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None of the airport-pricing studies have differentiated the congestion incurred in the termi-
nals from the congestion incurred on the runways. This paper models and connects the two
kinds of congestion in one joint model. This is done by adopting a deterministic bottleneck
model for the terminal to describe passengers’ behavior, and a simpler static congestion model
for the runway. We find that different from the results obtained in the literature, uniform air-
fare does not yield the first-best outcome when terminal congestion is explicitly taken into
account. In particular, business passengers are at first-best charged a higher fare than leisure
passengers if and only if their relative schedule-delay cost is higher. We further identify cir-
cumstances under which passengers are, given a uniform airport charge scheme, under- or
over-charged with respect to the terminal charge. Furthermore, when concession surplus is
added to the analysis, the airport may raise (rather than reduce) the airport charge in order to
induce more business passengers who in turn will lengthen leisure passengers’ dwell time and
hence increase their chance of purchasing concession goods. Finally, the impacts of terminal
capacity expansion and time-varying terminal fine toll are discussed.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Airport congestion has become an important and growing phenomenon in the airline industry. As a potential solution, impo-
sition of congestion tolls has been proposed and widely discussed in the literature. Various factors that influence the design of
airport congestion tolls have been examined. For example, airline market structure needs to be taken into account since airlines
with market power may internalize the congestion cost they impose to their own flights (e.g., Daniel, 1995; Brueckner, 2002; Pels
and Verhoef, 2004; Zhang and Zhang, 2006; Basso, 2008; Brueckner and Van Dender, 2008; Rupp, 2009; Flores-Fillol, 2010; Ater,
2012; Lin, 2013). Airport concessions should also be part of the picture, given that the number of passengers plays a different
role in contributing to the airport’s congestion level and concession revenues (e.g., Oum, et al. 2004; Czerny, 2006; Yang and
Zhang, 2011; Bracaglia et al., 2014). The types of passengers may matter as well, because passengers of different types may have
distinct responses to congestion tolls due to their different values of time (Czerny and Zhang, 2011, 2014b). D’Alfonso et al. (2013)

* Corresponding author. Tel.: +852 2766 7868.
E-mail address: sarah.wan@polyu.edu.hk (Y. Wan).

http://dx.doi.org/10.1016/j.trb.2015.10.006

0191-2615/© 2015 Elsevier Ltd. All rights reserved.


http://dx.doi.org/10.1016/j.trb.2015.10.006
http://www.ScienceDirect.com
http://www.elsevier.com/locate/trb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.trb.2015.10.006&domain=pdf
mailto:sarah.wan@polyu.edu.hk
http://dx.doi.org/10.1016/j.trb.2015.10.006

92 Y. Wan et al./ Transportation Research Part B 82 (2015) 91-113

investigated the interaction among these factors while incorporating the connection between congestion delays and concession
consumption. They derived corresponding optimal airport charges based on the assumption that an increase in congestion delays
will increase passengers’ dwell time, and hence induce higher probability of their purchasing concession goods. This assumption
does not reflect the fact that airport congestion may occur either in the terminals or on the runways.!

Interestingly, none of the previous studies have differentiated the congestion incurred in the terminals from the congestion
incurred on the runways, despite of the fact that these two kinds of congestion clearly have different implications to airlines
and airports in the above-mentioned contexts. In particular, terminal congestion seems to be less of a concern to the airlines’
operations, but it will likely affect passenger behavior and airport concession activity to a large extent. On the other hand, runway
congestion is more of an issue to the airlines but has less to do with airport concessions. In other words, airport concessions
and passenger types are related more closely with terminal congestion than with runway congestion. For instance, passengers
cannot control the time to take-off, but can choose when to arrive at the airport. Passengers can consume concessions during
their dwell time at the terminal, but they are required to stay in aircraft and wait for their turns to take-off when the runway is
congested and as a consequence, they are unable to purchase any concession goods during the wait. Therefore, separating these
two kinds of airport congestion may help clarify and deepen our understanding of the interactions between different factors
in designing an optimal airport charge. Furthermore, these two kinds of airport congestion show different characteristics, with
terminal congestion being totally “atomistic” while runway congestion shows a certain degree of “internalization.”?

Taken together, these observations suggest that it is important to investigate the impacts of separating terminal congestion
from runway congestion, in order to improve our understanding of airport congestion and the design of an optimal airport toll. In
this paper we treat terminal congestion and runway congestion as two different kinds of congestion, and consider both conges-
tion types simultaneously in a single airport pricing model. To capture the difference between terminal and runway congestions,
we adopt a deterministic bottleneck model for the terminal and a simpler static congestion model for the runways (the lat-
ter is standard in the recent airport pricing literature). The bottleneck model was introduced by Vickrey (1969) to account for
congestion dynamics, in particular individual drivers’ decision on when to depart their home during the morning rush hours.
Arnott et al. (1990) derived the optimal coarse toll and optimal road capacity based on a bottleneck model with a fixed number
of identical travelers, i.e. inelastic travel demand. Arnott et al. (1993) modified the previous studies by incorporating elastic travel
demand. The model was then extended to cases where travelers are heterogeneous (e.g., Arnott et al., 1994; van den Berg and
Verhoef, 2011). Compared with the conventional static congestion model which assumes a constant level of congestion over a
period of time for all the travelers, the bottleneck model can capture such features as varying congestion over time and trav-
elers’ response to congestion tolls by adjusting departure time. However, except for the case of a single dominant player, the
Vickrey-type bottleneck model would only fit the cases where users of a congestible facility are all “atomistic” (such as cars on
highways). Airport terminals face individual passengers who are by definition atomistic and so won'’t take into account other
passengers when making decisions. As a consequence, it appears to be a perfect context for the usage of the bottleneck model.
Runways, on the other hand, face airplanes operated by a few large airlines that potentially internalize the congestion they im-
pose on their own flights. Therefore, the bottleneck model may not be a good fit for runway congestion.> Our integrated model
is related to D’Alfonso et al. (2013) but here we treat the two kinds of congestion explicitly and separately. Instead of assuming
all passengers incur the same amount of terminal dwell time, which is roughly determined by the overall passenger volume at
the airport, this new modeling approach enables the terminal dwell time to be elicited by individual passengers’ airport arrival
behavior, which is affected by both the number of passengers and the passenger types. Another difference with D’Alfonso et al.
(2013) is that the present paper no longer assumes away airline price discrimination from the analysis.

We find that contrary to Czerny and Zhang (2011, 2014b), when terminal congestion is taken into account, uniform airfare
does not yield the first-best outcome. This is because some passengers may prefer arriving at the airport far in advance to avoid
long queues at check-in and security screening, while others may prefer arriving at the airport relatively late to avoid long dwell
times before boarding. Intuitively, adding a passenger who arrives at the airport at a particular time may increase the queuing
time for those arriving after that passenger and the airside dwell time for those arriving before by pushing their arrival times
forward. As a result, different passengers cause different externalities on the others. Thus, the amount of terminal externality to

1 See Zhang and Czerny (2012) and Basso and Zhang (2007) for recent surveys of these and other studies. For early congestion pricing studies see, for example,
Levine (1969), Carlin and Park (1970), Morrison (1983), and Mohring (1999).

2 A number of early papers have focused only on runway congestion, arising from the “all the flights leave at 8 a.m.” phenomenon and/or the flight banking
phenomenon (see further discussion in Section 2). Such clustering schedule behavior by airlines could however also lead to congestion at the pre-departure
procedures at the terminal. In addition, the stringent new security requirements that were implemented as a direct result of the September 11th terrorist attacks
have made such pre-departure procedures more cumbersome and time-consuming (an effect often referred to as the “hassle factor,” see Ito and Lee 2005).
Together, they make terminal congestion often a non-negligible matter (e.g., Appold and Kasarda, 2007; Saraswati and Hanaoka, 2012; Lin and Chen, 2013).

3 The Vickrey bottleneck model was recently successfully applied to runway congestion with airlines having market power (e.g. Daniel, 1995, 2009; Silva
et al., 2014). Such model setting includes only one dominant airline plus one or more atomistic fringe airline(s). Nevertheless, this model has difficulties in
describing airports’ dynamic congestion when two or more airlines have significant market shares - but such an oligopoly market structure is quite common in
the industry (e.g., Morrison and Winston, 1989; Brander and Zhang, 1990, 1993; Zhang and Czerny, 2012). As indicated by Silva et al. (2014), the Vickrey model
may not possess pure-strategy Nash equilibrium when it is applied in the Cournot oligopoly case. Silva, Lindsey, de Palma and van den Berg (2014) confirmed,
in a duopoly setting, that with the Vickrey congestion technology either a pure strategy equilibrium does not exist or it exits while no queue occurs. Thus, the
Vickrey bottleneck model may not be a good fit for runway congestion when the airport is served by several significant airlines. Verhoef and Silva (2015) describe
the dynamic congestion pattern at airports served by two non-atomistic airlines by replacing bottleneck congestion with Chu (1995)’s flow congestion which
ignores interactions among travellers departing at different time instants. Verhoef and Silva’s work provides a possible alternative in modeling dynamic runway
congestion in the future. More remarks on the relevance of road bottleneck models to the present setting will be given in the text.
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be internalized varies across passenger types. However, an additional passenger leads to the same amount of runway congestion
regardless the passenger types. Our analysis shows that when both types of passengers are levied a uniform airport charge, an
increase in airport charge will reduce the number of leisure passengers and the total number of passengers, but may reduce or
increase the number of business passengers. Furthermore, various conditions are identified under which the terminal charges
(conditional on an optimal uniform airport charge) are above or under the externality that a certain passenger imposes on the
others. Finally, when comparing the airport pricing rule with the one found in the literature (e.g., D’Alfonso et al., 2013) we find
that if the volume of business passengers increases in airport charge, the airport will raise rather than reduce the airport charge
in order to lengthen leisure passengers’ dwell time and hence increase their chance of purchasing concession goods.

To sum up, the main contribution of this paper are to: (i) highlight the difference between terminal congestion and runway
congestion that has been overlooked in the airport pricing literature, (ii) propose a modeling approach to incorporate this dif-
ference, (iii) show the potential problem of treating terminal congestion the same way as runway congestion, and (iv) show the
structure and distortion of the optimal uniform airport charge, as well as the underlying reasons. Although we are not aiming
at providing a toll scheme that can lead to first-best outcome, our analysis may provide some other insights. For example, in-
stead of relying only on a pricing mechanism, the airport can provide appropriate facilities to minimize the difference between
the relative schedule delay costs of different passenger groups, so that the uniform airport charges can still internalize the right
amount of terminal externality.

