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Abstract

The airport performances usually include the capacity, quality of service and profits obtained from its operation. The capacity is always dependent on different operational and environmental constraints. The operational constraints include the air traffic control separation rules applied to the continuous flows of incoming and outgoing aircraft. The quality of service relates to the average delay associated to each flight while in the flow providing the given throughput. In the narrow sense, the profits embrace the airport revenues and costs. In the wider sense, the total profits consists of the profits of particular actors involved directly or indirectly in operating given airport. These are users-passengers and freight shippers, airlines, airport, and air traffic control service provider(s). The total profits generally depend on the airport capacity, i.e., ability to handle given volume and structure of demand-flights. This capacity usually depends on the airport runway configuration in use and the specific operational and environmental constraints. This paper develops the multicriteria model for optimizing utilization of the given airport runway system. The model enables selecting one among several runway configurations, which maximizes profits.  In given context, the runway configuration with the associated constraints providing the specific capacity is considered as an alternative and the obtained profits from its use the selection criteria. Consequently, the model is expected to be useful for planning purposes in terms of: i) evaluation of particular alternative layouts of the runway system given the traffic scenarios during the airport planning and design stage; ii) assessment of the social effects (welfare) of operating given airport; iii) assessment of feasibility of the airport infrastructure expansion; and iv) assessment of the effects of policies aiming at internalising the air transport externalities. The model based on IP (Integer Programming) technique is applied to a large European airport.  
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1 Introduction 

Civil aviation is one of the fastest growing industries in the world (Lyle, 1999). Such growth has simultaneously produced positive and negative effects. The positive effects include the employment within and around the sector, and the stimulus to both local and global economy. In general, the negative effects consist of burdens such as the aircraft noise at airports, air pollution on a local and global scale, the incidental contamination of soil and water, change of land use, air accidents, and congestion (ATAG, 1996 a, b; EC, 1996; Janic, 1999). Both types of effects dependent on each other raise a question of their appropriate balancing under given circumstances. For example, many busy European airports have controlled noise; Zurich and Stockholm Arlanda airport are examples where the air pollution is controlled. In the U.S., noise has been controlled at about 400 airports (EEC/ECAC, 2001; EPA, 1999). 

This paper presents the multicriteria model for balancing the benefits and costs of an airport operation. The model maximizes the total profits of the main actors involved in the airport operations such as users - passengers, airlines, airport, and air traffic control operator. Given the characteristics of demand – flights to be accommodated - the profit is maximised for different configurations of the airport runway system in use each with the specific operational and environmental constraints, and the configuration with the highest profits selected as optimal.  

In addition to this introductory section, the paper consists of four sections. Section 2 describes the main attributes of the airport performances in given context  – different concepts of airport capacity and their relationships. Section 3 elaborates the multicriteria optimisation model. Section 4 describes an example of the model application. The final section summarizes some conclusions. 

2 The airPORT PERFORMANCE 

2.1 Background 

The total airport profits comprise the profits of actors involved such as users – passengers and freight shippers, and the air transport operators - airlines, airports and air traffic control. In general, the profits of all actors are determined as the differences between their revenues and costs, including the internalised costs of particular environmental and social burdens (Doganis, 1992; Janic, 2003). In any case these profits are dependent on the volume of traffic accommodated at given airport, which in turn depends on the airport available capacity. 

Most airports usually operate under different operational, environmental and spatial constraints, each dominating under specific circumstances. Consequently, there can be different concepts of the airport capacity. 

In general, the airport capacity reflects the maximum number of flights, which can be accommodated under given conditions. The conditions specify the flight pattern (i.e., constant demand for service) and the constraints implemented to enable safe operations, and to keep the particular environmental burdens under control (Janic, 2002; 2003). 

Operational safety constraints involve the application of the air traffic control separation rules to provide safe flights. If the minimum separation rules are applied under conditions of the constant flight demand, the number of flights served at the airport will be maximized. This represents the operational capacity and it is usually specified for a given period of time (Horonjeff and McKelvey, 1994; Janic, 2002). 

Environmental constraints aim to limit burdens of operations of given airport on people’s health and environment. In many cases, these constraints have the institutional or political character, and are implemented as the thresholds for particular burden (IPCC, 1999). In order to keep the actual burdens below these thresholds, their main generators – the number of flights serving the passenger and cargo demand – should be constrained or controlled. In such case, the maximum number of flights generating a burden up to the prescribed threshold can be considered as the environmental capacity with respect to given type of burden. Noise and air pollution are usually the most common burdens at airports. 

2.2 Interrelation between the airport capacities 

Different types of airport capacities can be interrelated. In most cases the environmental affect the operational constraints thus implying dominance of the former over the latter corresponding capacity. Relieving or lifting the environmental constraints enables that the associated environmental capacity approaches to the operational capacity, and vice versa. 

In order to illustrate such interrelation it is assumed that the total sound energy generated at given airport during given period of time by all arrivals and departures should not exceed the prescribed constraints, i.e., the noise quota, which can be different for arrivals and departures. For example, for arrivals and departures during time t, the ‘energy average sound level’, or ‘equivalent continuous noise’ index La/eq/T and Ld/eq/t can be used, respectively. The index Leq is designed to accumulate all the aircraft sound energy for multiple noise events, arrivals and/or departures realised during given period of time (hour, 8 or 24 hours). In the UK, the concept of Leq is applied to 16-hours period over daytime (DETR, 2000; Ashford and Wright, 1992). The sound energy contained in Leq uniformly distributed over period t is different for the day and night period. At airports imposed the night flight ban the noise quota is equal to zero. However, during the day it is well above zero. For example, it is 57 dB(A) at London Heathrow airport, 85 dB(A) at Birmingham airport, and 73 dB(A) at Frankfurt airport (DETR, 1999).   Analogously, La/*/t and Ld/*/t represent a noise in dB(A) generated by an individual noise event, i.e., an aircraft of type (() while arriving at and departing from the airport during time t, respectively (ECAC, 1997). This noise is usually estimated at the noise reference locations, which may be either the aircraft noise certification points or some other selected locations in vicinity of airport (ICAO, 1993b). 

