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Abstract: Under the background of economic globalization, the air transport industry developed
rapidly. It turns out that the city-to-city network has not been able to adapt well to the development
of the society, and the hub-and-spoke network came into being. The hub-and-spoke network
demonstrates the advantages of reducing the operating costs of airlines to keep a competitive
advantage, and by maintaining the interests of airlines in the rapidly developing context. However,
during the operation of aircrafts, they consume fuel and spew a great deal of harmful pollutants
into the air, which has an adverse impact on the living environment. This paper explores the impact
and external costs associated with hub-and-spoke network in air transport from an environmental
perspective. With some mathematical models, we construct a hub-and-spoke network and take a
quantitative study on the environmental impact of air transport. For calculating pollutant emissions,
meteorological conditions were considered to revise the pollutant emission factors of the Engine
Emissions Data Base (EEDB) published by International Civil Aviation Organization (ICAO). The
environmental external costs measurement model is employed to calculate the externality of toxic gas
and greenhouse gas (GHG). In order to make the study more convincing, two alternative networks
are computed: hub-and-spoke network and city-to-city network. It is found that the hub-and-spoke
network is associated with poorer environmental impact and environmental external costs because
of the different network characteristics and the scale of the fleets. Therefore, under the general
trend of green aviation, the environmental impact and environmental external costs associated
with hub-and-spoke network in air transport provides a certain reference for airlines’ strategic
decision-making.

Keywords: hub-and-spoke network; city-to-city network; environmental impact; environmental
external costs

1. Introduction

Nowadays, air transport continues to grow at an average growth rate per annum of
4.5 to 5 percent [1]. Based on the “Announcement of Civil Aviation Industry Development
Statistics” issued by the General Administration of Civil Aviation of China, the total
transportation turnover of the entire industry in 2018 has reached 120.653 billion tons
kilometers, an increase of 11.4% over the previous year. Chinese civil airport flights
taking off and landing sorties, passenger flow, cargo and mail flow increased by 7.6%,
10.9%, and 4.6%, respectively, to 4.694 million, 611.7377 million, and 7.853 million tons [2],
which makes China the second largest air transport market of the world. However, in the
current situation, air transport industry provides great convenience and brings a series of
environmental problems, such as the greenhouse effect caused by the discharge of various
pollutants has caused public concern [3,4]. Aviation emissions caused by air transport are
increasing distinctly at an annual mean growth rate of 3.6% [5]. It is estimated that by 2040,
CO, emissions related to air transport will increase by 21%, and NOx emissions will increase

Sustainability 2021, 13, 465. https:/ /doi.org/10.3390/s5u13020465

https:/ /www.mdpi.com/journal/sustainability


https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-5234-1208
https://orcid.org/0000-0003-4205-0885
https://orcid.org/0000-0002-0629-5482
https://orcid.org/0000-0002-7938-9922
https://doi.org/10.3390/su13020465
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13020465
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/13/2/465?type=check_update&version=4

Sustainability 2021, 13, 465

20f21

by 16% [6,7]. The US Environmental Protection Agency pointed out that pollutant emissions
caused by air transport have a negative impact on human health, and the number of heart
diseases, neurasthenia, respiratory disorders, cancer, and even early deaths continued to
increase, which has caused widespread public concern. Aviation emissions are various
substances emitted by the mixing and combustion of fuel in the combustion chamber
with air. Complete combustion of fuel produces oxygen (O;), nitrogen(N;), CO,, water
vapor (HpO), etc.; incomplete combustion of fuel produces toxic gases (including nitrogen
oxides (NOy), carbon monoxide (CO), hydrocarbons (HC), etc.) Furthermore, it poses
a direct or indirect threat to the atmospheric environment for the human lives around
the airport. Among them, CO; is a gas that causes global warming and the greenhouse
effect, and toxic gases are not conducive to the physical and mental health of the human
body. Consequently, in the current fast-developing air transport industry, the number of
aircraft operations has increased, producing a large amount of pollutants, which has a
serious impact on the atmospheric environment. According to the OECD [8] report on
the environmental impact caused by transport, it outlines the issue: “the hub-and-spoke
network may have a good environmental impact due to its economies of scale: the use of
large aircraft allows passenger traffic to have lower emissions per seat in fewer segment
connections. From another perspective, due to the large number of take-offs and landings
sorties at the hub airport, the environmental impact around the airport may also increase.”
Therefore, the analysis and evaluation of the environmental impact of aircrafts during
operation is a major issue that needs to be resolved [9].

In order to cope with the current situation, the government, aviation authorities
and relevant departments adopted stricter environmental protection policies to encourage
airlines to become more focused on the green aviation [10]. The concept of “Green Aviation”
is a new condition of the air transport industry to protect the ecological environment. It
also plays a decisive role in the competitiveness and sustainable development of airlines.
In 2011, the National Aeronautics and Space Administration (NASA) formulated the
“Green aviation plan with the goal to be safer, greener and more effective”, and carried
out examples of the usage of alternative fuels, evasion of severe weather, and efficient air
traffic control strategies to save fuel burn and reduce emissions [11].

As far as airlines are concerned, their network is the foundation, which stipulates the
services’ scale and scope of airlines, shows the industry competitiveness. In the context of
the current rapid growth of the Chinese civil aviation transport industry, the airlines’ net-
work structure has also developed from the initial city-to-city network to the hub-and-spoke
network and the latter refers to a network that includes hubs and non-hubs [12]. It has
convenience, accessibility, range economy and excellent flexibility, which can significantly
boost efficiency, reduce operating costs, and lay a solid foundation for the development of
airlines [13]. In addition, the “Thirteenth Five-Year Plan for the Development of Civil Avia-
tion in China” proposed to accelerate the construction of green civil aviation, research an
annual evaluation mechanism for the energy conservation and emission reduction of civil
aviation emissions from airlines and airports, and support airlines to establish data-based
flight operations in the whole process management. Therefore, comprehensive considera-
tion of economy and environmental protection is necessary for hub-and-spoke networks,
which can provide certain guidance for airlines and help sustainable development of
Chinese civil aviation.

In this paper, we introduce a new evaluation method. It resembles the classical
hub-and-spoke network research, our method is designed to minimize the total passen-
ger flow transportation cost. Unlike the previous studies, it establishes aircraft emission
assessment model and environmental externality measurement model under the con-
dition of the lowest passenger flow transportation cost and quantitatively analyzes the
environmental impact and external costs of the hub-and-spoke network. For robustness
checks, we adopt the methods of comparative analysis and sensitivity analysis to verify
the computational example.
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The contribution of this paper is to analyze the impact and external costs of the en-
vironment associated with hub-and-spoke in air transport. Firstly, based on the required
passenger flow, flight distance, given number of hubs, distance cost matrix, and passen-
ger flow demand matrix, we build a hub-and-spoke network. Secondly, evaluating the
environmental impact, which mainly includes the calculation of fuel burn and pollutant
emissions. To make the evaluation more accurate, the emission factors of pollutants are
revised in conjunction with the meteorological conditions during the flight data period
collected. For the purpose to study the airlines network deeply, this paper introduces the
city-to-city network for contrastive analysis and draws some conclusions. Thirdly, we
build a model for calculating the environmental externalities of the airline network, which
included the environmental external cost of toxic gases (NOy, CO, HC), and greenhouse
gas (GHG) (CO,), and the emission intensity of GHG. After that, considering the changes
in aircrafts’ types, a sensitivity analysis of the two airlines” networks is conducted.

