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Abstract7

This paper investigates the effect of airport expansion on air traffic and its implications on airport congestion, air-8

line competition and the social welfare, considering various airport administrative regimes (i.e., profit-maximization,9

social welfare-maximization, and budget-constrained social welfare-maximization), airline market structures (i.e.,10

perfectly competitive, oligopoly, monopoly, leader-follower), and passenger demand patterns (i.e., regard airlines as11

perfect substitutes or imperfect substitutes). We develop an analytical tri-level model to examine the air traffic equi-12

librium in the airport-airline-passenger system, the effect of airport capacity expansion on the traffic equilibrium, and13

the decisions of different stakeholders. Specifically, we examine the airport’s decisions on capacity investment and14

charge policy in the first level, airlines’ decisions on flight volume and airfare in the second level, and the passenger15

choice equilibrium in the third level. The analysis in this paper suggests that (i) airport capacity expansion may induce16

the airline market to over schedule flights which leads to a more congested airport (i.e., capacity paradox); (ii) with a17

given airport charge, the capacity paradox is more likely to occur in an airline market with fewer competitive airlines;18

(iii) given the same airport capacity and traffic, the capacity paradox is more likely to occur when the airport operator’s19

objective is social welfare-maximization (compared with profit-maximization and budget-constrained social welfare-20

maximization); (iv) airlines with market power will internalize a portion of airport congestion based on their market21

share, while a leader airline with the knowledge of the follower’s response will scale up or down their airfare in order22

to maximize its profit; (v) under different market structures, increasing airport charge always reduces the aggregate23

traffic volume when the airport capacity is fixed.24
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1. Introduction26

In recent decades, with the increasing volumes of passengers and flights, air traffic congestion has become increas-27

ingly severe in aviation systems worldwide. In year 2019, about 46.4% of flights in Europe experienced departure28

delay, and 19% of flights in the United States experienced an arrival delay larger than 15 minutes.1 The estimated29

economic impact induced by flight delays worldwide was about $60 billion a year (Gopalakrishnan & Balakrishnan,30

2021). Many studies have proposed solutions to relieve congestion from the demand side through congestion pricing31

(e.g., Brueckner, 2002; Zhang & Zhang, 2006; Czerny & Zhang, 2011) and slot auction (e.g., Le et al., 2004; Fukui,32

2010). These solutions can help relieve congestion, but only to a certain extent due to the capacity constraint of the33

supply side. An airport’s capacity is primarily determined by its number of runways. It is difficult to schedule more34

flights than the maximum slots available beyond the designed runway capacity, owing to strict safety requirements35

and operation standards (De Neufville et al., 2013). In this context, many airports decide to expand their capacity to36
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1These facts are based on data from the Eurocontrol website (https://www.eurocontrol.int/sites/default/files/2020-04/eurocontrol-coda-digest-
annual-report-2019.pdf)
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relieve congestion and meet the soaring demand in the future. Hong Kong International Airport (HKIA), for example,37

has its third runway under construction. The maximum capacity of the existing two-runway system in HKIA is about38

420,000 flights a year. There will be a gap of about 182,000 flights if the capacity remains constrained by 2030.239

However, airport expansion is also criticized for the huge labor and capital investment and long gestation period.40

Winston (1991) has commented that the high cost and long lead-times associated with expansion projects suggest that41

society will be faced with a difficult and expensive catch-up task if it commits itself to reducing air traffic congestion42

or boosting the regional economy by building the new runway. It is important and necessary to carefully examine the43

effects of airport expansion, considering multiple stakeholders such as the airport, airlines, and passengers.44

Extensive studies have been carried out to examine the spillover impact of airport expansion on the regional45

economic boost in terms of the employment or productivity growth (e.g., Brueckner, 2003; Sellner & Nagl, 2010;46

Gibbons & Wu, 2017; Fu et al., 2021) and agglomeration effects (e.g., Graham, 2007; Graham & Van Dender, 2011).47

As Zhang & Graham (2020) reviewed, the potential stimulating effect of an expanded airport on the local economy48

is the major argument of proponents, and they concluded that both in developing and developed economies, the49

causality from air transport to economic growth exists. This conclusion is supported by a series of empirical studies.50

For example, Fu et al. (2021) investigated the impacts of airport activities using real data in New Zealand’s airport51

system and suggested that aviation activities positively affect regional economies. Brueckner (2003) estimated the52

potential employment growth in the Chicago area to be above 5% (almost 200,000 jobs) for a 50% increase in air53

traffic, given the proposed doubling flight capacity.54

However, little attention is paid to the impacts of airport expansion from the microeconomic perspective. There55

is a growing body of microeconomic analysis in the air transport literature, for instance, airport pricing (e.g., Zhang56

& Zhang, 1997; Fu et al., 2006; Oum & Fu, 2007; Zhang et al., 2010; Yang & Zhang, 2011; Czerny & Zhang, 2014;57

Yang & Fu, 2015; Wan et al., 2015; Kidokoro et al., 2016), airport-airline structure (e.g., Francis et al., 2004; Oum58

& Fu, 2008; Fu et al., 2011; Xiao et al., 2016), air-rail competition and cooperation (e.g., Yang & Zhang, 2012;59

Jiang & Zhang, 2014; Takebayashi, 2015, 2016; Xia & Zhang, 2016; Jiang et al., 2017; Wang et al., 2018; Xia et al.,60

2019; Takebayashi, 2021; Li et al., 2022) and so on. The airport expansion can have substantial impacts on both61

airlines and passengers, as a number of adjustments to the operation procedure of passenger and cargo services, air62

traffic management, aircraft handling, and so forth are expected to respond to the airport expansion, and passengers63

will respond to the aforementioned changes when making travel choices. Fageda & Fernández-Villadangos (2009)64

reviewed the relationship between airport capacity and airline competition. Their results suggested that the removal65

of airport capacity constraints does make airlines more competitive, but only at large airports that are not hubs of66

network carriers. Dray (2020) reviewed the actual expansion impacts on aircraft size, flight frequency, number of67

carriers and destinations with empirical data.68

The effect of capacity expansion on congestion is less studied. Intuitively, airport capacity expansion relieves the69

capacity constraint to some extent and is expected to reduce air traffic congestion. Nevertheless, reality does not always70

run as expected. In road transport literature, researchers have identified different capacity paradoxes, in the sense71

that adding capacity to the road network or transit service network produces counter-productive results if the traffic72

inducing/diverting effect outweighs the direct benefits of capacity expansion (Duranton & Turner, 2011; Graham et al.,73

2014). According to Zhang et al. (2014, 2016), the effect of road expansion in a bi-modal system depends on not only74

the fare decision, but also how the transit operator changes the service frequency in response to the road expansion and75

how travelers choose their travel modes between car or transit. Operators with different economic objectives generally76

will react differently to road expansion, which can lead to diverse outcomes. Analogously, capacity expansion at a77

congested airport can have a substantial impact on the existing market conditions in the aviation system. The effect78

of airport expansion should be systemically examined given that we may have different market structures for airlines,79

different flight frequency and airfare decisions, and different passenger choice equilibrium (e.g., whether to choose80

the airport in concern to travel or not, and which airline).81

The most relevant studies to this paper are the analytical studies on airport/airline capacity and pricing strategies.82

In Table 1, we summarize the problem setting and key issues of the relevant references and compare them with this83

paper. Brueckner (2002) was one of the earliest studies that analytically investigated the congestion internalization84

and congestion pricing in different airline markets. Following studies extended this research to different contexts, e.g.,85

2These facts come from the Legislative Council of Hong Kong Special Administrative Region of the People’s Republic of China
(https://www.legco.gov.hk/yr10-11/chinese/panels/edev/papers/edev0610cb1-2364-1-c.pdf)
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Brueckner & Verhoef (2010) investigated the regulator’s different airport charge policies and the influences of the86

airline market on airport charge; Liu et al. (2022) investigated the airport pricing and regulation issues in the presence87

of passenger demand uncertainty. Apart from pricing choices, some studies also considered the airport capacity88

decision. In particular, Zhang & Zhang (2003) and Zhang & Zhang (2006) investigated the timing of airport expansion89

and the size of airport capacity investment in different airport regimes, respectively. Zhang & Zhang (2010) introduced90

the concession operation into the airport capacity choice. Xiao et al. (2013, 2016, 2017) analyzed the effects of91

demand uncertainty, airport-airline vertical arrangements, and airport reserved capacity on airport capacity choices,92

respectively. Zhang & Zhang (2003) did not explicitly model the airline’s choices, and Zhang & Zhang (2006, 2010)93

considered that airlines compete in a Cournot market. Many studies mainly considered symmetric airline market. Lin94

(2019) investigated the pricing and capacity investment for a congested airport with an asymmetric airline market.95

However, the effects of airport expansion on different stakeholders in a tri-level airport-airline-passenger system have96

not been systematically analyzed and are not fully clear. This paper, based on the tri-level airport-airline-passenger97

system, examines the effects of airport expansion on congestion delay, airline competition, and the social welfare in98

various administrative regimes and market structures.99

Table 1 Summary of analytical studies on airport capacity and pricing choices

Article
Decision makers Air

traffic
congestion

Airport
expansion

Airlines’
market
power

Asymmetric
airlines

Key issues
in this studyAirport Airline Passenger

Brueckner
(2002) ✓ ✓ ✓ ✓ internalization &

pricing

Zhang &
Zhang (2003) ✓ ✓* ✓ ✓ airport charges;

timing of expansion

Zhang &
Zhang (2006) ✓ ✓ ✓* ✓ ✓ ✓ size of expansion

Zhang &
Zhang (2010) ✓ ✓ ✓* ✓ ✓ ✓ concession operation

Brueckner
& Verhoef
(2010)

✓ ✓ ✓ ✓ airlines’ influences on
airport charges

Xiao et al.
(2013) ✓ ✓ capacity choice;

demand uncertainty

Xiao et al.
(2016) ✓ ✓* ✓ ✓ airport-airline vertical

arrangement

Xiao et al.
(2017) ✓ ✓ ✓* ✓ ✓ reserved capacity;

real options

Lin (2019) ✓ ✓ ✓* ✓ ✓ ✓ ✓ asymmetric airlines;
discriminatory charge

Liu et al.
(2022) ✓ ✓ ✓ price-cap regulations;

demand uncertainty

This paper ✓ ✓ ✓* ✓ ✓ ✓ ✓ effect of expansion;
sequential game

Note: * indicates that the equilibrium at this particular level is modeled by the elastic demand function rather than explicitly specifying
the choices facing the decision maker at this specific level.

This paper examines the effects of airport expansion in the airport-airline-passenger system and focuses on the100

following main questions: (i) how airlines will respond to the airport expansion in different market structures; (ii)101

under what conditions the capacity expansion will improve the system performance, and under what conditions the102

capacity paradox (a larger capacity leads to more severe congested delay) will occur; (iii) how airport expansion will103
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influence the passenger demand and social welfare. To this end, we build a tri-level airport-airline-passenger system104

and investigate the decisions and interactions among different stakeholders. In the third level, passengers choose105

which airline to travel with based on their travel costs. In the second level, airlines decide their flight traffic volume106

and airfare given passenger responses. In the first level, the airport makes its decisions on the airport capacity and107

airport charge given airline responses.108

Several typical airport administrative regimes and airline market structures are considered. In the airport level,109

we consider an airport that may be operated in alternative administrative regimes (i.e., profit-maximization, social110

welfare-maximization, and budget-constrained social welfare-maximization), where the airport’s charge per flight can111

be optimized in response to the airport capacity expansion. In the airline level, we consider four typical market112

structures for the airlines: competitive, monopoly, oligopolistic and leader-follower. We consider two passenger113

demand scenarios where airlines are perfect or imperfect substitutes for passengers. The airline market structures114

examined in each passenger demand scenario are summarized in Table 2.115

Table 2 Airline market structures and passenger demand scenarios considered in this paper

Passenger demand scenario Airline market structure

Perfect substitutes scenario

Perfectly competitive airlines

Cournot airlines

Monopoly airline

A Stackelberg leader with a Cournot follower

Imperfect substitutes scenario
Duopoly airlines

A Stackelberg leader with Cournot followers

The major contributions of this paper are as follows: (i) It is the first to investigate the capacity paradox caused116

by airport expansion (i.e., the expansion may induce the airline market to over schedule flights and lead to a more117

congested airport), and establish analytical conditions for the capacity paradox to occur in different airport regimes118

and airline market structures; (ii) It is the first to systematically analyze the effects of airport capacity expansion on119

different stakeholders in the airport-airline-passenger system, e.g., the effects on passenger demand, airline profitabil-120

ity, airport congestion and the social welfare; (iii) It offers extensive analysis on different stakeholders’ capacity and121

pricing strategies in various administrative regimes and market structures, especially in the asymmetric airline market122

which is less studied in the literature.123

The rest of this paper is organized as follows. Section 2 presents the basic model formulations for cost, demand,124

and profit. In Section 3, we investigate the airlines’ decisions and the resulting traffic equilibrium in response to airport125

expansion in different airline market structures. In Section 4, we investigate the airport’s decisions with respect126

to capacity and pricing in three different airport administrative regimes, and examine how the decisions influence127

airlines’ decisions and passenger choices. Section 5 presents numerical studies. Section 6 concludes the paper.128

2. Model formulation129

We consider a tri-level airport-airline-passenger system as shown in Figure 1, which follows that in Brueckner130

(2002), Zhang & Zhang (2003, 2006), and Brueckner & Van Dender (2008). In the first level, we consider a congested131

airport facing capacity and pricing (charge to airlines) decisions. The airport is served by m airlines. In the second132

level, we examine decisions of airlines with respect to the flight volume and the airfare (charge to passengers) under133

different airline market structures. In the third level, passengers choose airlines based on their travel costs. Note that134

passenger choice is not explicitly specified but is reflected by the elastic demand function. To solve for the overall135

system equilibrium, the tri-level system is analyzed in the backward fashion, i.e., from the third level (passengers), to136

the second level (airlines), and to the first level (airport). Main notations are summarized in Table 3.137
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Airport

Airline 1 Airline 2 Airline m…

Passengers

service demand

service demand

Fig. 1. Airport-airline-passenger system framework

Table 3 List of main notations

t average congestion delay k airport capacity
qi passenger demand for airline i ρ airport charge per passenger
q total passenger demand for all airlines (q =

∑
i qi) r airport concession profit per passenger

pi full price of travel with airline i ck airport capital investment cost per unit airport capacity
τi airfare per passenger charged by airline i cq airport’s cost per passenger of handling flights
m number of airlines πi profit of airline i
c f airlines’ fixed cost per passenger Π profit of airport
cg airlines’ variable cost per passenger due to congestion delay S W social welfare

(Air traffic congestion) We model the average congestion delay per flight, which is a second-order differentiable138

function of flight traffic volume and capacity:139

t = t(q, k), (1)

where t is the average congestion delay per flight, k is the maximum runway and terminal capacity of handling flights140

and q is the total flight traffic volume. Following Zhang & Zhang (2003, 2006, 2010), we consider that the congestion141

delay is increasing and convex with respect to the traffic volume q, and decreasing and convex with respect to capacity142

k, i.e., t′q = ∂t/∂q > 0, t′k = ∂t/∂k < 0, t′′qq = ∂
2t/∂q2 ⩾ 0, t′′qk = ∂

2t/∂q∂k ⩽ 0.143

(Passenger demand) Passengers decide whether to travel through the airport in concern and which airline to take144

based on the full travel cost/price. The full price of traveling by airline i is145

pi = τi + t(q, k), i = 1...m. (2)