The structure of the paper is as follows. Section 2 sets up the model. Section 3 models passengers’ equilibrium arrival pat-
tern at the terminal and characterizes the demand functions. Section 4 derives the first-best outcomes, and Sections 5 examines
airlines’ and the airport’s equilibrium behaviors, with airport concessions being assumed away in both sections. Section 6 exam-
ines the first-best outcomes and optimal airport charges by incorporating concessions. Section 7 provides further discussion on
policy implications and issues which can be studied with this modeling approach in the future. Finally, Section 8 contains the
concluding remarks.

2. The model

Consider a congestible airport served by n identical airlines. There are two types of passengers departing from the airport*:
business and leisure. Business passengers (denoted as B) have a higher value of time than leisure passengers (denoted as L),
which is represented with vg > v (e.g., Morrison, 1987; Morrison and Winston, 1989; USDOT, 1997; Pels et al., 2003). Denote qil
as the number of “type h” passengers flying with airline i,i = 1,2...n, and Q, = Y"1 qL, h = B, L. The (inverse) demand function
of type-h passengers is p;(Qy), which is two-times differentiable with p; (Q,) < 0 and p;'Q, + 20’ < 0 for any (Qp, Q) pair in
the relevant range of our analysis. The latter implies that the first-order conditions lead to the global maximum of the revenues
summed across all airlines when there are no user costs, and is a standard assumption in modeling oligopoly rivalry (Tirole,
1988).

Following Brueckner (2002), Basso and Zhang (2008) and Czerny and Zhang (2014a), we consider two periods at the airport
with (i) all passengers preferring departing during the peak period to departing during the off-peak period, and (ii) runway con-
gestion occurring only at the peak period. To simplify the analysis, we further assume that all the departing flights in concern
are scheduled at time f of the peak period (and the gates will close at this time as well). In other words,  is considered as the
preferred departure time of the peak period by all airlines. Borenstein and Netz (1999) show that schedule competition among
airlines may result in airlines locating their flights closely together in time (the so-called “all the flights leave at 8 a.m.” phe-
nomenon).” Fig. 1 illustrates the activity timeline for a particular departing passenger who completes pre-departure procedures
prior to f. The pre-departure procedures at the terminal — which include check-in, security screening and passport control (if
any) - create queues, and will be considered collectively as a bottleneck.

Consider, more specifically, the departing passenger in Fig. 1. She arrives at the airport at time t and has to wait in line for
Ty(t) units of time before being processed. The check-in and screening procedures take Ty units of time per passenger and have
a capacity of s passengers per unit of time. Defining T (t) = T,(t) + Ty, the passenger completes the pre-departure procedure at
time a(t), or equivalently t + T(t), and then proceeds to the departure lounge to wait for boarding at f. We assume that being
late and missing the flight is never an acceptable option for passengers, i.e. a(t) < f. Once passengers are boarded on the aircraft,
as all the flights are scheduled and ready for take-off at £, they will form a queue and incur runway delays.

We assume that the waiting time in the terminal queue and in the runway queue incurs the same time cost, given by
vy, (h = B, L). In addition, if a passenger finishes the pre-departure procedures earlier than f, she will incur an early

4 Our model will focus on departure passengers. Arrival and departure do not share the same terminal procedures although they share runways. Besides, arrival
passengers’ concession activity is less likely to be correlated with terminal congestion. Note also that here, departure passengers refer to originating passengers
rather than connecting passengers. In most of the cases, connecting passengers do not follow the same terminal procedures as originating passengers. For
example, most connecting passengers will get their boarding passes when checking-in for the first flight at their very origins; and in the U.S. they do not need to
go through security screening again at the transiting airport as long as they stay in the airside of the terminal. When passengers transit between an international
leg and a domestic leg, however, substantial delays due to the crowded terminal can occur. As flights are scheduled by airlines (and so connecting passengers
have less control on their airport arrival time), the behavior of connecting passengers is not modeled here.

5 Alternatively, this assumption may be analogous to flight banking behavior at hub airports found in the literature (e.g. Daniel, 1995; Mayer and Sinai, 2003)
with f as the preferred departure time of one representative bank.
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Fig. 1. Activity timeline of a departing passenger.

“schedule delay cost.”® This cost is given by v,y - (f — a(t)). where term v, ), denotes the unit early schedule delay cost of
type-h passengers and parameter B, is the relative cost of early schedule delay to time delay.” Here, we assume 0 < 8, < 1,
i.e., the early schedule cost is less than the pure waiting time cost, v;,. This is because passengers feel more comfortable and can
perform more productive activities when waiting in the lounge during their “dwell time” than lining up in a queue (e.g., Thomas,
1997; Graham, 2009; Lin and Chen, 2013). Note that while the empirical results suggest vg > v, it is not clear whether 8p > f;,
or Bg = B, or B < B1. As a consequence, it is not clear whether vgfBp > v; B (or vgfg = v B, or vgBp < V. BL), i.e., business
passengers’ time valuation is higher (or the same, or lower) than leisure passengers’ time valuation when the early schedule
delay is considered. As to be seen below, the relative magnitude of S and 8, is a key factor influencing some of the paper’s main
results.

Following the common simplification in the literature (e.g., Arnott et al., 1990, 1993, 1994) the fixed “free flow” processing
time Ty is taken to be constant and is, without loss of generality, further normalized to zero. Thus, the terminal cost of a type-h
passenger arriving at the airport at time t is:

c"(6) = VT (6) + By - (E = a(6)) = v T(6) + Byvy - (E— £ = T()) (1)

where the passenger’s dwell time is defined as T;(t) = £ — a(t). Note that the first term on the right-hand side (RHS) of (1) is the
waiting (queuing) cost, whereas the second term is the schedule-delay (dwell time) cost.

The runway delay is, as is common in the literature, denoted as D(Q), where Q = Qg + Q; is the total number of passengers
served by all carriers, with D’(Q) > 0 and D”(Q) > 0.8 In particular, if we assume that all flights will form a random queue and the
runway capacity is K passengers per unit of time, the first take-off will be at  and the last one will be at f + (Q/K). Consequently,
the expected runway delay is:

Kaz= < _no.

3
D(Q.K) = z—dz= =
@K = ["zgdz= 3¢
where 6 = 1/(2K)). The above is an example of deriving the congestion delay at the runway; in particular, this linear delay
function has been used by, among others, De Borger and Van Dender (2006), Basso (2008), Basso and Zhang (2008) and Yang and
Zhang (2011). The remainder of the paper, however, will not impose a particular functional form on runway congestion; rather,
we will consider D as a general function of Q while suppressing the notation of K. A type-h passenger who arrives at the airport
at time t incurs a generalized cost that is equal to the sum of airfare, runway congestion cost and terminal cost:

fu(t) = pr + vaD(Q) + "(0), (2)

where pj, is the ticket price paid by the type-h passenger and c(t) is given by (1).

The airport and airline behavior is modeled as a two-stage game: in the first stage, the airport chooses its charges to maximize
social welfare. In the second stage, airlines simultaneously determine output levels to maximize their respective profits. Here,
each airline may make separate decisions on the number of business passengers and the number of leisure passengers, implying
that airlines can price discriminate between the two passenger types (e.g., Czerny and Zhang, 2014b, 2015; van der Weijde, 2014).
For simplicity, we normalize all the other costs incurred by airlines and the airport to zero.

6 This is in accord to the term used in the conventional bottleneck model. Note that schedule delays at the runway measure the absolute difference between
the passengers’ most preferred and their actual departure times (e.g., Douglas and Miller, 1974; Panzar, 1979; Basso, 2008; Flores-Fillol, 2010).

7 Qian and Zhang (2013) applied a similar approach to model schedule delay costs in bottleneck models.

8 See the survey paper by Zhang and Czerny (2012) and references cited therein for the treatment of runway congestion.
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Fig. 2. Cumulative arrivals at the airport and departures from pre-departure processing sites at the terminal.

3. Passenger equilibrium and demand functions

Before analyzing the subgame perfect Nash equilibrium of the two-stage game, we characterize passenger equilibrium and
demand functions. Given airport and airline decisions, individual passengers determine whether to take the flights leaving at time
f and if so, when to arrive at the airport. Consider the timing decision first. According to the literature (e.g., Arnott et al., 1994;
Arnott and Kraus, 2003; van den Berg and Verhoef, 2011), at the equilibrium the cumulative numbers of passengers arriving
at the airport and departing from the bottleneck (i.e. completing the pre-departure procedures) follow the patterns shown in
Fig. 2.9 Specifically, all passengers will arrive at the airport during the time interval [t, f]. A passenger who arrives at t incurs only
the early schedule-delay cost (i.e. zero queuing cost). On the other extreme, a passenger who arrives at t incurs only the queuing
cost and she leaves the bottleneck exactly at time £, thereby incurring zero early schedule-delay cost. Any passenger arriving
between t and  incurs both the queuing and schedule-delay costs. The bottleneck will always operate at its capacity until the
last passenger is processed. Thus the rate of leaving the bottleneck is capacity s, which defines the slope of the “cumulative
departures” curve in Fig. 2.

As passengers minimize their individual terminal costs by choosing their arrival time, we take the first-order condition of
Eq. (1) with respect to t and obtain:

T/(t) = B
1- By
Note!© that the relationship between A(t) - the total number of passengers that arrive by t - and T(t) is: T(t) =
(A(t) —s(t —t))/s. Therefore, it is easy to find that the slopes of the “cumulative arrivals” curve are equal to:

, S

A == By

indicating the arrival rates for type-h passengers, h = B, L. If g > B, i.e. the relative schedule-delay cost of business passengers is
higher than that of leisure passengers, then business passengers are more sensitive to early schedule delay and hence are willing
to accept a longer waiting time in return for a shorter dwell time (e.g., Arnott et al., 1994; Arnott and Kraus, 2003; van den Berg
and Verhoef, 2011). As a result, leisure passengers arrive during the interval [¢, t; |, which is then followed by business passengers
who arrive during [tm, t]. Further, the arrival rate of the former is lower than the arrival rate of the latter, suggesting that the left

9 Asindicated in conventional bottleneck models, it is assumed here that passengers are informed of the congestion at the airport. Although this assumption is
perhaps a little bit strong, it is still sensible for two reasons: first, frequent travelers usually have a good knowledge about the airport’s congestion level. Second,
while occasional travelers have less experience with, and knowledge about, the airport than frequent travelers, it is easy to learn about on-time performance of
an airport or even a specific flight from the internet as long as the passengers care about such information.