2. Literature Review

Under the current situation, the network has become a competitive weapon for air-
lines. The research on hub-and-spoke network started early. It was studied for the first
time by O’Kelly by using two heuristic algorithms to settle the quadratic programming
model [14,15]. Mohammad et al. [16] studied the robustness of single-allocation hub selec-
tion without capacity limitation, and also took the passenger satisfaction into considered.
Campbell et al. [17] emphasized the need to go beyond the classical model to define new
models to better solve the problem of hub location in actual scenarios. The deregulation
of the European Union market has stimulated the reorganization of airlines” networks.
Wit et al. [18] constructed the wave-system structure to study the hub-and-spoke network
of European airlines, and found that large hubs have better performance than non-hubs,
which attracted more airports to connect and greatly promoted the increase in total pas-
senger traffic. Zhang et al. [19] showed that European airports prefer to have a similar
“stand” between two airports, which corresponded with the “hub” and “hub-and-spoke
network” in the development direction of the European transportation market. By indirect
connection, European airlines employed a hub to connect the two small airports, thereby
attracting more passengers [20]. Stevarovaa et al. [13] considered the condition that a hub
airport can simultaneously connect multiple origins and multiple destinations, explored
the performance of hub-and-spoke network. As for city to-city network, Fu et al. [21] ana-
lyzed the spatial layout characteristics of the city-to-city network by constructing a spatial
probability model. The results showed that the operating capabilities of city pairs between
different airlines are spatially related, which were conducive to the reasonable development
strategies for emerging low-cost airlines. Bokor et al. [22] applied the city-to-city network
to engineering practice projects, and the changes of specified projects have an impact on the
whole. Never et al. [23] found the potential driving factors and obstacles related to airline
network connectivity, guided by innovation diffusion theory, and analyzed qualitative and
quantitative data using the method of triangulation to provide references for airlines to
make plans. Seabra et al. [24] took the capacity and connectivity variables of the network
as input, built a panel data model to explore the determinants of airlines’ attractiveness to
passengers.

Environmental factors play an increasingly important role in the context of the rapid
development of traffic. Morris et al. [25] described the pollutant emissions produced by
aircrafts during flight phases and found that it effected the global atmospheric environ-
ment. Kesgin et al. [26] estimated the aircraft pollutant emissions of 40 Turkish airports
during the landing and take-off (LTO) cycle. Turgut et al. [27] established the fuel flow rate
empirical equations during the cruise phase to research the aircrafts fuel consumption in
the changing situation. Bo et al. [28] estimated the aviation emissions of all civil airports
in mainland China and analyzed the atmospheric environmental impact of pollutants on
the airport. Schipper et al. [29] analyzed the effect of environmental external costs on
the welfare benefits of the liberalization in the aviation market and concluded that the
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impact of airlines deregulation could reduce the environmental impact and welfare bene-
fits. Lu et al. [30] discussed the relationship between environmental costs and passenger
demand under different operational modes of airlines. Morrell et al. [31] established a
model to evaluate the environmental impact costs of the hub-hub network and hub by-pass
network. Schipper et al. [32] showed that the use of large aircraft with a relatively high
load factor to operate in the hub-and-spoke network was conducive to reducing the total
CO, emissions, but it would damage the environment of the hub airport to a certain extent.
Kim et al. [33] studied the impact of external costs such as aviation emissions charges
on airlines” networks, and predicted the future CO; price from a long-term perspective.
Cui et al. [34] used a network structure to construct a three-stage efficiency evaluation
mechanism to assess the environmental efficiency of airlines. By using the proposed net-
work range-adjusted measure to calculate, the evaluation results of 29 airlines around
the world are obtained. Leurent et al. [35] considered the local and global environmental
impacts, developed a method based on the urban regional transportation system, and used
a Macroscopic Fundamental Diagram to model the road network. Li et al. [36,37] proposed
a new Network Environmental Production Function to study the impact of the EU ETS
emissions trading system on airline pollutant emission costs, and analyzed the changes in
pollutant abatement costs under EU ETS and without EU ETS emission trading systems.

The above studies show that most of the current work on the hub-and-spoke network
mostly think about the transportation costs on the hub location problem. Plenty of the
studies take the aircrafts’ pollutant emissions during the LTO cycle into account, and fewer
studies consider the environmental impact and environmental external costs of aircrafts
in the airlines” network. Therefore, our study takes the overall operation characteristics
of aircrafts into account, quantitatively examine the environmental impact associated
with the hub-and-spoke network. Through the construction model of the environmental
externality in the airlines” networks, the cost of toxic gas and GHG are estimated and
analyzed. This allows the air transport industry to use market means to provide technical
support for controlling the emissions and help the common development of civil aviation
and social economy. Considering the trend of vigorously developing green aviation
in China, by deep analysis of the operating environmental impact and environmental
external costs associated with the hub-and-spoke network, comprehensive consideration
of economy and environmental protection, which provide a certain decision support for
the current airline operations and help Chinese air transport industry grow into green and
sustainable development.

3. The Approach
3.1. Alternative Networks

An airline network refers to a network structure in which airlines are connected in
a certain way. The passenger market between origin and destination use direct flights
or transfer flight through the intermediate nodes. Therefore, city-to-city network and
hub-and-spoke network have existed. The city-to-city network is also called the point-to-
point network, which is employed indirect flights. Passengers arrive at the destination
directly from origin, and there is no need to transit or stop through the third node/city.
Due to the fierce competition in the air transport industry, powerful airlines are gradually
chasing the economy of routes and scale, thus forming a hub airport. The hub-and-spoke
network mainly reduces the passenger traffic flow transportation costs through economies
of scale. It also uses light medium aircraft to gather passengers from surrounding small
and medium airports to hub airports, which is called collection component (from origin to
hub) and then airlines arrange heavy aircraft with a lower unit cost to transfer passengers
to other hub airports, which is called transfer component (between hubs). Finally, the
light medium aircraft are adopted for distribution component (from hub to destination).
Although the cost from a non-hub airport to a hub airport is high, it can be compensated
by the low cost of transfer between hubs, and the low cost between hubs is a manifestation
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of economies of scale. Hence, the hub-and-spoke network is becoming more and more
effective in the network system.

To obtain the airline allocation in the hub-and-spoke network, it is necessary to get
information including the distance of the segment, the number of given hubs, and the
passenger flows between city pairs. In consideration of the fact that there are distinct
deviations in different operating scenarios during the LTO cycle phase, this research
focuses on the climb-cruise-descent phase of environmental impact and external costs in
the airline network.

In this section, we construct a hub-and-spoke network. To satisfy our given assump-
tions of this research, the number of hub airports is given, and capacity restrictions are not
considered in airport and airline. Direct passenger traffic is not allowed between non-hub
airports. On the contrary, passenger flows departing from non-hub airports must pass
through the hub airport together. We assume that the flow of the airport can be divided
and directly transported to or from multiple hub airports, which constitutes a multiple
allocation connection. After satisfying the above assumptions, the p-hub median problem
of multiple allocations without capacity limitation is formed. We use an integer linear
programming model to solve this problem.

A complete graph G = (N, Edge) is considered, which stands for a set of nodes and
connected edges composed of nodes. The nodes set is denoted by N = {1,2,...,N}, and
the collection of connecting edges indicated as Edge = N x N.

The volume of passenger flows with each city pair of nodes (mm,1) € Edge are expressed
as M,;;, and we make this assumption: M, = 0, M;;; = My, The transportation cost for
per unit flow from node m to node ! is considered as C,,;;, which is proportional to the
Euclidian distance and associated with each pair of nodes [38]. Especially, C;;;u = O,
Cp1 > 0,Vm,l € N. To reach the economies of scale and manage the passenger flow in the
hub-and-spoke network, airlines collect flights with lower passenger flow to hub airports in
collection component, transfer them between hub airports in transfer component, and/or
distribute passenger flows to destinations through hub airports in distribution component.
There are unit discount coefficients of x, «, J in these three components. Certainly, not that
all traffic flow needs via the above three components, and one or more components can be
experienced is just fine. Hence, unit traffic flow cost in each component can be expressed as
mep, ocCpq and § qu, respectively, and p and g denote hub nodes, m is a non-hub node, and
| stands for a non-hub node. In accordance with the classification for aircraft, the available
aircraft types are selected as heavy aircraft and light medium aircraft, which possess more
than 200 seats and 151-200 seats respectively [37].

The economic features of the scope and scale in the hub-and-spoke network have
consolidated the core competition ability of airlines [38]. Therefore, the minimum total
transportation cost is the objective function for all origin—destination (OD) pairs by the
stated airlines” allocation. To develop our model, we primarily employ the mathematical
formulation stated by Ebery et al. [39]. The mathematical model is given as followed.

