THE ECONOMICS OF AIRPORT
DEVELOPMENT AND CONTROL

By E. V. K. Fitzgerald and G. B. Aneuryn-Evans*

INTRODUCTION

This paper outlines procedures for airport development and control, involving
economic decisions on pricing and investment, welfare criteria being used to derive
“second-best” solutions within a constrained situation. A general solution for both
static and dynamic optimisation is developed, and a numerical illustration is given.
The resulting methodology has applications beyond the airport context.

The welfare measure used in this paper is economic surplus.! The first order
conditions for maximisation of an objective function of this type while traffic remains
stable will yield pricing solutions, while in a dynamic situation maximisation with
respect to capacity will yield investment solutions.

Airports can be considered within the general structure of public enterprise theory
and also within the framework of transport economics. Existing work on the subject
has not, however, displayed great rigour, and has been mainly concerned with
immediate problems of congestion and siting, rather than with a more general
approach. On the technical side there is a wealth of studies?; but pricing is not
discussed, and the expansion criterion is based upon the idea of “traffic require-
ments” derived from exogenous demand forecasts, to which capacity must be
adjusted. The Promethean labours of the Commission on the Third London Airport
were devoted to selection of a minimum-cost site to serve an assumed “need”. This
has been (rightly) criticised by Forsyth [10]; but he does not go beyond the particular
case, and the more general studies of Doganis [8] and Sealy [21] are based upon
non-economic criteria. On the short-run problems of pricing congested airports an
Initial step is taken by Abouchar [2], and some specific problems have been examined
by Carlin and Park [3] and Yance [26]. Discussions of benefit estimation are
contained in Fromm [11] and Wood [25]. In all, however, no complete, integrated
solution to the airport problem has yet been presented.

An airport displays many features which make the economic analysis complex,
but which at the same time are of interest both theoretically and for other fields. On
the demand side the output of the airport is the “handling” of aircraft and passengers,
but this is influenced not only by final demand (which may have a complex spatial
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1Defined as the sum of consumers’ surplus and economic rent—that is, the area between the
demand and marginal cost curves. See Currie [6]. :

2See [13], [14] and [23]." :
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structure) but by the nature of the air transport market itself.3 Final demand is
itself affected by journey cost (which includes both money and time outlay on the
part of the passenger4) compared with other modes—including other airports and
other means of transport. As traffic builds up at an airport, congestion will increase
user costs; thus marginal costs will depend upon both traffic and capacity. On the
supply side, airports are very capital-intensive, with little flexibility in any but the
long run. Expansion can only take place in discrete steps (e.g. runways or terminals);
this leads to problems of forward planning and environmental impact. The pricing
controls possessed by the airport authority in the static case are weak, if only because
the landing fee is such a small proportion of total operating costs of an airline,
although there is some potential in rational traffic management. In the dynamic
case (expansion), the requirements for financial stability and lack of public aviation
policy may hinder the finding and implementation of an optimal solution. None-
theless, it is important to determine what that solution would be.

THE STATIC SOLUTION

One of the shortcomings of the orthodox public model§ is that the demand system is
independent of the direct cost (as opposed to the price) borne by users, and that
there is no distinction between intermediate and final demand. The static analysis
developed here takes a given capacity and examines the equilibrium solution in
terms of passenger movements (N) and aircraft movements (z). There are constraints
both upon aircraft capacity (k) in terms of passengers per flight, and upon airport
capacity, including landside terminal capacity (Q) for passengers and airside
runway capacity (¢) for aircraft movements. '

The final demand function is expressed in terms of journey cost (H), which is
itself the sum of monetary costs or fares (F) and the non-pecunary costs (¢) borne
directly by the passenger, mainly in the form of time spent. Time spent is composed
of passenger journey time and scheduling delay,” both of which are affected by the
frequency (n) of service. The journey cost (H) includes all the relevant endogenous
economic variables (fare, time and convenience); thus its integral with respect to
traffic (V) under the demand curve is a valid measure of economic surplus (§) when
system costs (G) are deducted. These system costs are composed of the resource
costs (as opposed to payments to other parts of the system) incurred by the passengers
(¢), by the airlines (C) and by the airport itself (u).8

3See Cooper and Maynard [5] or Edwards Committee [8] on the nature of competition in the air
transport market.

4Gronau [12] has made an interesting study of this combination in the analysis of air transport
demand.

5Typically of the order of one-tenth.

6As developed in, say, Williamson [24] or Turvey [22].

7This is the cost imposed upon the passengers by flights departing at times other than those they
would prefer (this “scheduling delay” clearly decreasing as the rate of departures (n) increases).
It is a measure of convenience. Journey time, on the other hand, will be increased by congestion as
schedules build up towards capacity.

