind of

data would be needed for a capaeityl delayassessment of airpoyend

while referring tadifferent componentske taxiways, exits and gateis mainly
concentrates orunwaycapacty.

Another valuable source of informatiet he | ATA #AAirport
Reference Manual 0 ( ADRBWeshints égnhadw tazdd 0 4
capacity measuremestin land and airside, @vering passenger and@aft
facilities,and where to look for datdhe main assessment data requirdger-
mationon flight schedules, aircraft, airspaarport configuation and weather

data.

2.1 Data Collection

An often cited source of reliabfight schedule date the Official Airline

Guide(OAG) databaseA substantial amount of this analysis is completely
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based on available OAG data. OAG provides for a 500D klscription fee
for access toecentand 12 month forward flight schedules datadeer 1000
airlines and 3500 airport3he 14day trial access to their database was fully
functional, but limited to one week of datatween 16 and 22 March 2009.
Access to their databasevis an onlineJavaapplication whictprovidesthe
ability to choose fronramong130 different indicators, filtering and putting
these together in tabular form.

OAG provided many conversation and decoding tghitesbeing aircraftm-
formation, maximum takeff weight (MTOW), seat numbers, ranges, speeds
etc, and airlineor aircraftcoding anddecoding

Flight schedules datr all European airports for the wholeeek period was
collecied This resulted irabout20-25,000daily European flight mtries

The result immain operational databaggth informationon each flight, such
ascarrier, departure time, arrival time, aircraft type, origin, destinatien, di
tance, flying time, seat configuration, seat number, service type (gasse
cargo or mixed) and flight numbdt.was possible to choose any Bpean

airport for this analysis. A sample of 58 airports was selected because of the
strong interconnectivity between the airports and because ohpoetance of

the data for the GAP research project.

Unfortunately,usingthe OAG trial accessheflight dataof peak periodsvas
neither accessable nor calculatat®®the next step was to obtatime peakpe-

riod informationfor Europearairports and traffielsewhere

2.2 PeakPeriod Estimation and Data

From the EUROCONTROPanrEuropean Airport Capacity and Delapaly-
sis Support (PACSnd OneSkyentral Flow Management U(iCFMU)

online sources and databases | collethedelevantatg such aslaily, weekly
and monthly reports of overall European traffic and defaythe years 2000 to
2008



2005 Flights [2006 Flights [2007 Flights [2008 Flights
Fri 17/06/2005 30663|Fri 15/09/2006] 31914|Fri 31/08/2007| 33506]|Fri 27/06/2008 | 34476
Fri 01/07/2005 30569|Fri 01/09/2006] 31841|Fri 29/06/2007| 33480|Thu 26/06/2008| 33895
Fri 02/09/2005 30469|Fri 30/06/2006] 31686|Fri 14/09/2007| 33371|Fri 13/06/2008 | 33833
Fri 16/09/2005 30338|Fri 08/09/2006] 31553|Fri 07/09/2007| 33279|Thu 19/06/2008| 33383
Fri 09/09/2005 30169|Fri 22/09/2006] 31550|Fri 21/09/2007| 32971|Fri 04/0//2008 | 33342

Table3. Top Five Traffic Day200508. (Source EUROCONTROL CFMU
2008

Eachweel/reportpr ovi des a di agram of the p
lays, so in the report of week 52 or 53 | would be able to find a yearly diagram
which includes the traffic develamentoverthe past yeafFig. 13).

When studying these graphs for the development of European air traffig du

the yeara repeating pattelis observable. It beoze obvious that in weeks 25,
26,35 and36the traffic will always have its peak for the Wwagear. The awe
age delays per week are also tighkst during these four weeks.

From the literaturegspeciallychapter 24of de Neufvilled 8 Ai r por i
Pl ng, gn

considerin isolaingthefi p e a k

Sy s
Ma n a §l&«maw whiatao ( d .
datheg d e 6 P h, q@Pakanch o u
thepeak periodsn general. Fom observationg is knownthat Thursdays and

anni Desi and

Fridays are almost always the busiest days oi@eweek at aiports. So |
figured thaton the mentioned four wkgon Thursdays and Fridays must be the
busiest days of the whole ygd@mable 3.

What can also be seen from the diag(&ng. 13 is that the peak days of the
previous year are exceeded by the traffic on peak days in the current year, at

least as long akere is growth, which might not be true in the year 2009.

Theisolation of peak week®iust have been made due to the lack of precise
schedule data of a whole year for each airport. Depending on the source, per
definition:

A Te design peak hour (DPH)a&sbusy hour, but not the busiest hetine

peak hour (PH), of the year, maybe th& 280", 40" PH, or the 9 percentile

of the busiest dajed. (PD]), or the PH of the average day of the peak month of
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the year, or the PH of the average day of the p@ak months of the yeéaand
so on(de Neufville 2003, p.853).

TRAFFIC AND TOTAL DELAYS COMPARISON WITH EQUIVALENT WEEKS OF THE PREVIOUS YEAR
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Fig. 13. Traffic and total delays comparison with equivalent weeks of #e pr
vious year; PC Objective set to 1.7 min of delay per flight (Source: Weekly
report 52/2008 EUROCONTROL CFMU 28)

IATA (1981) has a more general definition for the peak pefiod: per i od
is representative of a normal busy period, and not one related to peak time,
such as religious festivals or some other shortch@ly per i od. 0

| found it not very useful tase any of the definitions for DPH as a refece,
since | observe a concideralsiemple of overall European traffic with many
airports and had to find a simple solution.

Sincedoing theseDPH calculationsvould require more or less daily traffic
data fromeach airport for a whole yetor each of thés8 sample airports, the

following simple method was applied.

Most sources point out that it largely depends on the study and availability of
data, which definitiorfor estimating the DPH will be the best. THere the
Thursday of week 2& suggested to hesedas design peattay (PDTHUW26)

of all airports. Overall air traffic in Europe on this day is so high, that through

interconnectios it will have an effect on all analysedpairts.



Thepeak week 2@lways falls into the top 5 busiest weealghe yearThe
peak houof thesecond busiest dapf week 26 the ThursdayPDTHUW26)
is equivalent to roughly the’to 30" busiest hour during the whole year at
each airport

The PH of PDTHUW?26s thenthedesign peak hour (DPH)

For peak day information the webskkghtStats.conhas been usedhich has
information about all recent flights and gives one the ability to track flights in
real time with scheduled and actual times and deHightstats.conalsoal-

lows viewing scheduled and actual times at each airport for recent and past
flights, with origin and destation, flight number, gate, delaysthtusand a-

tual delays in minutes

With some tricks it is possible to extract the flight schedulediftarent ar-
portsfor the last five years.

The outcome is flight schedule data for another 25 airports for the PDTHUW26
from the lasfour years. Unfortunatelyfor the resulting tables major formatting
would have been needed, so only peak data for tHgHRIV26 of 2008 is
included in the diagrantsr this study

As mentioned above peak day data could only be obtained for 25 airports. This
means that for most of the sample airports another peak period haceto be s
lected. In thecaseswvithout PDTHUW26 dat#he peak hour (PH) of week 12 of
2009(PHW122009)where | have OAG flight schedules data for, was chosen.
This was usually the Malay, Thursday or the Friday. Since the data is from a
week in March, the resulting PH or DPH is lovtlean the DPH for

PDTHUW?26.

Another step was to obtain annual data to have an overview of the different
annualthroughputs at airports, namehenumber of passengers per year and

thenumber oftakeoffs and landing per year.

% This largely depends ondtindividual peak hours over the peak days. Usually
airport have one to five peak hours on those days, when considering arrivals
and departures sagately, they have even more. So there is variation which can
be finetuned.
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EUROSTATIs a onestop resource for various staitst of the European j

ion. From hereannual figures for all analysed airpofexceptfor IST) was
collected The data isategorizd into cargotraffic andpassenger traffiavai-
able seatsand boarded passengers. This allowed the calculation of thalann

averageseat load facter(SLF) at each aport

To sum up the panel data collectitimereremainsto mention the dat&om the
slot coadinators of each involved countoy themaximum declared capacities
or slots, which represetite maximum numbesf operations allowed atrai

ports inany givenone houmperiod andusuallydivided intodepartures and
landingsandfor different seasonisito arrival and departure pattern

This data is included in many diagrams to give an overview of the limit set by
the slot coordinatorsn the number opossible operations ah airport The
limitation of slots per hour could have various reasons, for example lack of

ATC equipment or local noise restrictions.

2.3 ConsiderationsConcerning theData

The reader of this gty should be aware diequality ofthedata. Even with

the maximum care in editing the data it is possible that certain information
might not be correctly displayed or calculated. Since accurate data is khe bac
boneof this study, as little as possiléthe data was inserted matly. Most

of it wasprocessed through links and scripts from the original sources. If there
wereerrors in the input tablest the point of origin, thethese errors probably
have persisted throughout all calculations.

If the reader recognizes certain errors, please do not hesitate to contact the a
thor. Iwill be glad to follow upn identifiederrors and correct theasneces-

sary.
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2.4 The Benchmarking Concept

From the point of view of the literature, it almost seems as thtinegbnly
widely accepted way of doing performance (productivity) benchmarking
among airports is to use econometric calculations like the Data prehd
Analysis or the Stochastic Frontier Analysis. Both methods are ppgaalng
either for their simplitty or their usalbity in data analysis. At the same time

each have major drawbacks.

In reality there is no universally adopted benchmarking method. Theme-are i
stead many different benchmarking methodologies emerging.
The concept of benchmarking was ffirsvented and introduced by copy
machine manufacturer Rank Xerox in the 1970s.
The most prominertienchmarking method in usedayis the 12stage met-
odology by Robert Campvhichconsiss of the following stages:

1) Select subject ahead

2) Define the proces

3) Identify potential partners

4) ldentify data sources

5) Collect data and select partners

6) Determine the gap

7) Establish process differences

8) Target future performance

9) Communicate

10)Adjust goal

11)Implement

12)Review/recalibrate.
(http://en.wikipedia.org/wiki/Bechmarking January 12, 2009)

These are rather basic steps and do not reveal which indicators should be used
and how it is possible to collect confidential data from your congost But
these are the core problems, the solutions to which could cosamgmts of

time and money.
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The goal of a benchmarking study should be the identification and isolation of
aBest Practicewhich is more efficient in a process, technique or method and
which provides more output for a given input by comparison among simila

entities.