As the quotas La/eq/t and Ld/eq/t are set up according to the maximum level of tolerance of the affected population, the airport environmental capacity in terms of noise can be determined as 
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for arrivals and departures, respectively. Period t is expressed in seconds. Similarly, the sound energy of an individual noise event - aircraft arrival and/or departure - can be expressed in terms of 
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, respectively. By dividing the noise quota by the average sound energy per individual event, the number of aircraft movements that satisfies prescribed noise limit during period T can be obtained, i.e., Ce/n = Ca/t/Ni/a-d. Figure 1 illustrates some examples. As can be seen, for given noise quota, the airport capacity in terms of the number of operations increases with reducing the average noise per individual event – arrival and/or departure. As well, given the average noise per individual event the airport capacity increases by increasing of the available noise quota, as has been intuitively expected  (ICAO, 1993b; Janic, 2002). In addition, the noise quota may also act as a real constraint to the airport capacity under specific circumstances such as for example the complete night-flight ban. The dotted line in Figure 1 shows that, on the one hand if the noise quota is set up at the level of minimal exposure (say at about 50 dB(A)), only few if any aircraft will be allowed to arrive and/or depart from

FIGURE 1 

the airport (Ashford and Wright, 1992). On the other hand, as an average noise per event is for example 80 dB(A) an dif the noise quota is set up at 60 dB(A), the allowed number of landings will be about 40 ops/h. Generally, the radical rising of the noise quota implies lifting of this type of constraints significantly and thus allows increasing of the number of operations at the level of the operational capacity. Similar reasoning can be used for analysing the interrelationship between the operational and environmental capacity under given the air pollution constraints (i.e., quota) (Janic, 2002). 

3 Multicriteria Optimisation Model  

3.1 Objectives 

The objectives of the paper are to develop a model for multicriteria optimisation of performances of given airport expressed by the total profits of all actors involved obtained by the airport operation under given conditions. These actors are users - air passengers, airport operator, airlines, and air traffic control service provider. The total profits are obtained for different runway configurations and associated operational and environmental constraints. In such context, these are considered as alternatives. The associated total profits are the criteria for selection of the preferable alternative. Consequently, the alternative providing the maximum profits for the actors involved will be considered as the preferable one. The additional objectives are to experiment with the model and carry out the sensitivity analysis.

Such model can be used primary for the planning and policy purposes as follows: i) evaluation of particular alternative layouts of the runway system operating under different traffic scenarios during the airport planning and design phase; ii) assessment of the social effects (welfare) of operating given airport; iii) assessment of feasibility of expansion of the infrastructure of given airport particularly if surrounded closely with the populated areas; and iv) assessment of the effects of policies aiming at internalising the air transport externalities.
3.2 Assumptions 

In developing the model, following assumptions are introduced:  

· The optimal functioning of given airport always imply full utilization of the available capacity of given configuration of the runway system respecting the operational and environmental constraints;

· The revenues and costs (i.e., profits as their difference) of all actors involved are expressed per a flight accommodated at the airport;

· Choice of the runway configuration is made exclusively to maximize the overall social welfare, which implies that the weather conditions do not influence the choice; 

· The demand in terms of the number of each type of flights is constant during given period of time;  

· All flights constituting demand are considered ultimately independent, i.e., their contributions to each other revenues as happens in the airline hub-and-spoke networks are not taken into account;

·  The noise and air pollution quotas are allocated in advance to particular incoming and outgoing routes used by different airlines and aircraft types to/from the airport.  

3.3 Problem formulation 

The model of multicriteria optimisation of performances of given airport aims at maximizing the profits of all actors given the airport runway system configuration and associated operational and environmental constraints. For such purpose, an objective function is defined to represent these total profits. The constraints are represented by the airport capacity in terms of the operational safety, noise and air pollution thresholds, respectively. The objective function and constraints are assumed to be linear functions of the decision variables – the maximum number of flights allowed to be carried at the airport. These variables are by nature non-negative integers, which together with the linearity of the objective function and constraints enable use of Integer Programming (IP) techniques to obtain the optimal solutions, i.e., maximize the total profits. Consequently, the previous research of Ferrar (1974) considering a single airport and Janic (2003) dealing with the entire air transport network consisting of airports and air routes connecting them is further upgraded. Using the similar notation as Janic (2003), let (t) be the time period in which modelling of given airport performance for the specified runway configuration in use is carried out, and where: 

	M
	is the number of different configurations the runway system in use at given airport;

	N
	is the number of categories of the incoming and outgoing routes to/from given airport

	j
	is index of category of an incoming or outgoing route (j(N);

	K, L
	are the number of the airlines and aircraft types in the network, respectively; 

	k, l
	are indices of airline and aircraft types (k(K; l(L);

	Ra/jkl, Rd/jkl
	are the revenues of an arriving and departing flight, respectively, carried out by the aircraft type (l) of airline (k) along the route of category (j);

	Ca/jkl, Cd/jkl
	are the total (operational plus external) costs of an arriving and departing flight, respectively, carried out by the aircraft type (l) of airline (k) along the route of category (j);

	Xjkl, Yjkl
	is the maximum number of the flights possible to be carried out at given airport by aircraft type (l) of airline (k) along an incoming and outgoing route (j), respectively; 

	ba/jkl, bd/jkl
	are the amounts of the air pollutants emitted by aircraft type (l) of airline (k) at given airport, while coming from and leaving along the routes of category (j);

	aa/jkl, ad/jkl
	are the noise levels generated by aircraft type (l) of airline (k) at airport (i), while coming from and leaving along the route category (j);

	(a,(d
	are the operational arrival and departure capacities of given airport, respectively;

	paj, qdj
	are the portions of the operational capacity of airport (i) allocated to accept fights  along the incoming and outgoing routes of category (j), respectively;

	B
	is the airport air pollution quota; 

	Aa, Ad
	are the airport noise quotas for the arriving and departing flights, respectively;

	rkl, skl
	are the portions of the available noise quota assigned to the aircraft type (l) of airline (k) during its arrival at and departure from given airport, respectively; 

	(*
	is the number of flights accommodated at the airport using given runway system configuration in use, which maximizes the total profits.