Formulation: o
min Y Y Y Y MutCotpgXmipg )
m=1[=1p=1g=1
Subject to:
n
Lhp=r @
p=1
[ 1,if pe Nis hub
hp = { 0, otherwise 3)
n n
szmlpqzll ml=1,...,n (4)

p=14g=1
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melpqghp/ m,l,p:L...,n (5)
q=1
n
melpqﬁhq, ml,g=1,...,n (6)
p=1
n n
Yo ¥ Xwpgthw<Lml=1..n @)
q=1p=1,p#m
n n
Y. ) Xpmipg +hp <1, ml=1,...,n (8)
p=1q=14#m

Formula (1) represents the minimization of passenger transportation costs. Cyp,
denotes the transportation cost of conveying one unit of passenger traffic flow from node
m to node [ via hub p and g, which is expressed by Cy1p; = XCimp + aCpg + 6Cyp. Xpipg is
the proportion of passenger traffic flow from origin node m to destination node /, passing
through hubs p and g, x,,;,,; > 0. Constraint 2 indicates that the number of given hub
airports is r. Constraint 3 defines the decision variables /,. Constraint 4 shows that the
total passenger traffic flow M,,; are supposed to be conveyed through hubs p and/or 4.
Constraint 5 and 6 request that if a hub airport p or g is established, passenger traffic flow
between each city pair must be conveyed via it. i, and h, are decision variables. If there is
only one hub airport from origin to destination, constraint 7 and 8 ensure the maximum
number of transfers is 1. If the origin and destination are both hub airports, use the direct
transportation method.

3.2. Fuel Burn and Pollutant Emissions

Nowadays, increased care about air quality and human health due to aircraft emissions
are observed. The aircrafts bring convenience, but also emits a large number of pollutants.
Aircraft activities generate massive amounts of emissions, such as CO, HC, NOx, CO,, and
other pollutants. Although these emissions will not make a significant difference to the
environment in a short period, the longstanding vicious cycle will have a severe impact on
the environment, causing humans to have chronic diseases. This research takes toxic gases
and GHG as pollutants, analyzes the environmental impact and external costs involved in
the hub-and-spoke network and city-to-city network.

Based on the Aviation Environmental Design Tool (AEDT) that is accredited by Federal
Aviation Administration (FAA), it is recognized that the aviation emissions relative to
pollutant emission factor, aircraft operating time, number of engines, and fuel flow. When
in an international standard atmosphere (ISA), the fuel flow and pollutant emission factor
can be obtained directly from Engine Emissions Data Base (EEDB) published by ICAO.
Therefore, the mathematical model about the environmental impact is established [40], and
the pollutant emissions produced by aircraft are suggested in Equation (9):

Ez =Y Time, x Nuy, x Flow, x El, ¢, )
u

where E;: (kg) denotes the mass of emissions for pollutant . EI, ¢ suggests emission
factor of u type aircrafts concerning pollutant ¢, which means the mass of pollutants ¢
produced by burning 1kg of fuel. Flow, (kg/min) indicates the fuel flow of a single engine
of u type aircrafts in the elapsed time Time, (s). Nu, denotes the number of engines of u
type aircrafts.

The fuel flow of aircrafts is calculated by referring to the performance parameters
in Base of Aircrafts Data (BADA) [41], and the mathematical model is as follows in
Formulas (10)-(13):

Flow,c = ¢f, (1 + ng“”) x Thr (10)
2
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Al

Fi = 1—— 11
owy,p = €, ( 5f4> (11)

o VTure
Flow, =¢ef |1+ = x ef X Thr (12)

f
Fuel = Z Flowy, phase X Nty ppase % Timey ppase (13)
u,phase=C,D,l

where Flow, ¢ (kg/min), Flow, p (kg/min) and Flow,  (kg/min) are the fuel flow for
the aircrafts of type u during the climb, decent and cruise, respectively. Vr,;, (kt) denotes
true airspeed, Al (feet) is flight altitude. 7 (kg/(min-kN))¢;, (knots) denote the fuel
burn factor of the first unit thrust and second unit thrust, ¢, (kg/min),e, (feet) and ¢y,
(dimensionless) are the fuel flow factors of the first descent phase, the second descent phase
and the cruise phase, respectively. Fuel (kg) is the mass of fuel burn. Formulas (10)-(12)
denote the fuel flow of the aircraft during the climb, descent and cruise phases, respectively.
In Formula (9), the value of Flow, is obtained using the values of Flow,, ¢, Flow, p, Flow, |,
in Formulas (10)-(12).

The emission factors in the EEDB are obtained by ICAO under the test of ISA; hence,
changes in the external atmospheric conditions will affect them. To evaluate aircraft emis-
sions accurately, the meteorological data are introduced to correct the pollutant emission
factors in the EEDB. The revised methods are shown in Equations (14)—(21):

93.3 —0.5
Elnoy = EIjo, * exp(H) (5102> (14)
R 93.3
Elco = Elp % 5102 (15)
93.3
Elgc = Elfjc % 5102 (16)
H = —19 x (w — 0.00634) (17)
062198 x Ry x Ew
w= P — Ry X EW (18)
7.5T
Ew = 611 x 107+2733 (19)
T 4 273.15
- 288.15 (20)
P
0= 101325 @1)

where Elno, (g/kg) is the revised emission factor of NOy, Elcp (g/kg) is the revised
emission factor of CO and Elc (g/kg) is the revised emission factor of HC. EI II\{]OX (g/kg),

EIR, (g/kg) and EIR. (g/kg) are the reference emission factor of NOy, CO and HC
provided by EEDB. 0 denotes temperature ratio, J is pressure ratio, Ry (%) is relative
humidity, w is humidity ratio, H shows the humidity coefficient, Eyy (hpa) is saturated water
pressure, T denotes atmospheric temperature (°C), Pr (hpa) indicates atmospheric pressure.

3.3. The Environmental Externalities of Aircrafts” Emissions Based on the Airlines Network

The environmental external cost of aircrafts’ emissions is mainly affected by factors
such as flight operation, engine type, and emission factor. In addition, when the aircraft
is operating, it will emit toxic gases such as NOy, CO, HC, and GHG, which will have
an adverse impact on the atmospheric environment. Therefore, for the accuracy and
convenience of the research, this paper establishes a calculation model of toxic gases and
GHG to evaluate and analyze the environmental external costs of aircraft operations.
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3.3.1. Environmental External Costs of Toxic Gases

According to the study [30], the average unit external cost of various pollutants in the
relevant year is determined according to the exchange rate of international currencies and
the inflation rate in China. Therefore, we get the unit environmental external cost of each
pollutant in 2018 as shown in Table 1.

Table 1. Average unit external cost of toxic gases and greenhouse gas (GHG) in 2018 ($/kg).

Pollutant Urban Transit Rural Transit Average
NOx 8.08-29.15 4.57-15.10 11.73
CcO 0.01-0.21 0.01-0.21 0.09
HC 3.04-10.30 3.04-5.85 5.21
CO, 0.01-0.05 0.01-0.05 0.04

According to the average unit external cost of each pollutant in Table 1, the environ-
mental external cost of emissions generated by using aircrafts’ type u can be obtained as

3
Cey = Z Eg X UC (22)
¢=1

where C,; ($) denotes the environmental external cost of u type aircrafts’ emissions;
Uz ($/kg) is the average unit external cost of pollutant §; Ez (kg) shows the mass of
pollutant ¢, which can be obtained from Formula (9). ¢ contains three types of pollutants:
NOy, CO, and HC.