During the preparation of this studycame across many benchmarkingista
comparing different airports across regions or globally and | quickly learned
the difficulties involved in making these airppcomparable imultiple as-

pects. Thex is a wide range of financial models, regulatory systems and-oper
tional policies which must be considered when doing a cross region&-benc
marking study (Pilling 2002).

As Graham (2005) points out it is indeed very difficult, if not impossible, to
estabish methodologies to benchmark airports, especratign makingcom-
patisons across differemiational bordersThis lies partly in the diversity of
accounting procedures for economic indicators. Depreciation of asbets is
onesuch exaple, where one wliffind huge differences among countries or
enterprises. This will result totally misleading financial productivity indse

tors.

It is therefore necessary to carefully predefine any input and output measure for

any productivity analysisyhetherfinancial operational or environmental.

Therehasbeensome thought giveto develojing a methodologyor a

strippeddown airport, where accounts and physical measures are universally
adjusted to a Acommon set nallfcompad- e s o
ble. So far thisattempt has foundered due ttaeak of thetimely receipt of e-

sourcesor a simple lack ofinancial or personnel resourc@graham 2005).

Theattemptin this study for benchmarkimgust be seen ithelarger context

of performance and pdaictivity benchmarking studies. Thisno wayis the
Afinal 0 pr od wduttivitpdenclamarkiagj butshouldbe geen as
adefinitestep in that direction.

This thesis is based around the questions: Which operational and irfrasiru

input cata is needed for productivity benchmarking? How can one reasonably



include that data into further calculations? And how can bterothat dad in

a rapid and sustained way?

2.5 Criticism and Findings of Technical Operational and Infrastru c-

tural Inputs used in Previous Benchmarking Sudies

Number of runways: Usinthenumber of runways as an input for productivity
analysis does not provide reliable output. The efficiency of a runvagmnsy

which is most critical to airport operations, and therefotée productvity of

the whole airport system, is not solely based upon the actual nofmoer
ways.By studying the FAA and IATA guidelineg is clear that the efficiency

and capability of a runway system is also bdaegkelyupon the configuration

of therunways i.e., the physical location, width, length; orientation ayyle

of pavement of the runway(s). Eveach additional factors adtitude, humi-

ity, temperature, obstacles in the flight paths (mountains, skyscrapers, towers,
bridges, poles, largeees etc.), location of residential areandthe slope of

the runwayhave areffect on the throughput of a runway.

Total length of runways: The overall length of the runway system ofrporai
is another example of the difficyltesearchers have & encountered in
evaluating the efficiency of an airport system. Thigiags not an adequate
indicator.Thetotal length of all runwayst an airports of little importance, as
it does not take into esideration the number of runwagstuallyused, he
primarytypes of aircraft the airport seryesd the spacing between runways.
A Boeing 737 needs as little as 1400 meters or about 4600 feet for landing and
1800 meters or about 5900 feet for takoff) So a runway systewomprisisng
a totalof 6000 netres could havemany possibleunway configurationsand
therefore could serve wide range odircraft types, resulting inthe number of
passengers served and number of operatmdsfer tremendously.

Theproblem could be narrowed down to three gaprunway configurations

for whichwithin each group the opportunities to serve aircrafts are about equal.
The runway configurations 1 to 19 are suggedy the FAA (FAA 1995)(Fig.

14).
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(ASV). (Source: Bubalo 2009 derived from FAA 1995)

As it can be seen in figurks, the suggested groufas the most common Mix
Indices of airports between 81% and 180% are:

-

A Group 1 includes configurations 1, 9, 14 and 15.

A Group 2 includes mway configurations 2, 3, 4, 5, 6, 10, 12, 13, 16,
17,18 and 19.

A And Group 3 would include the more complex and productive cenfig

rations 7 and 8.

| suggest consideringroupsl to 3separately for a productivity analysis.
Annual numbers, capacityilization and basic indicators are displayed & T

ble 3 for all 58 s@ple airports.

Number of gates: Using the number of airport gates does not tell the whole

story concerning the productivity of an airport. Gates can be resknvsok-

Benchmarking Airport Productivity and the Role of Capacity Utilization 4]



cific airlines andhereforeare not made availabte other airlines. It is also
guestionablevhetherthe number of gates includes all available parking{os
tions, which is the preferred measurement for available stand captanity
airport.

Also one must consider the aomd of time an aircraft actually blocks a gate or
a parking positionHence average twaround times should dactored inas

well.

Number of checkn-counters: What is true for the number of gatissx-vis

aircraftis also true for the number of chelckcountersin relation to passe

gers. One does not know for how long a gate is kept open or is being reserved
for an airline. Theategorycheckin-counters might be used in relation to the
capacity measure Apassengerdmeahpso u g h
sengers per hour per cheickcounter (Marine Board 1986).

Area of an airport: Theotal airport area is sometimes used in productivity
analysis as an input measuféis categorydoes not allowoneto see the avéi
ability and costs of availablgroperty around an airport. The location of an
airport therefore plays an important rodes well Also the efficient usage of
already aquired property should be consideseiwell aghe share of property
used for the landside, like terminal area oramaress and parking area. Passe
gers, movements or runways per area could give adgatrdingthe producti-

ity of suchproperty.

It is difficult to use fAarea of an .
consideringhe abovementionedactors

For this reason,would suggest using the apron afeaanalysisnstead, since

it is more mportant to operations. Sufficient apron area will provide space for
parking, maintenan¢gand manoeuvring aircraft. It is even more important for
thediverse sreams of traffichat pass through its area, suclpassenger tran

port, freight/cargo transport, general aviagiand military flights.
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Capacity Saturated
MI=%(C+3*D) | (ops/hour) >75%
Annual Annual
Rwy no. Service Demand Ops
config. | Of VFR IFR Volume *2007 Annual
Rank | Airport | Group | no. rwy Mix Index % ops/hr | ops/hr (ASV) EUROSTAT Demand/ ASV
1|CDG 3 8 4 140 189 120 675,000 569,281 84.3%
2 | MAD 3 8 4 118 210 117 565,000 470,315 83.2%
3 | AMS 3 4+9 5.5 136 175 159 635,000 443,677 69.9%
1|FRA 2 16 3 149 129 60 355,000 486,195 137.0%
2 |LHR 2 4 2 170 103 99 370,000 475,786 128.6%
3| MUC 2 4 2 112 111 105 315,000 409,654 130.0%
4| BCN 2 12 3 103 111 105 315,000 339,020 107.6%
5| FCO 2 12 3 114 111 105 315,000 328,213 104.2%
6 | LGW 2 2 2 118 105 59 285,000 258,917 90.8%
7 | MXP 2 3 2 122 103 75 365,000 257,361 70.5%
8| CPH 2 12 25 109 111 105 315,000 250,170 79.4%
9| BRU 2 12 3 123 103 99 370,000 240,341 65.0%
10 | ORY 2 12 25 112 111 105 315,000 238,384 75.7%
11| OSL 2 4 2 101 111 105 315,000 226,221 71.8%
12 | ZRH 2 10 3 121 94 60 340,000 223,707 65.8%
13| DUS 2 2 2 107 105 59 285,000 223,410 78.4%
14 | MAN 2 2 2 116 105 59 285,000 206,498 72.5%
15| IST 2 16 3 117 146 59 300,000 206,188 68.7%
16 | ARN 2 12 3 106 111 105 315,000 205,251 65.2%
17 | BBI 2 4 2 105 111 105 315,000 200,565 63.7%
18 | ATH 2 4 2 110 111 105 315,000 193,123 61.3%
19 | PMI 2 4 2 100 111 105 315,000 184,605 58.6%
20 | HEL 2 12 3 107 111 105 315,000 174,751 55.5%
21 | NCE 2 2 2 55 121 56 260,000 173,584 66.8%
22 | TXL 2 2 2 107 105 59 285,000 145,451 51.0%
23| LYS 2 2 2 102 105 59 285,000 132,076 46.3%
24 | HAJ 2 4 25 100 111 105 315,000 70,481 22.4%
25| LEJ 2 4 2 121 103 99 370,000 41,370 11.2%
26 | PSA 2 2 2 103 105 59 285,000 38,525 13.5%
27| LGG 2 2 2 237 94 60 340,000 26,815 7.9%
1|VIE 1 14 2 109 77 59 225,000 251,216 111.7%
2| DUB 1 14 3 108 77 59 225,000 200,891 89.3%
3| STN 1 1 1 102 55 53 210,000 191,520 91.2%
4| PRG 1 9 2 102 76 59 225,000 164,055 72.9%
5| HAM 1 9 2 106 76 59 225,000 151,752 67.4%
6 | WAW 1 9 2 103 76 59 225,000 147,985 65.8%
7|LIS 1 1 2 117 55 53 210,000 141,905 67.6%
8| STR 1 1 1 101 55 53 210,000 139,757 66.6%
9| CGN 1 9 25 104 76 59 225,000 138,528 61.6%
10 | EDI 1 14 2 100 77 59 225,000 115,177 51.2%
11 | BHX 1 1 1 104 55 53 210,000 104,480 49.8%
12 | GLA 1 1 15 101 55 53 210,000 93,654 44.6%
13| LTN 1 1 1 102 55 53 210,000 83,318 39.7%
14| LCY 1 1 1 100 55 53 210,000 77,274 36.8%
15| NUE 1 1 1 108 55 53 210,000 57,922 27.6%
16 | SXF 1 1 1 100 55 53 210,000 55,114 26.2%
17 | CIA 1 1 1 100 55 53 210,000 54,870 26.1%
18 | LBA 1 1 1 97 55 53 210,000 39,603 18.9%
19 | HHN 1 1 1 128 51 50 240,000 34,311 14.3%
20 | RHO 1 1 1 100 55 53 210,000 32,776 15.6%
21 | DRS 1 1 1 100 55 53 210,000 28,257 13.5%
22 | BSL 1 9 2 102 76 59 225,000 27,879 12.4%
23 | FMO 1 1 0.5 100 55 53 210,000 21,968 10.5%
24| SZG 1 1 1 100 55 53 210,000 21,166 10.1%
25| ZAG 1 1 1 100 55 53 210,000 20,442 9.7%
26 | RTM 1 1 1 100 55 53 210,000 18,517 8.8%
27 | WRO 1 1 1 100 55 53 210,000 17,861 8.5%
28 | GRz 1 1 1 100 55 53 210,000 17,286 8.2%
29 | SCN 1 1 1 100 55 53 210,000 9,731 4.6%

Table 4 Basic Indicators and Airport Configuration GrodpsSample Ar-
ports (Source: Bubalo 2009)



Number of passengers or number of movements (Mvts, ATM, Ops): | skee diff
culties in using number of passengers or ma@sprocessed per year. When
comparing data from EUROSTAT for annually boarded passengers @& mov
mentsat each airportothe number of movements or passengi&splayedon
theindividual airport websites, there are differendesm 2% to 10%. In a
prodictivity analysis this could be significant. One does not know what kinds
of passengers are counted (transit, domestic, international osievely visi-

tors to the terminal)The same is true aperations; it is usually unclear from
aggregated numbenshethergeneral aviation, cargor military operations are
included.So it is advisabléo try to useonly onetrusied source for this kind of

datawhich ideally includes different user groups

3 Airport Capacity Assessment

IATA (1981) categorizes threebasi meas ur ement s citfofo as
an airporto.