The IP formulation of the problem can be stated as maximizing the objective function, i.e., the profits of given airport operating the specified runway system configuration as follows (Winston, 1994): 

· Objective function 

Max 
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subject to:

· Constraints on the operational capacity of given airport:

Allocation of the airport’s operational capacity to the arrival and departure routes:

Incoming traffic – arrivals: 


[image: image6.wmf]     

     

å

Î

L

*

£

kl

a

aj

jkl

N

j

p

X

                                                                                     (2a)

Outgoing traffic – departures: 
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where 
[image: image8.wmf]å

å

=

=

j

j

dj

aj

q

p

     

1

 

Balancing the number of the incoming and outgoing flights: 
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Balancing the airline and aircraft types on the incoming and outgoing routes: 
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· Constraints on the environmental thresholds at airports

Aircraft noise: 

Policy 1: The noise quota is allocated in proportion to the noise from the expected flights on the incoming and outgoing routes: 

Incoming flights – arrivals: 
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Outgoing flights – departures: 
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Policy 2: The noise quota is allocated in proportion to flight and aircraft types: 

Incoming flights – arrivals: 
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Outgoing flights – departures: 
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where 
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Air pollution: 

Airport-local scope: 
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· Constraints on the non-negativity of decision variables: 
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If (i is the total profit of given airport by operating the runway system configuration (i) (i ( M), the configuration maximising profits will be considered as optimal as follows: 
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The optimal solution (Equation 1) is the maximum number of flights carried out at given airport while operating the specified runway configuration under the constraints 2 to 5. 

Sub-constraints 2a and 2b limit the number of flights to the operational capacity of the airport’s incoming and outgoing routes. The sub-constraints 2c and 2d provide a balance in the total number of arrivals and departures, the number of incoming and outgoing flights carried out by the different aircraft types operated by different airlines, and the number of aircraft on each arrival and departure route. 

Constraints 3a-d intend to limit the maximum noise from the flights on the airport incoming and outgoing routes up to given noise quotas. The different, mutually exclusive, policies can be applied to allocate these quotas to the particular flights. Similarly, the constraints 4 keep the maximum air pollution from flights at the airport bellow or at the allowed air pollution quotas. Finally, the constraints 5 ensure the decision variables – the number of flights - are the non-negative integers. 
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 is the decision matrix, which maximises the objective Equation 1 subject to constraints 2 to 5, the optimal capacity of given airport can be synthesised as follows (
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3.4 The model parameters   

3.4.1 Coefficients of the objective function 

· Revenues

The revenues consist of the direct benefits (welfare) of the air transport users and cargo consignors and the indirect benefits of the local community, and the direct revenues of the air transport operators - airlines, airports and air traffic control (Button and Stough, 1998).        

The revenues are expressed per a flight accommodated at given airport. In such a context, the user’s benefits depend on the difference(s) between the acceptable and real airfare. The passenger benefits (welfare) are expected to increase with decreasing of the actual airfares. The airline revenue per flight depends on the airfares and the number of passengers on board. It generally increases with increasing of these factors (Doganis, 2002). Assuming that the volume of passenger and freight demand is always at sufficient to make the maximum allowed number of flights at the airport at least zero-profitable, the airlines may have an interest in carrying out as many as possible greater, fuller and more expensive flights in order to rise their revenues. 

The airport revenue per flight consists of the aeronautical and non-aeronautical component. In this case, the aeronautical component mostly consists of the aircraft and passenger fees and the non-aeronautical component consists of the revenues from other ‘not directly aviation’ related commercial activities. Both revenues generally increase with increasing of the number of flights and passengers. Consequently, the airport may seek to raise its revenues by accommodating the larger number of larger aircraft and greater number of passengers.  
The air traffic control mainly collects revenues by charging the navigation fees to the airline flights. The particular fee per flight increases with increasing of the flying distance and aircraft weight. Therefore, the air traffic control may seek to collect fees from as many longer flights as possible carried out by the larger aircraft. 

· Costs 

The costs of operations of given airport include the direct cost of operators and the internalised externalities. Similarly as in case of revenues, these costs are expressed per flight. The user’s cost can out of pocket cost paid for the door-to-door (air) trip. Also expressed per flight it generally increases with increasing of the length of flight. The airline direct operational cost per flight embraces the costs of the resources (aircraft, labour, and energy) spent to carry it out. This cost generally increases with increasing of the aircraft size, number of passengers on board, and flying time (Doganis, 2002). An airport’s direct operational cost per flight contains the costs of resources spent accommodating the passengers and aircraft. This cost generally increases with increasing of the aircraft size and number of passengers. 

The operational cost per flight of the air traffic control embraces the cost of the resources (facilities, equipment, energy, and labour) spent on managing and controlling the flight within a given airspace. This cost is mainly proportional to the quality of controlling dependent on sophistication of the air traffic control facilities and equipment (EEC, 1999).