8We ignore the difference between perceived costs, which affect demand, and the system costs,
which are real resource flows. The necessary adjustments are, however, quite simple.
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In formal terms, then, we have the relationships:

N = NH) demand function
H = H(N) with unique inverse
oN[oH < O and downward slope;
H =F+¢(N,n) journey cost;
G =c¢. N+C(WN, n) +u(N, n) system costs;
N

S = [ H(y) .dy—G(N,n) economic surplus.

y=o0

The objective is the maximisation of this economic surplus subject to the capacity
constraints: N < @, n< g, N/n <k and the usual non-negativity conditions:
N > 0, n > 0. This can be set up as a Lagrangian maximand (L); in economic
terms this is now a “‘second-best” problem?:

L =84){k—Nn} +w; {Q—N} 4w, {g—n}

the first order extremum conditions for which are, in the static case:

oL o8 A .
oL 8§ A. N .
%:"a—n n2 — Wy <0 (1f9é0,n—0)
oL N
—— E — — .f =
7 k " >0 (if#0, »=0)
oL .
— =Q-N >0 (f # 0,w, = 0)
3w1
oL .
3_wZEq_n >0 (lf# 0,w2:=0)
The appropriate derivitives for the economic surplus function are:

oS oG

v =""3%

AN oG

on=—  on

so that the first-order conditions for the maximum are:
oG A
H— W — ; —Wp = 0
oG AN
T on + n2 %2 =

The nature of the congestion functions!0 is such that:

9See the discussion of this concept in Lipsey and Lancaster [16] and its application to public sector
pricing policy in Davis and Whinston [7].

10That is, congestion costs at airports tend towards infinity as traffic (W, n) approaches capacity
(Q, g)—see Horonjeff [14] or Warskow [23]. In fact, the most meaningful definition of capacity
itself is the asymptotic traffic value as cost rises to infinity.
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026G 02G
a-jv—i > Oandvahz > 0]
so that not only are the second-order conditions!! met, but throughout
N <Q, n <q and thus w; =w, = 0

so that we can resolve the problem as

N_,
n
= n
T on k
G 1.0G dG
H=an"Fm ~av
This can be examined in terms of the final journey cost (H):
3_6_3_ Y oc n _39 ou
av TN N TN T v
oG oc oC  ou
w - VwmTata
which from
H=F+4¢c
yields an optimal fare (F)
N de dC  du

Where this is not achieved by the market mechanism, the control variables open
to the public airport authority must be used. In static optimisation this is the price
levied upon aircraft movements (p). The solution set will depend upon the relation-
ship between these movements and the resulting journey cost (), which is deter-
mined by the nature of the administrative and market system. In particular, if an
airport charge is allocated over all movements, only where the market system is
such as to produce:

n de  dC
F=p. =N %+
will the “orthodox’’ solution of internal marginal cost pricing obtain:
ou N.ou
“on TN

Generally, however, the “second-best” solution is that the price (over which we have
some control) is adjusted to balance distortions elsewhere in the system. In the airport
context this means the adjustment of prices for marginal effects (such as congestion).
Thus in the optimal case the airport charges are adjusted to allow for marginal

11In this (dual variable) case the requirement is thaf the bordered Hessian be negative;
equivalent to $” Ny . S"a N —S" NN - $"nn <0. See Lancaster [15].
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effects if these are not already covered by fares. In particular, if the market system
produces a situation where :

F={C+p.n}N
then A
de ac ¢ du
ﬁ=k[N'¢_N+{¢_N_J—V}+EV]

This full solution is the only correct one for airport pricing, although other rules
may be easier to administer and may not unduly disturb the optimal solution. The
practical application of “congestion” pricing in Britain is discussed by Little and
McLeod [17].

THE DYNAMIC SOLUTION

In order to examine the optimal development of system over time, the objective
function must be redefined in terms of maximisation over time of the discounted
sums of economic surplus, less the appropriate investment streams. Airport capacity
(@, g) is given for each point in time (¢), but both it and traffic (N, z) must be
determined in the dynamic optimisation exercise. This contrasts with the “orthodox”
approach!? which does not consider pricing policies in investment planning, as
capacity expansion is considered against a fixed demand path. In the few cases!3
where pricing and expansion are considered together, the direct interaction between
capacity and user costs is not considered. As far as airports are concerned, the
approach in Forsyth [10] is more satisfactory, but it only deals with one specific case.
The dynamic demand function is defined as being of the form:

Ne = N(H, t)
The function in time represents those dynamic effects exogenous to the system
(e.g. income). The objective is the maximisation of the present value (SS) of the
social surplus streams (S;), less the investment streams (V) arising at each point in
time, at a certain discount rate (r) over the relevant period (7):

T
SS =Z{S—V}. e
t=o0

In the dynamic sense, this function must be maximised with respect to both traffic
(N, n) and capacity (@, ¢) at each point in time. If capacity is continuously expand-
able, and if we confine ourselves!4 to final traffic and capacity (N, Q) ,we can express
the objective function in continuous form, including expansion costs (V) as a function

of the rate of capacity expansion (Q):
SS = [ e (SN, @, 1) ~V(Q)}d
= (Q, @, t)dt

12See for example Marglin [19] or Manne [18].