One is the ADirect Observationoa met
tions, during peak and effeakperiods A By anal ysing thi s
possible to determine a measure of utilizatafrthe airport and its various sub

systems and the total airport syste:

Anot her met hod i s the # Cretanghreowaideyas 0 |
a benchmarking method. This method compares airports of the same &ize, tra
fic demand charactestics and configuration.

The third method menti@din connection withairport capacity measurement

is the AMat hemat i calbyédompuerdsimulatiagnd met
woul d Apredict the i mpact of pri-oj ec:
ti @isSaa.ch model s, when calibrated wit
characteristics and traffic profiles, can servamsffective tool for assesg
airport capacityo (I ATA 1981).

44



For this thesis all three methods have bessdfor at least 20 of mgample of

58 airports. From my perspective the simulation methadatly the only

met hod whi ch al | oasairport SystegnWsengrtiisc 6 v i e
method, it canhtereforebe obsevedhow, whereand when Abot t |
occurat airports. It is Bo the only method which allows simutats of the

future growth of air traffic.

| ATA points out that Aregardl ess wh
must prevail: (i) the comfort and convenience of airport users is directly related
to the capacytand level of service provided by the &g and (i) capacity

and level of servicged. e.g.Delay] are interrelated and must always be consi
eredbget her o (I ATA 1981).

Exactly that is considered throughout my analysis. Due to timeationis |

wasonly able to do a capacity assessment for runway capacities. Teratinal ¢
pacitesar@ nl y i mpl e me nt e dModelh(Kanafani h981) Witk a n ¢
2003 dataAny recent changes in terminal capacity are going to be included in

theassumption rectanglder future publications.

The first most obvious assessment is done by plotting the demand curves for
each airport for the {2week of 2009 with OAG flight schedule data (figal

The individual explanation of each diagram is beyond the scope of thys stud
but for different purposeses the collection of these capacity and denaand di

grams will be very useful.

The collection of the operations demand diagramwould most likely refer to
theobservation methoohentioned by IATA (1981). Table 5 incanatesthe

main observed and calculated values for the airport capacity assessmeiat inclu
ingmixindex' a deri ved percentargdtmxapaae f o
centages of aircraft category Heavy (here D) and Large (hepefCgntageC

(or M/L) plus3timesD (H))) anddesign fatorsf or t he A Kanaf an
(Kanafani 1981).



Ops per hour

60

Weekdays Operations Pattern and Capacities

(Sample Week Mon 03/16/2009 - Fri 03/20/2009)

40 4

30 |

20

10 +

0 A | | | | | | | | | | |
00-01 01-02 02-03 03-04 04-05 05-06 06-07 07-08 08-09 09-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19 19-20 20-21 21-22 22-23 23-24
Time
— STN_2009-03-16_TOT STN_2009-03-17_TOT STN_2009-03-18_TOT
STN_2009-03-19_TOT S— STN_2009-03-20_TOT ==== maximum declared capacity of all sources'

= STN technical capacity vfr
—t0t_sloOts

STN technical capacity ifr

peak_day_2008_total

Fig. 16a. STN Weekdays Operations Pattern and Capacities. (Source: Bubalo
derived from OAG 2009)

31 The

Wh at

factors.

i Kanaf andiAssédsmeére ReSults

refer todabkot hes

a Kndoammtiveareht mp|

tionship model, which connects different capacities of an airport with certain

By analysing the demand profiles of each airport, with maximum capacities and

peak day data integrated, it is possiblestiate the existing peak hour (PH),

which we use as design peak hour (DPF) clear this up agaimn figures 16

in the appendixhe faund maximum operations per hour of each diagram, the
PH during PDTHUW26 or PHW12200% used as a DPH measure.

The PHpasenger (PAX) or operations (Ops) numBées eitherPHW122009
or PDTHUW?26 aretakeninto considerationo be able to do DPH calculations

within this study To complete thassumption retanglewith the values for HO

®Hourly Passengers (HP) andHowy Oper ati ons (HO) an
Model o
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(DPH)PAX, HO (DPH) Ops, annual PAX andnnual Ops it is also necessary
to know theaverageseatload factors(SLF)and theaircraft mixby number of
seatve the year anduring the DPH separate()Kanafani 1981)

In the calculations a DPH SLF of 90% was chosen, assuming the factor of
boardel PAX toavailable seats per aircraft. This SLF was also assumed to be
the average among all aircraft classes. By multiplying the average seat number
of the aircrafts during the DPACH, and the SLF of 0.9,FH, you receive the
valuem. Without detailedlfght schedule datavhich states aircraft types and
corresponding average seat numikéescalculation of ACH will not be easy to
cdculate

The6st ati c6 c a pratablelpsovidesbase susnbeesron peak

hour values and capacity.

The correspotiend value tan (DPH Passengers divided by DPH Operations)
is n (the annual number of PAX divided by thenaal number of Operations).

The condition oimbeing larger than usually holds true.

When actually looking atreassumption rectangiee realizethat the conne

tion between annual and DPH values areditggn hour factorg andy. These
values are calculated by DPH value divided by annual vakid@/AO;
y=HP/AP).

The condition ok being larger thay usually also holds true. Consequently the
following relationship must always hold tr@dy)=(m/n) which has been ta
culated to check the assumption triangle relationships and is incorporated in
table 5.