Externalities may generally include air pollution, noise, air accidents, and congestion (ATAG, 1996a; Levison et. al, 1996). The cost of air pollution, noise and air accident per flight depends on the pre-emptive or direct cost of damage caused by the related burdens (impacts). The cost of congestion includes the internalised cost of marginal delays, which given flight may impose on the other flights during the congestion. This cost generally increases with increasing of the number of the affected aircraft, i.e., the level of congestion, the value of passenger time, the number of passengers on board, the aircraft operating cost, the cost and duration of delays (Daniel, 1995; Janic, 2005). In an absolute sense, each of the above externalities generally increases with increasing of the aircraft size, the number of passengers on board, and duration of flight. 

3.4.2 Technological coefficients and the right-hand side of constraints

· Constraints related to the operational capacity 

For the sub-constraints 2a and 2b, the technological coefficients take he value one for both types of the decision variables - the incoming and outgoing flights at airports, Xjkl and Yjkl. 

The right-hand sides, (a and (d, as the airport’s operational arrival and departure capacity, respectively, based on the minimum air traffic control separation rules and the average anticipated delay per operation, can be allocated to the routes and airlines according to the different ‘slot-allocation’ policies. For example, such policies can ‘reserve’ an adequate number of slots in proportion to the expected number of flights on particular routes, exclusively for the flights of particular airlines, or for the specific type of flights
. The parameters paj and qdj reflect the use of the first among the above policies. 

· Constraints related to the allowed noise quota 

Technological coefficients

In the sub-constraints (3a) and (3b), the technological coefficients aa/jkl and ad/jkl represent the noise in terms of the sound energy 
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 generated by an arrival and departure flight, respectively, at given airport. The parameters Lajkl and Ldjkl represent the aircraft noise in dB(A) (decibels), which is usually measured at the noise measurement locations in the vicinity of airports (ICAO, 1993b). 

The right-hand side 

The noise quotas at the airport, Aa and Ad as the right-hand side of the sub-constraints 3a and 3b comprise the total noise energy in terms of 
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allowed to be generated by the incoming and outgoing flights during time (t). The L./eqs are the corresponding average energy sound levels, which accumulate all the sound energy for multiple flights. The noise quota is zero during the night flying ban. During the day, it can be, for example 57dB(A) at London Heathrow, 85dB(A) at Birmingham, and 73dB(A) at Frankfurt airport (DETR, 2000; Horonjeff and McKelvey, 1994): 

Different policies can be applied to allocate the noise quotas Aai and Adi to the arriving and departing flights, airlines and aircraft types. For example, Policy 1 can exclusively allocate these quotas in proportion to the noise from the flights on the particular incoming and outgoing routes. In such case, the parameters paj and qdj in the sub-constraints 3a and 3b will be identical to those in 2a and 2b. Policy 2 can exclusively allocate the above noise quotas with respect to the noise performance of the particular aircraft. The universal criterion should encourage the access of quieter and discourage the access of noisy aircraft. The parameters rikl and sikl in the sub-constraints 3c and 3d reflect the possible application of this policy. Consequently, the obvious implications are that the slot allocation policy can also include the noise quota, thus pushing the airlines to use quieter aircraft.    

· Constraints related to the air pollution quota

Technological coefficients 

In the constraint 4, the technological coefficients ba/jkl and bd/jkl as the amount of air pollution emitted by the corresponding flight at given airport (kilograms/flight) depends on the time, i.e., duration of the Landing/Take-Off (LTO) cycle, specific fuel consumption, and the emission index. The specific fuel consumption depends on the type of aircraft and engines. The emission index depends on the type of air pollutant, aircraft engine, specific fuel consumption, and the LTO cycle mode. The particular modes of the LTO cycle are standardised. Thus, the first standardised mode – approach is analogous to an arrival, the next two modes – take-off and climb - to a departure, and the last taxi/ground idle standardised mode to the sum of the flight taxiing-in and taxiing-out time. The air pollution from the airport passenger and aircraft ground-service vehicles, as well as from the airport surface access systems can also be appropriately added to the air pollution of a given flight (ICAO, 1993a).

The right-hand side 

The right-hand side of the constraints 4, B is defined as the amount of air pollutants or quota (in kilograms) allowed to be emitted at given airport during given period of time. This quota can be determined by using either local or global criteria, or both (EPA, 1999). In this paper, the quota is calculated as the product of the allowable concentration of given air pollutants and the volume of the related area around the airport. If the allowed concentration is g (kilograms of pollutants per cubic kilometre) and the volume of the relevant airspace is V (cubic kilometres), their product will be 
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 Alternatively, the air pollution quota B could be determined after trading-off with the air pollution quotas with other airports in given region (IPCC, 1999). 

4 APPLICATION OF THE MODEL 

4.1 Input data 

4.1.1. Defining the case 

The model is applied using the inputs from a large European hub airport – London Heathrow (UK). Figure 2 shows the simplified scheme of the airport layout.   

FIGURE 2

This airport is selected because the level of demand is close or frequently exceeds the operational and environmental capacity, the later specified by the noise and air pollution quotas during the day. The most inputs with the necessary modification are taken from Janic (2003).    

At present, about a hundred airlines operating 40 different aircraft types connect the airport to the other world’s airports along more than a hundred routes. Such high diversity of the airlines and routes implies dealing with the large network optimisation problem of about 2 x 100 x 40 decision variables and 4 constraints, which makes the use of the IP technique rather complex. Therefore, in order to reduce the size of the original problem clustering of the air routes and aircraft types in combination with disregarding the differences between particular airlines has been carried out. From the airport perspective, this looks reasonable. Consequently, the clusters of incoming and outgoing routes to/from the airport and the rest of the UK, European and US market areas are formed. The clusters comprise about 90% of the Heathrow traffic (AB, 2004; 2004a). However, due to the still very high diversity in length of the particular clustered routes, the clusters are additionally aggregated, this time into seven classes. Thus, the original problem is converted into its manageable surrogate consisting of 28 decision variables (7 routes and 4 aircraft categories) and 4 constraints (Groenewege, 1999; Janic, 2003). The route clusters and other relevant inputs such as the aircraft categories and their seat capacity and the average route load factor are given in Table 1 (Janic, 2003). 