13Such as Williamson [24]. : .

14The addition of (n, ¢) is simple. We ignore the problem of the terminal state, on the grounds
that the relevant discounted term is small. o :
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The Euler equation!S enables the position of an extremum (a maximum) of this
function to be established:
lhal - 3

AC IR L)
which yields:
LA P
Q  2Q oN Q
If the maximum condition for the static case obtains (i.e. optimal pricing), then
H = oG|oN
and the dynamic extremum condition (a maximum) becomes:
v _ G
0@ 0Q

In other words, expansion should take place where its capital charge is equal to the
reduction in operating costs obtained by it. The same result may be expressed as the
equalisation of the shadow value and the opportunity cost of expansion.

This solution depends not only upon the assumption of continuity in capacity
expansion, but also upon the optimal price rule!6. In a case where, say, costs to the
passenger are less than the marginal resource cost (as might happen in a congested
situation),

H < 0G[oN
expansion will occur where:
Loy G
0@ T 4Q

This implies expansion at a later date than the “optimum optimorum”.
The effect of continuous scale economies in construction can conveniently be
analysed by defining the capital cost function in conventional exponential form:

V(@) =4.9, 0< a1
This reduces the expansion condition to
LA
Q 9Q

That is, where there are scale economies (« < 1) expansion will take place earlier
than otherwise (« = 1).

In reality, of course, capacity (@, ¢) is not infinitely divisible,!1” and therefore a
continuous dynamic derivation is not possible, although this approximation might

15See Lancaster [15].

16The derivation of the “long-run marginal cost” pricing rule—see for instance Williamson [24]—
that includes a capital charge depends upon traffic being broughtinto equality with capacity (N = Q),
and thus upon the appropriate Lagrange multiplier (w) having a positive value to be entered in the
price equation. In our airport case the capital cost will only enter the price indirectly through the
equilibrium value of congestion.

17For example, runways are added in integral steps, and terminal construction enjoys certain scale
economies resulting in large steps. See Horonjeff [14] on the former and Perret [20] on the latter.
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be useful in a programming procedure. Dynamic and integer programming
approaches might be combined in order to derive a solution by examining alterna-
tive expansion steps at alternative time points—but this is a slow and inelegant
process.18

A useful algorithm can be based upon the fact that at certain points in time (¢)
optimal divisible capacity (@) corresponds to an integral value (@). Thus a series of
points in time (¢, £, . . . ) can be established where integral capacity (@) would in
fact be optimal, and at any point between these time points (%, ti+1) capacity will
perforce be suboptimal. The point in time (¢) at which the step should actually be
taken will lie between the points (#, ;) and can be found by maximising the
discounted sum of the economic surplus streams (X ) over the period, less the invest-
ment cost similarly discounted:

IS _ Lty _ ,
X = [e.8S(Q, t)dt fe= . S(Qriy, )dt—V . &=
. t
1

t

The maximum solution is given by:

0X ~ ~
ProEs e {S(Qi, ) =S(Qu1, t) + V.1} =0
and thus the condition for expansion!® becomes:

S(Qir1, t')—S(Qi, ) > V. r.

In other words, capacity expansion will be justified at that point in time when the
increase in economic surplus resulting from the expansion exceeds the capital charge
incurred thereby. This will only correspond to the cost-minimisation approach?20
in the unlikely event that traffic does not respond to cost changes. Still less does it
correspond to a physical definition of capacity2! that does not refer to any cost
relationship.

We have so far discussed the expansion criterion in terms of certainty, but in fact
a decision must be taken many years before the new capacity actually comes into
operation. The most important uncertain factor is the level of demand over the
planning period—conveniently represented by the exogenous growth rate (s).
The Bayesian “degree of belief” in future demand growth levels can be expressed
as a frequency distribution—f{(s)—which converts the problem from probabalistic
to determinate form. A reasonable approach for the public sector is to maximise the
expected value of the objective function, which means that we must find the value
of the expansion date (#') for which the expected value (E) of the objective function
(X) is:

18Even with only two alternatives in any one year (expand or not), over a 30-year period there are
about 109 expansion paths to be explored.