10 In the classic bottleneck model, the notation By, refers to the per-unit early schedule delay cost. In the present paper, however, it refers to the ratio between
the per-unit early schedule delay cost and the per-unit waiting time cost.
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segment of the cumulative-arrivals curve is flatter than the right segment. Likewise, if 83 < B, business passengers will arrive
earlier at a lower rate.!!

At equilibrium, passengers of the same type must face the same terminal cost; otherwise, passengers with a higher cost will
adjust their arrival times to those associated with a lower cost. Based on this equilibrium condition, terminal costs can be derived
as follows:

Bty =cP(t) = vgT(£), ¢ (t) = c*(t) = v Bu(f - t) if B > Bu:
() =P (t) = v (f —t). cH(t) = ¢(€) =T (€) if Bs < fr.

Because the queue starts at t and ends at f, we have f — t = (Qg + Q;)/s.. As all passengers arrive at the airport by , it follows

3)

that
o QU -fy)  Q-f)
The time spent by the last passenger waiting before being processed is equal to
_ 1 _ +
T® = 1[0+ Q - (-ps] = LETAA

We can then rewrite Eq. (3) into the following:
B(e) = UBM’ k() = mm% if Bg> Bu

@) = vofp 2L () =y BB e g, (4)

Thus, the equilibrium terminal costs are functions of Qz and Q;. From here on, we replace for terminal costs c8(t) and ck(t)
with cB(Qp, Q;) and c!(Qg, Q). Denoting dc"/dQy as cf! and dc"/3Qy as cf! for h, k =B, L and h # k, we obtain

UpPp UpPrL vLpL vpr .
B ﬂ Bzisﬁ,(}lézif,ciziﬂ if ,BB>/3L;

Cp = ,C
B s L s
UpPp UpPp VLPB vLpr .
G = f,cf= Sﬁ,cé:Tﬁ,cL:Tﬁ if B < B (5)

One interesting observation from (5) is that the structure of per-passenger terminal costs depends on the relative magnitude
of Bp and B;. The passenger type with a higher relative schedule-delay cost shows a higher “own effect” on the terminal cost
than the “cross effect.” More specifically, when 8p > B, the increase in business passenger terminal cost due to one additional
business passenger is higher than one additional leisure passenger: cg > cf. Intuitively, as business passengers arrive after leisure
passengers, adding one more business passenger will push business passengers arrival time forward and increase business pas-
sengers’ queuing time as well as dwell time. On the other hand, adding one more leisure passenger before the arrival of business
passengers does not affect business passengers’ dwell time but the business passengers have to wait for a longer time in the
queue as more leisure passengers will be processed first. Thus, adding more leisure passengers imposes less externality on busi-
ness passengers than adding more business passengers. However, regarding the leisure passenger terminal cost, the impact of
increasing business passengers is the same as increasing leisure passengers: c’L- = c’é. This is because either one more business
passenger or one more leisure passenger will push the leisure passengers’ arrival time forward by the same amount. When Sg
< BL, we have cﬁ > cg. while cg = c‘f. This property does not exist in the runway delay cost function (i.e. conventional airport
congestion cost function) which always assumes that it is the total traffic volume rather than the traffic volumes of individual
passenger types that matters. 1

When passengers make air travel (ticket purchasing) decisions, they take the above terminal costs into consideration and so
Eq. (2) becomes

fu®) = f3(Qs. Q) = Py + v4D(Q) + "(Qs. Q). (6)
The demand equilibrium requires py(Qp)=f,(Qp, Q), which leads to
ph:ph(Qh)_th(Q)_Ch(QBv QL)’h:B’L (7)

Thus, the (inverse) demand function with respect to airfare is a function of both Qg and Q;. Applying the Cramer’s rule with
respect to pj,, we obtain Proposition 1:

Proposition 1. (i) When airlines charge discriminative fares, dQy,/dpy, < 0 and dQp/dp > 0, Vh # k. (ii) Under uniform airline pricing
where pg = p; = p, Q. /dp < 0 and 9Q/dp < 0, but the sign of dQg/dp is ambiguous, depending not only on v, but also on B. In
particular, given vy, when Bg > B, only B will affect the sign of dQg/dp; on the other hand, when Bg < B, both B and B; will affect
the sign of dQg/dp.

' This paper considers only two types of passengers, but the idea can be extended in the future to accommodate multiple passenger types in which the
cumulative-arrivals curve will consist of multiple line segments, each representing one type. In the case of continuous passenger types, the piece-wise linear
cumulative-arrivals pattern could become a smoothed curve.

12 A similar inequality between the own and cross effects due to one additional passenger also occurs in the road bottleneck model (e.g. Lindsey, 2004; van den
Berg and Verhoef, 2010, 2011).
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Proof. See Appendix A. O

When discriminative fares are charged to the business and leisure passengers (referred to as “laissez fair” situation), an in-
crease in type-h airfare will suppress the volume of type-h passengers while the reduced congestion levels will stimulate the
demand of type-k passengers, as the two passenger groups compete for terminal and runway resources. Regarding the case
of uniform pricing, Czerny and Zhang (2011) have obtained similar results when considering runway congestion alone.'> They
found that dQg/dp is more likely to be positive if the difference between vg and v;is larger, because in this case the decreasing
number of leisure passengers due to higher ticket price will significantly reduce the runway congestion cost of the business
passengers, which can compensate this group for the increased fare. In our model, not only the runway congestion but also the
terminal congestion will have an impact. When B > S|, business passengers arrive at the terminal later than the leisure pas-
sengers do, so the decreasing number of leisure passengers does not affect business passengers’ schedule delay costs but only
shortens their terminal queuing time and the amount of queuing time saving is affected solely by the leisure passengers’ arrival
rate (determined by ;). Thus, the larger 8, the higher the terminal cost savings by business passengers to compensate the
fare rise, making an increase in business passenger volume more likely to occur. On the other hand, when B < f;, business
passengers arrive at the terminal earlier than the leisure passengers do, so the decreasing number of leisure passengers does
not affect business passengers’ terminal queuing costs but reduces their schedule delays. Thus, only when business passengers
valuate schedule delay costs high enough, i.e. vgfB5 is substantially larger than v; 8;, will the terminal cost savings from fewer
leisure passengers be large enough to induce more business passengers. This mechanism complicates the situation and suggests
an exception from the results of Czerny and Zhang (2011): even when v is significantly larger than v;, can still be negative as
long as vgBp - v, By is sufficiently negative. This observation is important to airlines, because it suggests that passenger behavior
at the terminal (arrival pattern in particular) has an implication on their traffic volume and pricing decisions. In particular, we
need to be clear not only about the absolute value of time for different passenger groups, but also about their relative values of
schedule delay versus queuing time.

4. First-best outcome

According to the traditional bottleneck literature, social optimum is obtained when there are no queuing costs but only
schedule delay costs. This is attainable if time-varying tolls are levied.'* In the case of airports, time-varying tolls are nonexistent
in practice and are unlikely to be implemented. Thus in this section, we only derive first-best outcomes given the terminal cost
structure derived in Section 3, implying that passenger queuing at the terminal persists. Furthermore, social welfare may consist
of two parts, aeronautic surplus and concession surplus. The aeronautic surplus can be expressed in the following way:

QJ]
Se= 3 [ n(0dx 1D ~ ¢ (2. Q)
h=8.L"0

On the other hand, whether the surplus from terminal concessions should be considered as part of social welfare is still under
debate in the literature, as consumption of food and beverage would occur elsewhere even if passengers do not consume at the
airport (e.g., Czerny, 2013). Thus, in this section and in Section 5 below, we consider the situation where concession surplus is
not a concern. (The role of concessions will be discussed in Section 6.) Consequently, welfare is given by:

W=S5,. (8)
The first-best outcomes can be derived by taking the first-order conditions of (8) with respect to Qg and Q; (x for “first best”),
aW K * *
@=PB—F —¢5=0, (9)
aW * * *
EZPL_F - ¢ =0. (10)

In Egs. (9) and (10), T" = (vgQp + v.Q.)D’(Q) denotes the marginal external congestion cost at runway, whereas ¢, = th’,} +

chg denotes the marginal external terminal cost due to one additional type-h passenger at terminal. It is fairly straightforward
to show that the difference between the first-best business and leisure fares is

Py — P =5 — ¢ = (G5 — D — (] — R ()
which is, by (5), positive (negative, respectively) if the relative schedule-delay cost of business passengers (8g) is higher (lower,
respectively) than that of leisure passengers (1) . Moreover, Eq. (11) will not equal zero unless Sz and Sare equal. This is
because when the relative schedule-delay costs are not equal, one of the two terms on the RHS of Eq. (11) will be zero and the
other term will be either positive or negative. This is different from Czerny and Zhang (2011, 2014b) who found, without and with

13 D’Alfonso et al. (2013) obtained similar results based on linear demand functions (with different model settings). Proposition 1 here is proved with general
demand functions, however.
14 See Arnott et al. (1990, 1993, 1994) for the definition and construction of time-varying tolls.
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carrier price discrimination respectively, that the social optimum can be achieved only by the welfare-optimal uniform airfare.
This difference is due fundamentally to the inclusion of terminal costs into the present analysis. When runway congestion is the
only concern (as in Czerny and Zhang, 2011, 2014b), the impact on runway congestion due to one additional business passenger is
the same as the impact of one additional leisure passenger (which is captured by I" above). As a result, at the social optimum both
passenger types should be charged at the same price. However, this is no longer the case when terminal costs enter the picture.
For example, as indicated above, when 83 > f;, adding one more business passenger has a more adverse impact on business
passengers’ terminal cost than adding one more leisure passenger; consequently, business passengers should be charged higher
than leisure passengers. The above analysis leads to the following proposition:

Proposition 2. When terminal congestion is taken into account and Bg # By, i.e. the relative schedule-delay cost of business passen-
gers differs from that of leisure passengers, a necessary condition for the first-best outcome is that fares are different between business
and leisure passengers. The first-best fare charged to business passengers is higher than that to leisure passengers if and only if Bg >

L.