TABLE 1 

4.1.2 Constraints 

Operational constraints 

At present, the system of two parallel runways is used in the segregated mode. This implies that one runway is used exclusively for arrivals and another exclusively for departures. The period (t0 is specified to be a day, i.e., the time interval of t = 19.5 hours per day. The runway system is used in two directions – western and eastern, thus implying existence of two alternatives, each characterised by the associated operational and environmental constraints. When the weather is calm choice of the alternative usage of the runway system can be made. In addition, the change of use of each of the two parallel runways for the arrivals and departures at 3 p.m. every day and the night flying ban between 10.30 p.m. and 4.00 a.m. are in place to relieve the noise burden of surrounding population. Under such circumstances, the airport declares an operational capacity of 78 operations per hour (39 arrivals and 39 departures) (DETR, 2000). The above-mentioned European and European/US flights use about 90% of this capacity. Consequently, the airport’s operational capacity allocated to this traffic is determined as: (0 = 78 (flights/hour) x 19.5 (hours/day) x 0.90 ( 1370 (flights/day). Since the number of arrivals and departures is approximately balanced during the day, the corresponding operational arrival and departure capacity is determined as: (a0 = (d0 = 1370/2 = 685 (aircraft/day). It is equal for both directions of the runway system use (the index ‘0’ instead of ‘i’ is used to simplify the notation). 

Each of the above capacities is allocated to seven route classes in proportion to the expected number of flights (i.e., according to the present slot-allocation policy). Since Heathrow airport is mostly origin/destination airport for flights, the portions of the operational capacity (slots) allocated to each incoming and outgoing route are adopted to be symmetrical and equal to: pa10 + pa20 + pa30t + pa40 = qd01 + qd02 + qd03 + qd04 = 0.68 (European routes); pa50 = qd05 = 0.15 (European/US East Coast routes); pa60 = qd06 = 0.10 (European/US Central routes); pa70 = qd07 = 0.07 (European/US West Coast routes) (Airline Business, 1999). The operational capacity of the en-route airspace between Heathrow and other airports is assumed to be unlimited. 

Environmental constraints

· Noise

In given example, all aircraft of the same category, independently on the route, are assumed to generate approximately the same level of arrival and departure noise. Table 2 contains the noise per individual aircraft category measured at points relevant for the aircraft noise certification (Smith, 2004). 

Table 2 is used to compute the coefficients aa/j0(/l and ad/0j(/l of the noise sub-constraints 3a and 3b. The noise quotas for the arrival and departure flights Aa0 and Ad0 are assumed to be identical and determined for the various values of the parameters Lai/eq and Ldi/eq. These values are assumed as they are measured at the aircraft noise certification points around the airport.
TABLE 2 

These quotas are allocated according to Policy 1, i.e., similarly as the airport’s operational capacity, and according to Policy 2, i.e., in proportion to the share of aircraft categories (types). In the latter case, the noise allocation is as follows: r0/(/1= s0/(/1 = 0.68 (Category 1); r0/(/2= s0/(/2 = 0.11 (Category 2); r0/(/3 = s0/(/3 = 0.11 (Category 3); and r0/(/4 = s0/(/4 = 0.10 (Category 4). 

· Air pollution 

The air pollution per the LTO cycle, as the coefficients ba/j0(/l and bd/0j(/l of the sub-constraints 4a are determined by using data on the intensity of the emission of pollutants HCs, CO, and NOx per aircraft engine (kg/s), the number of engines, the aircraft maximum take-off weight, and the duration of particular modes of the LTO cycle (j = 1-7, l = 1-4) (DERA, 1999). Regression technique is used to establish the relationships between the intensity of emissions per mode of the LTO cycle, EIm (dependent variable) and the aircraft maximum take-off weight W (independent variable). Half of the taxi-idle time of the LTO cycle is allocated to the taxiing-in and another half to the taxiing-out phase, which reflects the most common situation at Heathrow airport (Janic, 2003). Then, by using the regression equations and the aircraft typical take-off weights (Table 3), the amount of air pollution for the arrival and departure part of the LTO cycle for the particular aircraft categories is calculated and given in Table 3. 

TABLE 3 

In calculating Bo in the sub-constraints 4a, the relevant volume of airspace around the airport is assumed to be Vo = 12 (km3) (the airspace is cylindrical with a base of 12 (km2) and height of 1 (km)). The total tolerable concentration of the relevant air pollutants HCs, CO, and NOx for the period of t=1 day is estimated to be g0 = 0.0246 (g/m3) = 24600 (kg/km3), which gives the total allowable amount of the air pollutants of Bo= 24600 (kg/km3) x 12 (km3) x (19.5/24) = 239.850 (tons/day) (DETR, 1999; Janic, 2003). 
4.1.3 Coefficients of the objective function 

The revenues and costs per flight as the coefficients of the objective function are determined for each route class and each flight category. The revenues are calculated as the sum of the airport and airline revenues per flight. The costs per flight are calculated as the sum of the airport and airline operational costs per flight and the internalised externalities per flight. The revenues and costs per flight of the air traffic control are assumed as already contained in the airline revenues. These calculations implicitly take into account the institutional restrictions (Bermuda II) of the access to Heathrow airport for European non-EU and US airlines. Table 4 contains the calculated revenues and costs per route class and flight category (j = 1-7; l = 1-4). As can be seen, if given externalities are taken into account (internalised), some short haul flights might become unprofitable. This has happened under conditions when the users’- passengers’ revenues and costs have not been taken into account. Consequently, the results should be considered bearing in mind this fact.