The full price consists of two terms: the first term is the airfare of airline i, and the second term is the congestion cost.146

Passengers’ value of time is normalized to one.147

When airlines are perfect substitutes for passengers, the full price is identical among all airlines with non-zero148

traffic volume at the equilibrium, denoted by p. The total passenger demand is a function of the full price:149

q = q(p), (3)

where the demand function is assumed to be downward sloping (i.e., q′ < 0).150

When different airlines are imperfect substitutes for passengers, the demand for airline i is a function of a series151

of full prices:152

qi = qi(pi, p−i), (4)
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which depends on not only the price of this particular airline, but also those of all the alternatives, such that ∂qi/∂pi <153

0, ∂qi/∂p−i ⩾ 0. If the substitutes are perfectly independent goods, ∂qi/∂p−i = 0.154

Eq. (1), Eq. (2) and the above demand functions Eqs. (3) or (4) together define the elastic demand equilibrium.155

(Effect of capacity expansion on congestion delay) Depending on airlines’ decisions, the equilibrium traffic156

volume q varies with the airport capacity k. Thus, the effect of capacity expansion on congestion delay at the elastic157

demand equilibrium is given as follows:158

dt
dk
= t′q ·

∂q
∂k
+ t′k. (5)

According to Eq. (5), the overall effect of capacity expansion on congestion delay (dt/ dk) equals the sum of two159

terms: (i) the congestion reduction due to the capacity expansion (t′k), and (ii) the congestion increment caused by160

additional traffic volume attracted by the capacity expansion (t′q · ∂q/∂k). If the congestion reduction can cover the161

congestion increment (i.e., |t′k | > |t
′
q · ∂q/∂k|), the expansion will relieve the congestion. Otherwise, the expansion162

will aggravate the congestion and lead to a “counterproductive” outcome, which is referred to as “capacity paradox”163

hereinafter in this paper.164

(Airline’s profit) The profit of an airline is equal to the ticket revenue from passengers minus the airport charges165

and the operation costs associated with flight volume and congestion delay. The profit of airline i is as follows:166

πi = τiqi − ρqi −
[
c f + cgt(q, k)

]
qi. (6)

For each passenger, airline i charges τi and pays for airport service ρ. The terms in the square brackets represent an167

airline’s cost of operating flights, in which c f is airline’s fixed cost per passenger, and cgt(q, k) represents the extra168

cost brought by air traffic congestion per passenger.3169

(Airport’s profit) The profit of the airport is equal to the charges/revenue collected from airlines for serving flights170

and passengers minus the capital investment cost related to airport capacity and the operation cost related to handling171

flights, i.e.,172

Π = (ρ + r)q − (ckk + cqq). (7)

The airport charges ρ on each airline for each passenger served and derives a revenue of r per passenger from the173

concession business. The total operation cost of the airport is (ckk + cqq), where ck is the airport capital investment174

cost per unit airport capacity and cq is the operation cost per passenger of handling flights.175

(Social welfare) The social welfare in the integrated airport-airline-passenger system is given as follows:176

S W =
∑

i

{∫ qi

0
pi(ϵ, q−i)dϵ − piqi + (τi − ρ)qi − [c f + cgt(q, k)]qi

}
+ (ρ + r)q − (ckk + cqq), (8)

where the social welfare is the sum of consumer surplus
∑

i{
∫ qi

0 pi(ϵ, q−i)dϵ − piqi}, producer surplus that includes the177

sum of airlines’ profit
∑

i{(τi − ρ)qi − [c f + cgt(q, k)]qi} and airport’s profit (ρ + r)q − (ckk + cqq).178

3. Airline market equilibrium and responses to airport expansion179

This section considers that airlines take the airport capacity and charge as given, and choose their traffic volumes180

and airfares to maximize their profits under different types of airline market structures. Passenger choice in the181

third level, reflected by the elastic demand function, is taken as an input in this level. In this section, we derive the182

pricing and output strategies of airlines, and investigate their responses to airport decisions. At this level, we focus on183

airline decisions while treating airport decisions as exogenously given (airport decisions will be further examined in184

Section 4).185

3Here, we assume a constant marginal congestion cost brought by traffic volume, cg. Future studies can consider to model cg as a general
function of traffic volume, i.e., cg = cg(q). This modification can capture the nonlinear effect of congestion delay on cost, but will somehow further
complicate the mathematical expressions.
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3.1. Perfect substitutes scenario186

In this subsection, we consider that airlines are perfect substitutes for passengers, which means that all airlines187

provide homogeneous services. The full prices/costs for all airlines with non-zero traffic volume are identical at188

the equilibrium, which is denoted by p. Each airline produces an output (traffic volume in the unit of seat) of qi189

(i = 1, ...,m), and the total traffic volume of the airline market is q =
∑

i qi. The full price of travel can be written as190

the inverse demand function p = p(q) (demand is a function of cost/price). Since p = τ + t(q, k), the airfare can be191

written as τ = p(q)− t(q, k). Substituting the airfare into the airline’s profit function Eq. (6), the profit of airline i is as192

follows:193

πi =
[
p(q) − t(q, k) − ρ

]
qi −

[
c f + cgt(q, k)

]
qi. (9)

Thus, the airline’s profit function given by Eq. (9) has incorporated passenger responses. In what follows, we examine194

four airline market structures (in the perfect substitutes scenario), i.e., perfectly competitive airlines, Cournot airlines,195

monopoly airline, and a Stackelberg leader with a Cournot follower.196

3.1.1. Perfectly competitive airlines197

In a perfectly competitive market, the profit margin of the airlines is zero (πi = 0). We then can derive the airfare:198

τ = p(q) − t(q, k) = ρ︸︷︷︸
airport charge per

passenger

+ c f + cgt︸  ︷︷  ︸
airline’s operation
cost per passenger

. (10)

Eq. (10) says that in a competitive airline market, the airfare equals the sum of airport charge and airline’s operation199

cost per passenger. It is noteworthy that airport congestion externality is not internalized by the airline.200

We now investigate how the equilibrium traffic volume q responds to a marginal change in airport’s decisions.201

Taking partial derivatives of πi = 0 with respect to the airport capacity k and airport charge ρ, respectively, we have202

∂q
∂k
=

(1 + cg)t′k
p′ − (1 + cg)t′q

> 0, (11a)

203

∂q
∂ρ
=

1
p′ − (1 + cg)t′q

< 0. (11b)

Given the response functions, we now investigate how capacity expansion influences the airport congestion if204

the charge is fixed. Substituting Eq. (11a) into Eq. (5), we can derive the marginal effect of airport expansion on205

congestion delay.206

dt
dk
=

t′k p′

p′ − (1 + cg)t′q
< 0. (12)

According to Eqs. (11a), (11b), and (12), we have Proposition 3.1.207

Proposition 3.1. In the perfect substitutes scenario with perfectly competitive airlines,208

(i) if the airport charge ρ is fixed, following a marginal increase of airport capacity k,209

a. the traffic volume q will increase,210

b. the average congestion delay t will decrease;211

(ii) if the airport capacity k is fixed, following a marginal increase of airport charge ρ, traffic volume q will decrease.212

Proof. According to Eqs. (1) and (2), we have t′q > 0, t′k < 0, and p′ < 0. Therefore, (1+cg)t′k < 0 and [p′−(1+cg)t′q] <213

0. It is thus evident from Eqs. (11a), (11b), and (12) that ∂q/∂k > 0, ∂q/∂ρ < 0, and dt/dk < 0. This completes the214

proof.215
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Proposition 3.1(i)a and (ii) state that airlines in the perfectly competitive market will schedule more flights when216

the airport decides to expand its capacity with a fixed charge, whereas fewer flights will be scheduled if the airport217

increases its charge with a fixed capacity. Proposition 3.1(i)b implies that the capacity paradox (expanding airport218

capacity leads to more congestion) will never occur when the airport charge is fixed. This is because that the traffic219

volume in the perfectly competitive market is at a relatively high level, and the airport expansion can only attract220

limited passengers. Thus, the congestion reduction due to the capacity expansion can cover the congestion increment221

caused by the additional traffic volume, and thus help to mitigate the congestion in the airport.222

3.1.2. Cournot airlines223

We now consider that airlines have market power and compete in the Cournot fashion. Given airport capacity k224

and charge ρ, each airline maximizes its own profit by choosing its optimal output level qi. We can derive the first-225

order and second-order derivatives of the airline’s profit function with respect to its own demand quantities ∂πi/∂qi226

and ∂2πi/∂q2
i based on the airline profit formulation Eq. (9) treating the demand quantities of other airlines q−i as227

given.228

The interior Cournot equilibrium is characterized by letting ∂πi/∂qi = 0, and the second-order condition ∂2πi/∂q2
i <229

0 ensures the sufficiency of the first-order optimality condition and the uniqueness of the equilibrium. Based on230

∂πi/∂qi = 0, we can derive the optimal quantity chosen by airline i231

qi =
p − ρ − c f − (1 + cg)t

(1 + cg)t′q − p′
, (13)

and the airfare of airline i232

τi = ρ︸︷︷︸
airport charge per

passenger

+ c f + cgt︸  ︷︷  ︸
airline’s operation
cost per passenger

+ (1 + cg)t′q︸     ︷︷     ︸
marginal congestion
cost per passenger

· qi︸︷︷︸
airline i’s

traffic volume

+ (−p′qi)︸  ︷︷  ︸
markup

. (14)

By comparing Eq. (10) and Eq. (14), it can be seen that the airfare of Cournot airlines has more terms than that of233

perfectly competitive airlines. In particular, Cournot airlines charge their passengers the airport charge ρ, the operation234

cost (c f+cgt), the marginal congestion delay cost (1+cg)t′qqi (the Cournot airline internalizes the congestion externality235

related to its own traffic) and a markup of (−p′qi) that is proportional to its market share.236

Following the classic models of quantity competition (e.g., Tirole, 1988), we further assume that airline outputs are237

strategic substitutes (Bulow et al., 1985), i.e., the marginal profit of one carrier will decline when other carriers’ output238

rise ∂2πi/∂qi∂q−i < 0. One can verify that the “strategic substitutes” relationship and the second-order condition will239

hold under the assumption p′ < 0 and qi p′′ + p′ < 0.240

We now investigate the marginal effects of the capacity expansion and airport charge increasing on the equilibrium241

traffic volume q. Taking partial derivatives of Eq. (13) with respect to airport capacity k and airport charge ρ, we have242

∂q
∂k
=

(1 + cg)(qt′′qk + mt′k)

q
[
p′′ − (1 + cg)t′′qq

]
+ (m + 1)

[
p′ − (1 + cg)t′q

] > 0, (15a)

243

∂q
∂ρ
=

m

q
[
p′′ − (1 + cg)t′′qq

]
+ (m + 1)

[
p′ − (1 + cg)t′q

] < 0. (15b)

The derivations for Eqs. (15a) and (15b) are provided in Appendix C.1. To obtain the effect of airport expansion on244

congestion delay under a given airport charge, we substitute Eq. (15a) into Eq. (5), which yields245

dt
dk
=

t′k
{
q
[
p′′ − (1 + cg)t′′qq

]
+ (m + 1)p′ − (1 + cg)t′q + (1 + cg)t′qq · t′′qk/t

′
k

}
q
[
p′′ − (1 + cg)t′′qq

]
+ (m + 1)

[
p′ − (1 + cg)t′q

] . (16)

According to Eqs. (15a), (15b), and (16), we have Proposition 3.2.246
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Proposition 3.2. In the perfect substitutes scenario with Cournot airlines,247

(i) if the airport charge ρ is fixed, following a marginal increase of airport capacity k,248

a. the traffic volume q will increase;249

b. if


(1 + cg)

(
t′′qq −

t′q
t′k

t′′qk

)
> p′′ +

1
q

[
(m + 1)p′ − (1 + cg)t′q

]
(1 + cg)

(
t′′qq −

t′q
t′k

t′′qk

)
< p′′ +

1
q

[
(m + 1)p′ − (1 + cg)t′q

] then
average congestion delay t will decrease,

average congestion delay t will increase;
250

(ii) if the airport capacity k is fixed, following a marginal increase of airport charge ρ, traffic volume q will decrease.251

Proof. The proof of Proposition 3.2 is provided in Appendix A.1.252

Proposition 3.2(i)a and (ii) imply that airlines in the Cournot market will schedule more flights following a253

marginal increase of airport capacity with a fixed airport charge and fewer flights following a marginal increase254

of airport charge with a fixed airport capacity, which is consistent with the finding of Zhang & Zhang (2006).255

Proposition 3.2(i)b also provides the condition for the occurrence of capacity paradox in the Cournot market, i.e.,256

(1+ cg)(t′′qq − t′q/t
′
k · t
′′
qk) < p′′ + (1/q)[(m+1)p′ − (1+ cg)t′q]. It is noted that when there are more airlines in the Cournot257

market (i.e., m→ ∞), Eq. (16) will approach Eq. (12) in the perfectly competitive market, where the capacity paradox258

will not occur. In addition, the shape of demand curve and congestion curve is critical to the occurrence of the capacity259

paradox. When the demand is more sensitive to the price (i.e., |p′′| and |p′| are small) or when the airport congestion is260

more sensitive to flight traffic volume than capacity (i.e., |t′q| is relatively large and |t′k | is relatively small), the capacity261

paradox is more likely to occur.262

In particular, we further assume the average congestion delay function t = t(q, k) is homogeneous of degree zero263

with respect to airport capacity k and traffic volume q, then qt′q + kt′k = 0. Thus, we have the following corollary.264

Corollary 1. In the perfect substitutes scenario with Cournot airlines, the capacity paradox will never occur if the265

congestion delay function t = t(q, k) is homogeneous of degree zero in airport capacity k and traffic volume q.266

Proof. Eq. (16) can be rewritten as267

dt
dk
=

t′k
{
qp′′ + (m + 1)p′ − (1 + cg)(qt′′qq + kt′′qk + t′q)

}
q
[
p′′ − (1 + cg)t′′qq

]
+ (m + 1)

[
p′ − (1 + cg)t′q

] < 0. (17)

Under the homogeneity of degree zero assumption, one can readily verify that the term (qt′′qq+kt′′qk+t′q) in the numerator268

is zero and thus we have dt/ dk < 0. This implies that the capacity paradox will never occur. This completes the269

proof.270

When the average congestion delay function t = t(q, k) is homogeneous of degree zero in k and q, the marginal271

effects of traffic volume and capacity on congestion delay (i.e., |t′q| and |t′k |) are at comparative levels. Thus, the272

capacity paradox will never occur. One can further verify that when the condition for the capacity paradox holds,273

the term d (t′q/t
′
k)/ dq will be positive and have a large value, which implies that a marginal increase of traffic volume274

at this point will significantly reduce airlines’ and passengers’ congestion cost. Thus, airlines have the incentive to275

over-schedule flights when airport capacity expands in such a market.276

3.1.3. Monopoly airline277

In this subsection, we consider that the airport is dominated by a monopoly airline (m = 1) that maximizes its278

profit. We can derive the first-order derivative ∂π/∂q and second-order derivative ∂2π/∂q2 from differentiating the279

airline profit π with respect to the traffic volume q.280

The interior monopoly solution is characterized by letting ∂π/∂q = 0, and the second-order condition ∂2π/∂q2 < 0281

will ensure the sufficiency of the first-order optimality condition and the uniqueness of the equilibrium. We then can282
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derive the quantity chosen by the monopoly airline283

q =
p − ρ − c f − (1 + cg)t

(1 + cg)t′q − p′
, (18)

and the airfare284

τ = ρ︸︷︷︸
airport charge per

passenger

+ c f + cgt︸  ︷︷  ︸
airline’s operation
cost per passenger

+ (1 + cg)t′q︸     ︷︷     ︸
marginal congestion
cost per passenger

· q︸︷︷︸
total traffic

volume

+ (−p′q)︸ ︷︷ ︸
markup

. (19)