In the model description, Kanafani (1981) states that the passengersrat an ai

port should be awsidered separately for domestic, international and iatern

tional transit. Due to the lack of data this kind of detail cannot be integrated.
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airport | ICAO Name Country | Areain Runways Capacity limit dictated by Mix Index AO Annual AP Annual IFR Slot CAP Decl Terminal Annual Ter- HO Design
ha Ops in Pax in CAP Ops/hr CAP PAX/hr minal CAP Peak Hour
(000s) million Ops/hr million Pax/yr (DPH) Ops
AMS EHAM Amsterdam NL 2678 5.5 | noise, atc, runway 136 443.68 47.85 169 108 110
ARN ESSA Arlanda SE 3100 3 | Noise 106 205.25 18.01 105 80 68
ATH LGAT Athen GR 1700 2 110 193.12 16.53 105 52 35
BBI EDDB* Berlin Brandenburg Int DE 2 105 200.57 19.72 105
BCN LEBL Barcelona ES 3 103 339.02 32.81 105 60 60
BHX EGBB Birmingham GB 1 104 104.48 9.32 53 40 30
BRU EBBR Bruessel BE 1245 3 | Atc 123 240.34 17.93 99 74 55.0 70
BSL LFSB Basel CH 536 1.5 | noise, atc 102 27.88 0.92 59 3,500 14
CDG LFPG Paris Charles de Gaule FR 3238 4 | noise, atc 140 569.28 59.55 120 106 20,300 110
CGN EDDK Kéln Bonn DE 1000 2.5 | Atc 104 138.53 10.55 59 52 4,000 26
CIA LIRA Rom Ciampino IT 1 100 54.87 5.35 53 35 14
CPH EKCH Kopenhagen DK 1180 2.5 109 250.17 21.40 105 83 66
DRS EDDC Dresden DE 280 1 100 28.26 1.89 53 30 1,500 12
DUB EIDW Dublin IE 3 108 200.89 23.31 59 44 40
DUS EDDL Duesseldorf DE 613 2 | Noise 107 223.41 17.85 59 38 52
EDI EGPH Edinburgh GB 2 100 115.18 9.06 59 47 34
FCO LIRF Rom Fiumicino IT 1600 3 | atc, runway, apron 114 328.21 33.62 105 90 80
FMO EDDG Muenster Osnabrueck DE 0.5 100 21.97 1.61 53 24 2,680 7
FRA EDDF Frankfurt Main DE 1900 3 | Runway 149 486.20 54.50 82 82 14,000 88
GLA EGPF Glasgow GB 1.5 101 93.65 8.86 53 26
GRZ LOWG Graz AT 1 100 17.29 0.97 53 14 5
HAJ EDDV Hannover DE 25 100 70.48 5.67 105 40 17
HAM EDDH Hamburg DE 563 2 | Runway 106 151.75 12.85 59 48 46
HEL EFHK Helsinki Fl 3 107 174.75 13.10 105 50 48
HHN EDFH Hahn DE 1 128 34.31 4.11 50 8
IST LTBA Istanbul TK 940 3 | Atc 117 206.19 25.49 59 40 1,619 42
LBA EGNM Leeds Bradford GB 1 97 39.60 2.90 53 13
LCY EGLC London City GB 39 1 | noise, atc, runway,apron 100 77.27 2.91 53 24 3,600 37
LEJ EDDP Leipzig DE 2 121 41.37 3.04 99 20 7
LGG EBLG Liege BE 2 237 26.82 0.33 60 4
LGW EGKK London Gatwick GB 683 2 | Runway 118 258.92 35.27 59 50 12,000 51
LHR EGLL London Heathrow GB 1117 2 | atc, runway, apron 170 475.79 68.28 99 88 100
LIS LPPT Lisbon PT 503 2 | runway, apron, terminal 117 141.91 13.52 53 32 38
LTN EGGW | London Luton GB 1 102 83.32 9.94 53 24
LYS LFLL Lyon FR 2000 2 | Runway 102 132.08 7.19 59 51 4,918 43
MAD LEMD Madrid ES 4 | noise, atc, runway 118 470.32 51.40 117 100 110
MAN EGCC Manchester GB 883 2 116 206.50 22.33 59 61 46
MUC EDDM Muenchen DE 1500 2 | Noise 112 409.65 34.07 105 90 16,000 93
MXP LIMC Mailand Malpensa IT 2 122 257.36 23.97 75 70 42
NCE LFMN Nizza FR 400 2 | noise, runway 55 173.58 10.38 56 50 7,400 52
NUE EDDN Nuernberg DE 1| Atc 108 57.92 4.29 53 30 3.2 19
ORY LFPD Paris Orly FR 1530 2.5 [ Noise 112 238.38 26.42 105 76 24.0 62
OSL ENGM Oslo NO 1300 2 101 226.22 19.04 105 80 7,300 68
PMI LEPA Palma Mallorca ES 2 | terminal 100 184.61 23.10 105 60 12,000 42
PRG LKPR Prag (o4 2 102 164.06 12.40 59 38 44
PSA LIRP Pisa IT 2 103 38.53 3.71 59 14 13
RHO LGRP Rhodos GR 1 | atc, apron 100 32.78 3.63 53 13 6
RTM EHRD Rotterdam NL 1 100 18.52 1.13 53 8
SCN EDDR Saarbruecken DE 1 100 9.73 0.39 53 20 6
STN EGSS London Stansted GB 1 102 191.52 23.80 53 50 46
STR EDDS Stuttgart DE 400 1 | terminal 101 139.76 10.35 53 40 12.5 40
SXF EDDB Berlin Schoenefeld DE 1 100 55.11 6.35 53 17
SZG LOWS Salzburg AT 1 100 21.17 1.98 53 20 8
TXL EDDT Berlin Tegel DE 2 107 145.45 13.37 59 41 47
VIE LOWW | Wien AT 2 | runway 109 251.22 18.77 59 66 4,400 67
WAW EPWA Warschau PL 506 2 | atc, runway 103 147.99 9.29 59 34 3,000 32
WRO EPWR Wroclaw PL 1 100 17.86 1.27 53 11
ZAG LDZA Zagreb HR 1 100 20.44 1.99 53 18
ZRH LSZH Zuerich CH 783 3 | atc, runway 121 223.71 20.81 60 66 9,200 56
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HP Design IFR CAP Slot CAP Terminal m=HP/HO in n=AP/AOin | Design Hour | y=HO/AO xly m/n PAX per Ops per | PAXin Max IFR Ops/hr per | Max timeframe for Main Peak IATA
Peak Hour PAX | Utilization Utilization Utilization DPH PAX/ Ops | PAX/Ops Factor Area (ha) Area million/ runway ARR or DEP per Time
SLF 0.9 x=HP/AP (ha) Runway runway in mm:ss
13530 65% 102% 123 108 0.02828% 0.02479% | 1.1405 | 1.1405 17,868 166 8.70 32 01:53 12-13 AMS
7344 65% 85% 108 88 0.04077% 0.03313% | 1.2306 | 1.2306 5,811 66 6.00 37 01:37 8-9 ARN
4270 33% 67% 122 86 0.02584% 0.01812% | 1.4257 | 1.4257 9,721 114 8.26 56 01:05 15-16 ATH
0 98 9.86 53 01:09 BBI
7380 57% 100% 123 97 0.02249% 0.01770% | 1.2708 | 1.2708 10.94 35 01:43 19-20 BCN
3240 57% 75% 108 89 0.03477% 0.02871% | 1.2109 | 1.2109 9.32 53 01:08 18-19 BHX
8050 71% 95% 33% 115 75 0.04489% 0.02913% | 1.5411 | 1.5411 14,405 193 5.98 34 01:45 19-20 BRU
1120 24% 32% 80 33 0.12179% 0.05022% | 2.4252 | 2.4252 1,716 52 0.61 51 01:11 19-20 BSL
16280 92% 104% 80% 148 105 0.02734% 0.01932% | 1.4148 | 1.4148 18,391 176 14.89 47 01:16 10-11 CDG
3198 44% 50% 80% 123 76 0.03031% 0.01877% | 1.6151 | 1.6151 10,550 139 4.22 30 01:58 10-11 CGN
2310 26% 40% 165 98 0.04316% 0.02551% | 1.6917 | 1.6917 5.35 53 01:08 20-21 CIA
6534 63% 80% 99 86 0.03054% 0.02638% | 1.1574 | 1.1574 18,134 212 8.56 44 01:21 8-9 CPH
1032 23% 40% 69% 86 67 0.05466% 0.04247% | 1.2871 | 1.2871 6,743 101 1.89 55 01:05 8-9 DRS
5880 68% 91% 147 116 0.02523% 0.01991% | 1.2670 | 1.2670 7.77 20 03:03 7-8 DUB
5720 88% 137% 110 80 0.03204% 0.02328% | 1.3767 | 1.3767 29,120 364 8.93 53 01:09 10-11 DUS
3910 58% 2% 115 79 0.04317% 0.02952% | 1.4624 | 1.4624 4.53 30 02:02  8-9 EDI
11120 76% 89% 139 102 0.03308% 0.02437% | 1.3572 | 1.3572 21,010 205 11.21 37 01:37 9-10 FCO
679 13% 29% 25% 97 73 0.04209% | 0.03186% | 1.3209 | 1.3209 3.23 106 00:34 6-7 FMO
13552 107% 107% 97% 154 112 0.02487% 0.01810% | 1.3738 | 1.3738 28,685 256 18.17 43 01:24 12-13 FRA
2704 49% 104 95 0.03050% 0.02776% | 1.0988 | 1.0988 5.91 35 01:42 8-9 GLA
370 9% 36% 74 56 0.03802% 0.02893% | 1.3143 | 1.3143 0.97 53 01:08 8-9 GRZ
1547 16% 43% 91 81 0.02726% 0.02412% | 1.1303 | 1.1303 2.27 42 01:26 18-19 HAJ
4738 78% 96% 103 85 0.03687% | 0.03031% | 1.2163 | 1.2163 22,826 270 6.43 38 01:35 8-9 HAM
4704 46% 96% 98 75 0.03592% 0.02747% | 1.3078 | 1.3078 4.37 35 01:43 16-17 HEL
1224 16% 153 120 0.02980% 0.02332% | 1.2781 | 1.2781 4.11 50 01:12  19-20 HHN
6174 71% 105% 381% 147 124 0.02422% 0.02037% | 1.1892 | 1.1892 27,113 219 8.50 49 01:14 17-18 IST
1144 25% 88 73 0.03941% 0.03283% | 1.2005 | 1.2005 2.90 53 01:08 17-18 LBA
2442 70% 154% 68% 66 38 0.08386% 0.04788% | 1.7513 | 1.7513 74,670 1,981 291 55 01:05 8-9 LCY
854 % 35% 122 73 0.02813% 0.01692% | 1.6623 | 1.6623 1.52 50 01:13  20-21 LEJ
0 7% 0 12 0.00000% | 0.01492% | 0.0000 | 0.0000 0.16 30 02:00 19-20 LGG
7140 86% 102% 60% 140 136 0.02025% 0.01970% | 1.0278 | 1.0278 51,634 379 17.63 53 01:09 8-9 LGW
18700 101% 114% 187 144 0.02739% 0.02102% 1.3031 | 1.3031 61,127 426 34.14 52 01:10 15-16 LHR
4750 2% 119% 125 95 0.03513% 0.02678% | 1.3119 | 1.3119 26,882 282 6.76 28 02:11  8-9 LIS
3576 45% 149 119 0.03599% 0.02881% | 1.2495 | 1.2495 9.94 53 01:08 8-9 LTN
3655 73% 84% 74% 85 54 0.05082% | 0.03256% | 1.5608 | 1.5608 3,596 66 3.60 53 01:09 8-9 LYS
14630 94% 110% 133 109 0.02846% 0.02339% | 1.2169 | 1.2169 12.85 29 02:03  10-11 MAD
4278 78% 75% 93 108 0.01916% 0.02228% | 0.8600 | 0.8600 25,291 234 11.17 53 01:09 8-9 MAN
10044 89% 103% 63% 108 83 0.02948% 0.02270% | 1.2987 | 1.2987 22,711 273 17.03 56 01:05 8-9 MUC
5040 56% 60% 120 93 0.02102% | 0.01632% | 1.2883 | 1.2883 11.99 38 01:36  10-11 MXP
3692 93% 104% 50% 71 60 0.03556% 0.02996% | 1.1872 | 1.1872 25,953 434 5.19 61 01:00 10-11 NCE
1558 36% 63% 134% 82 74 0.03635% 0.03280% | 1.1082 | 1.1082 4.29 53 01:08 7-8 NUE
8618 59% 82% 110% 139 111 0.03262% 0.02601% | 1.2544 | 1.2544 17,265 156 10.57 44 01:21 19-20 ORY
8364 65% 85% 115% 123 84 0.04392% 0.03006% | 1.4611 | 1.4611 14,649 174 9.52 56 01:05 8-9 OSL
5544 40% 70% 46% 132 125 0.02400% 0.02275% 1.0547 | 1.0547 11.55 53 01:09 8-9 PMI
4884 75% 116% 111 76 0.03940% 0.02682% | 1.4691 | 1.4691 6.20 30 02:02  10-11 PRG
1820 22% 93% 140 96 0.04901% 0.03374% | 1.4525 | 1.4525 1.86 30 02:02  12-13 PSA
636 11% 46% 106 111 0.01754% 0.01831% | 0.9582 | 0.9582 3.63 53 01:08 21-22 RHO
664 15% 83 61 0.05855% 0.04320% | 1.3553 | 1.3553 1.13 53 01:08 7-8 RTM
318 11% 30% 53 40 0.08248% 0.06166% | 1.3377 | 1.3377 0.39 53 01:08 7-8 SCN
7360 87% 92% 160 124 0.03092% 0.02402% | 1.2875 | 1.2875 23.80 53 01:08 18-19 STN
4280 75% 100% 83% 107 74 0.04137% 0.02862% | 1.4455 | 1.4455 25,863 349 10.35 55 01:05 10-11 STR
2329 32% 137 115 0.03669% 0.03085% | 1.1894 | 1.1894 6.35 53 01:08 21-22 SXF
904 15% 40% 113 93 0.04574% 0.03780% | 1.2103 | 1.2103 1.98 53 01:08 21-22 SZG
5311 80% 115% 113 92 0.03971% 0.03231% | 1.2289 | 1.2289 6.69 30 02:02 9-10 TXL
7169 114% 102% 163% 107 75 0.03819% 0.02667% | 1.4319 | 1.4319 9.39 30 02:02 10-11 VIE
2848 54% 94% 95% 89 63 0.03066% 0.02162% | 1.4180 | 1.4180 18,355 292 4.64 38 01:35 15-16 WAW
1353 21% 123 71 0.10649% 0.06159% 1.7291 | 1.7291 1.27 53 01:08 10-11 WRO
1800 34% 100 97 0.09034% 0.08805% | 1.0260 | 1.0260 1.99 53 01:08 14-15 ZAG
7000 93% 85% 76% 125 93 0.03363% 0.02503% | 1.3435 | 1.3435 26,582 286 6.94 31 01:55 12-13 ZRH
Tabl e 5 6Stati cb6 Ca pent (Sausce: Bubado 2009 witd data framlATA 3003AEJR@ST ATA007, OAG 2008)
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As we can see above @xamplefig. 17ait is now possible to directly apply