3.3.2. Environmental External Cost and Emission Intensity of CO,

On 5 February 2018, according to the “Trends in Global CO, and Total GHG Emissions:
2018 Report” released by the Dutch Environmental Assessment Agency, the GHG emissions
of China are increasing at a rate of 1.3% in 2017, reaching 100 million tons of CO; equivalent.
Under the current situation, CO, has become the second largest source of emissions from
air transport, accounting for 2% of the total global anthropogenic emissions [42]. Regarding
the calculation of CO; emissions, the United Nations Intergovernmental Panel on Climate
Change (IPCC) has proposed three feasible measurement methods based on the actual
conditions of different countries for reference by each country. ICAO has also issued a
series of standard calculation methods for aircrafts” engine emissions. The generation of
CO; is a continuous process, and it is less sensitive to the aircrafts’ location, flight altitude,
and surrounding atmospheric environment. Therefore, the CO, emission factor is a fixed
value. This study uses the pollutant emission calculation method published in ICAO to
calculate the CO, emissions in the airlines network. The calculation formula for CO,
emissions is as follows

ECOZ = EIC02 X ZFMEZCOZ (23)
u

Elco; is the emission factor of CO, (3.157 kg CO, /kg fuel) [43]; u is the aircraft type;
Fuelcpy denotes the mass of fuel burn of aircraft type u in CO,. Ecop indicates the mass of
CO, emission.

Cco, = Eco, x Uco, (24)

where Ucp> is the average unit external cost of CO,, Cco, denotes the environmental
external cost of CO;. According to the average unit external cost of CO; in Table 1,
combined with Formula (24), the environmental external cost of CO, can be obtained.
Regarding the “carbon emission” index for measuring the level of GHG emissions,
there are two different views. Some scholars employed it to mean the emission of carbon
molecules, and some scholars referred to it as the abbreviation for CO, emissions. In
response to global warming, China has been using CO; index to formulate relevant emis-
sion reduction measures and the CO, emission intensity is defined as the CO, emissions
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per unit of Gross Domestic Product (GDP). This index is mainly used to measure the
relationship between a country’s economy and carbon emissions; that is, if a country’s CO,
emissions per unit of GDP decrease while its economy grows, it indicates that this country
has achieved a low-carbon development model. The intensity of CO, emission of airways
can directly reflect the efficiency of aviation kerosene and CO, emission level. Analogous
to the calculation formula of airlines” CO, emission intensity, the calculation formula of
CO, emission intensity in the airlines network used in this study is obtained as follows.

Gu=Y.10"° x ky x R x F x Fuel, x ny (25)
u

Fuel, (kg) represents the aviation kerosene consumption of aircraft # during the flight
time Time,,, which can be obtained from Formula (13). G, (kg/km) is the CO, emission
intensity in the airlines network; k;, (kg/t-km) represents the fuel consumption per ton-
kilometer of the aircraft type u; R (T]/Gg) denotes the net heating value of aviation kerosene,
and its value is 44.1 T] /kg; F (kg/T]) is the net heating emission factor of aviation kerosene,
its value is 71,500 kg /TJ; n, is the number of aircraft type u.

4. Computational Example
4.1. Case Study

For the sake of better solving the problem, we considered the actual problems in the
operation project and made the following assumptions [44] in Table 2:

Table 2. The assumptions of the case study.

The node also represents an airport or a city, and these three are the same expression.

b.  Since the hub-and-spoke network has economies of scale in the transfer component, we
assume a« = 0.5, x = 6 =1 [45].

c.  Theresearch in this paper only considers the situation of passenger traffic flow. We assume
that only a maximum of two hub airports can be used for transfer between the origin
and destination.

d.  If the origin and destination are both non-hub airports, passenger traffic flow can only be
transferred through the hub airport.

e. The cost of constructing the hub airport and the connection side between the hub is 0, which
means that the cost of building the hub airport and opening the airlines are not considered.

f. The round-trip passenger traffic flow between any pair of cities is the same.
g.  Thejet aircraft is studied, and all flights have 100% seat occupancy.
h.  The flight data used are without delay and the weather is in good condition.

-

The assumptions of the case study are also applicable to city-to-city network.

According to the ranking of passenger throughput of civil aviation airports in 2018,
there are 26 airports with an annual passenger flow of more than 15 million. Given the
range that can be covered by the airlines network, the passenger flow of each city, the
geographic position of the city, the availability of data, and the actual operation situation
of Chinese cities, selected cities with worthwhile value for research. Hence, the case study
selects 10 airports from the top 26 airports for research purpose. According to the annual
passenger flow, the top 26 airports are divided into three equal parts, and some cities
are selected according to our research objectives. Select Beijing, Guangzhou, Chengdu,
Kunming, and Xian in the first equal ranking of airports, and record them as 1, 2, 3, 4, and
5, respectively. Select Nanjing, Zhengzhou, and Qingdao in the second equal ranking of
airports, denoted as 6, 7, and 8, respectively. Urumgqi and Shenyang are selected in the third
equal ranking of airports, with 9 and 10, respectively. Employing distance and passenger
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traffic flow as the distance cost and demand cost, respectively. The data can be obtained
from the book “ Statistics Data on Civil Aviation of China “ and websites.

To conduct in-depth analysis, we introduce a city-to-city network for comparative
analysis, which can evaluate the fuel burn, pollutant emissions, and implication of environ-
mental costs in the two airline networks.

Considering the operational features and scale economy of the hub-and-spoke net-
work, it is necessary to allocate aircraft types reasonably. We employ heavy aircrafts with
more than 200 seats when transferring between hubs, including two types of aircraft,
A330-200 and A300, each type is 50. The collection and distribution components between
non-hub and hub employ light medium aircraft with about 151-120 seats, including two
types of aircraft, A320 and B737, each with 100 [9]. By the Flight Aware official website, the
selected four aircraft types with practical flight trajectory data during normal operation
(excluding special cases such as diversion, return flight, and alternate landing) are obtained.
The EEDB was used to calculate the aircraft emissions during LTO cycle, but for the cruise
phase, the EEBD does not provide a specific reference method. Therefore, this research
employs the method of Zhou et al. [46] to calculate the aviation emissions during the cruise
phase. Table 3 shows the relevant basic parameters of each type of aircraft, including
engine type, passenger capacity, and pollutant emission factor. The fuel burn factors of the
four types of aircrafts can be obtained from BADA.

Table 3. Aircraft relevant basic parameters.

EInox (g/kg) Elyc (g/kg) Elco (g/kg) Fuel Consumption
Engine A;rcraft PSeats (in ) per Hour of per Ton
Model ype aSSENZETS)  Climb  Descent Climb Descent Climb Descent Production Kilometer
Flight (tons)  (kg/t-km)
CI;IXIf 6- A320 150 19.60 8.00 0.23 0.40 0.90 2.50 2.498 0.312
C;ggz& B737 147 22.50 10.8 0.10 0.10 0.60 1.60 2.453 0.301
CF6- A330-
SOE1A2 200 266 28.02 9.91 0.07 0.14 0.34 1.61 5.302 0.31
PW4158 A300 280 23.70 11.80 0.02 0.14 0.54 1.88 4.282 0.405
V2522-A5 A319 145 18.33 9.32 0.04 0.07 0.44 2.55 2.374 0.396
V2530-A5 A321 180 27.10 10.10 0.041 0.052 0.52 1.81 2.74 0.299
PW4056 B747 291 22.90 11.60 0.01 0.13 0.57 2 9.392 0.302
Trent 892 B777 311 33.3 11.58 0 0 0.20 0.57 7.711 0.265

According to Table 3, we know the basic parameters of each aircraft. For example,
for A320 aircraft, it can accommodate 150 passengers, and its engine model is CFM56-
5A1. The mass of toxic gases (including NOy, HC, and CO) produced by burning 1 kg of
fuel is expressed as Elnoy, Elfc, and Elco, respectively. In the climbing and descending
phases of aircraft, NOx emission factors are 19.60 g NOy /kg fuel and 8.00 g NOy /kg fuel.
Analogously, during the climbing and descending phases, the HC emission factors are
0.23 g HC/kg fuel, 0.40 g HC/kg fuel, respectively. In climbing phase, CO emission factor
is 0.90 g CO/kg fuel, and in descending phase, CO emission factor is 2.50 g CO/kg fuel.