19As far as computation is concerned, the required degree of accuracy can be rapidly attained by
iteration based upon Newtonian approximation.

20Such as the criterion used by the Committee on the Third London Airport [4]. See especially
Vol. 7, 28.3.

218uch as the airport engineers’ “four minute rule”—see Horonjeff [14].
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oE 02E

But it is not possible to explore this solution in terms of algebraic forms without undue
simplification. We can, however, examine the Taylorian expansion?2 of the first
derivative:

0E  ToX

*a-t—,—oé?'.f(.!‘).ds
_|oX 62|02 oX
Tt ls =5 2 3s2(3t’) s =73

The nature of the congestion function is such that the second term is negative, so
that when:

oE oX

Py 0, ¥ >0
That is, expansion will take place before the date that would be indicated by the
expected growth rate (§). '

AN ILLUSTRATIVE SOLUTION

The purpose of this section is to demonstrate a particular form of the general solutions
derived above, including both the analytical implications and the quantification of
the results. The numerical solutions as such have little normative significance, while
the algebraic formulations are necessarily simplified, but the results are nonetheless
of some interest. : o

We have the following functional forms:

constants :
demand  N=B.H*.¢ s, B, B
scheduling delay T =T[n 7
journey time T=T+w.x T, w
journey cost H=F+4c
utilisation factor x = nl/{g—n}
passenger costs c=g.T+Hy.m &Y
airline costs C=b.N+by.T.n by, b,
airport costs u=1u .N+tu.n Uy, s
system costs G=c. N+C+Hu

and we can define two alternative market forms to complete the equilibrium model.
Both are constrained by the requirement that airlines do not “lose money”:

, - F.N—CWN,n)—p.n> 0

In the first form, a “free market”, price competition between airlines forces full
aircraft utilisation23 and the solution: ' :

22For a normal distribution with known standard deviation (6).
23This need not be the technical capacity, but rather a reasonable operational target, taking inito
account seasonality, etc. : : ‘
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FoGNE p
N k’
The second form, a “regulated market”, has the fare (F) level exogeneously deter-
mined and inter-airline competition is confined to the offer of schedules (r) until the

equilibrium is reached:

N=n.k

F.N=CWN,n)+p.n.
In terms of our model, the optimal landing fees () become:
b ={+g . B . w.x. {x+1} +{uy . k 4w} —7/n2
po=F . k—{by . k+b,. T}
while the alternative pricing rule in most common use is24 the “long-run average
cost” one, which we may represent by:

. ut+V.r
b3 =

The results may be compared by reference to our objective function, the economic
surplus (S) generated by the various equilibria. A parameter set, for illustrative
purposes, has been established2s

B = 100000 x 103 € = £ /pax/mov.
B = -1 ¢ =250 L/hour/mov.
g =1 £ [hour u =05 [lpax

vy =025 [fL/hour

T=2 hours/mov. up =25  f/mov.

© = 400 hours

w = 0-005 F =20  f/pax/mov.
£k =50 pax/mov. s =8 % p-a.

V' =20000 £-103 r =10 9 p.a.

Table I shows the resulting variable values for the equilibria, at the beginning of the
period (¢ = 0) and at a later, more congested date (¢ = 7). The increased welfare
gained from optimal pricing is significant (in this table economic surplus is measured
as a deviation from the maximum—/£0-103), and it is of interest that the average-cost
rule actually moves in the wrong direction as traffic builds up at the airport.

Turning now to the dynamic case, we must include the cost of expansion (V) at a
certain interest rate (r). The first step (for both analytical and algorithmic purposes)
1s to examine the case of continuous expansion. In this case we can define a “unit”
expansion cost (v):

v = V|Agq
so that the equilibrium condition (r. 8V/8§ = —8G[dq) can be reduced to:
r.v=a.w.x2, (@a=cy+g.k)

and we can thus solve for optimal capacity utilisation (x):

24This represents, roughly, the requirement for financial balance in the public sector. Alternative
rules can be simply inserted.