Eq. (19) means that a monopoly airline will pass to its passengers the airport charge ρ, the operation cost (c f + cgt),285

the marginal congestion delay cost (1+ cg)t′qq (the monopoly airline fully internalizes the congestion externality of all286

traffic), and the monopoly markup of (−p′q) (the monopoly markup is expected to be larger than the airline-specific287

markup in the Cournot model, where the market share affects the size of the markup).288

We now turn to investigate how the equilibrium traffic volume responds to marginal changes of airport decisions.289

Taking partial derivatives of Eq. (18) with respect to airport capacity k and airport charge ρ, we have290

∂q
∂k
=

(1 + cg)(t′k + qt′′qk)

q
[
p′′ − (1 + cg)t′′qq

]
+ 2

[
p′ − (1 + cg)t′q

] > 0, (20a)

291

∂q
∂ρ
=

1

q
[
p′′ − (1 + cg)t′′qq

]
+ 2

[
p′ − (1 + cg)t′q

] < 0. (20b)

The derivations for Eqs. (20a) and (20b) are similar to those of Eqs. (15a) and (15b) in Appendix C.1. The marginal292

effect of capacity expansion on the congestion delay with a fixed airport charge can be derived by substituting Eq. (20a)293

into Eq. (5), which yields294

dt
dk
=

t′k
{
q
[
p′′ − (1 + cg)t′′qq

]
+ 2p′ − (1 + cg)t′q + (1 + cg)t′qq · t′′qk/t

′
k

}
q
[
p′′ − (1 + cg)t′′qq

]
+ 2

[
p′ − (1 + cg)t′q

] . (21)

One can verify that the monopoly model is equivalent to the Cournot model when the number of airlines reduces295

to one (i.e., m = 1). The results of the Cournot model in Proposition 3.2 hold for the monopoly airline by letting296

m = 1, and the condition for the capacity paradox to occur in a monopoly model is given by (1+ cg)(t′′qq − t′q/t
′
k · t
′′
qk) <297

p′′ + (1/q)[2p′ − (1 + cg)t′q]. By comparing conditions (for the occurrence of the capacity paradox) in the Cournot298

model and monopoly model, one can see that given the same traffic volume q and capacity k, the capacity paradox is299

more likely to occur in the airport with a monopoly airline. This is consistent with the results in the Cournot model300

that the capacity paradox is more likely to occur when there are fewer airlines in the market. One can also find a301

similar result to that of Corollary 1 for the monopoly market, i.e., the capacity paradox will never occur if the average302

congestion delay function is homogeneous of degree zero in airport capacity k and traffic volume q.303

3.1.4. A Stackelberg leader with a Cournot follower304

In this subsection, we consider that two different airlines compete in a leader-follower market (m = 2), i.e., the305

Stackelberg model. One airline leads and the other follows. The Stackelberg leader is indicated by subscript ‘ℓ,’ and306

the Cournot follower is indicated by subscript ‘ f ’. Different from previous subsections where airlines make their307

decisions simultaneously, this subsection considers that airlines move sequentially. In particular, Airline ℓ chooses qℓ308

first and is aware of how Airline f would respond to its decision due to its dominant position in the market. Airline f309

then chooses q f while taking qℓ as given.310

In the sequential game, we first consider the follower’s decision and derive its best response. Based on Airline311

f ’s profit π f , we can derive the first-order and second-order derivatives with respect to flight volume q f , i.e., ∂π f /∂q f312

and ∂2π f /∂q2
f . An interior equilibrium is characterized by the first-order condition ∂π f /∂q f = 0, and the second-313
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order condition ∂2π f /∂q2
f < 0 ensures the sufficiency of the first-order optimality condition and the uniqueness of the314

equilibrium. Based on the first-order condition ∂π f /∂q f = 0, we can derive the optimal flight volume scheduled by315

Airline f :316

q f =
p − ρ − c f − (1 + cg)t

(1 + cg)t′q − p′
, (22)

and the corresponding airfare chosen by Airline f :317

τ f = ρ︸︷︷︸
airport charge per

passenger

+ c f + cgt︸  ︷︷  ︸
airline’s operation
cost per passenger

+ (1 + cg)t′q︸     ︷︷     ︸
marginal congestion
cost per passenger

· q f︸︷︷︸
Airline f ’s

traffic volume

+ (−p′q f )︸  ︷︷  ︸
markup

. (23)

Comparing Eq. (23) with Eq. (14), we find that the mathematical expression of the follower’s optimal airfare contains318

similar terms to the Cournot model. This is because that as a follower, Airline f is situated in a similar position to the319

Cournot airlines – they optimize the output with the leader/other airlines’ decisions as given.320

We further investigate the follower’s response to a marginal change in qℓ. Taking partial derivative of Eq. (22)321

with respect to qℓ yields322

∂q f

∂qℓ
= −

[
p′′ − (1 + cg)t′′qq

]
q f +

[
p′ − (1 + cg)t′q

][
p′′ − (1 + cg)t′′qq

]
q f + 2

[
p′ − (1 + cg)t′q

] . (24)

Given the second-order condition satisfying ∂2π f /∂q2
f < 0, one can verify that the denominator in Eq. (24) is negative.323

Thus, the sign of Eq. (24) is up to its numerator. We can derive that ∂q f /∂qℓ ∈ (−1,−1/2) when p′′ < (1 + cg)t′′qq324

(which will hold when the demand curve is concave or p′′ is positive but small), which implies that the marginal325

increase of Airline ℓ’s output will decrease Airline f ’s output and increase the total output of airline market. This is326

also consistent with the “strategic substitutes” assumption (Bulow et al., 1985). In the following part of Section 3.1.4,327

to ease the presentation, we denote λ ≡ ∂q f /∂qℓ, where λ ∈ (−1,−1/2).328

We now investigate the leader Airline ℓ’s optimal decision. Airline ℓ chooses the traffic volume to maximize its329

profit when taking into account Airline f ’s response. Similarly, we can derive the first-order condition ∂πℓ/∂qℓ = 0330

and the second-order condition ∂2πℓ/∂q2
ℓ < 0. Rewriting ∂πℓ/∂qℓ = 0 gives to the optimal traffic volume qℓ and airfare331

τℓ chosen by Airline ℓ332

qℓ =
p − ρ − c f − (1 + cg)t

(1 + λ)
[
(1 + cg)t′q − p′

] , (25)

333

τℓ = ρ︸︷︷︸
airport charge per

passenger

+ c f + cgt︸  ︷︷  ︸
airline’s operation
cost per passenger

+[ (1 + cg)t′q︸     ︷︷     ︸
marginal congestion
cost per passenger

· qℓ︸︷︷︸
Airline ℓ’s

traffic volume

+ (−p′qℓ)︸  ︷︷  ︸
markup

] · (1 + λ)︸ ︷︷ ︸
scale down
coefficient

. (26)

The leader airline’s airfare in Eq. (26) is different from while comparable to the follower’s airfare and the airfare in334

the Cournot model. In particular, the first three terms that represent the airport charge and operation cost in Eq. (26)335

also appear in the follower’s airfare. In the fourth term (related to the marginal congestion cost and markup), the term336

qℓ(1 + λ) reflects how the leader airline is able to incorporate the follower’s response (i.e., λ) in its optimal decision.337

Moreover, when λ = ∂q f /∂qℓ ∈ (−1,−1/2), we have 0 < 1 + λ < 0.5. This implies that by foreseeing the competition338

from the follower airline, the leader airline will scale down the terms related to the marginal congestion cost and339

markup in the airfare when compared with the counterpart in the Cournot model. Furthermore, by comparing the340

optimal airfare of the Airline ℓ and the Airline f (i.e., Eqs. (26) and (23)), we have Remark 1.341

Remark 1. In the airline market with a Stackelberg leader and a Cournot follower, the leader airline will scale down342

the marginal congestion cost and markup in its airfare to the level that equals the counterpart of the follower’s airfare.343
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According to Eqs. (22) and (25), one can verify that the traffic volumes of Airline f and Airline ℓ satisfy q f =344

qℓ(1 + λ), which brings the marginal congestion cost and markup in τ f and τℓ to the same level. Remark 1 states that345

based on the knowledge of Airline f ’s response, Airline ℓ will scale down its marginal congestion cost and markup to346

the level that equals to Airline f ’s airfare, which ensures Airline ℓ a larger market share.347

Comparing the output in the leader-follower market and the Cournot market with m = 2, one can derive that the348

leader-follower market produces more traffic volume than the Cournot market with m = 2, as q f = qℓ(1 + λ) and349

λ < −1/2. The detailed proof is provided in Appendix B.350

We further investigate the airline market’s response to airport decisions. Taking partial derivatives of Eq. (25) with351

respect to airport capacity k and airport charge ρ, we have352

∂q
∂k
=

(1 + cg)
[
(1 + λ)qℓt′′qk + t′k

]
−

[
p′ − (1 + cg)t′q

]
dλ
dk qℓ[

p′′ − (1 + cg)t′′qq

]
(1 + λ)qℓ + 2

[
p′ − (1 + cg)t′q

] , (27a)

353

∂q
∂ρ
=

1 −
[
p′ − (1 + cg)t′q

]
dλ
dρqℓ[

p′′ − (1 + cg)t′′qq

]
(1 + λ)qℓ + 2

[
p′ − (1 + cg)t′q

] < 0. (27b)

The derivations for Eqs. (27a) and (27b) are provided in Appendix C.2. Then, we investigate the effect of capacity354

expansion on the congestion delay. By substituting Eq. (27a) into Eq. (5), we have355

dt
dk
=

t′k
{
(1 + cg)t′q

[
1 + (1 + λ)qℓ · t′′qk/t

′
k

]
−

[
p′ − (1 + cg)t′q

]
dλ
dk qℓ · t′q/t

′
k

}
[
p′′ − (1 + cg)t′′qq

]
(1 + λ)qℓ + 2

[
p′ − (1 + cg)t′q

] + t′k. (28)

According to Eqs. (27a), (27b), and (28), we have Proposition 3.3.356

Proposition 3.3. In the perfect substitutes scenario with a Stackelberg leader and a Cournot follower,357

(i) if the airport charge ρ is fixed, following a marginal increase of airport capacity k,358

a. if



dλ
dk
<

(1 + cg)
[
(1 + λ)qℓt′′qk + t′k

][
p′ − (1 + cg)t′q

]
qℓ

dλ
dk
>

(1 + cg)
[
(1 + λ)qℓt′′qk + t′k

][
p′ − (1 + cg)t′q

]
qℓ

then
traffic volume q will increase,

traffic volume q will decrease;
359

b. if


(1 + cg)

(
t′′qq −

t′q
t′k

t′′qk

)
> p′′ +

1
(1 + λ)qℓ

{
2p′ − (1 + cg)t′q −

t′q
t′k

[
p′ − (1 + cg)t′q

]
qℓ

dλ
dk

}
(1 + cg)

(
t′′qq −

t′q
t′k

t′′qk

)
< p′′ +

1
(1 + λ)qℓ

{
2p′ − (1 + cg)t′q −

t′q
t′k

[
p′ − (1 + cg)t′q

]
qℓ

dλ
dk

}360

then
average congestion delay t will decrease,

average congestion delay t will increase;
361

362

(ii) if the airport capacity k is fixed, following a marginal increase of airport charge ρ, traffic volume q will decrease.363

Proof. The proof of Proposition 3.3 is provided in Appendix A.2.364

Proposition 3.3(i)a states that the leader-follower market with a Stackelberg leader and a Cournot follower will365

schedule fewer flights following the capacity expansion with a fixed airport charge when dλ/ dk > (1+cg)[(1+λ)qℓt′′qk+366

t′k]/[p′− (1+cg)t′q]. This is because when dλ/ dk is positive and large, the Airline f will be less sensitive to the Airline367

ℓ’s decision on output, which implies that the competition from the follower will become fiercer. By foreseeing the368

competition, Airline ℓ will reduce its traffic volume. However, in the leader-follower market with λ ∈ (−1,−1/2), the369
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decrease in qℓ will not increase q f in an equivalent amount; thus, the total traffic volume will decrease. According to370

Proposition 3.3(i)b, it is also noted that the capacity paradox will not occur when the total traffic volume decreases371

with the capacity expansion. Proposition 3.3(i)b also indicates that the capacity paradox is more likely to occur when372

dλ/ dk is negative (the follower is more sensitive to the leader’s output when the airport is expanding). In this case, the373

leader will schedule more flights and capture most of the market share, and the market becomes closer to a monopoly374

market. Proposition 3.3(ii) implies that when the airport capacity is fixed, the marginal increase of airport charge will375

reduce traffic volume, which is consistent with findings in above scenarios.376

3.2. Imperfect substitutes scenario377

In the real-world airline market, airlines often provide different services, which makes them imperfect substitutes378

for customers. For example, between a certain origin and destination, hub carriers often provide connecting services379

through their hub airports while direct carriers offer point-to-point services (Hansen, 1990). We examine two market380

settings where airlines are imperfect substitutes for customers, i.e., duopoly airlines and a Stackelberg leader with381

Cournot followers.382

3.2.1. Duopoly airlines383

In this subsection, we consider that two airlines serving the market (Airline 1 and Airline 2) are imperfect substi-384

tutes. Different from the perfect substitutes scenario, the demand for airline i (i = 1, 2) depends on not only the price385

of this particular airline, but also the alternative, which can be modeled by a multivariable function q1 = q1(p1, p2).386

The inverse functions characterize the corresponding full prices under given flow pattern, denoted by pi = pi(qi, q−i),387

where p′i(i) = ∂pi/∂qi < 0, p′i(−i) = ∂pi/∂q−i > 0 (i,−i ∈ {1, 2} and i , −i). We consider that the full price traveling388

by airline i is more sensitive to its own traffic volume (when compared with the other airline’s traffic volume), i.e.,389

|p′i(i)| > |p
′
i(−i)|. Note that the derivatives p′i(i) and p′i(−i) under the imperfect substitutes scenario are related to both qi390

and q−i, which are different from those in the perfect substitutes scenario.391

It is assumed that the two airlines make decisions simultaneously treating the other airline’s output as given. They392

are represented as airline i and airline −i, where i,−i ∈ {1, 2} and i , −i. Based on the airline’s profit formulation in393

Section 2, we can derive the first-order derivative ∂πi/∂qi and second-order derivative ∂2πi/∂q2
i for airline i treating394

the output of the other airline q−i as given. An interior optimum is defined by letting ∂πi/∂qi = 0, and ∂2πi/∂q2
i < 0395

ensures the sufficiency of the first-order optimality condition and the uniqueness of the equilibrium. We then can396

derive Airline i’s optimal traffic volume397

qi =
pi − (1 + cg)t − ρ − c f

(1 + cg)t′q − p′i(i)
, (29)

and Airline i’s airfare398

τi = ρ︸︷︷︸
airport charge per

passenger

+ c f + cgt︸  ︷︷  ︸
airline’s operation
cost per passenger

+ (1 + cg)t′q︸     ︷︷     ︸
marginal congestion
cost per passenger

· qi︸︷︷︸
airline i’s

traffic volume

+ [−p′i(i)qi]︸    ︷︷    ︸
markup

. (30)

The airfare in Eq. (30) is similar to that in the Cournot model when the two airlines are perfect substitutes, which399

cover airport charge, airline operation cost, marginal congestion cost, and markup. Note that p′i(i) in the markup term400

depends on both airlines i’s own traffic volume qi and the substitute’s traffic volume q−i, which is different from the401

perfect substitutes scenario.402

We also consider that airlines’ outputs in the imperfect substitutes scenario are strategic substitutes (Bulow et al.,403

1985), i.e., ∂2πi/∂qi∂q−i < 0. We then investigate the airline market’s response to the marginal change of airport404

decisions. Taking partial derivatives of Eq. (29) with respect to capacity k and airport charge ρ, we have405

∂q
∂k
=

(1 + cg)(t′′qkq2 + t′k)(π′′1(11) − π
′′
1(12)) + (1 + cg)(t′′qkq1 + t′k)(π′′2(22) − π

′′
2(21))

π′′1(11)π
′′
2(22) − π

′′
1(12)π

′′
2(21)

> 0, (31a)
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406

∂q
∂ρ
=

(π′′1(11) − π
′′
1(12)) + (π′′2(22) − π

′′
2(21))

π′′1(11)π
′′
2(22) − π

′′
1(12)π

′′
2(21)

< 0, (31b)

where407

π′′1(11) =
∂2π1

∂q2
1

=
[
p′′1(11) − (1 + cg)t′′qq

]
q1 + 2

[
p′1(1) − (1 + cg)t′q

]
< 0;

π′′2(22) =
∂2π2

∂q2
2

=
[
p′′2(22) − (1 + cg)t′′qq

]
q2 + 2

[
p′2(2) − (1 + cg)t′q

]
< 0;

π′′1(12) =
∂2π1

∂q1∂q2
=

[
p′′1(12) − (1 + cg)t′′qq

]
q1 +

[
p′1(2) − (1 + cg)t′q

]
< 0;

π′′2(21) =
∂2π2

∂q2∂q1
=

[
p′′2(21) − (1 + cg)t′′qq

]
q2 +

[
p′2(1) − (1 + cg)t′q

]
< 0.