Proposition 2 is related to, but different from, the results of the road bottleneck models which generally consider time-
dependent tolls (either a completely flexible time-varying “fine toll” which eliminates queues, or a “coarse toll” that differentiates
peak travel time from off-peak travel time) as compared to the cases of no toll or uniform toll. In the case of heterogeneous
drivers, both the fine toll (see Arnott et al., 1994) and coarse toll (see van den Berg, 2014) vary across time and the difference
in the amount of toll paid by passenger types comes from drivers’ self-selection and hence is not imposed by the toll scheme
itself.’ In the context of aviation, a discriminative price based on the time of terminal arrival is not really practical. The only
tool available to the airlines to correct the terminal congestion lies in its power to differentiate different groups of passengers
(business vs. leisure in this case). In other words, with this framework we provide another perspective to the airlines’ price
differentiation based on passenger groups. That is, it is because of the lack of time-varying toll at the terminal side that airlines
need to price discriminate passengers with differentiated fares to correct part of the distortions at the terminal. Section 7.2
provides more discussion on the hypothetical benchmark case where terminal queue is eliminated by a time-varying fine toll.

Following Proposition 2 and after some calculation, we can show that if the airport charges discriminative tolls between the
business and leisure passengers, the first-best outcome can be achieved. In practice, however, an airport is often constrained,
politically or legally, from charging discriminative tolls. Even if an airport is allowed to do so, the implementation of such a toll
scheme can be hard, as the airport usually is not able to distinguish the business and leisure passengers (while airlines may also
have an incentive to cheat as one type of passengers will be charged a lower toll than the other).'® Therefore, the remainder of
the paper will focus only on uniform airport charge.

5. Optimal airport charge
5.1. Airline equilibrium behavior
To solve for the optimal (uniform) airport charge, we first examine the second-stage game when airlines simultaneously

choose output levels for business and leisure passengers while taking the airport charge as given. Each carrier’s objective is to
maximize profit given by:

(g qgal. . ql) = Y. (=D =Y (Pn(Q) — sD(Q) — ¢"(Q. Q) — T) - g} (12)
h=B,L h=B,L
where 7 denotes the uniform airport charge. The first-order conditions of (12) with respect to qjl are:
0T _ (pf — v’ — g WD + g, —7 =0 (13)
Tq;]—ph—h — )y + Py — WD + GG — T =

fori=1,2,...nand h, k = B, L, k # h. By imposing symmetry and using superscript N to denote the second-stage Nash equilib-
rium, (13) can be rewritten as:

1o
P+ (ohQY —TN =) 1 =0. Vh#k. (14)

15 Related to the present analysis, some road bottleneck models have also indicated that the non-anonymous second-best flat tolls should differ across types
as the marginal external costs vary across passenger types (e.g. Arnott and Kraus, 1998; Small and Verhoef, 2007). In addition, Knockaert et al. (2010) proposed
differentiated coarse tolls in the context of road bottleneck. They “exogenously” attribute homogenous road users into two-type groups, facing two different
coarse toll levels and tolling periods. One similarity of Knockaert et al.’s setting to ours is that passengers of different types can be identified and hence forced to
pay the toll associated to their types. However, unlike the differentiated coarse tolls in Knockaert et al., the pricing scheme presented in Proposition 2 does not
have the tolled and untolled periods and hence it maintains the same arrival rates as in the no-toll equilibrium but reduces queue by affecting demand only. In
other words, Proposition 2 is more related to the so-called “public time-invariant toll” (TI toll) discussed by van den Berg and Verhoef (2011); but in van den Berg
and Verhoef’s paper, this TI toll is uniform across user types.

16 An airport might price discriminate passengers based on the value of air tickets. For example, the airport can charge at a fixed proportion of the air ticket
price. However, this pricing scheme may not achieve first-best either and in many cases it may cause more distortions in congestion pricing than a uniform toll,
because the first-best toll levied on business passengers - suppose they pay higher ticket price - is not necessarily higher than that levied on leisure passengers.
For an interesting recent study on airport price discrimination, see Haskel et al. (2013).
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Thus, at equilibrium as the two passenger types are charged independently, each airline will internalize exactly its own share
of the “marginal external runway congestion” (MERC) cost. In addition, each airline will internalize its own share of the “marginal
external terminal” (MET) costs imposed by type-h passengers, and exercise its market power. The equilibrium outcomes can be
written as functions of t.

To facilitate further discussion, we define the following second-order derivatives:

LS AR 9%l ; 9%l
g 9qi and T hikj inq)’
4,04y 9q,0q;

i
Thini = PYER Thiki
h

To guarantee that the first-order conditions produce the local maximum, we assume that at equilibrium the Hessian matrix
of r'is negative definite. That is,

. Q4 4 o
Thin = 'ol/l/ +2(pp —vpD = ) — (1, Qu + Uka)* <0, and 7y — gy > 0, (15)

where n,;lkl nklhl —(D' + c” +vy D'+ ck) — (V,Q + 4,Q)D” /n < 0. The first condition in (15) automatically holds for any n
> 2, as the assumptlonp,”Qh + 2,0,1 <0 (mdlcated in Section 2) implies that (o}’ Qy/n) + ph <0.

The existence of a unique (local) Nash equilibrium requires that the stablllty condition is satisfied as well. To satisfy the stabil-
ity condition, we further assume that the maximum absolute eigenvalue of the 8q§2 /0q; matrix - that is, the matrix representing
the impact of changes in airline j’s decision on airline i’s best-response output levels - is less than 1/ (n - 1). Following the
approach in Zhang and Zhang (1996), this assumption leads to Lemma 1:

Lemma 1. Given that the Hessian matrix of ! is negative definite at the Nash equilibrium, then: (i) the sufficient condition of local
stability is that the maximum absolute eigenvalue of 8qf/8qj is less than 1/ (n - 1); and (ii) this sufficient condition leads to

B Tpigi + (N — Dtgip: gy + (1 — Dy -

T+ (M= D,y + =Dy,

Proof. See Appendix B. O
The impact of airport charges on the equilibrium traffic volumes can be obtained by differentiating both sides of (13) with
respect to T, imposing symmetry and using Cramer’s rule:

agh 1 T+ (M= Dtgg; 1) q i i i i
=— . - = *(”Bim — Ty + (= 1) (g5 — ”LliBj))’
0T Alrjy+ (=Dl 1) A

where 7} — 7wl = ppQp/n+2pp — (Vg —v)D' — (c§ — cB) — (B — k) < 0 for any n > 1. When there is a monopoly airline (n
= 1) it is straightforward to show, following Lemma 1, that 8q /0T = (”Busz LzBl)/A <0.Whenn=> 2, 8q /0T < O still holds,
because

//QB

”éisj - nLiiB] P+ pg — (g —v)D' — (c§ — ) <O.

Thus, 8Q)¥/d7 = n(dqiN/d7) < 0.
Regarding the impact of airport charge on (equilibrium) business passenger volume, Proposition 1 suggests that the sign of
8Ql’;’/81: = n(aq /07T) is in general ambiguous. The above analysis leads to the following proposition:

Proposition 3. When both types of passengers are levied a uniform airport charge, an increase in the airport charge t will reduce
the number of leisure passengers and the total number of passengers, but may reduce or increase the number of business passengers,
depending not only on time values vy, but also on relative schedule-delay costs 8, (for h =B, L).

Proof. The impact of T on leisure passenger volume has been proved above, while the rest is proved in Appendix C. O

5.2. Optimal uniform airport charge
The optimal (uniform) airport charge, denoted by 7xx, can be obtained by taking the first-order condition of the welfare
function:
dw _ow 90 aw dQ)
dr ~ 0Qz 0t = 0Q; It

From (14), we know that

=(py-T ¢B) Qg + () ¢L)3Q£V_o. (16)

:_7(th£’ N — M) + 7. Vh # k.
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Table 1
The ranges of ®N.
BL<Bs BL>PBs
9QY/at >0 DN < pN< @ (PN < 0is possible) PN > pN> pf
9QY/dt <0 PN < DN < p) PN> DN > P

By replacing p’g’ and p’L" in (16) with the above expression and rearranging the equation, the optimal airport charge should
satisfy the following pricing rule:

T — (1 _ 1)1"N + (‘l _ 1><I)N + 1MN, (17)
n n n
where
aQy QN aQy QN
ol gy o g
= fl = Xl '
aT aT

The optimal airport charge has three components. The first term on the RHS of (17) is the part of the MERC cost which
is not internalized by airlines. This component was identified by Brueckner (2002) and others. The second term is new: it is
the weighted sum of MET costs which are not internalized by airlines. The weighted average structure is common for optimal
undifferentiated airport charges (see e.g. D’Alfonso et al., 2013). Note that runway congestion never leads to such a weighted
structure, as both passenger types suffer the same amount of delay on the runway but not at the terminal. The last component is
the adjustment on market power identified by Pels and Verhoef (2004) and others. The last two components are both weighted
terms, with the weights being determined by the marginal impacts of airport charge on traffic volumes (business and leisure
passengers). Because BQ};’ /0T, the marginal impact of airport charge on business passenger volume, can be either positive or
negative while 8Q[" /07, is always negative, the signs of these weighted terms are ambiguous in general. For example, the market-
power adjustment is negative (a downward correction) when 8(2}3V /0T is negative, but it can be positive when 8Q}3\’ /0T is positive,
leading to a markup on airport charge so as to protect business travelers from the overcrowded runway and terminal by squeezing
out leisure passengers.

A closer look at the second term reveals that its magnitude and sign rely on the interaction between BQ;:’ /07 and the relative
schedule delay costs. Rewrite ®N as,

a9 QY
OV =@ + (B — ) g0 = P8 — (D8 — D) 7 (18)
I D

Notice first that the sign of ¢} — ¢Nis the same as the sign of S5 — ;. The second equality of (18) thus suggests that N > ¢l
if and only if B; > Bg. However, according to the first equality of (18), the relationship between ®N and q’){’ depends also on the
sign of Q)/0. In particular, if Q) /dt > 0, then ®N > ¢ if and only if 8; > Bp. On the other hand, when 3Q} /97 < 0, the
opposite will hold. We summarize the results of this analysis in Table 1.