Considering the atmospheric environmental impact during flight, this research em-
ploys meteorological sounding data to revise the emission factor at various altitudes. The
sounding data include the data such as atmospheric pressure, geopotential height, tem-
perature, relative humidity, and so on. The laboratory of the University of Wyoming [47]
has published the data of the sounding meteorological data needed by this research. In
hub-and-spoke network, meteorological data from a sounding station on a typical schedule
day closest to the hub airport is used as a representative. Similarly, in city-to-city network,
select the average meteorological data of sounding stations of each city pair on a typical
schedule day.
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4.2. Analysis of Results
4.2.1. Results of Airline Networks

Based on Formulas (1)—(8), by running MATLAB2016a on a CPU3.6 computer, the
specific airline network allocations are shown in Table 4.

Table 4. The results of hub-and-spoke network.

The Hub and Airline Allocation

hy =1 h7 =1 x11077 =1 X037 =1 x2333 = 1 X433 = 1
Xo777 =1 Xog77 =1 X2933 =1 X21077 =1 X3433 =1 X3737 =1
x3837 =1 X3933 =1 x31037 = 1 X4737 =1 X4833 = 1 Xa877 =1
Xg977 =1 Xq1037 =1 Xs773 =1 Xe773 =1 Xe933 = 1 X7g77 =1
X7977 =1 X71077 =1 Xgg37 =1 Xgo33 =1 Xgo77 =1 xg1o77 =1
Xg937 =1 X91077 =1 x101037 = 1

In Table 4, we learn that h3 = h; = 1, suggesting node 3 and node 7 are hub nodes, and
the optimal total transportation cost is $2.0778 x 10°. x037 = 1 denotes origin is Guangzhou,
passing hub nodes Chengdu and Zhengzhou, and finally return to Guangzhou. xp433 =1
means the passenger flow between Guangzhou and Kunming pass through the hub node
Chengdu for transfer. x11077 = 1 suggests that the origin is Beijing, through the hub node
Zhengzhou for transfer, and reach the destination Shenyang. x191037 = 1 shows that the
origin and destination are both Shenyang, and through the hub nodes Chengdu and
Zhengzhou for transfer. The allocations of other airlines are similar to the above situation
and will not be repeated here. Based on the above results, we get the location of the hub
airport and the airline allocations, thereby constructing an example of hub-and-spoke
network as depicted in Figure 1.

Figure 1. An example of hub-and-spoke network.

In Figure 1, there are ten cities in the hub-and-spoke network, city 3 and city 7 are
hub nodes, and other cities are non-hub nodes, which denotes Chengdu and Zhengzhou
are hub airports, Beijing, Guangzhou, Kunming, Xian, Nanjing, Qingdao, Urumgqji, and
Shenyang are non-hub airports.

In the city-to-city network, each two cities are combined into a city pair. According
to relevant statistics [2], the 10 city pairs, including Beijing—Zhengzhou, Chengdu—Xian,
Kunming-Qingdao, Kunming-Urumgi, Kunming-Shenyang, etc. have no passenger flow.
Hence, 35 city pairs shown in Table 5 are obtained, namely Beijing—Guangzhou, Beijing—
Nanjing, Guangzhou-Kunming, Guangzhou-Xian, Qingdao—Guangzhou, and so on.
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Table 5. City pairs in city-to-city network.

1 Beijing-Guangzhou

2 Beijing—-Chengdu
3 Beijing-Kunming
4 Beijing—Xian
5 Beijing-Nanjing
6 Beijing—Qingdao
7 Beijing-Urumqi

8 Shenyang—Beijing 15 Guangzhou-Urumgqi 22 Chengdu-Shenyang 29 Xian-Shenyang

9 Guangzhou-Chengdu 16 Shenyang-Guangzhou 23 Kunming-Xian 30 Qingdao-Nanjing

10 Guangzhou-Kunming 17 Chengdu-Kunming 24 Kunming-Nanjing 31 Shenyang-Nanjing
11 Guangzhou—Xian 18 Chengdu-Nanjing 25 Kunming—Zhengzhou 32 Qingdao—Zhengzhou
12 Guangzhou-Nanjing 19 Chengdu—Zhengzhou 26 Xian-Nanjing 33 Zhengzhou-Urumgi
13 Zhengzhou-Guangzhou 20 Chengdu-Qingdao 27 Xian—-Qingdao 34 Shenyang-Zhengzhou
14 Qingdao-Guangzhou 21 Chengdu-Urumgqi 28 Xian-Urumgqi 35 Shenyang—Qingdao

4.2.2. The Data Analysis

To ensure the balance of passenger traffic flow between the hub-and-spoke network
and the city-to-city network, we combine the passenger capacity of each aircraft type to
make reasonable arrangements for the number of aircrafts employed in each flight segment.
The data analysis of city-to-city network is similar to the hub-and-spoke network, we
only give the clear description of the latter in this research to make this paper concise.
In the hub-and-spoke network, the segment containing Chengdu—Zhengzhou is divided
into two parts, one is the Chengdu—-Zhengzhou segment, and the other is the segment
containing other nodes. For example, the flight segment of Beijing-Chengdu-Zhengzhou-
Shenyang is divided into the hub transfer segment, Chengdu-Zhengzhou, the collection
and distribution segments of Beijing-Chengdu, Zhengzhou-Shenyang. This division will
help us in the calculation of pollutant emissions later. For segments that do not include the
Chengdu-Zhengzhou segment and only include one of the Chengdu node or Zhengzhou
node, they are divided into collection and distribution components. For instance, the
Guangzhou-Zhengzhou-Qingdao segment is divided into Guangzhou-Zhengzhou and
Zhengzhou-Qingdao segments for research. Combining the actual operating situation of
the flight in Figure 1, the hub segment between Chengdu and Zhengzhou is the transfer,
Beijing—-Chengdu, Zhengzhou-Shenyang, Guangzhou-Chengdu, Zhengzhou-Guangzhou,
etc. are collection and distribution components. Figure 2 shows the actual flight operation
data of the heavy aircraft A330-200 between hubs.
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Figure 2. The operating situation of aircraft A330-200 in Chengdu—Zhengzhou segment.



Sustainability 2021, 13, 465

13 of 21

The actual schedule date is from 15 October 2019 to 21 October 2019 (a total of seven
days) for a computational example. Figure 2 depicts the operating situation between hub
nodes, the median line indicates that the Chengdu—Zhengzhou segment has a flight altitude
of 5000 to 7000 m, and the average altitude is about 5000 to 6000 m. Except for October
19, the height and position of the quartile range are almost the same. According to the
upper and lower limits of the box plot, except for slightly different altitudes of the flights
on October 15 and October 19, the running situation of the flights on other schedule dates
are almost the same. As mentioned above, the operating situation in Chengdu-Zhengzhou
segment is relatively stable at the corresponding schedule date. In terms of collection
and distribution, on the same schedule date, the light medium aircraft A320 is used, and
for other cases (including the collection and distribution components and the segments
that do not include the Chengdu-Zhengzhou segment and only includes the Chengdu
or Zhengzhou node) the data is also stable. For details, please refer to the study [38] for
analogy analysis.

Because even between the same segments, different schedule dates may result in
different flight trajectories. Therefore, to facilitate later calculation of fuel burn and pollutant
emissions, the significance of schedule date and flight trajectories are analyzed by one-way
analysis of variance (one-way ANOVA). This research only considers the environmental
impact caused during the climb, cruise, and descent phases. Through SPSS software, we
get the analysis results of one-way ANOVA for the Chengdu—Zhengzhou segment, and we
get the significance is 0 and less than 0.05, the average flight value for different schedule
dates is significant. To find the flight with a specific schedule date, the analysis is continued
using similar category subsets.