The derivations for Eqs. (31a) and (31b) are similar to those for Eqs. (15a) and (15b) in Appendix C.1. According to408

the second-order condition and “strategic substitutes” assumption, we have π′′i(ii) < 0 and π′′i(i,−i) < 0, where i,−i ∈ {1, 2}409

and i , −i. We further assume that the effect of airline i’s traffic volume qi on its own profit margin is larger than410

the alternative’s traffic volume, i.e., |π′′i(ii)| > |π
′′
i(i,−i)|, which also ensures that the Hessian determinant (π′′1(11)π

′′
2(22) −411

π′′1(12)π
′′
2(21)) is positive. According to Eqs. (31a) and (31b), we have Proposition 3.4.412

Proposition 3.4. In the imperfect substitutes scenario with duopoly airlines,413

(i) if the airport charge ρ is fixed, following a marginal increase of airport capacity k, traffic volume q will increase;414

(ii) if the airport capacity k is fixed, following a marginal increase of airport charge ρ, traffic volume q will decrease.415

Proof. Denominators of Eqs. (31a) and (31b) are the same, and are positive according to π′′i(ii) < 0, π′′i(i,−i) < 0 and416

|π′′i(ii)| > |π
′′
i(i,−i)| (i = 1, 2,−i = 1, 2, i , −i). Given t′′qk ⩽ 0 and t′k < 0, the numerator of Eq. (31a) is positive, while417

the numerator of Eq. (31b) is negative. Combining these conditions one can verify that ∂q/∂k is positive and ∂q/∂ρ is418

negative. This completes the proof.419

Proposition 3.4 indicates that the capacity expansion will encourage the airline market to schedule more flights420

with a fixed airport charge, and the increasing airport charge will reduce flight traffic volume with a fixed airport ca-421

pacity. We then investigate the influence of airport expansion on congestion under a given airport charge. Substituting422

Eq. (31a) into Eq. (5) yields423

dt
dk
=

t′k
{
(1 + cg)t′q

[
(1 + q1t′′qk/t

′
k)(π′′2(22) − π

′′
2(21)) + (1 + q2t′′qk/t

′
k)(π′′1(11) − π

′′
1(12))

]
+ π′′1(11)π

′′
2(22) − π

′′
1(12)π

′′
2(21)

}
π′′1(11)π

′′
2(22) − π

′′
1(12)π

′′
2(21)

. (32)

Eq. (32) implies that the effect of capacity expansion on congestion is related to the characteristics of demand curves424

qi = qi(pi, p−i) and congestion function t = t(q, k). Since the complexity of Eq. (32), in the following analysis we425

consider that the demand functions take the linear form pi = p0 −αqi + βq−i, where i,−i ∈ {1, 2} and α > β > 0. Thus,426

Eq. (32) can be rewritten as:427

dt
dk
=

t′k
[
(1 + cg)q(t′q · t

′′
qk/t

′
k − t′′qq) − 2α + β − (1 + cg)t′q

]
−(1 + cg)t′′qqq + 2

[
−α − (1 + cg)t′q

]
+

[
β − (1 + cg)t′q

] . (33)

Similar result to that in Corollary 1 can be verified based on Eq. (33), i.e., the capacity paradox will never occur428

if the average congestion delay function is homogeneous of degree zero in airport capacity k and traffic volume q.429

According to Eq. (33), we also have Remark 2.430
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Remark 2. In the imperfect substitutes scenario with duopoly airlines and linear demand function, if the airport431

charge ρ is fixed, and satisfies432

(1 + cg)
(
t′′qq −

t′q
t′k

t′′qk

)
<

1
q

[
β − 2α + (1 + cg)t′q

]
,

the capacity paradox will occur.433

We now compare the conditions for the occurrence of the capacity paradox when airlines are imperfect substitutes434

and perfect substitutes. For the occurrence of the capacity paradox in perfect substitutes scenario with two Cournot435

airlines (m = 2) and a linear demand function (p = p0 − γq, γ > 0), the condition of the capacity paradox can be436

written as follows: (1 + cg)(t′′qq − t′q/t
′
k · t

′′
qk) < (1/q)[−3γ − (1 + cg)t′q]. By comparing the conditions in imperfect437

substitutes and perfect substitutes scenarios with two competing airlines, it can be seen that if airport capacity k and438

total traffic volume q are identical in the two markets, the capacity paradox is more likely to occur in the imperfect439

substitutes scenario given that β − 2α > −3γ (which will hold if the parameters satisfy γ ≈ α > β > 0). This is440

consistent with earlier results that the flatter the demand curve is, the more likely the capacity paradox would occur.441

Note that in the perfect substitutes scenario, the term −3γ associated with the total traffic volume q in the Cournot442

model is now replaced by the term −2α associated with the airline’s own output qi plus the term β associated with the443

substitute’s output q−i.444

3.2.2. A Stackelberg leader with Cournot followers445

Now suppose that the airline market has one Stackelberg leader and n Cournot followers (i.e., m = n + 1). The446

leader is aware of followers’ responses to its decisions due to its dominant market position. Followers will take the447

leader’s decision as given when they make their decisions. Denote the Stackelberg leader as Airline ℓ, and Cournot448

followers as Airline fi, i = 1, · · · n. Passengers are indifferent between services provided by all Cournot followers,449

which implies that all followers in the market can be seen as a whole. The full prices of all followers are identical at450

the equilibrium, which is denoted by p f = p f (qℓ, q f ), where q f =
∑n

i=1 q f i. The full price of the leader Airline ℓ is451

given by function pℓ = pℓ(qℓ, q f ). In particular, the price of airline i is more sensitive to its own traffic volume (when452

compared with other airline’s traffic volume), i.e., |p′i(i)| > |p
′
i(−i)|, i = ℓ, f .453

Similar to Subsection 3.1.4, we first investigate Airline fi’s decision. Based on Airline fi’s profit π f i, we can derive454

the first-order and second-order derivatives, i.e, ∂π f i/∂q f i and ∂2π f i/∂q2
f i. The interior equilibrium is characterized455

by letting ∂π f i/∂q f i = 0, and the second-order condition ∂2π f i/∂q2
f i < 0 will ensure the sufficiency of the first-order456

optimality condition and the uniqueness of the equilibrium. We then can derive Airline fi’s choice of traffic volume457

and airfare as follows:458

q f i =
p f − ρ − c f − (1 + cg)t

(1 + cg)t′q − p′f ( f )
, (34)

459

τ f i = ρ︸︷︷︸
airport charge per

passenger

+ c f + cgt︸  ︷︷  ︸
airline’s operation
cost per passenger

+ (1 + cg)t′q︸     ︷︷     ︸
marginal congestion
cost per passenger

· q f i︸︷︷︸
Airline fi’s

traffic volume

+ [−p′f ( f )q f i]︸       ︷︷       ︸
markup

. (35)

The airfare in Eq. (35) is similar to those in the Stackelberg leader-follower model in the perfect substitutes scenario,460

except that the markup term p′f ( f ) depends on both Airline fi’s traffic volume and Airline ℓ’s traffic volume.461

We further investigate the follower airline’s response to a marginal change of the leader airline’s output qℓ. Taking462

partial derivative of Eq. (34) with respect to qℓ yields463

∂q f

∂qℓ
= −

[
p′′f ( f ℓ) − (1 + cg)t′′qq

]
q f + n

[
p′f (ℓ) − (1 + cg)t′q

][
p′′f ( f f ) − (1 + cg)t′′qq

]
q f + (n + 1)

[
p′f ( f ) − (1 + cg)t′q

] . (36)

Apart from the change of demand function between perfect and imperfect substitutes scenario, one can verify that464

the follower’s response in the Stackelberg leader-follower model in the perfect substitutes scenario (i.e., Eq. (24) in465
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Section 3.1.4) is similar to Eq. (36) with only one follower (i.e., n = 1). In this subsection, we further consider that466

the number of followers in the market is large enough (i.e., n→ +∞), and thus Eq. (37) can be rewritten as467

∂q f

∂qℓ
= −

(1 + cg)t′q − p′f (ℓ)

(1 + cg)t′q − p′f ( f )
. (37)

Given p′f ( f ) < p′f (ℓ), we have ∂q f /∂qℓ ∈ (−1, 0), which implies that a marginal increase of Airline ℓ’s flight output468

will reduce Airline f ’s output and increase the total output of the airline market. Again, we denote λ ≡ ∂q f /∂qℓ,469

where λ ∈ (−1, 0) and 1 + λ ∈ (0, 1). In addition, it is noted that if p′f ( f ) = p′f (ℓ), i.e., in the perfect substitutes470

scenario, the response rate will be a constant (λ → −1). The total traffic volume in the market will be constant as471

the marginal increase in qℓ will yield an equivalent decrease in q f . We also note that the response of follower to the472

leader’s choice (i.e., λ) is expected to be more sensitive in the perfect substitutes scenario with one leader airline and473

one Cournot follower (where λ ∈ (−1,−0.5)) than in the imperfect substitutes scenario with one leader airline and a474

group of Cournot followers (where λ ∈ (−1, 0)).475

We now investigate Airline ℓ’s optimal decision. An interior equilibrium is characterized by ∂πℓ/∂qℓ = 0, and476

∂2πℓ/∂q2
ℓ < 0 ensures that the first-order optimality condition is sufficient and the equilibrium is unique. By letting477

∂πℓ/∂qℓ = 0, we derive the optimal flight traffic volume qℓ and airfare τℓ chosen by Airline ℓ, i.e.,478

qℓ =
pℓ − ρ − c f − (1 + cg)t[

(1 + cg)t′q − p′
ℓ(ℓ)

]
+ λ

[
(1 + cg)t′q − p′

ℓ( f )

] , (38)

479

τℓ = ρ︸︷︷︸
airport charge per

passenger

+ c f + cgt︸  ︷︷  ︸
airline’s operation
cost per passenger

+ (1 + cg)t′q︸     ︷︷     ︸
marginal congestion
cost per passenger

· qℓ︸︷︷︸
Airline ℓ’s

traffic volume

· (1 + λ)︸ ︷︷ ︸
scale down
coefficient

+
[
−

(
p′ℓ(ℓ) + p′ℓ( f )λ

)
qℓ

]︸                    ︷︷                    ︸
markup

. (39)

Airline ℓ’s airfare in Eq. (39) consists of similar components as the airfares of Cournot airlines (in Eq. (14)) and480

monopoly airline (in Eq. (19)) in the perfect substitutes scenario, and the duopoly airlines (in Eq. (30)) in the imperfect481

substitutes scenario, i.e., airport charge, operation cost, marginal congestion cost, and markup term. Similar to the482

Stackelberg leader in the perfect substitutes scenario, in the airfare in Eq. (39), the first three terms (covering the483

airport charge and operation cost) are identical to those of the followers in Eq. (35). The fourth term (related to484

the marginal congestion cost) and the last term (the markup) reflect that the leader airline is able to incorporate the485

followers’ response (i.e., λ) in its optimal decision. As shown above, (1 + λ) ranges between 0 and 1, and thus the486

fourth term indicates that by foreseeing the competition from the follower airlines, the leader airline will scale down487

the term related to the marginal congestion cost in the airfare when compared with the airfare formula of the duopoly488

airlines. The last term, [−(p′ℓ(ℓ)+ p′ℓ( f )λ)qℓ] indicates that the leader airline will scale up the term related to the markup489

(a larger market power) when compared with the airfare formula of the duopoly airlines.490

It is also noteworthy that a leader airline with a large number of Cournot followers (i.e., m → +∞) in the perfect491

substitutes scenario will scale down the marginal congestion cost and markup terms in the airfare to zero (just like492

a fully competitive market discussed earlier), which is different from a leader airline with Cournot followers in the493

imperfect substitutes scenario discussed here. This is because, in the imperfect substitutes scenario, the follower494

cannot fully cover the decrease of the leader’s market share (i.e., λ ∈ (−1, 0)), thus the leader is able to earn more495

profit by increasing its airfare (when compared with a fully competitive market).496

We then investigate the airline market’s response to the marginal changes of airport decisions. Taking partial497

derivatives of Eq. (38) with respect to capacity k and airport charge ρ, respectively, we have498

∂q
∂k
=

(1 + cg)
[
t′′qk(1 + λ)qℓ + t′k

]
−

[
p′ℓ( f ) − (1 + cg)t′q

]
qℓ dλ

dk[
δ − (1 + cg)t′′qq

]
(1 + λ)qℓ + 2

1+λ

[
p′
ℓ(ℓ) − (1 + cg)t′q

]
+ 2λ

1+λ

[
p′
ℓ( f ) − (1 + cg)t′q

] , (40a)
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499

∂q
∂ρ
=

1 −
[
p′ℓ( f ) − (1 + cg)t′q

]
qℓ dλ

dρ[
δ − (1 + cg)t′′qq

]
(1 + λ)qℓ + 2

1+λ

[
p′
ℓ(ℓ) − (1 + cg)t′q

]
+ 2λ

1+λ

[
p′
ℓ( f ) − (1 + cg)t′q

] < 0, (40b)

where δ = [p′′ℓ(ℓℓ) + λp′′ℓ(ℓ f ) + λp′′ℓ( f ℓ) + λ
2 p′′ℓ( f f )]/(1 + λ)

2. The derivations for Eqs.(40a) and (40b) are provided in500

Appendix C.3. According to Eqs. (40a) and (40b), we have Proposition 3.5.501

Proposition 3.5. In the imperfect substitutes scenario with a Stackelberg leader and Cournot followers,502