TABLE 4

4.2 Analysis of the results 

Using inputs from Tables 1 to 4, two sets of experiments have been carried using the software package LINDO. The purpose has been to investigate the impacts of particular alternatives (i.e., using the runway system in two opposite directions) and the associated environmental constraints on the airport performances – i.e., the total profits. For each direction of use of the runway system, in the first set of experiments, the airport noise quotas Aa0 and Ad0 have been varied. In the second set of experiments, the airport air pollution quota B0 has been varied. In both cases, the operational capacities (a0 and (d0 for both alternatives of using the runway system have been constant. The results are shown in Figures 3, 4 and 5 (Janic, 2003). 

4.2.1 Influence of the noise constraints 

Figure 3a shows utilisation of the airport’s operational capacity when the runway system has been assumed to operate in the west direction and when the available noise quotas have been allocated to according to Policy 1. These quotas have been Aa0 (65) and Ad0 (65) based on the continuous noise of La0eq = Ld0eq = 65dB(A). The air pollution quota has been fully used ​– B0 = 239.9 tonnes per day. 

The maximum profits have been realised by the full utilisation of the operational capacity allocated to Routes 3 and 4 (medium-long European flights), and the partial utilisation of the capacity allocated to Routes 5, 6 and 7 (European/US flights). Routes 1 and 2 have been excluded from the optimal solution because these handled the short-haul unprofitable European flights. Consequently, the optimal throughput (0* has reached only 420 flights per day, i.e., about 30% of the maximum, while profits have been about 70% lower when the noise and air pollution constraints have not been effective. Under these circumstances, Policy 2 for allocation of the same noise quotas has produced a similar effect. In addition, changing direction of the runway system use has produced the very similar results. 

Figure 3b shows the situation when the unprofitable flights and corresponding routes have been excluded and when the available operational capacity has been allocated only to the profitable flights. Other conditions have remained unchanged. Under such circumstances, the optimal throughput has increased to (0* = 1072 flights per day, i.e., up to about 80% of its maximum. At the same time, the profits have increased for only 5% compared to the case in Figure 3a. The very similar results have been obtained for using the runway system in another direction. 

FIGURE 3 a, b 

4.2.2 Influence of the air pollution constraints 

Figure 4a shows the influence of the air pollution quota B0 on the airport’s profits and the utilisation of its operational capacity. The quota has been set up at 15.0 tonnes, i.e., at only 6% of the maximum. 

FIGURE 4 a b 

The arrival and departure noise quotas have been determined for the maximum Aa0 (85) and Ad0 (85), which has meant complete removal of the noise constraints. Nevertheless, still existing quotas have been allocated to the routes and flights according to Policy 1. The results have appeared quite different as compared to those in Figure 3. The air pollution constraints have also affected the airport performance. Profits have been maximised by favouring more profitable, but more polluting, long-distance intercontinental flights on Routes 5, 6 and 7 and by excluding both the unprofitable and profitable European flights on Routes 1 to 4. Excluding the European flights and routes has significantly reduced the throughput, i.e., the utilisation of the available airport’s operational capacity – to about 70% – and lowers the profits for 8% as compared to the situation with no air pollution constraints.   

Figure 4b shows that allocating the operational capacity exclusively to the profitable flights has not improved the overall airport’s performance in comparison to those in Figure 4a. 

4.2.3 The influence of the gradual relaxation of the particular constraints 

Figure 5 shows the relationships between the airport profits and the utilisation of the operational capacity as influenced by the relaxation of the noise and air pollution constraints. The operational capacity has been allocated only to the profitable flights. The noise quota has been allocated in proportion to the noise of the expected flights on particular routes, i.e., according to Policy 1. As can be seen, the lower curve shows dynamism of increasing of the utilisation of the airport’s operational capacity and corresponding profits with gradual relaxation of the noise constraints Aa0(() and Ad0((). The continuous sound levels have been varied as 55, 65, 75 and 85 dB(A). The air pollution constraint has been essentially ineffective. Gradual relaxation of the noise constraint has increased utilisation of the airport’s operational capacity. For example, the relaxation of the noise constraint from 55 to 65 dB(A) has increased utilisation of the airport’s operational capacity to about 70% and profits to 32% of their maximums achieved without any constraints. This implies that noise from the numerous, less noisy and less profitable European flights has filled this gap. 

FIGURE 5 

The noise relaxation gaps from 65 to 75 dB(A) and from 75 to 85 dB(A) has additionally increased utilisation of the airport’s operational capacity (30%) and profits (70%). The noise gaps have been filled in by the noisier but more profitable long-distance European/US flights. The upper curve shows dynamism of increasing of the utilisation of the airport’s operational capacity and profits by relaxing the air pollution constraint. The noise constraints have been set up at 85 dB(A), i.e., practically ineffective. The first relaxation gap to 15.0 tons/day has significantly increased profits and only modestly the utilisation of the airport’s operational capacity to about 90% and 32% of the corresponding maxima, respectively. This implies that the more air polluting and more profitable European/US flights have used this gap. After making next relaxation gaps from 15.0 to 150.0, and further from 150.0 to 239.9 tons/day, more the lesser air polluting but also the less profitable medium- and long-distance European flights have used them. Consequently, the substantial increase in the utilisation of the airport’s operational capacity by about 70% has increased profits only modestly by 8%. The similar impact of relaxing the environmental constraints has been at another alternative, i.e., when the runway system has been used in the eastern direction. 