Ideally, each passenger should be charged at the uninternalized cost she imposes on the others. This is exactly how passengers
are charged for runway congestion, the first component of the optimal airport charge in (17). However, this is not the case for
the terminal charge, as passengers of different types cannot be distinguished for charges at the terminal although the impacts
they impose on others differ across passenger types. As a result, a particular passenger may pay more, or less, than the amount
of externality she imposes on the others. In the former situation, the passenger is “over charged” whilst in the latter situation,
she is “under charged.” The details are stated in Proposition 4:

Proposition 4. When an’ /0T < 0, the passenger type with the higher relative schedule delay cost will be over-charged relative to
the uninternalized terminal cost imposed on other passengers, while the other type under-charged. When 8Q§’ /0t 0 and Bg > B,
all passengers will be under-charged and, if the time values differ dramatically between the two passenger types, they may even be
subsidized. When 8Qg’/8r > 0 and B < By, all passengers will pay more than the uninternalized terminal cost they bring about from
travelling.

When B = B, it can be shown that ®N = ¢§’ = ¢>ﬁ’. That is, regardless if there is one additional business or leisure passenger,
the MET cost of this extra passenger is the same. It then follows that the first and second terms on the RHS of Eq. (17) can be
combined into one single uninternalized airport congestion cost (terminal + runway), which has been derived and widely known
in literature. The conventional modeling approach which does not separate passenger runway and terminal costs will, therefore,
lose important features, unless the relative schedule-delay costs are the same across passenger types.

6. Airport concessions

The welfare-maximizing airport’s objective function then becomes:
W =Sg+Se. (19)
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where S is the concession surplus.!” We first specify S¢. During the dwell time at terminal, passengers may consume concession
goods. Following D’Alfonso et al. (2013) we assume that the utility of purchasing concession goods, u, for a type-h passenger who
arrives at the airport at time t, follows cumulative distribution, G,(u; Ty(t)),'® on the domain [0, U], which satisfies the “first-order
stochastic dominance” (FOSD) property with respect to the amount of dwell time. As the passenger will purchase only when the
utility of purchasing concession goods exceeds the price, denoted p, the probability of purchasing concessions is equal to

Gn(pe; Ta(t)) = 1 = Gp(pe; Ty (8)).
The FOSD property implies that
Gh(pe: Ty) = Gp(pe: Ty). YTy > Ty

which shows that the longer the dwell time, the more likely the passenger purchases concessions.
From the discussion in Section 3, we know that for each unit of time, s passengers will start their dwell time. Thus, the
concession demand for each level of dwell time can be written as

X4 (Pe, Ty) =5 - Gu(pe; Ty).
Then, for any 8, > By, the surplus from purchasing concession goods can be written as
o= Tatm) (W0 G Ty(tm) _
Se = / f SGy(x; z)dxdz + f B / sG(x; z)dxdz + (pc — ¢c) / SGy(pe; 2)dz + /  sGi(pe:2)dz | (20)
faltm) b T(®) ¢ Ta(tm) T (F)

where ¢, is the (constant) cost of one unit of concession goods, Ty(t) = —t = Q/s, Ty(tm) =t — (f — Qu/s) = Qu/s, and Ty(f) =
f — f = 0. Recall T,(t) denotes the dwell time of a passenger arriving at the airport at time t. Following Zhang and Zhang (1997)
we consider “myopic” passengers (using the terminology of Flores-Fillol et al., 2014). That is, they do not take concession con-
sumption into account when booking a flight and as a result, concession activities do not affect the travel demand.'®

6.1. First-best outcome

Similar to Section 4, the first-best outcomes with concessions can be derived by taking the first-order conditions of (19) with
respect to Qg, Q; and p.. Note that concession price p. only affects concession surplus; and it is easy to show that

3W 35 Td(g Td(tm)
= =—5(pc — C) f gh(pc§z)dz+f g(pe: 2)dz ). (21)
dpc  9pc 2 (t) T,

The term in the second pair of brackets of Eq. (21) is always positive and hence to maximize concession surplus, the optimal
concession price should always be set at the cost, a result that is consistent to Yang and Zhang (2011) and D’Alfonso et al. (2013).
Therefore, to simplify the analysis we assume p. = c. for the remainder of this section. Consequently, (20) can be rewritten as

[ o
S.= ﬁ / sGp(x; z)dxdz + / / sGy(x: z)dxdz.
Th Ce 0 Cc

The first-best outcomes can then be derived by taking the first-order conditions of (19) with respect to Qg and Q; as,

%=p’é—l“*—¢§+§gi=0ﬁ (22)

o =P =T =i + 5 =0, 23)
where B

s | L [6(s %) -0 )+ ) it 5

| [ Y T

17 Some papers assume that a fixed § (0 < § < 1) proportion of passengers’ concession surplus is contributed by the air travel activity (e.g. Zhang and Czerny,
2012; D’Alfonso et al., 2013). This is because not all the concession consumption is uniquely associated with traveling. Passengers will consume food and beverage
regardless if they come to the airport or not, but other concession activities could generate extra surplus. For example, passengers may shop simply to kill
time (while waiting for flights) or mitigate the feelings of insecurity and uncomfortableness due to traveling (Dube and Menon, 2000). Duty-free shops and
international brands sometimes offer product lines exclusively for travelers at the airport (Rowe, 1998). Given that the level of § does not qualitatively change
our results, we simply set it to unity. That is, all concession surplus is counted as extra contribution to social welfare.

18 Note that dwell time, Ty(t), is in effect the early schedule delay time and hence it excludes the time spent waiting in the queue. That is, we assume that
consumption of concession goods only occurs after queuing for pre-departure procedures.

19 Since certain concession services, namely car rentals and car parking, may affect travel decisions, some recent studies started to consider non-myopic
passengers who take into account certain concession activities when making travel decisions. Please refer to Section 7.3 for a more detailed discussion.
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Table 2
The ranges of TV,

Ty(tm) < Ta1 o8 Ty(tm) > T T < Ty(tm) < T

9Qy/dt >0 IN> -S> S =N > 0ispossible  EN< —S.)< —Scf
BQ‘l;/a‘[ <0 7SC£_V> DILES 755g 7SC;_V< N < 755g

The inclusion of concession surplus adds another layer of complexity to the analysis. The FOSD property of G,( - ; T;) suggests
that the marginal change in concession surplus should always be positive regardless the difference between 8y and S, because
Q/s > Qu/s and hence G (x; Q/s) > G, (x: Q/s). Thus, taking concession surplus into consideration will lead to a markdown on
the first-best airfares. However, the impact on the difference between p} and pj is less straightforward. Eq. (11) now becomes

(c§—c)Q; +/CUGL<X; QSB> —Gs(x; Q;;)CIX if Bg > B1

s
_(Cﬁ _CILS)QL* +/;UGL(X2 QSZ) —GB<X; Qf)dx if B < ﬂL'

The difference between pj and p; depends not only on the relative schedule delay costs but also on the distributions of
concession goods utility, G,( - ; Ty) for h = B, L. Torres et al. (2005) empirically compare the average concession goods expenditure
of leisure passengers and business passengers. They find that there exist two dwell time thresholds, T;; and T, (where Ty; < Tj,),
such that business passengers on average spend more on concession goods than leisure passengers if the dwell time is lower than
T, or higher than T, while leisure passengers on average spend more if the dwell time is between T,; and T,. Accordingly we
further assume that for any level of u, Gg(u; Ty) = G (u; Ty) if Ty < Ty or Ty > Typ; and Gg(u; Ty) < G (u; T,) otherwise. This
assumption, together with Eq. (24), lead to Proposition 5:

Py — b= (24)

Proposition 5. With concessions: (i) When Bg > B, py > p; if Q3/s < 1,5, while Py < p; may occur otherwise; (ii) When Bg < B,
Py <P ifQf/s < Ty, or Qf/s < Typ. while py > p} may occur otherwise.

Note that Q;:/s is the dwell time for passengers arriving at tm, at first-best, given that the relative schedule-delay cost of type-h
passengers is higher. Thus, the difference of first-best airfares does not depend on the dwell time of every passenger; rather,
it depends only on the passengers who arrive at the point of time that sets the two passenger types apart. A comparison with
Proposition 2 shows that the inclusion of concession surplus may change the passenger type which should be charged higher
at first-best to protect the other type. This is because the inclusion of concession surplus may create a trade-off between the
business and leisure passengers. For example, when g > 8, serving one more leisure passenger incurs a lower MET cost than
serving one more business passenger. On the other hand, the increase in concession surplus due to one additional business
passenger may be higher if Q} /s < le orQg/s > sz. Given such a trade-off, at first-best business passengers may or may not be
charged higher than leisure passengers once concession surplus is in concern.

6.2. Optimal airport charge

The optimal (uniform) airport charge is again derived by taking the first-order condition of (19) with respect to airport charge
7. The inclusion of concession surplus results in an extra term, XV, to the optimal airport pricing rule:

1 1 1
= (1 - H)FN + (1 - H)cb” oMY+ Y, (25)
where
N aa&ysi\g + dB&NSNL N N N aa&y N N N dog
Cl Cl
2= 30N - = _SCL - (SCB - SCL) 3({N = _SCB + (SCB - SCL) aéN ’

and S = 9sN/0Q,, > OVh e {B, L}.

The sign of =N relies on the interaction between 9Q}Y/dt and the cut-off dwell times, Ty;and Ty,. The sign of SN, — SN depends
on the dwell time for passengers arriving at the airport at t;,, i.e. Ty(ty,). In particular, if Ty(tm) < Ty or Ty(tm) = Tp, S’C\g - Sg’Lz
0; otherwise, S’C‘g - S’C"L < 0. Then, we can show that the inclusion of concession surplus does not always lead to a markdown in
airport charge (Table 2).

Given that dQ) /97> 0, when Ty(ty;) is below T, or above T,,, =N may become positive, leading to an upward correction on
the airport charge. In other cases, taking concession surplus into account will impose a downward pressure on the airport charge.

Proposition 6. When an increase in airport charge raises the volume of business passengers and the dwell time of the passengers
arriving at ty, is very short or very long, the presence of concession activities may raise the optimal airport charge.

Proposition 6 is consistent with the findings in D’Alfonso et al. (2013), but the underlying reasoning differs. Since terminal
and runway congestions are not separated in their paper, the direction of the correction due to concession surplus is affected by
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Table 3
Impacts of an increase in terminal service rate s on passenger volumes for any S, > f.