the maximum (declared) capacities for theway and the terminal to the
assumption rectangle. The quotient of the DPH values, HO and HP, and the
maximum capacity values lead us toagacity utilizatiorvalue.In the case

of FRA this means a capacity utilization of 107% for the runway ard a c
pacty utilization of 97% for the terminal.

Since the terminal data is from 2003, these values will be corrected in the

future.

Assumption Rectangle and Capacities of FRA Airport Traffic for the year 2007/8

Annual Operations (AO)=}486195 n=| PAX/Ops Annual Passengers (AP)=[54501001
y=]0.01810% x=]0.02487%
Hourly Operations (HO): m= PAX/Ops Hourly Passengers (HP)=[13552
hourly annually
Maximum Declared Capacity: Max Decl. Terminal Capacity=]14000 0
(APIMCTC)
Runway Utilization (HO/MCD):|107% I Terminal Utilzation (HP/MCTC)=|97%
Runway Capacity Terminal Capacity
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_ 14000 F — —— = — — — — — — —
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g 4000 E
© 2000 ]
O 1
|'=Max decl rwy cap Ops/hr EHO in Ops/hr | |'=Max dec! terminal cap PAX/hr EIHP in PAX/hr |

Fig. 1I7a Assumption Rectangle and Capacities of FRA Airport for the year
2007/2008(Source: Bubalo 2009 derived from IATA 20@ightstats.com
2008 and OAG 2009 data)

The design hour factors are specifically useful for converting annoal nu
bers for movements and passengers to DPH values. As long as the airport
configuration does not change and the SLFs and DPH average seatsaumbe
stay in limit, the design hour factors will also not change.

Therfore it is possible to estimate the DPH hemof passengers from the

annwal numbers.
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For exanple in the case of FRA (fig. &Ythe annual number of Bgengers
is AP=54,501,001 PAXthe DR Ops have been looked up from the eerr
sponding demand diagram (fig. 10 in the appendix), whietCs88 Ops
per hour and the ACH value ah=154 PAX per Opkas been calculated
from the flight schedule data.

By multiplying HO with mwe get the value fdDPH PAX of HP=13552
PAXper hout

The design peak hour factor for the passenger conversion is then
x=HP/AP=0.0248%%.

If terminal planners forecast 70 million annual PAX five years intouhe f
ture (assuming an annual growth rate of 5%) this will lead t®ld BAX
value 0f70*0.02487%=17409 PAX per hour the erminal. Under current
conditions this would mean a terminal capacity utilizatioh2x%, which
will most likely creataunacceptable service quality conditions for PAX in
the terminal.

For each extemsn of capacity new design hour factors must be calculated.
For a collection of assumption rectangles please refdt avherfigures 17

in the appendix.

3.2 Analytical Model for Calculating Ultimate Capacity

Janic (2000and de Neufville (2003both desches a very practicalesd-
sion makingmodel of Eugene P. Gilb@001)for estimating theiltimate
capacity of a runway or a runway systamder current conditions

With the traffic data for eachrgiort from the direct observation method, it
is possible tapply the model to my sample airports.

Firstly, it is necessary to pldhe points fordepartures per hour (or by 15
minutes) over the corresponding arrivals perfforr each ai r port
systemDifferent sets of flight schedule or traffic datar, f@rious time p-
riods, on and ofseasonal, could be used. For the following model, OAG
flight schedule data for the 12 week of 2009 (March 16 until March 22,
2009) has been used on the airport sample.

Secondly, it is nescessary to construt envelopeeer the maximum points
as indicated as a red line, in figdgaland 8b and in figures &in the App@-

dix. Theresultingtypical capacity envelop@e Neufville 2003)s thevisu-
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alizationof themaxmum throughput capacityf the runway layout of the

airpat under current conditions auiistinguishes beween a feasible region

below the envelopen which operations anggossible and an infeasible

reagionbeyond the envelop@& which operations amot possible(De

Neufville 2003, p. 419)(Janic 2000, p. 28R). 17a).

Thirdly, in the shown diagrams on typical capacity envelope (Fig. 17) it is

expect the departures andiara | s

n

t he

Afcapacity

scattered along a 45° line (for my scaling) from the origin, which would

mean that arrivals adepartures are evenly divided per hour (or 1B mi

utes). The further the crossing point, from the envelope and the 45° line, is

away from the origin, the more efficient is the runwastemy.

As we can see in fig.8h, LHR airport almost represents suchideal case

of maximum runway efficiency. Each runway is almost fully utilized, during

any gerating time. LHR operates at a high utilization rate and is able to

e

serve 44 arrivals and 45 departures all day long. Of course we do not see the

actual delays awrring during the operation at such highigétion rates,

but that would also be interesting to compare.
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Gilbo-Diagram for LHR Movements in between 16.-22.03.2009
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Gilbo-Diagram for IST Movements in between 16.-22.03.2009
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Fig. 1&. Typical Capacity Envelope for IST airport. (Source: Bat2409)

IST airport to the contraryrepresent an airport, which is ineffectively ope

ating its runways. Although IST can serve up to 28 departing or arriving

aircrafts per hourresulting in about 56 operations per hdhis isnever

achieved at the s#e time

Thetypical capacityenvelopeof IST airport shows that a maximum of 20

arrivals and 20 departuragsulting in 40 perations, per hour could be

reached under psent conditions.

It would be interestig to know maybe through simulatioimow farmore

efficiency fromprocedure changes could increaseptfesent maximum of

40 Ops per hour towards the achievable maximuunitmnate capacityof

56 gperations per hour.

This model could easily be used for strategic planning and to isatatey

ineffici enci es, as it S

feffecti

vV e

and

Please refere to figures 17 in the appendix for more examples of the applied

ACapacity

Envel opebo

mo d e |



3.3 Simulation Setup

Sincefinancial resowes werevery limited, many ptential software gtions
could notbe used fothis study. It was virtually impossible to convince

people to allow me to have a copy of their software for educational research
purposes. And on top to that there wasmath timeto learn the programs
anyway

Some fieldsearch on available simulation software is shortly reviewed.

3.3.1 Available Simulation Models

In 2001 the Thematic Network on Airport Activities (THENA), a collador
tion of Aena, Deutsche Flugsicherung (DFS), National Aerospace &-abor
tory of the Netherlandé€NLR), and Transavia the European Commission,
among others dealing with airport
of the arto airport simulatioh and
laborative group pointed out the need for a-gainopean aeémpt to develop
more or less standardized techniques for analysing and modelling the air
transport system. The three focal points for such a standardized analytical
technique that were mentioned are: ttheoretical modelfor performing
analytical and sttistical analysis, thiast time simulationvhich allows
Awhat i f?0 scenari os wireditimesnud- wor
tonwhi ch i nvol-thed so ohpuomane cthinn ques on
logical equipment to test systems under as realistidiions as possible

with live data feedsometimes, like for example aircraft flight simulators

for pilot training or air tréfic control simulators (AENA 2002). One could
imagine this to be the most expansive solution.

In 2003 theAir Transportation Syems LaboratoryATSL) of theVirginia
Polytechnic Institute and State Univerqi¥§irginia Tech) published another
overview of si muDesctiptioosof Angord andl Arspaca  t
SimulationModel®d p r e s e n t Amtbnio@AnTrani &ndD Hojong

Baik (Virginia Tech 2003). They primarily compared the three programs
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TAAM, SIMMOD and RAMS Reorganized ATC Mathematical Simulgtor
The latter, being aairspaceonly simulation tool supported and déwped
by EUROCONTROL, will not be further disssed in this catext.

There was some discussion about using the CAST Software from Aachen
Research Center (ARC). They devel ope
tal Airport Simulationo which woul d
Currently ARC provids simulation software for terminal planning, ground
handling processes, and aircraft movements and operations. They are also
involved in various master planning projects such as for the terminals of the

new BerlinBrandenburg International Airport.

Anothe simulation software package which has become quite popular in the
past few years is the Total Airport Airspace Modeller (TAAM), whiab-pr

vides a 4D simulation (three dimensions plus time) of airspace and airport
traffic. This software is now distributdry Jeppensen, a subdivision oféBo

ing. Jeppensen is also the mdistributor for airport diagrams, airspace

maps, flight paths, and pilot informatiomder the JeppView brand

With TAAM and JeppView, Boeing has some powerful software products at
hand, tlat are nvaluable for the aviation community.