4.3 Implication for the airport planning and development 

Application of the model to given case - London Heathrow airport - has shown the strong influence of the environmental constraints on the airport operational capacity and airport performances – total profits. This implies that internalising externalities might make some short haul flights unprofitable and consequently cause their disappearance from the market. In such context, the stability of the hub-and-spoke network of the incumbent airline alliance – Oneworld (led by BA –British Airways) as well as feasibility of the long haul flights currently fed by these short- and some medium-haul haul flights could also become questionable (Independently, BA has already focused on increasing of the number of long-haul flights, which would not be necessarily fed by the short haul flights in combination with diminishing of the number of the later ones). In addition, the future airport plans to build the third parallel short runway for accommodating just these short-haul flights can come under re-consideration (Figure 1). As well, changing of the runway current segregated into mixed operation mode in order to increase the airport operational capacity could be of little effect due to the environmental constraints in place. Therefore, policies aiming at internalising externalities should always take into account the full effects in terms of benefits and costs for all actors involved in operations of given airport including those of users –passengers and freight shippers.  

5 Conclusions 

The paper has developed the multicriteria model for evaluation of the airport performances expressed by the total profits obtained by all actors involved under given conditions. In such context, the alternatives are defined by the configuration of runway system in use and the set of the associated operational and environmental constraints. Under assumption that it is possible to choose among different alternatives, the choice has been made favouring the most profitable alternative. The maximum profits for given alternative has been obtained by maximizing the throughput of flights carried out at the airport under given constraints. Since both the profits and constraints have been the linear functions of decision variables – the number of incoming and outgoing flights - the Integer Programming (IP) technique has been used as the core of the optimisation model.   

The application of the model to a large European airport - London Heathrow (UK) has shown the impacts of particular operational and environmental constraints for each alternative – configuration of the runway system in use on the airport performances – profits.  Specifically, the results have shown that, after internalising externalities, some categories of flights tend to become unprofitable, and thus could be excluded from the optimal solution. Under such circumstances, under conditions of constant demand, the priority of using the airport would be given to the environmental unfriendly more profitable long-distance intercontinental flights. In any case, i.e., for each alternative, the noise and air pollution quotas have significantly affected the utilisation of its operational capacity and consequently profits. Different policies for allocating the noise quotas to flights and routes have not produced significantly different results. In given context, the intensity of influence of noise and air pollution quotas has been different during their gradual relaxation, but in general, the noise constraints have seemingly had a stronger relative impact. 
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Figure 1 Relationships between airport capacity, noise quota and the average noise per individual noise event – aircraft movement 
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Figure 3 Influence of noise constraints on airport performance (Compiled from Janic, 2003) 

a) Operational capacity is allocated to all flights

b) Operational capacity is allocated only to profitable flights)

Figure 4 Influence of air pollution constraints on airport performance (Compiled from Janic, 2003) 

a) Operational capacity is allocated to all flights

b) Operational capacity is allocated only to profitable flights)

Figure 5 Dependence of airport performance on the relaxation of the environmental constraints (Compiled from Janic, 2003)  
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Table 2 The aircraft noise characteristics in given example 

Table 3 Quantity of air pollutants emitted by particular aircraft categories during LTO cycle in given example  

Table 4 The revenues and costs per flight as coefficients of the objective function in given example 

Table 1 

	Route (index)

(j)


	Explanation
	Average route length (km)

(d)
	Airline1)
	Aircraft type2)
	Aircraft category

(index)

(l)
	Aircraft  capacity

(seats)


	LF3)



	1
	UK domestic and Closest EU (North)


	402
	European 
	B737/A320
	1
	140
	0.70



	2
	Scandinavia and Central EU and Central Europe 

 
	816
	European 
	B737/A320
	1
	140
	0.70

	3
	South EU and

Mediterranean


	1461
	European 
	B737/A320
	1
	140
	0.70

	4
	Eastern Europe 

 
	2380
	European 
	B737/A320
	1
	140
	0.70

	5
	North America (East Coast) 
	6012
	European/US: Virgin/BA/

American/

United 
	B767/A330
	2
	250
	0.70

	6
	North America (Central) 
	7440
	European/US:

Virgin/BA/

American/

United 


	B777/A340
	3
	350
	0.70

	7
	North America (West Coast) 
	8630
	European/US: Virgin/BA/

American/

United 


	B747
	4
	370
	0.70


1) The institutional restrictions (Bermuda II) allow only four airlines to fly between Heathrow and  US airports 

2) These airlines operate more than 90% of this fleet (news@airwise.com) 

3) LF - Route Load Factor represents to the averages for the industry (Airline Business, 2004a)

Table 2 

	Aircraft category (l)
	Noise 

 dB(A)1)



	
	Arrival
	Departure



	
	La/(/l


	Ld/(/l

	1
	80
	74

	2
	90
	75

	3
	90
	78

	4
	94
	93


1) Adapted from Smith (2003) 

Table 3 

	Aircraft category

(l)
	Typical aircraft take-off weight (tonnes)1)


	The amount of the emitted pollutants

(kg/aircraft)



	
	
	Arrivals

ba/j0(/l (W)2)
	Departures

bd/0j(/l (W)3)



	1
	75
	6.844
	13.744

	2
	206
	14.773
	34.517

	3
	306
	19.922
	49.663

	4
	375
	23.231
	59.919


1) FI, 1999a;b 

2) bad/0j(/l (W) = 88.08 W 0.759 + 175.5 W 0.754;

2) bd/0j(/l (W) = 175.5 W 0.754 + 34.94 W 1.026 + 99.66 W 0.959
Table 4

	Route/

Aircraft category

0/j/l
	Average cost ($/flight)

C0/j(/l ( Cj/0/(/l
	Average revenue ($/flight) 

R0/j(/l ( Rj/0/(/l


	Profit ($/flight)

	
	Airline 1)
	Airport 2)
	Internalised externalities
	Airline1)
	Airport2)
	

	
	
	
	(Noise/Air Pollution/Air Accidents) 3)
	Congestion (Average delay)4)
	
	
	

	
	
	
	
	Passengers 5)
	Airline 6)
	