Impact (i) on Impact (ii)on  Impact (iii) on

Cases Range Ofﬂh/ﬂk Q.h Qk Qh Qk QJI QJ<
First-best Bu/Bi > (Vg +v1)°/(4vpvr) + + + - + +
Bu/Be = (g +v1)° /(4vgy) + + 0 - 0 0
(Vg +v1)*/(4vsvy) > Bu/Bi > 1 + + — _ _ _
Bu/Br=1 + + _ _ _ _
Fixed airfares BulBi > 1 + + + - + +
Bu/Bi=1 + + 0 0 + +

Note: + means positive impact; 0 means no impact; — means negative impact

the level of congestion delay which is determined by total traffic volume. In the present setting, however, as Ty(tm) = Qp/s for any
Bh > By the direction of this correction is related solely to the traffic volume of the passengers who have a higher relative early
schedule-delay cost (that is, it is not related to the volume of the other passenger type).2"

More specifically, in D’Alfonso et al. (2013) the impact of concession surplus on airport charge consists of two components:
(i) a downward correction on congestion toll to internalize the positive externality of congestion on concessions, and (ii) a cor-
rection equal to the expected concession surplus weighted by traffic volume changes across passenger types. A closer look at the
last term of (25) reveals two components as well. For example, when g > B, ch equals to the expected concession surplus

of one additional business passenger, fCHCCB(x; Qp/s)dx, plus the increment in concession surplus of leisure passengers due to

increased leisure passenger dwell time by adding one more business passenger into the system, /‘C’i [G(x; Qg/s) — GL(x; Qg/s)]dx.
As business passengers arrive later than leisure passengers, one more business passenger contributes to its own expected sur-
plus from concession purchase and at the same time pushes the arrival time of each leisure passenger a little bit earlier, thereby
leading to greater dwell time of all the leisure passengers. However, Scf’ is simply equal to the expected concession surplus of

one additional leisure passenger, fg Gy (x; Q/s)dx. Thus, when B > B, the last term of (25) can be rewritten as:

% fclj I:EL<X; QTN) - C’-<X; Q'%V)]dx da%?’ fcbcl CB(X; Q'Ty>dx + dB%N fclcl C’-<X; QTN)dx
- QN B 20N '
at T

The first term of (26) corresponds to the first component in D’Alfonso et al. (2013) mentioned above, indicating the correction

due to changes in dwell time. Unlike their findings however, this term is not a clear-cut downward adjustment. Instead, when

an/ar is positive, this term becomes a markup.?! That is, to increase the dwell time of leisure passengers, the airport has an

incentive to charge more (less, respectively) and attract more business passengers when BQ};’ /0T is positive (negative, respec-

tively). The second term of (26) corresponds to the second component found by D’Alfonso et al. (2013), indicating the correction

due to changes of expected concession surplus as the composition of the two passenger types changes, which can be either
positive or negative.

(26)

7. Discussions and policy implications
7.1. Impact of terminal investment

The difference in terminal and runway congestions also has policy implications for terminal capacity investment. As the
interaction between runway and terminal congestions is complicated, a comprehensive study on the investment-related issues
deserves a separate paper. However, as the first step to such a future study, we examine the impact of terminal expansion, i.e.
an increase in terminal service rate s, on passenger volumes in two cases: (a) when airfares are fixed; and (b) when airfares are
determined at the first best.22 We abstract away the concession surplus and further assume D” = 0.23 As shown in Table 3, in
both cases, an increase in terminal service rate s will affect passenger volumes via three channels (please refer to Appendix D
for details): (i) a direct increase in passenger number which relates to passengers’ sensitivity to price; (ii) a positive or negative
impact due to the interaction between the terminal and runway congestions; and (iii) a positive or negative impact due to the
interaction between passenger types at terminal alone.

20 The result that the presence of concessions may lead to a markdown in airport (aeronautical) charge is also consistent with Czerny (2006) who showed
that concession services raise the passenger demand and hence, the aeronautical charge can be increased with concessions relative to the situation without
concessions. Note that Czerny (2006) examines cases where certain concession activities, such as car rental and car parking, may also affect passengers’ travel
decision, while both D’Alfonso et al. (2013) and the present paper assume a unidirectional relationship between aeronautical services and concession services.

21 This term will be a markdown only when B3 < f;.

22 The effect on equilibrium passenger volumes determined by airlines is far more complicated than the first-best case, but the first-best case is enough to
serve the purpose to illustrate the special features of our model setting.

23 Inclusion of D” simply adds another higher-order term which imposes exactly opposite impacts on the two passenger types.
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Fig. 3. Numerical example for the impact of s on first-best passenger numbers (s = 1, ag =27, a, =10, by =0.4, by =01, 13 =7, v, =1, B, =0.1 and B; €
[0.13,0.2]).

When airfares are fixed, if runway is not congested (D’ = 0) or if terminal congestion can be modeled the same way as runway
congestion (B = B), impact (ii) will disappear and the decrease in the number of type k passengers would never occur. This
indicates the importance of the subtle interaction between terminal and runway congestions. An increase in terminal capacity
leads to a direct reduction in terminal costs for both passenger types and hence an increase in the number of both types. The
increased passenger numbers interact with runway congestion in two ways. First, an increase in type h passengers raises runway
congestion suffered by type k passengers, which causes a downward pressure on the number of type k. Second, an increase in type
k passengers also suppresses the number of type h to reduce runway congestion which in turn induces more type k passengers.
When g}, is substantially larger than By, the negative impact triggered by type h’s terminal cost savings dominates the positive
impact triggered by type k’s terminal cost savings. The above discussion leads to Proposition 7.

Proposition 7. For given airfares, for any B, > B, as the terminal service rate (s) increases owing to terminal investment, then: (i) the
total number of passengers will increase; (ii) the number of type h passengers will increase; but (iii) the number of type k passengers
may decrease and the reduction is more likely to occur if the difference in B, and B, gets larger and the marginal congestion on runway
is more severe.

Proof. See Appendix D. O

When airfares are set at the first best, if the /8 ratio is below a certain threshold, impacts (ii) and (iii) can be negative for
both passenger types which never occurs in the fixed-fare case. Note that when D’ = 0 and B}/ = 1, our model is reduced to
the case of pure runway congestion and impact (ii) disappears. Then, at the first best, impact (iii) is always negative while it can
be positive when f,,/Byis far above 1. This reveals one difference in terminal and runway congestions: runway expansion is more
likely to impose downward pressure on passenger volume while terminal expansion has an opposite effect if passengers differ a
lot in relative schedule delay costs.

One counter-intuitive observation from Table 3 is as follows. When airfares are set at the first best and the relative sched-
ule delay costs do not differ a lot between passenger types, an increase in terminal service rate is likely to impose a down-
ward pressure on first-best passenger numbers. Although it is straightforward to prove that at least one of the passenger types’
number will increase as s increases, it is still possible that the total passenger number at the first best may decrease. This phe-
nomenon can occur even when the runway congestion is non-existent and gets enhanced when the runway congestion is severe.
Fig. 3 illustrates one numerical constellation of such phenomenon with linear demands and no runway congestion, i.e. p,(Qp) =
a, —bpQy and D’ =0, h € {B, L}. When fj is below 0.17 which is very close to B, an increase in terminal service rate induces
more business passengers but fewer leisure passengers at the first best, and the total number of passengers also decreases. How-
ever, as B increases above 0.17, the positive impact on business passengers gradually dominates the negative impact on leisure
passengers and when B approaches to 0.2 both types of passengers increase.

The above phenomenon can be explained in the following way. An increase in terminal capacity will reduce terminal costs for
both passenger types and the terminal cost saving for business passengers is larger than leisure passengers. As a result, the social
planner has more incentives to increase business passengers than leisure passengers. Since 8's measure the relative schedule
delay costs (compared to queuing costs), when By is close to §;, the reduction in schedule delay cost for business passengers is
not large enough to attract an optimal number of business passengers. Thus, the social planner will have to reduce the amount of
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leisure passengers to reduce the queuing costs further for business passengers. As a result, at the first best the number of business
passengers will increase due to terminal capacity expansion at the cost of the leisure passenger number; and it is possible that the
total passenger number will decrease even if the terminal capacity increases. When S is far above g, the reduction in schedule
delay cost for business passengers is already large enough to attract the optimal number of business passengers, leaving some
space for the increase in leisure passenger number. Thus, the numbers of both passenger types will increase.

7.2. Benchmark case with time-varying terminal fine toll

In the social optimum, the terminal queue is eliminated by a time-varying terminal fine toll. That is, each passenger pays a
toll according to her time of arrival at the terminal and the amount of the toll reflects the corresponding queuing time savings
and hence decreases in the schedule delay. Consequently, the total terminal cost (TC) borne by the society is the same as total
schedule delay costs (TSDC). Following Arnott et al.’s (1994) rationale, at social optimum the passenger type with higher schedule
delay cost will arrive at the airport later than the other type. Thus, the arrival sequence depends on v, 8. In particular, if vg 8 >
v B, business passengers arrive closer to the gate closing time, {; otherwise, leisure passengers arrive after business passengers.
We use & and ¢to denote terminal costs, i.e. schedule delay cost plus time-varying toll, incurred by individual business and
leisure passengers respectively.

As shown in Appendix E, after levying the time-varying fine toll, the marginal cost to the society after adding one particular
passenger is the same as the cost borne by this additional passenger. As a result, there is no need to make any correction on the
first-best airfares as terminal side externality has been fully internalized by the time-varying fine toll. In a word, after imposing
time-varying toll at the terminal, the ¢; term in Egs. (9) and (10) will vanish and the differentiation in first-best airfares indi-
cated in Proposition 2 will disappear accordingly when concession surplus is not a concern. Nevertheless, different from Czerny
and Zhang (2011), in our setting business passengers do not necessarily incur a higher generalized cost (full price) than leisure
passengers under this time-varying toll arrangement, because although business passengers incur higher runway cost (vgD >
v; D), they may incur a much lower terminal costs, i.e. & can be smaller than é& when vz < v; 8] holds.

However, when it comes to the behavior of airlines, the equilibrium fare does not take into account the correction made
by the terminal fine toll and an airline will continue to charge the part of MET proportional to its market share. That is,
pY =1 — (p,QN — TN — @N)/n, where ¢y = Qu! + Q& =&, Vh = B, L. Thus, airlines over-internalize the terminal externality
unless n — oo and the second-best airport charge will involve an adjustment to partially correct airlines’ over-internalization
of terminal external costs (see Appendix E for details). This adjustment tends to be a markdown unless the marginal effect of
runway congestion is very strong and business passengers’ schedule delay costs are much larger than leisure passengers. In the
latter case, a markup is needed to further restrict the number of leisure passengers and induce more business passengers so as
to compensate the over-internationalization caused by airlines.