TAAM unfortunatelyis avery costlysimulation environment>$300,000

per licence) which as a result iserused for academic researchth®ugh

it is probably the most advanctsttimesimulationtool, &8s it gaev er s
togated oper ati ons t kimensiah&l aspaceand tmet s an d
To learn more about the TAAM simulation software, | strongly recommend
the ATAAM Best Practice Guideltineso
sion of the Center for dvanced Aviation System Development, which not

only specifically covers the TAAM software, but also gives valuable i

sights and instructions on faste simulation in general (MITRE 2001).

In Europe the modelling and simulation tool CAMACA (Commonly Asgte
Methodology for Airport Airside Capacity Assessment) is often cited. This
has however morphed inBanrEuropean Airport Capacity and Delay

Analysis Support (PACSwhich is also accessible through the OneSky web
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application of EUROCONTROL. PACS is a aiorative information

sharing platform which enables airports and stakeholders to shareanform
tion and thereby maintain full control over their data distribution. This i
formation is then used by EUROCONTROL for air transport systenceapa
ity planningpurposes One drawback of PACS is that they are not especially
enthusiastic about sharing information for educational researploges. At
least PACS did provide aggregate annual data from 2005 and 2006 for
maximum declared capacities, annual delays, busyvyalues, and annual
movements at a predefined selection gb@its. Unfortunately, due to poor
documentation and a lack of contemporaneity and support, this information
had to be checked against other sources, did not cover all of the sample ai

ports, @ simply could not be used at.all

The Delft University of Technology developed the Airport Business Suite
(ABS) which is a collection of analysis and modelling tools for decision
support and strategy improvement on airside capacities and delays,lschedu
ing, peak day and future scenario analysis, terminal capacities, and the i
plementation of the Integrated Noise Model (INM) (Roling 2007). This tool
is used by master students in airport planning courses. Unfortunately ABS
couldnat be obtained for thistudy (Interview. Visser 2008).

During my research | came across many studiesiet the Airport and

Airspace Simulation Model (SIMMOD) engine/hich isa reliable andfa

fordable way of modelling and simulating airport operatjémsn the Fel-

eral Aviation Administration(FAA), a subdivision of the U.S. Department

of Trarsportation (DOT) The roots ofhis modelling softwargo back at
least 15 years. Is an extensionft he A Ai rport Capacity
(FAA 1995) documenthe first edition ofwvhich dates back to 198SIM-

MOD is frequently compared to the beforeentioned TAAM software.

Since the SIMMOD engine is freely available and has been proven over

many years, e choice was clearjust needed GUI software to uses

modelling engineeffedively and intuitively.
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| hadread about the AirportTools VisualSIMMOD (VS) software on the
internet This isa competitor of the similar SIMMOD Plus! software of
ATAC corporation. | was delighted to obtaancopy directly from the author
of this finepiece of software, Gregory Bradford. He offers a free copy of VS
for educational purposgahich | promptly obtainedtom his website,.

From theronit took only sone practice to be able to 34t the first fuie-

tional airport simulatiomun.

For avery detdied microscopic view odirport operationsand especially
ground @erations,a much longer setup time woluldve beemequirel. For
a rough estimation of ultimate capacatyd forisolating bottlenecks around
the runway, | found this software well suitedmy needs. It was achmore
convenient to use in fattanhaving tobreak down anual datanto daily or
even hourly figures othebasis of theypical peak hour, delay or capacity
analysisand vague assumptions concerning daily operating times.

And again, the logic behind the VS program, SIMMOD, is from official
sources and has been proven dozens of times.

The only alternative to ugg this free enginés to usdlat files, which means
using text files full of code, as inputs for the simulationsTi& the wayt

had been done in the past for traffic or system relatécltations before
computer technology, memory, speed and graphic display were ds deve
oped as they are today (Inteew: Daduna).

Suchflat files, which the program and/or enginatmut arestill an inval-

able resource for the isolation of potential problems during the run of the
simulation. For example, so called gridlocks can occur, which means some
capacities or connections are badly configured, so the simulation comes to a
halt. This occurredrery frequently during different runs of the traffic
growthscenarios, where either galiek or departure queue capacities were
attheir maximum.Doingthe airport creation faa total of21 airports meant

a lot of searching and correag, but at the same time it speeded up my
learning procesand got maisedto theuser interface, data requirements,

program and simulation.
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My first desire was to try to do the simulation for all 58 of my saraiple
ports, to have a fast time simulatitor agood portion of overall European
air traffic. This had to be limited eartn, becausgegiventhe struggle with
airportcomplexitiesand the amount of timeeeded t@onfigure areally
complexairport, it simplycould not be doneith that level of d&il in the

time available

3.3.2 SingleRunway Airports

Theliterature covesfisi ngl e runway airportso as
field of modelling or analysing airport systems

The concepts are much clearer when starting simple and then evolving into
more complex configurations of airports, with many runways and different
takeoff/landing pattera In Europe the Amsterdam Schiphol airport (AMS)

is agoodexample of an extremely complex airpdesign.

Internationally, especially in the U.S., we find rhunore complex designs

than we have here in Europe. Dallas Fort Worth (DEWgChicago

Ob6Har e (p@tR With 7 unways eachretypicalexamples.

So18airportsof thetotal sampleof 58 were chosen to be included in the
simulation. This drasticaly reduced the amount of time neededetup the
airport simulation, since the departure/arrival system is much simplehéor
kinds of airportselected

At a later stag@én the project began creating two more airports with gara
lel runway systers) the planned BerlirBrandenburg International (BBI)

airport and London Heathrow (LHR) airport.

Let mebriefly explain the reason for a simulation in the first place.
Thesimulation is fed with the real future scheduled traffic data farrs-
day, March 19 of 2009. All other relevant data about the layout, dime
sions and specific operations at each simulated airport israslworld

d a t Aapooperly preparedirportsimulation isrunto show a possible reka
ity of the dynamics of this complex and unprealdé¢ systemAny random

factors, like weatheor gate wait timefor example, camalsobe considered.
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For the simulatiorthe most recent SIMMOD Engine (Version: 3.1), which
includes the logic for airport and airspace simulatieas obtainedlirectly
from the Federal Awdtion Administration;for which | am greatly indebted

to Mr. John Zinndor his assistance

3.3.3 Airport Charts

The main set up requires geographical dat@ach airport, with runways

lengths, names and coordinates of the initial points, thks location of

runway exits and main taxiways, location epdrture queuesnd so on.

The flight simulation enthusiastsod c
Aviation Association (IVAO), shassuch information on flights, ATC,

aircraftand airpors for real time flight simulations. Manyf the comnanity
membersise a network version of Microsoft Flight Simulator® (FSX) to fly
online under realvorld weather coniions orto be in the position of an air

traffic controller, whas directingthose flighs.

These enthusiasts share their information through online fooarttse
internet It was therefore possible to obtdime most recent Jeppensen
JeppViewairport charts, with relevant data for preferential runway system
for time of day, lengtlof runway, number and position of runways, deperi
tions of the taxwaysto and from the runway#ireshold positionsjumber

of paking positionsairspace arrival, departure and noise abatement,paths
time restrictions, aircraft restrictionairport maps, termai dimensions, and
tower location and altitudes

Thisis a lot of dataand | was pleased to find in J&ipw a onestop source
for this crucialinformation to use irthe setup of my simulatiofor Eup-
pean Airports airport charts are available free @irgh from théeuropean
AIS Databasevww.ead.eurocontrol.com

There is a considerable amount of configuration time needed whem-the ai
port structure with its links, paths and connections is created. Podtie
cal goal was to reduce the complexity of each individual airport to & min

mum. To make the simulation ruaccurately however, it was also necessary
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to define and enter flight plans, travel routes, link and gate capacitids, hol
ing and departure quepeints, separation minima, aircraft types, random
factors, taxi paths, gblaced thresholds, and so.on

However aybody involved in airport master planning should ging fast

time simulation software a try.

3.3.4 Airport Coordinates

Another fine inventiorof our time is thegreatlyand truly appreciated
GoogleEarth® (GE) software, which provided the coordinates for each

runway end and satellite imagery as a background layénéasimulation.

With the right positioning and scaling of the image it was iptes$o later

draw and place all airport linkend connections or r ect | y fgn t he
19a).

Fig. 19a. STR Airport Layout for SIMMOD. (Source: Bubalo 2009, Google
Earth)

|l m not aware that this ha.STheb®en dor

downside wouldeif there weresome kind ofnaccuracyin the coordinates,
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but a compason withothersourcesndicated onlyminimal differenceshat
were not statistically significanAn accuracy ofboutplus or minus five
meters was perfectly acaie enouglior simulation purpose$§o the coo
dinates for runway initial points of all 18 single runway airports ware e

tered into the mgram.

3.3.5 Separation Minima and Wake Vortex Turbulence Classification

The most central limitation in airspace operagiane the separation nitna

in airspace, especially during arrival and departure approach on the same
runway. These separation minima define the minimum distance, in either
time or distance, between successive aircraft. During highdstcruising,
this minimum separation is required to maintain accurate aircraft radar su
veillance by the ATC.

Touchdown —-—W/
h nM

Wake Ends Wake Begins

ANS29499d 5-11.82

Vortex generation on take-off and landing.

Fig. 20. Vortex generation on takaf and landing. (Sourc€€AA 1999

During landing and departures approaches this distance is criticalpas it e
sures that tibulence, caused by the wingtips of an aircraft, theadled

wake turbulancer wake vortexfig. 20), will not harm the following at

craft, causing it to roll or pitch. This wake turbulence is stronger the heavier
an aircraft is. This led to the devetopnt of the wake turbulance classific
tion, based on maximum takdf weight (MTOW) in the categories Heavy
(H) for aircrafts above 136 tons, Large (L) for aircrafts between 7 and 136
tons and Small (S) for aircrafts below 7 t¢R&A 1995). Abbreviations

HVY, LRG, SML are used in SIMMOD. Cegories Heavy (H), Medium

(M) and Light (L) (CAA 1999)Table6) or Heavy (H), Medium (M) and
Small (S) (ICAO ADRM 2004) are also used. It is strongly advised to stick
to one set of abbreviations and definitions. Asesalsource documents are
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used, it is pssible that more than one set are used in this study; the reader
will find they vary with the source.