(i) if the airport charge ρ is fixed, following a marginal increase of airport capacity k,503

if



dλ
dk
<

(1 + cg)
[
(1 + λ)qℓt′′qk + t′k

][
p′
ℓ( f ) − (1 + cg)t′q

]
qℓ

dλ
dk
>

(1 + cg)
[
(1 + λ)qℓt′′qk + t′k

][
p′
ℓ( f ) − (1 + cg)t′q

]
qℓ

then
traffic volume q will increase,

traffic volume q will decrease;
504

(ii) if the airport capacity k is fixed, following a marginal increase of airport charge ρ, traffic volume q will decrease.505

Proof. The proof of Proposition 3.5 is provided in Appendix A.3.506

Proposition 3.5 indicates that the marginal increase in airport charge can reduce the total flight volume, while the507

capacity expansion may not increase the traffic volume. Same as in the perfect substitutes scenario in Section 3.1.4,508

Airline ℓ will reduce its traffic volume when the competition from the follower becomes fiercer after the airport509

expansion.510

We also investigate how airport capacity decisions influence the airport congestion under a given airport charge.511

Substituting Eq. (40a) into Eq. (5) yields512

dt
dk
=

t′k
{
(1 + cg)t′q

[
1 + (1 + λ)qℓ · t′′qk/t

′
k

]
−

[
p′ℓ( f ) − (1 + cg)t′q

]
qℓ dλ

dk · t
′
q/t
′
k

}
[
δ − (1 + cg)t′′qq

]
(1 + λ)qℓ + 2

1+λ

[
p′
ℓ(ℓ) − (1 + cg)t′q

]
+ 2λ

1+λ

[
p′
ℓ( f ) − (1 + cg)t′q

] + t′k. (41)

Eq. (41) indicates that the effect of capacity expansion on congestion is related to the shape of the demand function513

and congestion function. However, it is not straightforward to identify the sign of dt/ dk. In the analysis below, we514

further discuss the effects of capacity expansion based on a linear demand function pi = p0 − αqi + βq−i, where515

i,−i ∈ {ℓ, f }, i , −i, and α > β > 0. Eq. (41) can be rewritten as follows:516

dt
dk
=

t′k
{
(1 + cg)(1 + λ)qℓ(t′′qk · t

′
q/t
′
k − t′′qq) − 2

1+λα +
2λ

1+λβ − (1 + cg)t′q −
[
β − (1 + cg)t′q

]
qℓ dλ

dk · t
′
q/t
′
k

}
−(1 + cg)t′′qq(1 + λ)qℓ + 2

1+λ

[
−α − (1 + cg)t′q

]
+ 2λ

1+λ

[
β − (1 + cg)t′q

] . (42)

According to Eq. (42), we have Remark 3.517

Remark 3. In the imperfect substitutes scenario with a Stackelberg leader and Cournot followers, if the airport518

charge ρ is fixed, and satisfies519

(1 + cg)
(
t′′qq −

t′q
t′k

t′′qk

)
<

1
(1 + λ)qℓ

{
−

2α
(1 + λ)

+
2λβ

(1 + λ)
− (1 + cg)t′q −

[
β − (1 + cg)t′q

]
qℓ

dλ
dk
·

t′q
t′k

}
,

the capacity paradox will occur.520

By comparing the above condition with that under duopoly airlines (Remark 2), it can be seen that given the same521

airport capacity k and traffic volume q, the capacity paradox will be more likely to occur in the leader-follower market522

(i.e., a more relaxed condition), when dλ/ dk is negative. This finding is consistent with that in the perfect substitutes523

scenario.524
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To summarize, this section delineates airline responses to airport decisions (airport capacity and airport charge)525

in different airline market structures and with different passenger demand specifications. Through analyses of the six526

scenarios, we find that, in general, the airline market will schedule fewer flights with a marginal increase in airport527

charge, and more flights with an increase in airport capacity (except in the leader-follower market). This section also528

identifies conditions for the capacity paradox (airport capacity expansion leads to a larger congestion delay) under a529

given airport charge. In particular, the capacity paradox is more likely to occur in the market with fewer competing530

airlines (e.g., the capacity paradox will not occur in the perfectly competitive market while it is more likely to occur531

in the monopoly market). Moreover, in the Stackelberg model, when the leader’s market share increases with the532

capacity expansion, i.e., the leader captures most of the market share, the capacity paradox is also more likely to533

occur.534

4. Impact of airport expansion under different airport administrative regimes and responsive airlines535

Based on the airlines’ responses established in Section 3, this section further examines how the airport should536

optimize its decisions to achieve its objective and also investigates the effects of airport expansion on different stake-537

holders in the airport-airline-passenger system. This section considers three airport administrative regimes: profit-538

maximization, social welfare-maximization, and budget-constrained social welfare-maximization. To avoid tedious539

repetition and economize on space, this section presents analytical examination in a particular airline market struc-540

ture, i.e., the perfectly competitive market (using the results from Section 3.1.1). Other airline market structures are541

covered in the numerical studies in Section 5.542

In each administrative regime, we firstly identify the optimality conditions for airport charge ρ and airport capacity543

k. Then, we investigate the marginal effect of capacity increase, assuming that the airport charge can be flexibly544

adjusted according to the capacity. The conditions for capacity paradox are explored in two cases: 1) the benchmark545

capacity is arbitrary, and 2) the benchmark capacity is set at the optimal capacity level.546

4.1. Profit-maximizing airport547

In this subsection, we consider a private airport that optimizes the airport charge and airport capacity to maximize548

the profit. We derive the first-order derivatives ∂Π/∂ρ, ∂Π/∂k based on the airport profit formulation in Eq. (7).549

Letting ∂Π/∂ρ = 0 and ∂Π/∂k = 0 and combining with Eqs. (11a) and (11b), we can derive the optimality conditions550

for airport capacity and airport charge as follows551

k∗ = arg{−q(1 + cg)t′k − ck = 0}, (43)

552

ρ∗ = cq − r −
q
∂q/∂ρ

= cq︸︷︷︸
flight handling cost

per passenger

+ (1 + cg)t′q︸     ︷︷     ︸
marginal congestion
cost per passenger

· q︸︷︷︸
total traffic

volume

+ (−p′q)︸ ︷︷ ︸
markup

− r︸︷︷︸
concession
profit per
passenger

. (44)

Eq. (43) indicates that the optimal capacity of a profit-maximizing airport with perfectly competitive airlines is set at553

the level so that the marginal congestion cost reduction is equal to the marginal cost of capacity, which is consistent554

with the finding in Zhang & Zhang (2006). The optimal airport charge of a profit-maximizing airport with a perfectly555

competitive airline market shown in Eq. (44) says that the optimal airport charge consists of the flight handling cost556

cq, the marginal congestion delay cost of all traffic in the market (1 + cg)t′qq and a markup term (−p′q).557

Considering that it is difficult for the airport to flexibly adjust its capacity in a short time or maintain the optimal558

capacity (Oum & Zhang, 1990), we do not restrict our analysis to the optimal capacity. We look into the suboptimal559

case where the airport optimizes the pricing decision under a given capacity. Thus, we investigate the marginal effect560

of airport capacity increase in two cases, i.e., 1) the benchmark capacity is arbitrary, and 2) the benchmark capacity561

is the optimal capacity level. For any given benchmark capacity level, the marginal effects of capacity increase on the562
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optimal airport charge ρ∗ and the flight volume q can be derived as563

dρ∗

dk
= −(1 + cg)t′k +

(1 + cg)(t′′qkq + t′k)
[
p′ − (1 + cg)t′q

]
q
[
p′′ − (1 + cg)t′′qq

]
+ 2

[
p′ − (1 + cg)t′q

] , (45)

564

dq
dk
=

(1 + cg)(t′′qkq + t′k)

q
[
p′′ − (1 + cg)t′′qq

]
+ 2

[
p′ − (1 + cg)t′q

] > 0. (46)

The derivations for Eqs. (45) and (46) are provided in Appendix C.4. Substituting Eq. (46) into Eq. (5), we obtain the565

marginal effect of capacity expansion on congestion delay as follows566

dt
dk
=

t′k
{
q
[
p′′ − (1 + cg)t′′qq

]
+ 2p′ − (1 + cg)t′q + (1 + cg)t′qq · t′′qk/t

′
k

}
q
[
p′′ − (1 + cg)t′′qq

]
+ 2

[
p′ − (1 + cg)t′q

] . (47)

According to Eqs .(46) and (47), we have Proposition 4.1.567

Proposition 4.1. In a profit-maximizing airport with a perfectly competitive airline market, following a marginal568

increase of airport capacity (with reference to any capacity level),569

(i) traffic volume q will increase;570

(ii) if


(1 + cg)

(
t′′qq −

t′q
t′k

t′′qk

)
> p′′ +

1
q

[
2p′ − (1 + cg)t′q

]
(1 + cg)

(
t′′qq −

t′q
t′k

t′′qk

)
< p′′ +

1
q

[
2p′ − (1 + cg)t′q

] then
average congestion delay t will decrease,

average congestion delay t will increase.
571

Proof. The proof of Proposition 4.1 is provided in Appendix A.4.572

Combining Proposition 3.2(i) and Proposition 4.1, one can verify that the effects of airport capacity expansion in573

a profit-maximizing airport with a perfectly competitive airline market are similar to those with a monopoly airline574

for a given airport charge (Section 3.1.3). While no airport congestion externality is internalized by the airlines in a575

perfectly competitive market, a profit-maximizing airport has the market power and will pass the airport congestion576

externality to the airlines through the airport charge. We then investigate the reasons for the capacity paradox to occur.577

Comparing Eqs.(45) and (47), we have the following corollary.578

Corollary 2. In a profit-maximizing airport with a perfectly competitive airline market, the airport charge decreases579

with capacity expansion when the capacity paradox occurs.580

From Corollary 2, one can infer that the decreasing airport charge and the increasing airport capacity will encour-581

age airlines to schedule more flights and eventually may incur the capacity paradox. We also note that the condition582

for the capacity paradox to occur can be rewritten as q ·∂(t′q/t
′
k)/∂q > t′k(qp′′+2p′)− (1+cg)t′qt′k, which implies that the583

marginal increase of traffic volume will lead to a larger value of t′q/t
′
k and reduced airlines’ and passengers’ congestion584

costs. When the benefit is large enough (i.e., larger than [t′k(qp′′ + 2p′) − (1 + cg)t′qt′k]), airlines will schedule more585

flights and incur the capacity paradox.586

Based on the general capacity paradox condition in Proposition 4.1, in Corollary 3, we further derive the paradox587

condition for the special case where the benchmark capacity is the optimal level k∗. Substituting Eq. (43) into Eq. (47)588

yields589

Corollary 3. In a profit-maximizing airport with a perfectly competitive airline market (with reference to the optimal590

airport capacity level k∗),591

if (1 + cg)
(
t′′qq −

t′q
t′k

t′′qk

)
< p′′ +

2p′

q
+

t′q
t′k

ck

q2 , a marginal capacity expansion will lead to a larger congestion delay.592
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According to Corollary 3, we find that the capacity paradox is likely to occur in the profit-maximizing airport when593

the airport is at its optimal capacity level k∗ and satisfies the condition (1+cg)(t′′qq−t′′qkt′q/t
′
k) < p′′+2p′/q+(t′q/t

′
k)(ck/q2).594

Now we examine the marginal effect of capacity expansion on the airport profit and social welfare, given any595

benchmark airport capacity and flexible airport charge adjustment. Differentiating Eq. (7) and Eq. (8) with respect to596

the capacity k, respectively, and combining with Eq. (44), we have597

dΠ
dk
= −q(1 + cg)t′k − ck, (48)

598

dS W
dk
= −p′q

dq
dk
− q(1 + cg)t′k − ck. (49)

According to Eqs. (48) and (49), we have Proposition 4.2.599

Proposition 4.2. In a profit-maximizing airport serving by perfectly competitive airlines, following a marginal in-600

crease of airport capacity (with reference to any capacity level),601

(i) if
ck < −q(1 + cg)t′k

ck > −q(1 + cg)t′k
then

airport profit Π will increase,

airport profit Π will decrease;
602

(ii) if


ck < −q(1 + cg)t′k − p′q

dq
dk

ck > −q(1 + cg)t′k − p′q
dq
dk

then
social welfare S W will increase,

social welfare S W will decrease.
603

Proof. The results in Proposition 4.2 are immediate from Eqs. (48) and (49).604

Proposition 4.2(i) states that airport profit may drop after the capacity expansion even if the airport can flexibly605

adjust the charge to maximize the profit. When the marginal benefit of additional capacity [−q(1+ cg)t′k] cannot cover606

the airport capital investment cost per unit capacity ck, the airport profit will decrease. We have similar observations607

for the social welfare in Proposition 4.2(ii), i.e., it can go down when the marginal cost is larger than the marginal608

benefit (associated with a marginal airport capacity expansion). Combining Eq. (43) and Proposition 4.2(ii), we find609

that at the optimal capacity level k∗, the capacity expansion will increase the social welfare. In other words, the social610

welfare may increase even if the profit is decreasing. This is because, the increase of consumer surplus due to the611

increasing flight choice compensated the decrease of airport profit, leading to the improvement of the social welfare.612

4.2. Social welfare-maximizing airport613

In this subsection, we consider a public airport that maximizes the social welfare. Based on the social welfare614

formulation given by Eq. (8), we can derive the first-order derivatives ∂S W/∂ρ and ∂S W/∂k. We first investigate the615

optimal capacity and pricing decisions of the airport. Combine the first-order conditions ∂S W/∂ρ = 0 and ∂S W/∂k =616

0, resulting in617

k∗ = arg{−q(1 + cg)t′k − ck = 0}, (50)

618

ρ∗ = arg
{
τ − (1 + cg)t′qq − (c f + cgt) + r − cq = 0}. (51)

By comparing Eqs. (43) and (50), one can verify that the optimal airport capacity for a profit-maximizing airport619

and social welfare-maximizing airport have the same mathematical expression, i.e., the marginal congestion cost620

reduction equals the marginal cost of capacity. Eq. (51) states that under the optimal airport charge of a social621

welfare-maximizing airport, the airfare paid by a passenger will be equal to the marginal social cost. Substituting the622
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airfare formulation Eq. (10) into Eq. (51) yields623

ρ∗ = cq︸︷︷︸
flight handling cost

per passenger

+ (1 + cg)t′q︸     ︷︷     ︸
marginal congestion
cost per passenger

· q︸︷︷︸
total traffic

volume

− r︸︷︷︸
concession
profit per
passenger

. (52)

The optimal airport charge shown in Eq. (52) is comparable to (while different from) that in profit-maximization624

regime in Eq. (44). The first, second and last terms of Eq. (52) associated with the flight handling cost per passenger625

cq, congestion internalization q(1 + cg)t′q and concession profit per passenger r are identical to those in Eq. (44),626

while social welfare-maximizing airport charge does not include the markup term. Thus, by comparing Eq. (52) and627

Eq. (44), it is noted that a social welfare-maximizing airport tends to charge less than a profit-maximizing airport.628

We now investigate the effects of airport expansion starting from the sub-optimal case where only airport charge629

can be optimized, while the benchmark airport capacity is arbitrary. Differentiating Eq. (52) with respect to capacity630

k yields631

dρ∗

dk
= −(1 + cg)t′k +

(1 + cg)(t′′qkq + t′k)[p′ − (1 + cg)t′q]

p′ − 2(1 + cg)t′q − (1 + cg)t′′qqq
, (53)

632

dq
dk
=

(1 + cg)(t′′qkq + t′k)

p′ − 2(1 + cg)t′q − (1 + cg)t′′qqq
. (54)