7.3. Travel decisions and concession activities

In Section 6 the model setting for concession activities follows the “conventional” approach which assumes that passengers
do not take benefits obtained from concession services into account when making their travel decisions. Several recent papers
examine cases where certain concession activities, such as car rental and car parking, may also affect passengers’ travel decision
(e.g., Czerny, 2006, 2013; Czerny and Lindsey, 2014; Flores-Fillol et al., 2014; Bracaglia et al., 2014; for a related empirical study,
see Czerny et al., 2015). In those cases, concession activities as well as concession prices will affect aeronautical surplus. However,
it is still unclear to what extent concession activities at the airside after security checks and passport controls can affect travel
decisions. Information about products and non-aeronautical services available at the terminals is relatively limited. Passengers
may have little knowledge about the prices of these concession activities when purchasing their air tickets, though they can
check for car rental and parking prices before booking a flight. In other words, the airport tends to have a better knowledge on
an average passenger’s concession demand at the terminals than passengers do. Most likely, passengers would not reveal their
airside concession demands until they are physically at the terminal. Given that our focus is on the concession activities carried
out during the dwell time after security checks, it is, we believe, more reasonable to assume that concession activities do not
affect travel decisions in this paper.

Nevertheless, it remains interesting to see how our model can be modified if concession surplus does affect travel decisions. If
passengers take their concession surplus into account when booking a flight, concession surplus will, as expected, affect airport
arrival decision. In particular, an individual passenger will choose an arrival time, t, which minimizes the terminal-related net
cost, i.e. the sum of terminal cost minus concession surplus:

g ) =T + By - E =t =T(t)) — /u Gy(x;t —t —T(t))dx, Yh e {B,L}. (27)
pe
Then, assuming (27) is convex in t, at equilibrium we have:
T'(t) = Buvh — By (f —t =T (1)) s
Vh(1 = Bn) +Bu(E -t = T(1)) 1— (By—BuE -t =T(©)/vy)

where B, (Ty) = [ ac (3G, (x; T;)/0T;)dx > 0, following the FOSD property. Thus, the functional form of G, (u; T;) will affect the
arrival pattern which will further affect the concession demand via change in T,. If B,(T,) is larger than the schedule delay

andA'(t) =
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costs, passengers prefer coming to the airport as early as possible and then there may not exist a pure strategy equilibrium. In
a more likely case where By(Ty) is less than the schedule delay costs, then some features of the current model will preserve.
For example, the last arriving passenger incurs zero dwell time while the first arriving passenger incurs zero queuing time.
However, the passengers’ arrival pattern can be very complicated. Therefore, a more specific form of Gy, (u; T,;) would be needed
for a comprehensive study on the passengers’ terminal arrival behavior, which deserves a separate paper in the future. Note that
if there is an equilibrium at the terminal, then each type h passenger should incur the same amount of terminal-related net
cost which is also a function of Qg and Qy, i.e. g"(Qg, Q;). Then, the first-best airfare will not have the 3S*/9Q; markdown as
suggested in Eqgs. (22) and (23), but the adjustment on concession activities won’t disappear, since it will be embedded in the
terminal-related term (i.e. the previous ¢}).

8. Concluding remarks

This paper has treated terminal congestion and runway congestion separately, and studied its implication for the design of
optimal airport charges and terminal capacity investment. To capture the difference between these two types of congestion, we
have adopted a deterministic bottleneck model for the terminal and a conventional congestion model for the runways. We found
that the inclusion of terminal congestion leads to the first-best results that differ from the ones in the literature. In particular,
the welfare-optimal uniform airfare does not yield the first-best outcome. The first-best fare charged to the business passengers
is greater than the leisure passengers’ fare if and only if the relative schedule-delay cost of business passengers is higher than
that of leisure passengers. If concession surplus is taken into account, the comparison between the first-best fares charged to the
two passenger types will depend further (in addition to their relative early schedule delay costs) on the dwell time of passengers
who arrive at the airport at time t.

We have also examined the impact of an airport charge on equilibrium traffic levels and derived the optimal uniform airport
charge. We showed that when both types of passengers are levied a uniform airport charge, an increase in airport charge will
reduce both the number of leisure passengers and the total number of passengers, but may reduce or increase the number of
business passengers. Furthermore, the structure of optimal charge suggests that in terms of the terminal charge, passengers will
be under-charged or over-charged and the conditions for either to happen are identified. Finally, when comparing the airport
pricing rule with the one found in literature, we found that if the volume of business passengers increases in airport charge, the
airport will raise rather than reduce the airport charge in order to lengthen leisure passengers’ dwell time and hence increase
their chance of purchasing concession goods. Furthermore, we derived the optimal uniform airport charge in the benchmark
case where besides this uniform airport charge, a time-varying fine toll is also levied to eliminate terminal queues. Then, in this
benchmark case, although both passenger types should be charged a uniform airfare to only internalize the runway congestion
externality, airlines have incentives to over-internalize the terminal externality. As a result, the airport in general needs to correct
this airline behavior by lowering the airport charge unless the number of business passengers increases as the airport charge
increases and the business passengers’ schedule delay cost is far above the leisure passengers’.

As clearly shown in this paper, our treatment of terminal congestion and runway congestion in an integrated model gives
rise to some new insights about optimal airport pricing. One advantage of this integrated approach is that it explicitly models
passengers’ behavior in the terminal and relates concession purchases with dwell time rather than just terminal congestion
delay. Given the increasing importance of airport concession services, it is important to have a clearer picture of the behavior
of different passenger groups in the terminal. The present paper offers a first step of this attempt. There are several potential
avenues for future studies. For example, the paper assumes all passengers go through the same line. Some airports may provide
dedicated express lines for frequent flyers or first-class and business passengers. To incorporate this, the present model can be
modified by having two separate bottlenecks. Another instance would be to empirically test whether the predictions of passenger
behavior fit the reality. The idea can also be extended to incorporate continuous passenger types and multiple preferred flight
departure times.

Our model can also be extended to study the interaction between berth congestion and yard congestion in the seaport in-
dustry, with individual truck arrivals at the port before the gate “cut-off” time and various types of container cargo. Finally, our
model setting has important policy implication for future terminal investment. Our analysis suggests that increasing processing
speed at the terminal (i.e. increasing terminal capacity) may not always lead to an increase in passenger volume. When there
are multiple types of passengers, to achieve first-best, reduction in the volume of one passenger type may have to exceed the
increase in the volume of the other passenger type, leading to an overall drop in passenger numbers. This tends to be mitigated as
the difference in the relative schedule delay costs increases. Therefore, an increase in terminal capacity should be matched with
an increase in total passenger volume only when passengers differ a lot in their relative schedule delay costs. This observation
sheds new light on possible future studies that examine the interaction between investment and pricing decisions as well as the
interaction between terminal and runway investments.
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Appendix
A. Proof of Proposition 1

Under laissez-fair situation, differentiate both sides of (7) with respect to pg and use the Cramer’s rule. We obtain

_ ,O/B — gD’ — Cg —vgD’ — Cf

V=
—y D' —ck p'L—vD —ct
= pppi — Pp(viD’ + cf) — pf (veD' + c§) + viD'(cj — ¢f ) + vsD'(cf — cf) + chet — cfcg > 0.
905 1, 905 1
a—=—(pl—uD —cf) <0 and —— = —(nD +cf)>0.
38 I/,('OL L D) < apL 1/,(L 1) >
Similarly, % = %(p{; —vgD' —cf) <0 and g—gg = %(UBD/ +¢f)>0. and gg; = %(UBD/ +¢cf) > 0.

Under uniform pricing, pg = p; = p. Differentiate both sides of (7) with respect to p and use the Cramer’s rule. We obtain:

aQL_aQL aQL_l ;o _ /(B AL
Bip_aipg—kaim_w(pt} (vs — v)D' — (cf — cp)),

0Qg 0Qg ,0Qg 1, /(L B
Tp_rm+Tm_E(pL+(vB_UL)D — (g —c )

Note that

5 1 |Bevs—Bivn)/s>0 if Bp> P d_ o —(Wp—v)Bi/s <0 if B> P
Cp—Cg = . and ¢ —¢ = .
(vp—v)Bp/s >0 if Bp<pBi —(Bpvg— Bvr)/s if By < Br
The sign of Bgvp — B, is ambiguous when Sg < B;. Thus, %% < 0 and the sign of %‘*is unclear.
0Q 0Qg 0Q 1
3= dp tap ~ g PetPi- @D (d-cp) <o

B. Proof of Lemma 1

Hessian matrix of 77'is negative definite is equivalent to )., . < 0 and 7}, 7}, . — why 7wl
(i) The sufficient condition of local stability

Following Zhang and Zhang (1996), we derive the sufficient condition for local stability. From the first order condition (14),
we have for each airline

k.
Ty

i
To derive the best response functions at the Nash equilibrium, let q; = [ Z? | be the vector of equilibrium quantities of airline i
L
= 1,...,n. Then, we have

i i
fi | eisi eiLi
aq; | i i |

i Tuigi it

and due to symmetry, for any j, k # i,

fi dfi |:T[I;iBj ”éiLj:|

> 0.