Category ICAQ and Flight Plan UK

Heavy (H) 136,000 or greater 136,000 or greater
Medium (M) 7,000 - 136,000 40,000 - 136,000
Small (S) (UK only) N/A 17,000 - 40,000
Light (L) 7,000 or less 17,000 or less

Table6. Weight parameters (maximum ta&# weight in kg). (Source:
CAA 1999

De Neufville listsinhisbook Ai r port SystuwagléR t he 0 <
separation requirement|(p.380;R2003),hwieichUni t e
where used, was only slightly modified for my simulation. These kinds of
matrices define the required distances between each aircraiyateg

pending on the type of operation of the preceding aircraft (arrival or-depa

ture). A medium (M)/large (L) class aircraft following anothesx-m

dium/large class aircraft thus would have to have 3 nautical miles (nmi) of
horizontal separation during aral and 60 seconds of separation during
departure.

For each case, arrival followed by arrival4, arrival followed by depa

ture (A-D), departure followed by departure-@ and departure followed

by arrival (D-A), different separation minima must bepépd.

This is basically the most difficult part of the set up and fine tuning of the

simulation.

For the simulation the separation minima are assumed to be identical at each
simulated airport. They could differ from airport to airport, howevet, d
pendingon the technical equipment of the ATC. Any future developments
concening changes in separation minima, like for example the new GPS
based surveillance technologytomatic Dependent SurveillanBgoadcast
(ADS-B)a s p ar t NextfGeneratidroAsr Tragportation System
(NextGen)a nd E UR OC O Bimgk @uwdpsan Sky ATM Research

Programmd&SESAR), can therefore be integrated into the simulation.
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Fig. 21. Ceiling (ft) and Visibility (mi) Routines. (Sourcde Neufville
2003)

3.3.6 Weather Data

There ardive major flight routines based on ATC equipment and weather
(good vishility, cloud ceiling, and precipitation):

e Visual flight rules (VFR) are in force for a visibility of 5 miles and a
cloud ceiling of 2500ft/760 meters, which allows maximum aper
tionsper hour on a runway.

¢ Instrument flight rules (IFR) are required for a visibility of 1 mile
and a cloud ceiling of 800ft/240 meters, which allows for oaly r
duced operations per hour on a runway.

e The CAT I routine for a visibility of 2 mile and a ceilin§200ft/60
meters,

e The CAT Il routine for a visibility of 0.223 miles and a ceiling of
100ft/ 30 meters and

e The CAT lll routine for zero visibility and ceiling, which requires
automated landings such as in severe fog and weather conditions, as

often expeienced in Great Britain and the Netherla(i€ig. 21).



So each weather condition dictates its own flight rules or routine. Which
routine can be flown, however, also depends on the technical equipment at
airports and on the type of aircraft. General asraaircraft, with little s-
phisticated equipment on board, can usually only take off, fly, and land u
der VFR conditions. All modern commerciat@aft are normally able to fly
and land in CAT Il conditions, e.g. in case of severe rain, fog, or snow.
Dueto the regional weather conditions, IFR is the flight routine most used

i n Europe and is used about fHA99%0 of

3.3.7 Wind Direction

Airports nowadays have up to seven runways to operate on, thoughthe m
jority of internatioral airports operate normally with only one or two,.

Even the airports with as many as seven runways can rarely use all of them
at the same time. AMS has six runways but rarely uses more than three.
The reason for this is again the weather.

For the initialplanning of an airport, the master planning, weather data has
to be collected and analysed for the chosen site. Wind data is essential for
planning runways and must be obtained for many previous years from
nearby weather aions.

Wind data is then plotteoly percentage of overall time, direction and
strength in a so called fAwind rose ¢
1994, pp. 268).

A square, representing the future runway and the maximum allowed lateral
wind speed, is aligned over this wind rosehie direction of the strongest

and most persistent wind direction. For the planned runway, the wird dire
tion and opposite wind dicgon together must represent roughly 95% of the
overall wind conditions.

The reason for this is the sensitivity of aiftta lateral winds. Aircraft are
therefore much safer to land and takkéwhen these operations are done

into the wind.In Germany most airport runways are oriented in an-East

West direction.
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Fig. 22. Example printout of windrose (twodirectional unways). (FAA
1989)

If the 95% condition cannot be met, another crosswind runway for ¢the se
ond strongest condition must be b(#tg. 22) For airport master planning
or runway planning this preliminary work is ndatory.

This explains why some airpsrhave multiple runways, but use only one at
a time. In regions with frequently changing wind directions (Netherlands,
AMS) this is often the case.

On the other hand, if an airport has a parallel runway system and-exper
ences strong crosswinds (> 15 mites hour, Horonjeff 1994), it must

eventually stop operations and close down the airport.



3.3.8 Preferential Runway System

For all airports with more than one runwayraferential runway system
exists. This means that 95% of the time the wind conditionsaritespond

to the system. The preferential runway system information is given as part
of the material containing airportfformation for the pilot, including airport
diagrams. This material also explains the flight path and runway name (e.g.
9R or 27L) br arrivals and departures at that airport. Most of the time alte
native runways or additional information concerning curfews or neise r
lated pocedures are also stated. With these documents a pilot can prepare
himself to configure the aircraft for landjror departure at airports, without
undue risk of facing surprises. When takoffjfrom an aiport or a couple

of minutes before reaching an airport, the appropriate rwinvage is

communicated to the pilot from ATC.

For airports with a complex systeshrunways, different combinations of
runways for different times of the day or during peak arrival and departure
periods, result in dierent preferential runways being announced for each
condition. This could mean that the departure and landing patfeange

over the day switching among all thewvays.

That is the reason why the simulation of complex airpatesys is SO much
more sophisticated.

An airport having only one runway is a simple case, aircraft can land or
takeoff in either direction, whah does nogffect the total number of opser
tions. Airports with parallel runways mainly use one runway for departures
and one runway for arrivals, tisegregated mocd¢his is also the assym
tion that governs the simulation of the parallel runway airg@isand

LHR.

The operation and simulation mixed modewhich would allow dep#&ures
and landings on each of the parallel runways, is also difficult talaie It

is doubted that there is any advantage for air traffic controliersxed
mode runways$or operational efficiency and hourly caytst with regard to

runway safety and stress, at | east,
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plan, which includes the consttion of a third runway, the government
explicitly ruled out the possibility of usingixed mode at LHR in thent
terim until the new runway is builtwvw.heathrowairport.coron January
23, 2009).

When the preferential runway systemaof airport is known, e.gvhich
runways areutilized most of the time, thatformation is integrated intthe
simulation by desigating arriving or departing aircrafts to the according

runways and routes of the simulated airport

3.3.9 Apron, Runway Exits and Taxiway layout

The next step in the creation of the layout of an airport in the simulation is
the desigrof the apron, the runway exits, and the taxiw&sMMOD al-

lows one to assign certain runway exits anaways to specific categories

of aircraft (see above). Heavy aircraft need a longer tdogin or takeoff
distance than large or small aircraft aneréfore different exits and taxi
paths for each category of aircraft agquired.

To minimise the actualinway occupancy tim@QOT), the timevhich an
aircraft actually spends on the runway, so cdlligg-speed exitare com-
structed. These exits havd®’ angle from the runway and allow the-ai

craft a rapid exit at a higher speed from the runway.

The layout of the taxiways and exits are taken from the individual airport
diagrams of an airport and are also entered into the VS program. Using the
aircraftdata, the SWMOD logic then assigns the corresponding axid
taxiway to each flight. This can test the efficiency of the current exit and
taxiway layout of an airport in serving the curraircraft mix, which means

the mix of heavy, large and smalt@aft using the airport.

For the present study, the apron area was kept fairly simple. The apron was
assumed to have unlimited capacity and was represented by shortcut links in
the direction of the taxiways and the ends of the runways.odus fvas on
displaying an average distance from the taxiway interfaces to the gate areas
by as few links as possible.. Aircraft were also allowed to pass each other in

the same or opposite direction on these apron links.
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3.3.10 Gate, Departure Queue and Airspace

The gates fothe simulation areepresentative gatesvhich means there is

one gate having the capacity of all available parking positions for aircraft at
each single airport. This information is also taken from the airport diagrams.
No differentiation between remoparking positions or gate stands has been
made. Since remote parking would require additional ground handling
equipment, like shuttle busses and stair vehicles, and would take more time
for passengers to reach the terminal, it can be integrated intortliatgn

at a later time.

All aircraft move with low pustback speed a short distance away from the
gate until they reach the apron link. All speed limits on the ground links are
realistic. The speed limit for the apron area is between 5 and 10 knats (10
20 kilometres per hour), for the taxiways between 15 and 20 knots (30 to 40
kilometres per hour), for the pudlack 5 knots, and for the high speed exits

35 knots (65 kilometres per hour) (Interview: Lamberg 2009).

For departing aircraft the last poin¢fore turning onto the runway tckea

off is the runway hold position. Beginning from this point and stretching
rearwards, aeparture queuwill form composed of the following aircraft
waiting to takeoff. Under ideal circmstances a departure queuel wever

form, since the number of arriving and departing aircraft should never be
higher than the number of aircraft that can be processed by the runway.
Unfortunately it does not work this way in reality. As we know from the

daily demand diagrams of tharports, the arriving and departing aircraft

come and go in waves or patterns, because different airlines have scheduled
their flights at similar times. So we can observe these peaks at certain hours
of the day. Departure queues will develop usually onlyndj these peak
periods. It is also here at this point that most flight delays occur. For this
reason we will closely look at the situation of departure queues during peak
hours.

This is actually one of the main reasons for running the simulation.
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One maoe element is missing for the simulation setup, that is theitiefin

of approach and departure paths in the airspace.

For this | hand defined onlyabic airspace routes for the simulation. These
paths, represented by links, reach maybe 15 to 20 nauiies! (30 to 40
kilometres) beyond an airport.

Arriving aircraft that enter the simulation at the beginning of these links

have to meet the separation standards between succeeding aircraft, othe
wise they will have to wait in Bolding airspaceor holdingpattern until the
preceding aircraft has reached its proper separation. The holding airspace is
represented by the entry point of the arriving aircraft into the simulation.