The derivations for Eqs. (53) and (54) are similar to those of Eqs. (45) and (46), and thus omitted. Substituting Eq. (54)633

into Eq. (5), we obtain the marginal effect of airport expansion on congestion delay, i.e.,634

dt
dk
=

t′k
{
q(1 + cg)(t′′qkt′q/t

′
k − t′′qq) + [p′ − (1 + cg)t′q]

}
p′ − 2(1 + cg)t′q − (1 + cg)t′′qqq

. (55)

According to Eqs. (54) and (55), we have Proposition 4.3.635

Proposition 4.3. In a social welfare-maximizing airport serving by perfectly competitive airlines, following a marginal636

increase of airport capacity k (with reference to any capacity level),637

(i) traffic volume q will increase;638

(ii) if


(1 + cg)

(
t′′qq −

t′q
t′k

t′′qk

)
>

1
q

[
p′ − (1 + cg)t′q

]
(1 + cg)

(
t′′qq −

t′q
t′k

t′′qk

)
<

1
q

[
p′ − (1 + cg)t′q

] then
average congestion delay t will decrease,

average congestion delay t will increase.
639

Proof. The proof of Proposition 4.3 is provided in Appendix A.5.640

Proposition 4.3(i) states that in a social welfare-maximizing airport, competitive airlines will schedule significantly641

more flights following a marginal increase of airport capacity, leading to the increase of total flight volume. Proposi-642

tion 4.3(ii) identifies the condition for the capacity paradox to occur, i.e., (1+cg)(t′′qq− t′′qk · t
′
q/t
′
k) < (1/q)[p′−(1+cg)t′q].643

By comparing the capacity paradox conditions for the profit-maximization regime and social welfare-maximization644

regime, one can observe that given the same capacity k and same traffic volume q, the capacity paradox is more likely645

to occur in a social welfare-maximization regime.646

Based on the general capacity paradox condition in Proposition 4.3(ii), in Corollary 4, we further derive the647

paradox condition for the special case where the benchmark capacity is the optimal level k∗, by substituting Eq. (50)648

into Eq. (55),649

Corollary 4. In a social welfare-maximizing airport with a perfectly competitive airline market (with reference to the650

optimal airport capacity level k∗),651
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if (1 + cg)
(
t′′qq −

t′q
t′k

t′′qk

)
<

p′

q
+

t′q
t′k

ck

q2 , a marginal capacity expansion will lead to a larger congestion delay.652

We find that it is likely for the capacity paradox to occur in the social welfare-maximizing airport when the airport653

is at its optimal capacity level k∗ and satisfies the condition q(1 + cg)(t′′qq − t′′qkt′q/t
′
k) < p′ + (t′q/t

′
k)(ck/q). In particular,654

we find that capacity expansion under these conditions will induce the airport to reduce the airport charge. Thus, the655

decreasing airport charge and increasing airport capacity will encourage airlines to schedule more flights and incur656

the capacity paradox.657

We further investigate the influence of capacity expansion on the airport’s profit and social welfare. Differentiating658

Eq. (7) and Eq. (8) with respect to capacity k, respectively, and combining with Eq. (52), we have659

dΠ
dk
= p′q

dq
dk
− q(1 + cg)t′k − ck, (56)

660

dS W
dk
= −q(1 + cg)t′k − ck. (57)

According to Eqs. (56) and (57), we have Proposition 4.4.661

Proposition 4.4. In a social welfare-maximizing airport with a perfectly competitive airline market, following a662

marginal increase of airport capacity (with reference to any capacity level),663

(i) if


ck < p′q

dq
dk
− q(1 + cg)t′k

ck > p′q
dq
dk
− q(1 + cg)t′k

then
airport profit Π will increase,

airport profit Π will decrease;
664

(ii) if
ck < −q(1 + cg)t′k

ck > −q(1 + cg)t′k
then

social welfare S W will increase,

social welfare S W will decrease.
665

Proof. Proposition 4.4 can be readily verified based on Eqs. (56) and (57).666

Proposition 4.4(ii) states that when the airport charge can be adjusted for achieving social welfare-maximization,667

increasing the capacity will enhance the social welfare given that the marginal airport capital investment cost ck is668

larger than the marginal benefit [−q(1 + cg)t′k]. Combining Eq. (50) and Proposition 4.4(i), we find that when the669

airport benchmark capacity is at the social welfare-maximizing level k∗, the airport capacity expansion will reduce670

the airport profit. By further comparing Proposition 4.2 and Proposition 4.4 (i.e., Eqs. (48) and (56), Eqs. (49) and671

(57)), one can observe that, with the same traffic volume q and capacity k, additional capacity in a social welfare-672

maximization regime will bring less airport profit and social welfare than those in a profit-maximization regime.673

4.3. Budget-constrained social welfare-maximizing airport674

We now consider a social welfare-maximizing airport subject to a profit constraint such that the airport profit675

should not be smaller than a certain value h. The social welfare and airport profit are given by Eqs .(7) and (8). Thus,676

the problem is formulated as677

max
ρ,k

∫ q

0
p(ϵ)dϵ − pq + (p − t − ρ)q − (c f + cgt)q + (ρ + r)q − (ckk + cqq)

s.t. (ρ + r)q − (ckk + cqq) ⩾ h
(58)

Based on the problem formulation, we can form a Lagrangian functionL = S W+µ(Π−h) with µ being the Lagrangian678

multiplier, and derive the first-order derivatives, i.e., ∂L/∂ρ and ∂L/∂k. Based on this, we firstly investigate the679

airport’s optimal capacity and charge. An interior equilibrium is characterized by ∂L/∂k = 0, ∂L/∂ρ = 0, µ ⩾ 0 and680

µ(Π − h) = 0. Based on the first-order conditions and Eqs. (11a) and (11b), we have:681

k∗ = arg{−q(1 + cg)t′k − ck = 0}, (59)
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682

ρ∗ =
µ

1 + µ

[
cq + (1 + cg)t′qq + (−p′q) − r

]︸                                  ︷︷                                  ︸
optimal airport charge in the
profit-maximization regime

+
1

1 + µ

[
cq + (1 + cg)t′qq − r

]︸                     ︷︷                     ︸
optimal airport charge in the social

welfare-maximization regime

. (60)

Eq. (59) specifies the optimal condition for the airport capacity in the budget-constrained social welfare-maximization683

regime, i.e., the marginal congestion cost reduction equals the marginal cost of capacity, which has the similar in-684

terpretation to those in the profit-maximization and social welfare-maximization regimes. The optimal condition for685

the airport charge in Eq. (60) is the weighted average of the optimal charges in the profit-maximization (given by686

Eq. (44)) and the social welfare-maximization regimes (given by Eq. (52)). The weight is determined by the multi-687

plier µ. We note that when µ = 0, the budget constraint may not be binding, i.e., Π ⩾ h, and the airport charge will688

reduce to the same level as in a social welfare-maximizing regime; when µ is sufficiently large, the airport charge will689

raise to the same level as in a profit-maximizing regime. The optimal airport charge in Eq. (60) can be rearranged as690

ρ∗ = cq + (1 + cg)t′qq − r + µ
1+µ (−p′q).691

We then investigate the marginal effects of capacity expansion on the airport charge and the airline market’s output692

with reference to any given airport capacity level. Differentiating Eq. (60) with respect to capacity k yields693

dρ∗

dk
= −(1 + cg)t′k +

(1 + cg)(t′′qkq + t′k)
[
p′ − (1 + cg)t′q

]
p′ − (1 + cg)t′′qqq − 2(1 + cg)t′q +

µ
1+µ (p′′q + p′)

, (61)

694

dq
dk
=

(1 + cg)(t′′qkq + t′k)

p′ − (1 + cg)t′′qqq − 2(1 + cg)t′q +
µ

1+µ (p′′q + p′)
. (62)

The derivations for Eqs. (61) and (62) are similar to those for Eqs. (45) and (46) provided in Appendix C.4. Then, we695

investigate the effect of airport expansion on the congestion delay. Substituting Eq. (62) into Eq. (5) yields696

dt
dk
=

t′k{q(1 + cg)(t′qt′′qk/t
′
k − t′′qq) +

[
p′ − (1 + cg)t′q

]
+
µ

1+µ (p′′q + p′)}

p′ − (1 + cg)t′′qqq − 2(1 + cg)t′q +
µ

1+µ (p′′q + p′)
. (63)

According to Eqs. (62) and (63), we have Proposition 4.5.697

Proposition 4.5. In a budget-constrained social welfare-maximizing airport with a perfectly competitive airline mar-698

ket, following a marginal increase of airport capacity (with reference to any capacity level),699

(i) traffic volume q will increase;700

(ii) if


(1 + cg)

(
t′′qq −

t′q
t′k

t′′qk

)
>

1
q

[
p′ +

µ

1 + µ
(p′′q + p′) − (1 + cg)t′q

]
(1 + cg)

(
t′′qq −

t′q
t′k

t′′qk

)
<

1
q

[
p′ +

µ

1 + µ
(p′′q + p′) − (1 + cg)t′q

]701

then
average congestion delay t will decrease,

average congestion delay t will increase.
702

Proof. The proof of Proposition 4.5 is provided in Appendix A.6.703

Proposition 4.5(i) indicates that a perfectly competitive airline market in a budget-constrained social welfare-704

maximizing airport will schedule more flights following the marginal capacity expansion. Proposition 4.5(ii) identifies705

the condition for capacity paradox to occur, i.e., q(1 + cg)
(
t′′qq − t′′qk · t

′
q/t
′
k

)
<

[
p′ − (1 + cg)t′q

]
+

µ
1+µ (p′′q + p′). It is706

noted that when µ is sufficiently large, the condition for the capacity paradox to occur in a budget-constrained social707

welfare-maximization regime will be relaxed to the same level as in the profit-maximization regime. Thus, one can708
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observe through these conditions in different airport regimes that, with the same capacity and traffic volume, the709

capacity paradox is more likely to occur in the social welfare-maximization regime and less likely to occur in the710

profit-maximization regime.711

We further investigate the occurrence of the capacity paradox at the optimal airport capacity level k∗, and we have712

Corollary 5. In a budget-constrained social welfare-maximizing airport with a perfectly competitive airline market713

(with reference to the optimal airport capacity level k∗),714

if (1 + cg)
(
t′′qq −

t′q
t′k

t′′qk

)
<

p′

q
+
µ

1 + µ

(
p′′ +

p′

q

)
+

t′q
t′k

ck

q2 , a marginal capacity expansion will lead to a larger con-715

gestion delay.716

We further investigate the influence of capacity expansion on the airport’s profit and social welfare. Differentiating717

Eq. (7) and Eq. (8) with respect to capacity k, respectively, and combining with Eq. (60), we have718

dΠ
dk
=

1
1 + µ

p′q
dq
dk
− q(1 + cg)t′k − ck, (64)

719

dS W
dk
= −

µ

1 + µ
p′q

dq
dk
− q(1 + cg)t′k − ck. (65)

According to Eqs. (64) and (65), we have Proposition 4.6.720

Proposition 4.6. In a budget-constrained social welfare-maximizing airport with a perfectly competitive airline mar-721

ket, following a marginal increase of airport capacity (with reference to any capacity level),722

(i) if


ck <

1
1 + µ

p′q
dq
dk
− q(1 + cg)t′k

ck >
1

1 + µ
p′q

dq
dk
− q(1 + cg)t′k

then
airport profit Π will increase,

airport profit Π will decrease;
723

(ii) if


ck < −

µ

1 + µ
p′q

dq
dk
− q(1 + cg)t′k

ck > −
µ

1 + µ
p′q

dq
dk
− q(1 + cg)t′k

then
social welfare S W will increase,

social welfare S W will decrease.
724

Proof. Proposition 4.6 can be readily verified based on Eqs. (64) and (65).725

Proposition 4.6 states that both airport profit and social welfare may decrease after a capacity expansion. Com-726

bining Eq. (59), Proposition 4.6(i) and (ii), we find that the marginal capacity expansion will reduce airport profit727

but enhance the social welfare if the benchmark capacity is set at the optimal level for social welfare-maximization728

under budget constraint. By comparing the marginal effects of capacity expansion in the three regimes, i.e., profit-729

maximization (PM, Proposition 4.2), social welfare-maximization (SW, Proposition 4.4), and budget-constrained so-730

cial welfare-maximization (BS, Proposition 4.6), we find that the marginal effect on airport profit is larger in PM731

regime, than BS and SW regimes (PM>BS>SW). Similar relationship is found for the marginal effect of airport ex-732

pansion on social welfare, i.e., PM>BS>SW. Thus, ceteris paribus, airport expansion is more likely to benefit both733

the airport profitability and social welfare at a profit-maximizing airport.734

5. Numerical studies735

This section presents numerical studies to illustrate and explore the effects of airport expansion. The basic function736

forms and base-case parameter values are summarized in Table 4. If not further specified, the results are based on the737

base-case function and parameter settings.738
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Parameter values of airports and airlines are chosen with reference to data from Hong Kong International Airport739

(HKIA) and International Air Transport Association (IATA). As estimated in HKIA 2030 Outlook, the maximum740

capacity for the two-runway system in HKIA is about 440,000 flights a year. According to HKIA Annual Report741

2018/19 (pre-pandemic), HKIA hosts about 75.1 million passengers and 429,000 flights in 2018/19 in total. Airport742

charges earned HKIA HK$5,255 million, and the concession business earned HK$7,145 million (including advertising743

revenue). The total cost was about HK$10,150 million (including amortization and depreciation). Thus, we can have744

a rough estimation of the value of airport concession profit per passenger r, airport capital investment cost per unit745

capacity ck, and airport’s cost per passenger of handling flights cq. According to the 2018/19 Annual Report of major746

airlines operated in HKIA, we have a rough estimation of the airline’s fixed cost per passenger c f and variable cost747

due to congestion cg. In the budget-constrained social welfare-maximization regime, we set the budget constraint as748

airport profit being no smaller than HK$5 million. Other parameter values are assumed.749

Table 4 Basic functional forms and parameter values

Functional forms Parameter values

Congestion time t(q, k) = w1(qw2/k) + w3q
w1 = 0.005
w2 = 2
w2 = 0.02

Inverse demand function
p(q) = cp0 − cp1q
pi(qi) = cp0 − cpiiqi + cpi jq j

[1]

cp0 = HK$3000
cp1 = HK$0.01
cpii = HK$0.01
cpi j = HK$0.005

Airlines profit πi = (τi − ρ)qi − [c f + cgt(q, k)]qi
c f = HK$50
cg = HK$10

Airport profit Π = (ρ + r)q − (ckk + cqq)
r = HK$100
ck = HK$70
cq = HK$80

[1] This function is used when airlines are imperfect substitutes.