By the analysis of similar category subsets, we obtained the results that using the
two methods of Student-Newman-Keuls (S-N-K) and Duncan in Chengdu-Zhengzhou
segment. These two methods are to find similar category groups in the sample, and there
is no difference in the level of the same group. The results show that each method divides
the schedule dates into three groups, and then concludes that the flight data of October
18, 2019, is required for this research. Because of large number of segments, we select
representative segments for analysis. Using the same method to perform one-way ANOVA
on the data of other city pairs, the typical schedule date in transfer, collection and distri-
bution components are obtained. According to the analysis results, the typical schedule
dates of Beijing—-Chengdu, Zhengzhou-Shenyang, Guangzhou-Chengdu, and Zhengzhou-
Guangzhou are 19 October, 16 October, 20 October, and 15 October, respectively. The
Chengdu-Kunming, Zhengzhou-Qingdao, Chengdu-Qingdao, and Chengdu-Nanjing
segments can be implemented on 16 October, 15 October, 17 October, and any specific day.
For the sake of calculation, this research chooses 15 October as the typical schedule date
for the Chengdu-Nanjing segment. Each typical schedule date obtained above is taken
as a typical day for each segment, and the flight profile graphs under the typical days are
drawn, to pave the way for our later research.

Figure 3 shows the flight profile on a typical day of A330-200 in Chengdu-Zhengzhou
hub segment. Figure 3a denotes the two-dimensional vertical profile of the horizontal axis
for flight time and the vertical axis for altitude. It is shown that the aircraft’s climb, cruise,
and descent times are 871 s, 3257 s, and 1755 s, respectively, which provide a reference
for the subsequent environmental impact analysis. Figure 3b depicts the overall situation
of the aircraft on a typical day in the form of a three-dimensional flight profile graph,
which is expressed by a red curve. Similarly, the two-dimensional vertical profile and
three-dimensional flight profile in other cases are analogous.
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Figure 3. The flight profile on a typical day of A330-200 in Chengdu—Zhengzhou segment (a) two-dimensional vertical
profile graph on 17 October; (b) three-dimensional flight profile graph on 17 October.

4.2.3. Results of Environmental Impact and External Costs

As the aircraft is affected by the external environment during operation, the pollutant
emission factors are revised shown in Appendix A. The revised method can refer to Table 3
and Equations (13)—(21).

By using the mathematical model in Formulas (9)-(21), we obtain our desired results
of the environmental impact associated with the hub-and-spoke network in Figure 4.
Likewise, if a city-to-city network is adopted, a direct segment is formed between every
two cities. Combined with the passenger seating capacity of each aircraft in Table 3, aircraft
A320 and B737 are arranged to be 194 and 191 respectively to insure the equivalence of
passenger traffic flow under the two airline network conditions. The calculated results of
the environmental impact of city-to-city network are shown in Figure 4.
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Figure 4. The total environmental impact of two airline networks.
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As is shown in Figure 4, we use “total” to accumulate the total fuel burn and total toxic
gases emissions (including NOy, CO, and HC) of the aircraft during the climbing, cruising,
and descending phases, and obtain the environmental impact caused by the two airline
networks. Similarly, it can be concluded from Figure 4 that the environmental impact of
the hub-and-spoke network is lower than that of the city-to-city network. The specific
performances are: the total fuel burn of the hub-and-spoke network is 6.71 x 107 kg, which
is 64.38% lower than that of the city-to-city network with 1.88 x 10® kg. In the hub-
and-spoke network, the total NOx emission is 2.69 x 10° kg, the total CO emission is
7.86 x 108 kg, and the total HC emission is 1.48 x 108 kg. In the city-to-city network, the
total NOy emission is 5.53 x 10° kg, the total CO emission is 1.90 x 10° kg, the total HC
emissions is 4.14 x 108 kg. The former reduces NOx emissions, CO emissions, and HC
emissions by 51.38%, 58.64%, and 64.10%, respectively.

Regarding the environmental externalities of the airline network, this study mainly
considers toxic gases and the GHG, and measured the GHG emission intensity. Combining
Formulas (22)—(25), the environmental impact related to GHG in the two networks is
shown in Table 6. As for the environmental external cost of toxic gases, it can be obtained
in Table 7.

Table 6. The environmental impacts related to GHG in two networks.

GHG Emission Parameter Airline Network Type Climb Descend Cruise Total
Hub-and-spoke 829 x 10°  7.63 x 10° 129 x 10*  8.47 x 10°
GHG external cost ($) City-and-city 185 x 106 219 x 107 221 x 10*  1.88 x 10°
- Hub-and-spoke 207 x 107 191 x 108 324 x10° 212 x 10®
Total GH
otal GHG emission (kg) City-and-city 463 x107 548 x 108 553 x 10° 594 x 108
Average GHG emission per passenger Hub-and-spoke - - - 417
(kg/pax) City-and-city - - - 11.70
Average GHG emission per pax km Hub-and-spoke - - - 4.10
(kg/pax/1000 km) City-and-city - - - 23.82
-and- 4
Aviation kerosene consumption (tons) H&?y?:j dﬁlzi(t)l;e ?;13 i 135
GHG emission average intensity Hub-and-spoke 63.66
(ton/km) City-and-city 178.72
GHG emission intensity of numbers of Hub-and-spoke 6.37 x 103
aircraft (ton/km) City-and-city 6.88 x 104

Table 7. The results of sensitivity analysis.

Hub-and-Spoke Network City-to-City Network

Change Change
Using from Base Using from Base
Base Case Substituted Case (%) Base Case Substituted Case (%)
Aircraft Type Aircraft Type
Total fuel burn 6.71 x 107 6.63 x 107 —0.01 1.88 x 108 1.92 x 108 0.02
Total NOy emissions 2.69 x 10° 8.36 x 108 —0.69 5.53 x 10° 1.24 x 1010 1.23
Total CO emissions 7.86 x 108 2.58 x 108 —0.67 1.90 x 10° 3.68 x 10° 0.93
Total HC emissions 1.49 x 108 7.22 x 107 —0.51 414 x 108 2.59 x 108 —0.37
Total GHG emissions 2.12 x 108 2.09 x 108 —0.01 5.94 x 108 6.07 x 108 0.02
NOy external cost 3.16 x 1010 9.80 x 107 —0.69 6.49 x 1010 1.45 x 101 1.23
CO external cost 7.07 x 107 2.32 x 107 —0.67 1.71 x 108 1.73 x 107 —0.89
HC external cost 7.74 x 108 3.76 x 108 —0.51 2.16 x 107 1.35 x 10° —0.37
GHG external cost 8.47 x 100 8.37 x 10° —0.01 1.88 x 10° 2.43 x 107 —0.99
Average GHG emission per passenger 417 412 _0.01 11.70 11.95 0.02
(kg/pax)
Average GHG emission per pax km 4.10 4.06 ~0.01 23.82 24.33 0.02

(kg/pax/1000 km)
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In Table 6, the total GHG emission in total phase of city-to-city network is 2.81 times
as hub-and-spoke network and its GHG environmental external cost is much higher than
the hub-and-spoke network. In view of the impact of passenger flow, the average GHG
emission per passenger conveyed is 2.81 times higher at city-to-city network than that
of hub-and-spoke network. Considering the transportation distance, the average GHG
emission per pax km by city-to-city network is 5.80 times as that of hub-and-spoke network.
However, when only considering the operating conditions of a certain type of airline
network (a hub-and-spoke network or a city-to-city network), the situation will be different.
In hub-and-spoke network, the average GHG emission per passenger km is 4.10, and the
average GHG emission per passenger is 4.17, the former is 1.54% less than the latter. This is
because the special components (collection, transfer, and distribution) in the hub-and-spoke
network increases the passenger load factor, flight distance, and reduces the average GHG
emission per passenger. Moreovet, in the city-to-city network, the average GHG emission
per passenger km is 2.04 times higher than the average GHG emission per passenger.
The reason is that the city-to-city network needs direct flights and do not need additional
transfer, and accumulates the flight distances between each city pair.

It is also suggested from Table 6 that the hub-and-spoke network and the city-to-city
network have a difference in aviation kerosene consumption and GHG average emission
intensity. The former’s aviation kerosene consumption and the average GHG emission
intensity are 6.71 x 10* tons and 63.67 kg/km, respectively. The latter’s aviation kerosene
consumption and GHG average emission intensity are 1.88 x 10° kg and 178.72 kg/km,
respectively. When considering the number of aircraft used in airlines network, the GHG
emission intensity of city-to-city network is 10.81 times as that of hub-and-spoke network.