	
	

	1/1
	7970
	2842
	158
	163
	453
	8027
	3528
	-34

	2/1
	14978
	2842
	318
	163
	535
	15200
	3528
	-108

	3/1
	23786
	2842
	570
	163
	537
	24419
	3528
	49

	4/1
	32659
	2842
	928
	163
	484
	34089
	3528
	541

	5/2
	76863
	5075
	4187
	583
	484
	96637
	6300
	15614

	5/3
	107525
	7105
	5891
	817
	677
	131091
	8820
	17896

	5/4
	113669
	7511
	6227
	863
	715
	138538
	9324
	18877

	6/2
	95046
	5075
	5182
	583
	488
	115878
	6300
	15804

	6/3
	133065
	7105
	7254
	817
	683
	162229
	8820
	22125

	6/4
	140669
	7511
	7669
	863
	722
	171449
	9324
	23359

	7/2
	110249
	5075
	6011
	583
	490
	134412
	6300
	18324

	7/3
	154348
	7105
	8415
	817
	686
	188177
	8820
	26226

	7/4
	163168
	7511
	8896
	863
	725
	198930
	9324


	27091


1)Airline operational cost: European routes (1,2,3,4): C (d) = 0.218 e – 0.000186 d ($/pkm); R2 = 0.644; N = 16 / European/US routes (5,6,7): C(d) = 0.073 ($/pkm) (Airline Business, 2000); Airline revenue: European routes (1,2,3,4): R(d) = 0.218 e – 0.000168 d ($/pkm); R2 = 0.525; N = 16 / European/US routes (5,6,7): R(d) = 0.089 ($/pkm) (AB, 2004;2004a) 

where ‘pkm’ is passenger-kilometre; ‘d’ is route length – km)

2)The average airport cost and revenue per passenger at Heathrow airport are estimated to be 29 and 36 $/pass, respectively (AB, 2004; 2004a);

3) Adapted from Levison et al, (1996): Cost of noise (UK case) – 0.002 $/pkm; Cost of air pollution independently on type and scope – 0.00098 $/pkm; Cost of air accidents – 0.001$/pkm 

4) Based on the average delay of 5 minutes per an arriving and departing flight – typical for Heathrow airport (EEC/ECAC, 2001a) ; The average flying time on a route is: 

t(d) = 0.62 + 0.0021d;The value of passenger time is adopted to be 20$/pass/h for the European and 40$/pass/h for the European/US routes (FAA, 2001; Levison et al., 1996)  

The airport operational capacity – departures 





The airport’s operational capacity: 


(a0 = (d0 = 685 flights/day


The maximum noise quota: Aa0 (85)= A d0 (85) 


The selected noise quotas: Aa0 (65)= Ad0 (65) 


Ratio of two noise quotas: (65/85): – 1% 


Air pollution quota: B0 = 239.9 tones





The optimal operational capacity: 


(a0* = (d0* = 1072 flights/day


Utilisation of the operational capacity: - 78%


Total profits: 3192872 US$


Loss in profits: ~ 68%





b) 





� EMBED MSGraph.Chart.8 \s ���





FIGURE 3





FIGURE 5 





a) 





The airport’s operational capacity:


 (a0 = (d0 = 685 flight/day


The maximum noise quota: Aa0 (85) = Ad0 (85) 


The selected noise quota: Aa0 (65) = Ad0 (65) 


Ratio of two noise quotas (65/85): – 1% 


Air pollution quota: B0 = 239.9 tonnes





The optimal operational capacity: 


(a0* = (d0* = 420 flight/day


Utilisation of the operational capacity: - 31%


Total profits: 3024148 US$


Loss in profits: ~ 69%





The airport’s operational capacity: 


(a0=(d0= 685 flights/day


Maximum air pollution quots: B0/t = 239.9 tonnes


Selected air pollution quota: B0/* = 15.0 tonnes 


Ratio between two air pollution quotas: – 6% 


The maximum noise quota: Aa0 (85)= Ad0 (85) 


The optimal operational capacity:


(a0*=(d0*=438 flights/day


Utilisation of the operational capacity: ( 32%


Total profits: 9158608 US$


Loss in profits: ~ 8%





 b) 
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FIGURE 4





a) 





239.9 tons





The airport’s operational capacity:


 (a0 = (d0 = 685 flights/day


Maximum air pollution quota: B0 = 239.9 tonnes


Selected air pollution quota: B0/* = 15.0 tonnes 


Ratio between two air pollution quotas: – 6 % 


The maximum noise quota: Aa0 (85)= Ad0 (85) 





The optimal operational capacity: 


(a0* = (d0* = 438 flights/day


Utilisation of the operational capacity: ( 32%


Total profits: 9158608 US$


Loss in profits: ~ 8%





The airport operational capacity – arrivals





150 tons








Leq – Noise quota dB(A)





Leq = 70 dB(A)





Leq = 60 dB(A)





Leq = 50 dB(A)
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FIGURE 1





15.0 tons





10.0 tons 





5.0 tons dB(A)





The operational capacity (0 = 1370 flight/day 


The maximum noise quota based on 85 dB(A)


The maximal air pollution quota: B0 = 239,9 tones





85 dB(A)





55 dB(A)





65 dB(A)





75 dB(A)
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Terminal 2





Terminal 4





N





Terminal 5





Terminal 3





Only one type of operations 





Only one type of operations 





‘South’ runway





‘North’ runway





               - Airside area                - New runway(s)                  - Landside area               Existing rail connections                    -                                                   - Existing runways                                                       Planned rail connections


                                                                                                                                                            





New terminal (6) 








New runway





Terminal 1





FIGURE 2
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� At the capacity-constrained and busy airports such policy may ‘save’ slots for the short hauls, new entrants, etc. (Coleman, 1999; Janic, 2003). 
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