We first investigate the airline market’s responses against the varying airport charge and capacity. Figure 2 shows750

the flight traffic volume and congestion delay of the airline market with different combinations of airport capacity and751

airport charge. We vary the capacity from 50,000 passengers per day to 250,000 passengers per day, and vary the752

airport charge from HK$ 40 per passenger to HK$ 120 per passenger. Generally, airport expansion will yield more753

traffic volume, and increasing the airport charge will reduce traffic volume. Moreover, the capacity paradox occurs754

in the monopoly market in the perfect substitutes scenario and duopoly airlines in the imperfect substitutes scenario.755

In addition, regarding traffic volume, perfectly competitive airlines yield the largest traffic volume, while monopoly756

provides the least traffic volume in the perfect substitutes scenario. The leader-follower market produces a higher757

traffic volume in both the perfect substitutes scenario and the imperfect substitutes scenario (in Figure 2(b), when758

compared with two airlines competing in a Cournot market (m = 2)).759

We also take the airport’s administrative regimes into consideration. Figures 3, 4, and 5 present the system760

responses to airport expansion in the profit-maximization, social welfare-maximization, and budget-constrained social761

welfare-maximization regimes, respectively. In each regime, the following airline market structures are examined, i.e.,762

perfectly competitive airlines, Cournot airlines, monopoly airline, Stackelberg leader-a Cournot follower, duopoly763

airlines and Stackelberg leader-Cournot followers. It is noteworthy that Section 4 presents the analytical conditions764

for different airport regimes under the competitive airline market. In the numerical studies, we examine various765

combinations of airport administrative regimes and airline market structures.766

Figures 3(a1) and 3(b1) present the traffic volumes of an airport in profit-maximization regime with different767

airline market structures. The perfectly competitive market produces the largest traffic volume, and the monopoly768

market produces the least traffic volume. It is also noted that the leader-follower market produces less output than769

the Cournot market with two airlines in the perfect substitutes scenario, but more output than duopoly airlines in770

the imperfect substitutes scenario. The main reason is that the airport can appropriately devise the airport charge to771

seek profit-maximization. In the welfare-maximization regime, Figures 4(a1) and 4(a3) show that the airline market772

structures have limited influence on the total traffic volume and the resultant social welfare. In some cases (monopoly773
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(a) Perfectly competitive airlines

(d) Stackelberg leader - a Cournot follower

(b) Cournot airlines (m=2)

(c) Monopoly airline

(f) Stackelberg leader - Cournot followers(e) Duopoly airlines
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Fig. 2. Traffic volume and congestion delay under different airport charges and capacities

airline market), the airport charge is even negative, which means the airport will subsidize the airlines to encourage774

them to schedule more flights and improve the social welfare. However, in the imperfect substitutes scenario, Fig-775

ures 4(b1) and (b3) show that the airline market structures will influence the total traffic volume and social welfare.776

Figures 5(a1) and 5(b1) show the traffic volumes of different airline market structures in a budget-constrained social777

welfare-maximizing airport. We find that when the airport profit is lower than the constraint, the airport will stop778

subsidizing the airline, which will reduce the total output and social welfare. However, if the budget constraint is not779

binding, it is identical to the social welfare-maximization regime, e.g., Figure 5(b) is the same as Figure 4(b).780

Figures 3(a2), 3(b2), 4(a2), and 4(b2) show that the capacity paradox may occur in the profit-maximization regime781

and the social welfare-maximization regime, regardless of the airline market structure. However, in the budget-782

constrained social welfare-maximization regime, the congestion delay will drop in the base-case setting. Figure 5(a2)783

shows that the capacity paradox does not occur in the monopoly and Cournot markets when the airport budget con-784

straint is binding.785

The effects of airport expansion on social welfare and airport profit are shown in Figures 3(a3), 3(a4), 4(a3),786

4(a4), 5(a3), and 5(a4). In particular, in Figure 3(a4), we find that the optimal capacity level for a profit-maximizing787

airport with perfectly competitive airlines is the largest. In Figure 4(a3), we find that the optimal level of the welfare-788

maximizing airport is the same for all airline market structures in the perfect substitutes scenario.789
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Fig. 3. Effects of the airport capacity expansion in the profit-maximizing administrative regime
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Fig. 4. Effects of the airport capacity expansion in the social welfare-maximizing administrative regime
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Fig. 5. Effects of the airport capacity expansion in the budget-constrained social welfare-maximizing administrative regime
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6. Conclusion790

In this paper, a tri-level game-theoretical model is developed to investigate the air traffic equilibrium in the airport-791

airlines-passenger system, the decisions of different stakeholders (airport, airlines, and passenger choices), and the792

effects of airport capacity expansion on the traffic equilibrium and a series of system efficiency metrics. We consider793

that, in the airport-airlines-passenger system, the airport might be operated in alternative administrative regimes, and794

the airline market might exhibit various structures. In this context, we examine different stakeholders’ decisions and795

the implications on airport congestion, airline competition, and the social welfare.796

The first part of the analysis examines the airline market’s responses to varying airport decisions under given797

airport charge and capacity. We have the following findings. First, the capacity paradox is more likely to occur798

in the market with less competition. For example, in the symmetric airline market, the less airlines in the market799

(i.e., less m), the more likely for the capacity paradox to occur. Also, in the leader-follower market, when the leader800

captures most of the market share, the capacity paradox is more likely to occur. Second, the congestion internalization801

in different airline markets is different. A perfectly competitive airline market will not internalize any congestion,802

while in the Cournot market, airlines will internalize the congestion proportional to its market share. In a perfect803

substitutes airline market, the leader will scale down its airfare regarding airport congestion externality to the same804

level as the follower. However, in the imperfect substitutes scenario, the leader will charge more than the follower.805

Third, the shape of demand curve and congestion curve is critical to the occurrence of the capacity paradox. If the806

congestion delay is more sensitive to the traffic volume than the capacity (i.e., |t′q| is large while |t′k | is small) or traffic807

volume is very sensitive to price (|p′′| and |p′| are small), the capacity paradox is more likely to occur. When the808

congestion delay function is homogeneous of degree zero in airport capacity and traffic volume, the capacity paradox809

will not occur in the perfect substitutes scenario. It is noteworthy that the capacity paradox does not imply that810

the economic contribution of the airport expansion has not increased. Although the airport can be more congested811

after the expansion, it does accommodate more demand, which means more economic interactions overall. Fourth,812

the increasing airport charge will reduce the traffic volume under a given capacity, regardless of the airline market813

structure. However, the capacity expansion under a given airport charge may not increase the traffic volume in the814

leader-follower market. When the competition from the follower becomes fiercer, the leader airline will reduce its815

traffic volume and eventually reduce the total output in the market.816

The second part of the analysis considers the airport decisions in three airport administrative regimes and examines817

the impacts of the airport capacity expansion on system efficiency metrics considering airlines’ responses. First, the818

occurrence of the capacity paradox is highly related to the airport’s charge policy. We find that the capacity paradox819

is more likely to occur in the social welfare-maximization regime, as it charges less than in the profit-maximization820

regime, given the same capacity and traffic volume. It is also noted that the capacity paradox is more likely to occur821

when the airport charge decreases with capacity expansion. The decreasing airport charge and the increasing airport822

capacity may encourage airlines to schedule more flights and eventually incur the capacity paradox. We also find that823

the capacity paradox may occur even if the airport capacity is set to the optimal level. Second, the profit-maximization824

regime brings the lowest traffic volume, as it charges the highest airport charge. In a social welfare-maximization825

regime, the traffic volume is not influenced by the airline market structure in the perfect substitutes scenario. The826

airport will adjust its charge to ensure that the airfare paid by the passenger equals the marginal social cost, which827

means that the airport may offer a subsidy to the airlines when they need to receive more than the marginal social cost.828

However, if the social welfare-maximizing airport is subject to a budget constraint, it will stop paying more subsidies829

than the constraint allows.830

This study can be extended in several ways. First, the model can be extended to incorporate the competition831

between full-service airlines (FSA) and low-cost carriers (LCC). Due to the differences in service type and business832

model, FSA and LCC may respond differently to the airport expansion. For example, when airlines make a trade-off833

between the marginal increase of flight traffic volume and the marginal increase of operation cost, FSA and LCC may834

have different strategies. To incorporate FSA vs. LCC competition, we should make several changes to the model835

formulation, e.g., we may consider a differentiated duopoly model, and the price sensitivity of LCC should be larger836

than that of FSA (Oum & Fu, 2007). This extension will derive more managerial insights into the real-world practice.837

Second, this study considers an identical aircraft size to maintain the analytical tractability. However, the aircraft size838

is an important decision for airlines, especially in congested airports. A larger aircraft can transport more passengers at839

once but may incur a larger flight cost (Richard, 2003). It is interesting to investigate airlines’ integrated decisions on840

29



aircraft size and pricing strategies facing congestion and capacity expansion. Third, this study considers the capacity841

investment and pricing decisions of an already congested airport, where capacity expansion is an exogenous decision.842

However, airport capacity expansion may also become an endogenous decision in response to changing demand. In843

future studies, we will consider the shifts of demand functions in different economic situations and investigate the844

responses of airline and airport capacity decisions to demand changes.845
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Appendix A. Proofs of Propositions850

Appendix A.1. Proof of Proposition 3.2851

Given t′k < 0, t′′qk ⩽ 0, cg > 0, m > 0, and q ⩾ 0, the numerator of Eq. (15a) is negative and the numerator852

of Eq. (15b) is positive. The denominators of Eqs. (15a) and (15b) are the same and are negative according to the853

“strategic substitutes” assumption, i.e., ∂2πi/∂qi∂q−i < 0. Therefore, we have ∂q/∂k > 0 and ∂q/∂ρ < 0, which854

implies that flight traffic volume will increase following the marginal airport capacity increase and decrease following855

the marginal increase of airport charge.856

The denominator of Eq. (16) is the same as Eqs. (15a) and (15b), which is negative. Thus, the sign of dt/ dk is up857

to the numerator. One can verify that when the numerator is negative (i.e., (1 + cg)(t′′qq − t′q/t
′
k · t
′′
qk) < p′′ + (1/q)[(m +858

1)p′ − (1+ cg)t′q]), we have dt/ dk > 0, which implies that the capacity paradox occurs; when the numerator is positive859

(i.e., (1 + cg)(t′′qq − t′q/t
′
k · t
′′
qk) > p′′ + (1/q)[(m + 1)p′ − (1 + cg)t′q]), we have dt/ dk < 0. This completes the proof.860

Appendix A.2. Proof of Proposition 3.3861

One can verify that the denominator of Eq. (27a) is negative according to the second-order condition ∂2π f /∂q2
f < 0.862

Thus, the sign of ∂q/∂k is up to its numerator. One can verify that when the numerator of Eq. (27a) is negative (i.e.,863

dλ/ dk < (1 + cg)[(1 + λ)qℓt′′qk + t′k]/[[p′ − (1 + cg)t′q]]), we have ∂q/∂k > 0, which implies that traffic volume will864

increase with the capacity expansion; when the numerator of Eq. (27a) is positive, we have ∂q/∂k < 0, which implies865

that the traffic volume will decrease with the capacity expansion.866

Eq. (27b) can be further simplified as follows:867

∂q
∂ρ
=

1[
p′′ − (1 + cg)t′′qq

]
(1 + λ)qℓ +

[
p′ − (1 + cg)t′q

] [
2 + qℓ dλ

dqℓ
· 1/(1 + λ)

] . (A.1)

The denominator of Eq. (A.1) is negative according to the second-order condition ∂2πℓ/∂q2
ℓ < 0. Thus, we have868

∂q/∂ρ < 0, i.e., the increasing airport charge will reduce traffic volume.869

One can verify that the denominator of Eq. (28) is the same as Eqs. (27a) and (27b), which is also negative. Thus,870

the sign of dt/ dk is up to its numerator. One can verify that when the numerator is negative (i.e., (1+cg)(t′′qq−t′′qk ·t
′
q/t
′
k) <871

p′′ + 1/(1 + λ)qℓ · {2p′ − (1 + cg)t′q − t′q/t
′
k · [p′ − (1 + cg)t′q]qℓ dλ/ dk}), we have dt/ dk > 0, which implies that the872

average congestion delay will increase with the marginal capacity expansion; when the numerator is positive (i.e.,873

(1 + cg)(t′′qq − t′′qk · t
′
q/t
′
k) > p′′ + 1/(1 + λ)qℓ · {2p′ − (1 + cg)t′q − t′q/t

′
k · [p′ − (1 + cg)t′q]qℓ dλ/ dk}), we have dt/ dk < 0.874

This completes the proof.875

Appendix A.3. Proof of Proposition 3.5876

The denominator of Eq. (40a) is negative according to the second-order condition ∂2π f /∂q2
f < 0. Thus, we877

have the sign of ∂q/∂k is up to its numerator. One can verify that when the numerator is negative (i.e.,dλ/ dk <878

(1+ cg)[(1+ λ)qℓt′′qk + t′k]/[p′ℓ( f ) − (1+ cg)t′q]), we have ∂q/∂k > 0, which implies that traffic volume will increase with879

the capacity expansion; when the numerator is positive (i.e.,dλ/ dk < (1 + cg)[(1 + λ)qℓt′′qk + t′k]/[p′ℓ( f ) − (1 + cg)t′q]),880

we have ∂q/∂k < 0, which implies that traffic volume will decrease with the capacity expansion.881
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Eq. (40b) can be further simplified as follows:882

∂q
∂ρ
=

1[
δ − (1 + cg)t′′qq

]
(1 + λ)qℓ + 2

1+λ

[
p′
ℓ(ℓ) − (1 + cg)t′q

]
+ 1

1+λ (2λ + qℓ dλ
dqℓ

)
[
p′
ℓ( f ) − (1 + cg)t′q

] . (A.2)

The denominator of Eq. (A.2) is negative according to the second-order condition ∂2πℓ/∂q2
ℓ < 0. Thus, we have883

∂q/∂ρ < 0, i.e., the marginal increase of airport charge will reduce the traffic volume. This completes the proof.884

Appendix A.4. Proof of Proposition 4.1885

One can readily verify that denominators of Eqs. (46) and 47 are the same, and are negative according to the886

second-order condition ∂2Π/∂ρ2 < 0. Given t′k < 0, t′′qk ⩽ 0, cg > 0, and q ⩾ 0, we have the numerator of the Eq. (46)887

is negative, which implies that dq/ dk > 0, and traffic volume will increase with the capacity expansion. The sign888

of dt/ dk is up to its numerator. One can verify that when the numerator is negative (i.e., (1 + cg)(t′′qq − t′q/t
′
k · t

′′
qk) <889

p′′+(1/q)[2p′−(1+cg)t′q]), we have dt/ dk > 0, which implies that the average congestion delay will increase with the890

marginal capacity expansion; when the numerator is positive (i.e., (1+cg)(t′′qq−t′q/t
′
k ·t
′′
qk) > p′′+(1/q)[2p′−(1+cg)t′q]),891

we have dt/ dk < 0.892

Appendix A.5. Proof of Proposition 4.3893

Given p′ < 0, t′q > 0, t′k < 0, t′′qk ⩽ 0, t′′qq ⩾ 0, cg > 0, and q ⩾ 0, both the numerator and denominator of894

Eq. (54) are negative. Therefore, we have ∂q/∂k > 0, which implies that flight traffic volume will increase following895

the marginal capacity increase. The denominator of Eq. (55) is the same as Eq. (54), which is negative. Thus, the sign896

of dt/ dk is up to the numerator. One can verify that when the numerator is negative (i.e., (1 + cg)(t′′qq − t′′qk · t
′
q/t
′
k) <897

(1/q)[p′ − (1 + cg)t′q]), we have dt/ dk > 0, which implies that the average congestion delay will increase with the898

marginal capacity expansion; when the numerator is positive (i.e., (1 + cg)(t′′qq − t′′qk · t
′
q/t
′
k) > (1/q)[p′ − (1 + cg)t′q]),899

we have dt/ dk < 0. This completes the proof.900

Appendix A.6. Proof of Proposition 4.5901

The denominators of Eqs. (62) and (63) are the same, and are negative according to the second-order condition902

∂2L/∂ρ2 < 0. Given t′k < 0, t′′qk ⩽ 0, cg > 0, and q ⩾ 0, the numerator of Eq. (62) is negative. Thus, we have dq/ dk >903