9q; g Mg T
Then,
LTV A )
T qj g af; af;
Df)(q_:: q;) = —_——— = — .
( fl)(q ! Q1) (n—1)identical2x2 matrix |:aql aql

J#
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iR
Denote qf = 352 | as the vector of best response functions for airline i. Then,
L

-1
R
i _ | agt at | _ | 9fi dfi
9q_; %41 94 aq; 9q_;
(n—1)identical2x2matrix
J#
For a certain rival indexed byj # i, its impact on airline i’s best response outputs is
iR iR
i i 1 1 - 1 1
gt dqy dq) Tigi ThiLi Tigj TpiLj
aq; R a4k || , . ,
J d d i i i i
qu qu g T Tigj Lty
dqy  9q;
i i i i —a -b
1| T 7B Tgigj TBiLj A A
T A i i i N B dl
Tl Tpipi Mgy Tyt T =

where

S ) ; ; ; i
A= TgigiT it — Tgini T Lii > 0 (due to negative definite Hessian of 7r')
b4, SR A £

4= Tpip; l:iLi BiLi"'LiBj
b= ”éiLj”_LIiLi - ”éiLi”L'_iLj
= ”z'ajsi”i;sj - ”iisi”éisj
d = TpipiT0pir; — T1igi it j

Similar to Zhang and Zhang (1996), we denote the 2n x 2n best response matrix as

i 9qf 9qf [ 9af i
0 rr tr r 0 .. 0 0 I g
agk . . agk . .

| 99 _ dq; . —R-E
. agr
R R aql R ' . ‘

8& ai 0 0 0 dq; Lo 0

| dq; aq; 4 L aq; |

Note that [|T’||p < [[Rllp - lIEllp = (n=1) - [IR|p. Thus, [R]|, < n]j implies [|T'||, < 1, i.e. the local stability condition. Since
9aR

that R is a diagonal matrix, then [|R||, = 1mkax IR kllp = |l g% ||p. Therefore, we get the sufficient condition for local stability:
=K=n J

gk . . e . . . . . . aqR

dps.t.|| B—Z‘_ lp < nlj This sufficient condition is equivalent to max |A| < ﬁ in which A is the eigenvalue of 8—3’_.
) J

(ii) This sufficient condition leads to A > 0

R —a _ —=b
Since det (3% —Ay =14 4 AI =0, we have A2A2 + A(a + d)A + ad — bc = 0. Solving this function, we get the two eigen-
J A —

ST
/ 2
values: A = w. Thus, the sufficient condition is equivalent to
2
la+d|++/(a—d)” +4bc 1
. B.1
2A “h-i (B1)
After some tedious algebra, we can show that

max |[A| =

(a+d)? - ((a —d)* + 4bc> = 4A(7Tz§i3j77ZiLj - ”éiLj”LiiBj)-

Note that
- i »Qp / B_ B
TTgipj — Tpirj = Pp= T Pp = (cg—c) <0
Q

i i 4 / L L
Thitj — Tuipj = Py +pp—(cg—cp) <0
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i i ;
Therefore, nBlBj < nB,L] <0and ”m; Tigj < 0, which implies that nB,B]nLILJ gyt i T Lipj > 0. Then, we can rewrite
p - (a+d) —((a—d) +4bc) >0
BiBj 7t LiLj ~ TBiLj7tLiBj = A :

We can also show that
A=A+ n-1)(a+d)+ (n—1)>(Thy7]y — Thy Thip;)

Ifa+d > 0, it is obvious thatA > 0.
Ifa+d < 0, we have

A=A-(n-1Da+d|+n—1)> kgl ; — Thy i Tlis;)
(a+d)? - ((a _d)? 4bc)
4A

(n—1)%a+dP? ) (n—l)z((a—d)2+4bc)
4 4

=A-(n-1l]a+d|+ (n—1)?

— |2 -(-1DAla+d| +

>

! (n—Dla+dl\’ (”—1)2((a—d)2+4bc)
= - A— i B .

| =

(n—"Dla+d| (n—1)/(a—d)*+4bc (n—1Dla+d (-1 (a—d)*+4bc
A— + A— —
2 2 2 2

Inequality (B.1) implies that both brackets in the above expression are positive, which means that A > 0.
C. Proof of Proposition 3

The impact of airport charge on the number of business passengers is
T gy + (= Dy,

1 mly+ (- l)nZiLj

1 ” 8

g 1

it A

1, . . ; ;
= Z(”Lliu = Mg+ (0= 1) (T — )

From Proposition 1, we know that the sign of aQB is ambiguous and hence the sign of %’3 =n d;}B is ambiguous as well.

aQN  aQy QY 1, » ,
B 97 T 9 - Z(PBQB+PLQL+(H+1)(P1§+/)L_ (Cg—Cf)—(Cf—Cé))) <0

D. Impact of terminal capacity increase on passenger numbers

(a) Proof of Proposition 7: impact on passenger numbers given fixed airfares

905 1 acB/os  —upD — b 9Qs 1 |Pg—vsD' —c& 9cB/as
Is ¥ |dcl/ds p,—uD —ct s ¥|_yD —ck act/ds|
where ¥ > 0 as shown in Appendix A. Therefore, for any B, > By, since cBct — cBck > 0, it is straightforward to show:
d 1 —
ETQsh = 1’0S[c",o,/<+ (B S ’Bk)v nVeQuD’ + (click ckch)QJ,}
d 1 -
8%( ws[ pp — (B 5 ’Bk)v QD' + (chick — ckch)Qk}
BQ 1 B ./ L7 B L
35 = %[—c of — cpp+ (chef — cfep) Qs + Q)] > 0.

109

Note that dQ,/ds, the impact on passengers who have smaller relative schedule delay cost and hence arrive earlier, can be
negative if D’ is far above zero and B;, — f; is very large. That is, if S5 = B or there is no runway congestion(D’ = 0), the terms

related to D’ in the brackets will disappear and hence dQg/ds > 0 and 9Q;/ds > 0 will both hold.
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(b) Impact on first-best passenger numbers without concession surplus

Differentiating both sides of Eqs. (9) and (10) with respect to s, dQ}/ds and dQ;/dscan be obtained by solving the following
two equations.

057 dQy 9y dQ 9y 0% dQ;  9shdQ; 0%
9Q2 ds T 9Q9Q ds  0Qu0s 9Q:0Q ds ' 9Q7 ds Qs

Since 3S2/0Q7 < 0, 8S2/0Q,z0Q, < Oand 3SZ/9Q, ds > 0 for any h e (B, L}, it is straightforward to show that either dQj/ds or
dQ;/ds(or both) have to be positive.

A _Lin+@+0ol

2 2 962 . ..
953 05 (353551(21 )2 > 0, as required by the second-order condition.

B+
M=y

QD' Bs _ s +w)’ e Wsrv)’ Py
4 - 2612~ >0 if 222" o1, <0 if 2L
[ VgV B — (Vg + V1) .BL] 2 =0 i ﬁL dny, T 0 1 T ,BL

@ =[-8~ 1) Bss — 200 + 00~ B)Q 5 <O i fis < B
paD

[4UBUL (UB + UL) ]

3) = |:4C§CIL‘ — (cf + ) ] QSB

<0 if Bp=p=p

ﬂLQB o B (wp+w)’ ) o W)’ B
U, B — s Ws+l) g, We V) _ Pp
[4vsv1Bs (vB+vL)ﬂL] if 5 > > 1 <0 if a, B >1
L BVL BVL L
= 4UBUL,3L*(UB+UL) ﬂg ﬂBQB if ﬁ2M>‘1;<0 if M>ﬁ>l
B 4ugy, 4vgy B
B BVL BVL B
2
[4veve — (vg +11)?] f‘s?B <0 if Bp=pi=p
Similarly,
dQ; 1. .
O Lo+ i+ )
where
()= -0
[~ — 17 ~ 2000 4 1) (B — Q] 5 <0 i o i
i) — QD B wstw)® | o Werw)’ B
(ii) [4vsvLfL — (Vs + v1) ﬁg] 0 if Bz d 1; <0 if " B
[4vsvL — (U5 + UL)Z] <0 if Bg=pL=p
(iif) = [4cgcf —(+ cg)z]% = % -(3)

E. Airfares under time-varying terminal fine toll
When v 85 > v, By, the total terminal cost imposed on the society is:

2 2 2
TC = TSDC = VBﬁgf + vLﬂL%

aTC Qs

JdTC
90 = UBIBB

+UL,3Lf, and QL ZUL,B]_;
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Since the first arriving leisure passenger pays no terminal toll%* and the cost paid by each leisure passenger (terminal toll plus
schedule delay cost) is the same at equilibrium, each leisure passenger incurs the following cost at terminal with time-varying

toll is:
o aTC
¢ = m% =30

Thus, the time-varying toll incurred by the first-arriving business passenger who arrives the airport at time ty, is:
N Q Qs Q
r(tm) = ¢ — SDCy(tm) = VL,BL? - UL,BL? = UL,BL?

Therefore, the cost incurred by the first and each subsequent business passenger is:

. aTC

& =r(tm) + SDCy(tm) = VLﬂL% + VB.BB% = FIoN
Similarly, when vgBp < v, B;, we have the following:

. aTC aTC

CBZUB/SB 8QB anch_vLﬂL +U3ﬂ3% = E

(a) First-best fares without concession surplus
The first-best fare is achieved by differentiating the following aeronautic surplus:

W=s,= Y / Pr(x)dx — 1,D(Q)Q, — TC.

h=B.L
The first-order conditions of the above function are:
ow . o .
30, =pi—D—-&-T*=0, Vh=B L

Thatis, pj = p; =T
(b) Nash equilibrium airfares and second-best airport charges without concession surplus
An airline will maximize the following profit function:

T @h i al o d) = Y (0n(Q) — 1D(Q) — E(Qs Q) — 7))y

h=B.L
The first order conditions lead to:
aj'[i N . N .
3~ (pj, — vaD’ — &gl + p, — (WD’ +&)gl — 7 = 0.
h

Thus, the equilibrium airfare will be:

1 -
py=1- E(p,;Q,’;’ —TN—¢}), Vh=B.L where ¢, = Q + Qcf =",
Second-best airport charge (excluding the time-varying fine toll) is derived from the following equation:
dw 39S, 9Q)  9S, 9QY 8Q§’ QN
—— =t = N rM—=-o
T =90, 9 Tag o~ P (T
That is,
1 - aQy 1 - 9
(r — —(ppQf — TN - @F) - I‘N)—QB + (r - (plQf -~ TN - ¢") - r”) o'
n aT ot
a9 N ~ ] N ~
TP+ TPl
aQN :
T
The second term in the above equation is an adjustment to partially correct airlines’ over-internalization of terminal external
costs. Since the logic applied in Lemma 1 still holds with time-varying terminal toll, the following will hold:

™ — (1 _ 1)1’” _ 1&)” + 1MN, where ®N =
n n n

8 lN "

L = X (PhQu+ (n+ 1 — (14 Dy =)D — (04 (& — ) <0
8 lN "

I = (Pl (n+ D+ (1 D (W~ 1D — (1 1) (& — D),

where A > 0. As & CL - CL >0, 6q /0T can be positive only when the marginal runway congestion is very severe. Note again that
9aQN/9t < 0 always holds.

24 To achieve the social optimum, it is not necessary to charge the first-arriving passenger zero time-varying tolls. Rather, the social optimum can still be
achieved by adding same amount of toll to all the passengers. However, since this uniform addition of toll is merely an internal transfer and can be rebated to the
passengers via reducing the first-best airfares, for simplicity and without loss of generality, we set the terminal toll levied on first-arriving passenger to be zero.
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