3.4 Simulation Run and Scenarios

Please refer to the figures itBthe Appendixfor the final setup for the
simulated airports. With this configuration and the definition of separation
minima, gates, speed limits and so on, the simulation could be started.

Following the documentation for the VS software, | creatbdse senario,

which represents the status quo at each airport (www.airporttools.cdm). A
ter a successful run more scenari os
of cloning flights, it is possible to simulate growth scenarios or futwre sc
narios by applying a probabilitydeor to each flight. A cloning probability

of 0.3, for example, would represent a 30% growth rate of traffic at each
airport. Therefore every flight would have a 3@%@nce of creating a copy

of itself to simulate additional scheduled flights in the future

This leads to the demand and delay diagrdigmstes B in the Appendix

The following scenarios were created: A base scenario and scenrios with

5%, 10%, 15%, 20%, 30%, 50%, 100% and 150% cloning probability or
growth rate..

The scenarios shoutdsteadhh ai r port és current and
operational performance, and its ultimate capacity through occurring delays.
It is also remarkably useful for isolating potential bottlenecks in the airport
layout which disturb theperational flow of aircratf



Another probability factor is implemented into the gate departure times,
which are the scheduled departure times, to simulate the probabilitg-of lat
ness or delay of each flight from 0 to 4 minutes, which could result from late
passengers or other amé-related delays. Short delays of this sort are co

sidered acceptable by mostliaies.

4  Results of the Simulation Benchmaring

The comparison of similesized airports, each having only one effective
runway, is a great advantage, since the similaromgitions make the sim

| ati on operatoré6s task simpler, as
productivity and process efficiency for each.

The input for productivity at single runway airports includes its length, the
location of its exits, its gatand departure queue capacitiesg the length

of its taxiways (Duran 2005). The maximum throughput and ultimateceapa
ity in flight operations per hour is basically the same for each simulated ai
port runway, with around 55 operations per hour.

Now each fight is directed by the SIMMOD logic from the initial or inje

tion point, where the flight enters the simulation, to the termination point,
where the flight exits the simulation. All movements and procedures of each
flight are recorded and reported. Theawging traffic over the simulated day
represents the changing demand for air transportation, which is given by the
flight schedule.

The pattern of airport demand, its related maximum declareditg@and

its ultimate capacity under IFR conditioisexenplarily shownin fig. 23a
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BHX Flights and Delays per Flight from SIMMOD
(Flightplan OAG Thu 03/19/2009)
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Fig. 23a. Example BHX Flights and Deya per Flight from SIMMOD.
(Source: Bubalo 2009)

VS and SIMMOD report each change of movement of aircraft at each ai
port. The most important measurements are the individual times needed t
get from one node over the link to the next node in the simulation. &his r
sults in taxiing times, ROT, approach times, pbhabk timesand watiing

times at gates, on runways, and in theairspace.. The waiting times are the
delays.

Consequently the reps allow analysis of gate wait delaygpdrture queue

delays, andirspace delays.

The delays per flight per hour of the day are also displayed in the demand
and delay diagrams in tigpendix(Figures23). Theyellow straight har
zontal line in eachidgram suggests the maximum tolerated delay ofrd mi
utes per flight as recommended by the FAA and EUROCONTROL (de
Neufville 2003, p. 448) (A maximum tolerated delay of 5 minutes has act
ally been graphed to add another buffer minute. This will be corréated
subsequent publication to avoid confusion). Just as in all other denaand di

grams, the dotted red horizontal line indicates the maximum declared capa
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ity, and the light blue hazontal line indicates the ultimate capacity of IFR
flights.

When consideng the various growth scenarios for each airport, one can
observe justvhenthe ultimate capacity, in operations per hour, or the
maximum acceptable delay will be reached.

This of course assumes that the daily pattern in demand will not dramat
cally chang in the future. From observations it is known that the characte
istics of the demand patterns do not change much over the years. Airports
with strong seasonal variability might exhibit different characteristics in the
demand pattern for in season ands#ason periods, but this is truer for

airports in theMediterraniarregion.

Generally it can be said that, with a few exceptions, the observed single
runway airports have enough spare runway capacity for future development.
BHX airport will reach its cuent maximum declared capacity with a
growth of 50% over t aacéywilse reachedfatf i c ,
somewhere around 100% growth.

CIA, DRS and FMO airports have by far sufficient spare capacity for future
development and from a runway opesatl view do not actually require a
maximum aclared capacity.

GLA airport will be able to meet a ¢
the possibility of future expansion is definitely there.

GRZ and HHN airports do not require any restrictions and baffecient

capacity to develofreely.

LBA airport will reach its ultimate capacity measured in acceptable delays

at a growth rate of 10050% over current traffic, and thus will be able to
expand freely without any restrictions.

LCY airport already hasnmense problems serving its current demand in
traffic. During the morning and evening periods, the maximum declared
capacity is exceeded. This will only of course get worse in the futlhe. A
though when condering the ultimate capacity of the runway, tmeit will

be reached with a growth of as little as 50% over the current level. It is

highly advisable to implement pe&lour charges or other instruments to
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spread the traffic more evenly throughout the day. Since LCY airport has a
sharp decline indemardet ween 10 and 16 o6cl ock,
spare capacity can be profitable utilized in this manner.

LGW airport is the most congested of all in the entire simulated airport

sample. Like LCY airport, LGW already faces a huge current congestion
problem and actual saturation.

LGW airport still operates below its maximum declared capacity, but this
l'imit will |ikely be reached at a gr
Because the limits for maximum declared capacity and ultimate capacity are
socl ose to each other, the wul tn-mate ¢
way configuration will be reached at a growth rate 668%. Thisdoes not

give LGW much room for further development without major investment in

new airport infrastructure, mainly increasing runway capacity.

LTN is thereliever airportfor the London area, since this is the only airport

in the whole region that is not yet saturated. Though the current layout of

LTN looks very poor and could use some major investment. LTK-is e

pectedo be able to grow freely until a growth of above 150% (but below

200%) of current traffic is reached.

Concerning their runways, PSA and SCN airports do not need ang-+estri

itions on maximum declared capacity. There is ample spare capadity to a

low for free future development. These two airports would benefit from an
increase in their attractiveness.

STN airport is another example of a London regional airport that is already
hugely oversaturated and will be at its absolute limit in only a very few
years.. ke LGW&és maxi mum capacity, STNOG:
and its ultimate capacity are very close together. This means that STN will
reach its maximum declared capacity at a gnoate of between 10% and

20% over today6s t rsftihatecapacieyateadounch nd v
50%. A schedule change or peak hour charge is required to free up more

spare runway capacity.

STR is perhaps the only single runway airport in Germany that will face
saturation in the near future. The traffic especially imtloening periods

bt ween 6 and 10 ob6éclock is responsikt

therefore limit the growth of the airport. Under current conditions a future
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traffic growth of 50% will be the maximum growth rate until the ultimate
runway capaci is reached. Even growth scenarios with smaller growth
rates (as little as 10%) will lead to unacceptablerage delays of over four
minutesper flight in the morning periods. Airport expansion programmes,
schedule changes, and peak hour charges ary heglommended for STR.
SXFairport as it is today, in 2009l easily be able to process any future
air traffic demand. It will not be before a growth of 150% over currefit tra
fic is reached that any limits in either delay per flight or ultimate capacit
are reached. But in 2011 the new Be#irandenburg International Airport
(BBI) will replace the current Airports TXL and SXF, therefore this-sc
nario projection is rather academic. Therefore the BBI airport will have to
process the demand of both aifgoA simulation scenario has beeo{r
duced for that case as well and will be discussed below.

The remaining two airports, SZG and ZAG, will not have their egioa
restricted in the near future. Although SZG has a maximum declarect capa
ity of 20 flightsper hour, the reasons for this limitation are clearly not ru
way-related, since the ultimate capacity is calculated as 53 operations per
hour.

ZAG airport might face some delays beyond a 150% growth in traffic.

4.1 Results for the LHR and BBI Smulations

To provide a starting point for possible future simulations of more complex
airport runway systems, | tried to create at least two parallel runway ai
ports, namely LHR and BBI. Both airports are modelled in segregated mode
for simplicity reasons and becausgregated mode is believed to be a safer
operational mode than is mixed mode.

The creation of a parallel runway airport is somewhat similar to that of a
single runway airport. You need some additional taxiways for the second
runway, but only the one gatemeeded. Then, in the flight schedule, you
need to assign all arrivals to the arrival runway and all departures te-the d

parture runway.
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The traffic demand for the BBI airport is the combined flight schedule of

SXF and TXL. This is an oversimplificatiohut still it provides a practical

traffic scheme.

The simulation run went so smoothly, that additional information could be
processed.

For LHR airport a base scenario and a 20% growth scenario were simulated.
Beyond that growth rate the delays experiengerke simply absurd, and,
because exceptionally long departure queues blocked all the aproniand tax

way links, the whole simulatiogridlockedand stopped.

In Fig. 24it can be seen that as early as 8:10 in the morning at lLidRdy

29 aircraft are waitig in the departure queue for tadd. This depature

queue will pesist for the entire day and will dissolve only late at night. And
just to remind the reader, this demand is derived from a daily sample of off
season tridic on March 18, 2009!

For BBl a base, a 20% growth, and a 100% growth scenario weaeedr
With a forecasted doubling of traffic over current levels, it wabyaad that
BBI will reach its ultimate capacity. With a steady growth in LCC traffic at
SXF or BBI, the projected maximunagacity level will be approached in 14
years (estimating 5% average growth; 1.05"14=1>983% growth after 14
years).

In the 100% scenario, BBI airport faces problems similar to LHR given a
20% growth scenar (Fig. 25 & Fig. 27.



Results of the Simulation Benchmarking
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Fig. 24: LHR airportSIMMOD simulation for 20% growth scenar(8RR
are indicated in red, DEP are indicated in bl8eyrce: Bubalo 2009)

Fig. 25. BBI airport SIMMOD simulation for 100% growth scenario. (wit

out arrivals and gate occupation; Source: Bubalo 2009)
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