25This data is derived from [4] and recent reports and accounts of the B.A.A.,B.E.A., and B.O.A.C.
It should not be taken as definitive.
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TasLE I
t=0 t=17
Free Regulated Free Regulated
Optimal Pricing
Landing fee 7)) 53 249 108 246
Traffic: (W) 4959 4076 8513 7473
(n) 99-2 815 170-3 149-5
—J% 50 50 50 50
Econ. surp ) 0 —3594 0 —3222
Average Cost Pricing :
Landing fee (») 103 98 79 76
Traffic: (W) 4698 4167 8760 7540
(n) 94-0 104-3 175-2 189-1
nﬂ 50 40 50 40
Econ. surp. &) —670 —12627 —151 —25996
r.v
.f =
a.w

This can be substituted into the pricing equation to produce a unique value?6 (in the
case of free market and continuous capacity)

p=a.w.£{x+1} 4u, (u=u . k+u)

For the particular parameter values, we have a solution:

Ag =100, v = 200 £ =365
g =200 #t = 157 mov. 103
p=175 £ [mov.

We can now proceed to the case of discrete expansion, and with the data already
given examine the optimal date for it. The “basic” case is that of the free-market
state, with optimal pricing, the development of which can be traced over time in the
dynamic formulation explored above, as a function of capacity (¢). Comparing the
alternative states (with and without expansion) we can find the point in time (#')—
between the two continuous capacity points—where:

S(@i1) =S(@) = V.r
The results of this process are illustrated in Figure 1, which shows the development

261t should be noted that this solution can be expressed as p = u+v . r . g/n in the case of optimal
pricing and expansion—in other words, long-run average cost pricing.
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Figure 2

tt t t

15 \
10

e e e - - - - — — ] _____\____._

5 10 15 % Y 0.5 1.0 1.5 B 5 10 15 % S

over time of the relevant variables—traffic (r), capacity (g), price (p) and the objec-
tive function (X)—over the range indicated by the expansion points:

£.7 _ £.7 |
1y = ﬁ’-i: 157, 7; = 200; ny = qu: 235, ¢, = ¢1+Ag = 300
t = 6.2 t,=11.3

The sensitivity of the solution (¢ = 9-0) to parameter variations is of considerable
interest, particularly with reference to the rate of discount (r), the demand price
clasticity (B) and the rate of growth of demand (s). The stability with respect to the
first two is noteworthy, and has important implications for the use of reduced model
forms as planning algorithms. The response to the demand growth rate is as expected,
and the relationship is roughly hyperbolic. See Figure 2.

There are, of course, other expansion criteria than the optimal one discussed here.
Here we shall examine three: the “engineers’ *“ rule, the “CTLA” criterion, and the
financial criterion. The first 27 is based upon a physically defined capacity in terms
of a certain rate of delay due to congestion; for this study we have taken

x>3

as defining this method. The second is the method used?® by the Committee on the
Third London Airport [4]. Itis based upon the minimisation of the discounted sum
of congestion and expansion costs, which in our notation can be expressed as the
point in time where:

n.a.w.x>V.r

27See, for example, Horonjeff [14] or Warskow [23].
28See also Abelson and Flowerdew [1], where this approach is defended.
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The third criterion is based upon financial requirements, and involves expansion
when the increase in revenue exceeds the capital charge:

nA{pr—wp—m Apr—u} > V.1
The results, in terms of the expansion date, are shown in Table II under the two
alternative pricing rules. The Table shows that the criterion chosen has an important
effect on the planned expansion date. The scale of the welfare differences may be
gauged from Figure 1. Alternative pricing rules have much less effect, although a
rule that includes congestion pricing will produce a better result.

TasLE 1I
Expansion Dates

Pricing Rule
Average Cost Optimal
Expansion Criterion:
Engineers 6-0 5-5
CTLA 9-2 8-6
Financial 202 0
Optimal 9-6 9:0
CONCLUSIONS

The purpose of this paper has been to indicate how a comprehensive planning model
might be set up, rather than to produce empirical solutions. The methodology is
flexible, and can simply be extended in spatial and dynamic terms to produce an
analytical framework for the exploration of scale economies, regional planning, and
so on. The strength of the approach lies in the integration of the demand and supply
functions, not only through the airport price, but also through airline schedules,
market systems and the direct effect of capacity provision upon journey cost.

In general we may conclude that the correct pricing solution will be based exclus-
ively upon short-run costs—a particularly important element being congestion—but
that errors in pricing policy will not cause great welfare loss. The expansion criterion,
however, is extremely important, and the existing criteria may lead to misleading
planning dates for expansion and consequently large welfare losses.

It will be noted that externalities such as noise have been neglected in this paper.
As far as this optimising process is concerned noise costs can be treated like any other
component of systems costs (G), the real problem being their measurement and
possible “weighting”, and there is nothing useful that can be added to the argument
within the scope of this paper.

Much more serious is the possible distortion contained in the attempt to plan the
airports separately from the airways and aircraft which they serve. In other words,
we should plan the whole air transport system as an integrated whole, rather than
wag the dog with a somewhat ineffectual tail.
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