5. Sensitivity Analysis

In order to conduct a sensitivity analysis, we consider the changes in aircraft types to
analyze the environmental impact and external costs of the two airline networks. Specific
for: replacing A320 and B737 with aircraft types A319 and A321, and substituting A300-200,
A300 with aircraft types B747, B777. Therefore, in the hub-and-spoke network, aircraft B747
and B777 are used in the transfer component, and aircraft A319 and A321 in the collection
and distribution part. In the city-to-city network, each segment employs A319 and A321
to complete the flight. In the hub-and-spoke network, the numbers of A319, A321, B747,
and B777 are 100, 85, 50, and 41, respectively. In the city-to-city network, the numbers of
A319 and A321 are 210 and 156, respectively. The environmental impact, environmental
external cost, and GHG emission parameters obtained by sensitivity analysis are depicted
in Table 7.

In Table 7, the base case is the same as used in the computational example without
sensitivity analysis. It can be seen that the environmental impact of the hub-and-spoke
network (including fuel burn, toxic gas emissions, and GHG emissions) is smaller than
that of the city-to-city network. In a horizontal comparison, in the hub-and-spoke network,
the environmental impact caused by the substituted aircraft type is less than that of the
base case. In the city-to-city network, except for HC emissions, other parameters, including
fuel burn, toxic gases emissions, have severe environmental impacts than the hub-and-
spoke network.

It is also suggested in Table 7 that in the hub-and-spoke network, in addition to
the external cost of CO emissions, the external costs of other pollutants (NOy and HC)
and GHG related parameters are lower than the city-to-city network. In a horizontal
comparison, in the hub-and-spoke network, the environmental external costs caused by
the substituting aircraft type are all smaller than the base case. In the city-to-city network,
the external cost of CO, HC, and GHG are lower than the base case, and the environmental
external costs of other pollutants and GHG related parameters are higher than those of the
hub-and-spoke network.

In summary, whether in terms of environmental impact or environmental external
costs, the hub-and-spoke network has less harmful than the city-to-city network. After the
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substituting of aircraft types, due to the difference in the number of aircraft seats and the
reduced number of aircraft, which in turn has a certain impact on the airlines network.

6. Discussion and Conclusions

This research introduces alternative airline networks, builds a mathematical model to
determine the location of the hub airport and allocate the airline connections. Through a
mathematical model about the air transport, we quantify the impact of the environment
(including fuel burn, toxic gases emissions, and GHG emission) associated with the network.
In consideration of the operational benefits of airlines, we establish relevant formulas
to measure the environmental externalities. Particularly, the pollutants in this study
mainly including toxic gases (NOx, CO, and HC) and GHG (CO,). By comparing the
hub-and-spoke network and the city-to-city network, we find that the former reduces NOy
emissions, CO emissions, and HC emissions by 51.38%, 58.64%, and 64.10%, respectively.
The former has lower fuel burn than the latter. The total GHG emission in total phase
of city-to-city network is 2.81 times as the hub-and-spoke network and the former GHG
environmental external cost is much higher than the latter. The average GHG emission per
passenger conveyed (kg/pax) and the average GHG emission per pax km are 2.81 times
and 5.8 times higher at the city-to-city network than that of the hub-and-spoke network. In
general, the latter has less influence than the former in terms of environmental impact and
environmental externality. The different structure of the airlines network is a reason for
this effect. The hub-and-spoke network has its own unique characteristics. It is economical
in scale at the hub airport, which makes the environmental impact less under the condition
of ensuring the lowest passenger traffic flow cost. The city-to-city network employs direct
flight between city pairs, which cannot meet the travel needs of all passengers, there is
a need to increase the number of additional aircrafts to be used and that make a worse
environmental impact. The variety in the scale of fleets is another reason for the difference
in environmental impact and environmental externality. In the hub-and-spoke network,
hub airports have adopted heavy aircraft with a larger number of seats, which has increased
the passenger load factor, reduced passenger flow costs, lessened environmental impact
and environmental externality. In the city-to-city network, light medium aircraft with a
medium number of seats are used between cities. In order to meet the travel requirements
among different cities, the number of aircraft will increase, and even some segments have
low passenger load factors, which wastes fleet resources, enhances fuel burn and pollutant
emissions, and increases the average GHG emissions per passenger/pax km.

During the operation of the aircraft, the fuel and the atmosphere are fully combusted
in the combustion chamber to produce high-temperature gases, including NOx. However,
when aviation fuel undergoes incomplete combustion, toxic gases such as CO and HC will
also be emitted. It is known that NOy can stimulate the lungs, making it more difficult
for people to resist respiratory diseases such as colds. Especially for asthma patients with
respiratory problems, they are more susceptible to NO,. Moreover, NOy, mainly NO and
NO,, are important factors in the formation of photochemical smog and acid rain. CO is
toxic and can cause different degrees of poisoning to humans, and then harm the human
brain, liver, and other organs or tissues, causing breathing difficulties and even death.
HC and NOx will undergo a photochemical reaction when exposed to strong sunlight to
produce peroxidation products, mainly ozone (O3) and aldehydes, called photochemical
smog, which also has a serious impact on the atmospheric environment. Based on cases and
sensitivity analysis, the pollutant emissions sequence of the hub-and-spoke network and
the city-to-city network have a certain regularity. Sort according to the mass of emissions,
we get the relevant situation of the pollutants in the two airline networks: the emissions
mass of the order is NOx > CO > GHG > HC, and the emissions of NOy are about 3.3 times
as much as CO. In terms of environmental external costs, the order is as follows: NOy >
HC > GHG > CO. Therefore, when an airline is laying out its network, they should fully
consider the environmental impact caused by aircraft operations. Moreover, under the
premise of ensuring aviation safety, they are supposed to rationally arrange their fleet,
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make full use of the economies of scale of the airline network, and give priority to hub-and-
spoke network under the same circumstances, which is better conform to the development
trend of green aviation.

In summary, this study takes the environmental perspective as the point of penetration,
and analyzes the impact and externality of environment on hub-and-spoke network, selects
a city-to-city network for contrastive analysis. Further, the research of this topic points out
the direction for airlines to better achieve environmental protection, and expedite related
research and application in the field of civil aviation.
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Abbreviations

EEDB Engine Emissions Data Base

ICAO International Civil Aviation Organization
GHG Greenhouse gas

(O)) oxygen

N Nitrogen

CO, Carbon dioxide

H,O Water vapor

NOy Nitrogen oxides

CcO Carbon monoxide

HC Hydrocarbons

NASA The National Aeronautics and Space Administration
toxic gases NOy, CO, HC

GHG CO,

LTO Landing and take-off

OD Origin-Destination

AEDT Aviation Environmental Design Tool
FAA Federal Aviation Administration

ISA International standard atmosphere

IPCC Intergovernmental Panel on Climate Change
GDP Gross Domestic Product

BADA Base of Aircrafts Data

S-N-K Student-Newman-Keuls
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Appendix A

Table Al. Partial data of revised emission index for different aircraft types.

Aircraft Type Altitude (m) EIZI\{]OX (g/kg) EIR, (g/kg) EIR (g/kg)
4 9.59 1.60 0.14
104 9.49 1.62 0.14
172 9.47 1.63 0.14
198 9.48 1.63 0.14
A330 9622 8.36 2.84 0.25
10,275 8.30 2.90 0.25
10,660 8.19 2.98 0.26
11,941 7.91 320 0.28
12,100 7.88 323 0.28
4 11.42 1.87 0.14
104 11.30 1.89 0.14
172 11.28 1.90 0.14
198 11.29 191 0.14
A300 9622 9.96 332 0.25
10,275 9.88 338 0.25
10,660 9.75 348 026
11,941 9.42 374 0.28
12,100 9.39 3.77 0.28
4 7.74 249 0.40
104 7.66 251 0.40
172 7.65 253 0.40
198 7.66 253 0.41
A320 9622 6.75 441 071
10,275 6.70 450 0.72
10,660 6.61 462 0.74
11,941 6.39 497 0.80
12,100 6.36 5.01 0.80
4 10.45 1.59 0.10
104 10.34 1.61 0.10
172 10.32 1.62 0.10
198 1033 1.62 0.10
B737 9622 9.11 282 0.18
10,275 9.04 288 0.18
10,660 8.93 2.96 0.18
11,941 8.62 318 0.20
12,100 8.59 321 0.20

Notes: 1. In Section 3.3.2, “CO,” and “GHG” have different meanings. In other sections, the two words have the
same meaning, that means GHG is CO,. 2. We took the actually measured fuel flow and used a CO, relationship
factor of, for example, 3.157 kg per kg of fuel to determine CO, mass emissions from kerosene-burning engines.
The aircraft used in our study are all jet engines, they usually use kerosene, therefore, the emission factor
is appropriate.