0, i.e., traffic volume will increase with the marginal capacity expansion. The sign of dt/ dk is up to its numerator. One904

can verify that when the numerator is negative (i.e., (1+cg)(t′′qq− t′′qk · t
′
q/t
′
k) < (1/q)[p′+ µ

1+µ (p′′q+ p′)− (1+cg)t′q]), we905

have dt/ dk > 0, which implies that the average congestion delay will increase with the marginal capacity expansion;906

when the numerator is positive (i.e., (1+cg)(t′′qq− t′′qk · t
′
q/t
′
k) > (1/q)[p′+ µ

1+µ (p′′q+ p′)−(1+cg)t′q]), we have dt/ dk < 0.907

This completes the proof.908

Appendix B. Proof of the total traffic volume is larger in leader-follower market than in Cournot market909

According to Eq. (13), the output of the Cournot market with two airlines (i.e., m = 2) in the perfect substitutes910

scenario can be given by911

q1 = arg
{
ρ + c f =

1
2

q
[
p′ − (1 + cg)t′q

]
+

[
p − (1 + cg)t

]}
. (B.1)

Similarly, according to Eqs. (22) and (25), the output of the leader-follower market in the perfect substitutes scenario912

can be given by913

q2 = arg
{
ρ + c f =

1
2

q
[
p′ − (1 + cg)t′q

]
+

[
p − (1 + cg)t

]
+

λ

4 + 2λ
q
[
p′ − (1 + cg)t′q

]}
. (B.2)
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Let f (q) = 1
2 q[p′− (1+cg)t′q]+ [p− (1+cg)t] and z(q) = λ

4+2λq[p′− (1+cg)t′q]. One can verify that f (q) is a decreasing914

function of q. Given λ ∈ (−1,−1/2), p′ < 0 and t′q > 0, we have z(q) > 0. We consider that these two airline markets915

are in the same airport setting and have the same costs (i.e., same k, ρ, cg, c f ). Thus, we have916

ρ + c f = f (q1) = f (q2) + z(q2). (B.3)

Since z(q2) > 0 and f (q) is a decreasing function of q, we have f (q1) > f (q2) and q1 < q2, i.e., the total output in the917

leader-follower market is larger than in the Cournot market.918

Appendix C. The derivations for key equations919

Appendix C.1. The derivations for Eqs. (15a) and (15b)920

Taking partial derivatives of both sides of ∂πi/∂qi = 0 with respect to k yields921 [
p′′ − (1 + cg)t′′qq

] ∂q
∂k

qi − (1 + cg)t′′qkqi +
[
p′ − (1 + cg)t′q

] ∂qi

∂k
+

[
p′ − (1 + cg)t′q

] ∂q
∂k
− (1 + cg)t′k = 0.

Summing up all i derives922 [
p′′ − (1 + cg)t′′qq

] ∂q
∂k

q − (1 + cg)t′′qkq +
[
p′ − (1 + cg)t′q

] ∂q
∂k
+ m

[
p′ − (1 + cg)t′q

] ∂q
∂k
− m(1 + cg)t′k = 0,

∂q
∂k
=

(1 + cg)(t′′qkq + mt′k)[
p′′ − (1 + cg)t′′qq

]
q + (m + 1)

[
p′ − (1 + cg)t′q

] .
Thus, we obtain Eq. (15a).923

Similarly, taking partial derivatives of both sides of ∂πi/∂qi = 0 with respect to ρ yields924 [
p′′ − (1 + cg)t′′qq

] ∂q
∂ρ

qi +
[
p′ − (1 + cg)t′q

] ∂qi

∂ρ
+

[
p′ − (1 + cg)t′q

] ∂q
∂ρ
− 1 = 0.

Summing up all i derives925 [
p′′ − (1 + cg)t′′qq

] ∂q
∂ρ

q +
[
p′ − (1 + cg)t′q

] ∂q
∂ρ
+ m

[
p′ − (1 + cg)t′q

] ∂q
∂ρ
− m = 0,

∂q
∂ρ
=

m[
p′′ − (1 + cg)t′′qq

]
q + (m + 1)

[
p′ − (1 + cg)t′q

] .
Thus, we obtain Eq. (15b).926

Appendix C.2. The derivations for Eqs. (27a), (27b) and (A.1)927

Taking partial derivatives of both sides of ∂πℓ/∂qℓ = 0 with respect to k yields928

[
p′′ − (1 + cg)t′′qq

] ∂q
∂k

qℓ(1 + λ) +
[
p′ − (1 + cg)t′q

] [∂qℓ
∂k

(1 + λ) + qℓ
dλ
dk

]
+

[
p′ − (1 + cg)t′q

] ∂q
∂k
− (1 + cg)

[
t′′qkqℓ(1 + λ) + t′k

]
= 0,

where929

∂q
∂k
=
∂qℓ
∂k
+
∂q f

∂qℓ

∂qℓ
∂k
= (1 + λ)

∂qℓ
∂k
.
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Then, we have930 [
p′′ − (1 + cg)t′′qq

] ∂q
∂k

qℓ(1 + λ) − (1 + cg)t′′qkqℓ(1 + λ) +
[
p′ − (1 + cg)t′q

] (
2
∂q
∂k
+ qℓ

dλ
dk

)
− (1 + cg)t′k = 0,

∂q
∂k
=

(1 + cg)
[
t′′qkqℓ(1 + λ) + t′k

]
−

[
p′ − (1 + cg)t′q

]
qℓ dλ

dk[
p′′ − (1 + cg)t′′qq

]
qℓ(1 + λ) + 2

[
p′ − (1 + cg)t′q

] .
Thus, we obtain Eq. (27a).931

Similarly, taking partial derivatives of both sides of ∂πℓ/∂qℓ = 0 with respect to ρ yields932

[
p′′ − (1 + cg)t′′qq

] ∂q
∂ρ

qℓ(1 + λ) +
[
p′ − (1 + cg)t′q

] [∂qℓ
∂ρ

(1 + λ) + qℓ
dλ
dρ
+
∂q
∂ρ

]
− 1 = 0,

where933

∂q
∂ρ
=
∂qℓ
∂ρ
+
∂q f

∂qℓ

∂qℓ
∂ρ
= (1 + λ)

∂qℓ
∂ρ
.

Then, we have934 [
p′′ − (1 + cg)t′′qq

] ∂q
∂ρ

qℓ(1 + λ) +
[
p′ − (1 + cg)t′q

] (
2
∂q
∂ρ
+ qℓ

dλ
dρ

)
− 1 = 0,

∂q
∂ρ
=

1 −
[
p′ − (1 + cg)t′q

]
qℓ dλ

dρ[
p′′ − (1 + cg)t′′qq

]
qℓ(1 + λ) + 2

[
p′ − (1 + cg)t′q

] .
Thus, we obtain Eq. (27b). Further simplify the term dλ/ dρ in Eq. (27b) as follows:935

dλ
dρ
=

dλ
dqℓ

∂qℓ
∂ρ
.

Then, Eq. (27b) can be simplified as follows:936

∂q
∂ρ
=

1[
p′′ − (1 + cg)t′′qq

]
qℓ(1 + λ) +

[
p′ − (1 + cg)t′q

] [
2 + qℓ dλ

dqℓ
· 1/(1 + λ)

] .
Thus, we obtain Eq. (A.1).937

Appendix C.3. The derivations for Eqs. (40a) and (40b)938

Taking partial derivatives of both sides of ∂πℓ/∂qℓ = 0 with respect to k yields939 dp′ℓ(ℓ)
dk
+

dp′ℓ( f )

dk
λ + p′ℓ( f )

dλ
dk
− (1 + cg)

[(
t′′qq
∂q
∂k
+ t′′qk

)
(1 + λ) + t′q

dλ
dk

] qℓ

+
[
p′ℓ(ℓ) + p′ℓ( f )λ − (1 + cg)t′q(1 + λ)

] ∂qℓ
∂k
+

dpℓ
dk
− (1 + cg)

(
t′q
∂q
∂k
+ t′k

)
= 0,
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where940

dp′ℓ(ℓ)
dk
=
∂p′ℓ(ℓ)
∂qℓ

∂qℓ
∂k
+
∂p′ℓ(ℓ)
∂q f

∂q f

∂qℓ

∂qℓ
∂k
= (p′′ℓ(ℓℓ) + λp′′ℓ(ℓ f ))

∂qℓ
∂k
,

dp′ℓ( f )

dk
=
∂p′ℓ( f )

∂qℓ

∂qℓ
∂k
+
∂p′ℓ( f )

∂q f

∂q f

∂qℓ

∂qℓ
∂k
= (p′′ℓ( f ℓ) + λp′′ℓ( f f ))

∂qℓ
∂k
,

dpℓ
dk
=
∂pℓ
∂qℓ

∂qℓ
∂k
+
∂pℓ
∂q f

∂q f

∂qℓ

∂qℓ
∂k
= (p′ℓ(ℓ) + λp′ℓ( f ))

∂qℓ
∂k
,

∂q
∂k
=
∂qℓ
∂k
+
∂q f

∂qℓ

∂qℓ
∂k
= (1 + λ)

∂qℓ
∂k
.

Then, we have941

∂q
∂k


 p′′ℓ(ℓℓ) + λp′′ℓ(ℓ f ) + λp′′ℓ( f ℓ) + λ

2 p′′ℓ( f f )

(1 + λ)2 − (1 + cg)t′′qq

 (1 + λ)qℓ +
2

1 + λ

[
p′ℓ(ℓ) − (1 + cg)t′q

]
+

2λ
1 + λ

[
p′ℓ(ℓ) − (1 + cg)t′q

]}
− (1 + cg)

[
t′′qk(1 + λ)qℓ + t′k

]
+

dλ
dk

[
p′ℓ( f ) − (1 + cg)t′q

]
qℓ = 0,

942

∂q
∂k
=

(1 + cg)
[
t′′qk(1 + λ)qℓ + t′k

]
−

[
p′ℓ( f ) − (1 + cg)t′q

]
qℓ dλ

dk[
p′′
ℓ(ℓℓ)+λp′′

ℓ(ℓ f )+λp′′
ℓ( f ℓ)+λ

2 p′′
ℓ( f f )

(1+λ)2 − (1 + cg)t′′qq

]
(1 + λ)qℓ + 2

1+λ

[
p′
ℓ(ℓ) − (1 + cg)t′q

]
+ 2λ

1+λ

[
p′
ℓ(ℓ) − (1 + cg)t′q

] .
By denoting δ = [p′′ℓ(ℓℓ) + p′′ℓ(ℓ f )λ + p′′ℓ( f ℓ)λ + p′′ℓ( f f )λ

2]/(1 + λ)2, we obtain Eq. (40a).943

Similarly, taking partial derivatives of both sides of ∂πℓ/∂qℓ = 0 with respect to ρ yields944 dp′ℓ(ℓ)
dρ
+

dp′ℓ( f )

dρ
λ + p′ℓ( f )

dλ
dρ
− (1 + cg)

[
t′′qq
∂q
∂ρ

(1 + λ) + t′q
dλ
dρ

] qℓ

+
[
p′ℓ(ℓ) + p′ℓ( f )λ − (1 + cg)t′q(1 + λ)

] ∂qℓ
∂ρ
+

dpℓ
dρ
− (1 + cg)t′q

∂q
∂ρ
− 1 = 0,

where945

dp′ℓ(ℓ)
dρ
=
∂p′ℓ(ℓ)
∂qℓ

∂qℓ
∂ρ
+
∂p′ℓ(ℓ)
∂q f

∂q f

∂qℓ

∂qℓ
∂ρ
= (p′′ℓ(ℓℓ) + λp′′ℓ(ℓ f ))

∂qℓ
∂ρ
,

dp′ℓ( f )

dρ
=
∂p′ℓ( f )

∂qℓ

∂qℓ
∂ρ
+
∂p′ℓ( f )

∂q f

∂q f

∂qℓ

∂qℓ
∂ρ
= (p′′ℓ( f ℓ) + λp′′ℓ( f f ))

∂qℓ
∂ρ
,

dpℓ
dρ
=
∂pℓ
∂qℓ

∂qℓ
∂ρ
+
∂pℓ
∂q f

∂q f

∂qℓ

∂qℓ
∂ρ
= (p′ℓ(ℓ) + λp′ℓ( f ))

∂qℓ
∂ρ
,

∂q
∂ρ
=
∂qℓ
∂ρ
+
∂q f

∂qℓ

∂qℓ
∂ρ
= (1 + λ)

∂qℓ
∂ρ
.

Then, we have946

∂q
∂ρ


 p′′ℓ(ℓℓ) + λp′′ℓ(ℓ f ) + λp′′ℓ( f ℓ) + λ

2 p′′ℓ( f f )

(1 + λ)2 − (1 + cg)t′′qq

 (1 + λ)qℓ +
2

1 + λ

[
p′ℓ(ℓ) − (1 + cg)t′q

]
+

2λ
1 + λ

[
p′ℓ(ℓ) − (1 + cg)t′q

]}
− 1 +

dλ
dρ

[
p′ℓ( f ) − (1 + cg)t′q

]
qℓ = 0,
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947

∂q
∂ρ
=

1 −
[
p′ℓ( f ) − (1 + cg)t′q

]
qℓ dλ

dρ[
p′′
ℓ(ℓℓ)+λp′′

ℓ(ℓ f )+λp′′
ℓ( f ℓ)+λ

2 p′′
ℓ( f f )

(1+λ)2 − (1 + cg)t′′qq

]
(1 + λ)qℓ + 2

1+λ

[
p′
ℓ(ℓ) − (1 + cg)t′q

]
+ 2λ

1+λ

[
p′
ℓ(ℓ) − (1 + cg)t′q

] .
By denoting δ = [p′′ℓ(ℓℓ) + p′′ℓ(ℓ f )λ + p′′ℓ( f ℓ)λ + p′′ℓ( f f )λ

2]/(1 + λ)2, we obtain Eq. (40b).948

Appendix C.4. The derivations for Eqs. (45) and (46)949

Taking derivatives of both sides of ∂Π/∂ρ = 0 with respect to k yields950

dq
dk
+

dρ
dk
∂q
∂ρ
+ (ρ + r − cq)

d( ∂q
∂ρ

)

dk
= 0,

where951

d( ∂q
∂ρ

)

dk
=
−

[
p′′ − (1 + cg)t′′qq

]
dq
dk + (1 + cg)t′′qk[

p′ − (1 + cg)t′q
]2 ,

dq
dk
=
∂q
∂k
+
∂q
∂ρ

dρ
dk
.

By substituting Eqs. (11a),(11b) and (44), we have952

dρ
dk

{
q
[
p′′ − (1 + cg)t′′qq

]
+ 2

[
p′ − (1 + cg)t′q

]}
+

[
p′ − (1 + cg)t′q

]
(1 + cg)(t′k − qt′′qk)

+ q
[
p′′ − (1 + cg)t′′qq

]
(1 + cg)t′k = 0.

953

dρ
dk
= −(1 + cg)t′k +

[
p′ − (1 + cg)t′q

]
(1 + cg)(t′k + qt′′qk)

q
[
p′′ − (1 + cg)t′′qq

]
+ 2

[
p′ − (1 + cg)t′q

] .
Thus, we obtain Eq. (45). Then, substituting Eq. (45) into954

dq
dk
=
∂q
∂k
+
∂q
∂ρ

dρ
dk
,

we have955

dq
dk
=

(1 + cg)(t′k + qt′′qk)

q
[
p′′ − (1 + cg)t′′qq

]
+ 2

[
p′ − (1 + cg)t′q

] .
Thus, we obtain Eq. (46).956
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