References

1.  Agarwal, RK. Review of Technologies to Achieve Sustainable (Green) Aviation; InTech: Rijeka, Croatia, 2012.

2. CAAC. 2018 Statistical Bulletin of Civil Aviation Industry Development; China Civil Aviation Administration: Beijing, China, 2019.

3.  Pigliautile, I.; Marseglia, G.; Pisello, A.L.J.S. Investigation of CO, Variation and Mapping Through Wearable Sensing Techniques
for Measuring Pedestrians” Exposure in Urban Areas. Sustainability 2020, 12, 3936. [CrossRef]

4.  Cotana, F; Vittori, S.; Marseglia, G.; Medaglia, C.M.; Cavalaglio, G. Pollutant emissions of a biomass gasifier inside a multifuel
energy plant. Atmos. Pollut. Res. 2019, 10, 2000-2009. [CrossRef]


http://doi.org/10.3390/su12093936
http://doi.org/10.1016/j.apr.2019.09.007

Sustainability 2021, 13, 465 20 of 21

10.
11.
12.
13.

14.
15.

16.
17.
18.
19.
20.
21.

22.
23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Reynolds, T.G.; Schaefer, A.W.; Dray, L.; Evans, A.D. Costs of mitigating CO, emissions from passenger aircraft. Nat. Clim. Chang.
2016, 6, 412-417.

EASA. Executive Summary/European Aviation Environmental Report. Available online: https://www.easa.europa.eu/eaer/
executive-summary (accessed on 1 December 2020).

Grace, H.; Andrew, T.; Lucy, B. Factors affecting environmental practice adoption at small European airports: An investigation.
Transp. Res. D Transp. Environ. 2020, 88, 102572.

Button, K.; Pels, E. International air transport: The impact of globalisation on activity levels. In Globalisation, Transport and
Environment; OECD: Paris, France, 2010.

Parsa, M.; Nookabadi, A.S.; Flapper, S.D.; Atan, Z. Green hub-and-spoke network design for aviation industry. J. Clean. Product.
2019, 229, 1377-1396. [CrossRef]

Marchettini, N.; Brebbia, C.A.; Pulselli, R.; Bastianoni, S. The Sustainable City IX: Urban Regeneration and Sustainability; WIT Press:
Southampton, UK, 2014; Volume 2.

Aero. Available online: http:/ /www.ce.cn/aero/knowledge /201204 /06/t20120406_21143762.shtml9 (accessed on 25 August 2020).
Guillaume, B.; Jacco, H. The evolution of the European aviation network, 1990-1998. J. Air Transp. Manag. 2001, 7, 311-318.
Stevéarova, L.; Badénik, B. Performance of Hub and Spoke Networks of Selected Airlines. Transp. Res. Procedia 2018,
35, 244-249. [CrossRef]

O’Kelly, M.E. Activity Levels at Hub Facilities in Interacting Networks. Geogr. Anal. 1986, 18, 343-356. [CrossRef]

O’Kelly, M.EE. A quadratic integer program for the location of interacting hub facilities. Eur. ]. Oper. Res. 1987,
32,393-404. [CrossRef]

Amin-Naseri, M.R.; Amin, Y.; Ali, S. Robust bi-objective optimization of uncapacitated single allocation p-hub median problem
using a hybrid heuristic algorithm. Neural Comput. Appl. 2018, 29, 211-532. [CrossRef]

Campbell, ].E; O’Kelly, M.E.].T.S. Twenty-Five Years of Hub Location Research. Transp. Sci. 2012, 46. [CrossRef]

Wit, B.J.D. Temporal configurations of European airline networks. J. Air Transp. Manag. 2005, 11, 185-198.

Zhang, S.; Derudder, B.; Witlox, F. Dynamics in the European Air Transport Network, 2003-2009: An Explanatory Framework
Drawing on Stochastic Actor-Based Modeling. Netw. Spat. Econ. 2016, 16, 643—663. [CrossRef]

Pels, E. Airline network competition: Full-Service airlines, low-cost airlines and long-haul markets. Res. Transp. Econ. 2008,
24, 68-74. [CrossRef]

Fu, X,; Jin, H.; Liu, S.; Yan, J. Exploring Network Effects of Point-to-Point Networks: An Investigation of the Spatial Patterns of
Southwest Airlines” Network. Transp. Policy 2019, 76, 36—45. [CrossRef]

Bokor, O.; Hajdu, M. Investigation of Critical Activities in a Network with Point-to-point Relations. Procedia Eng. 2015, 123, 198-207.
Never, J.; Suau-Sanchez, P. Challenging the interline and codeshare legacy: Drivers and barriers for airline adoption of airport
facilitated inter-airline network connectivity schemes. Res. Transp. Econ. 2020, 79, 100736. [CrossRef]

Fernando, S.; Amir, M.V.; Leandro, R.S.; Rafaella, A.; Carla, A.; Aline Filéti, M.; Martina, M.B. Determinants of Brazilian
international flights: The role of hub-and-spoke and infrastructure variables. J. Air Transp. Manag. 2020, 89, 101866.

Morris, ].; Rowbotham, A.; Angus, A.; Mann, M. A Framework for Estimating the Marginal Costs of Environmental Abatement for the
Aviation Sector; Omega: Bedfordshire, UK, 2009.

Kesgin, U. Aircraft emissions at Turkish airports. Energy 2006, 31, 372-384. [CrossRef]

Turgut, E.T.; Cavcar, M.; Usanmaz, O.; Canarslanlar, A.O.; Dogeroglu, T.; Armutlu, K.; Yay, O.D. Fuel flow analysis for the cruise
phase of commercial aircraft on domestic routes. Aerosp. Sci. Technol. 2014, 37, 1-9. [CrossRef]

Bo, X,; Xue, X.; Xu, J.; Du, X.; Zhou, B.; Tang, L. Aviation’s emissions and contribution to the air quality in China. Atmos. Environ.
2019, 201, 121-131. [CrossRef]

Schipper, Y.; Rietveld, P.; Nijkamp, P. Airline deregulation and external costs: A welfare analysis. Transp. Res. B Meth. 2003,
37,699-718. [CrossRef]

Lu, C. The implications of environmental costs on air passenger demand for different airline business models. J. Air Transp. Manag.
2009, 15, 158-165. [CrossRef]

Morrell, P; Lu, C. The Environmental Cost Implication of Hub-Hub vs. Hub by-Pass Flight Networks. Transp. Res. D Transp. Environ.
2007, 12, 143-157. [CrossRef]

Schipper, Y.; Rietveld, P. Economic and Environmental Effects of Airline Deregulation; Tinbergen Instituut: Amsterdam,
The Netherlands, 1997.

Kim, B.-J.; Choi, J.; Choi, J.-C. Airlines Network Changes Influenced by Emission Charges. In Proceedings of the International
Forum on Shipping, Ports and Airports (IFSPA) 2015: Empowering Excellence in Maritime and Air Logistics: Innovation
Management and Techonology, Hong Kong, China, 29 November—2 December 2015.

Cui, Q.; Li, Y. Airline environmental efficiency measures considering materials balance principles: An application of a network
range-adjusted measure with weak-G disposability. J. Environ. Plan. Manag. 2017, 61, 2298-2318. [CrossRef]

Leurent, F; Li, S.; Badia, H. Structural design of a hierarchical urban transit network integrating modal choice and environmental
impacts. Transp. Res. Procedia 2019, 37, 99-106. [CrossRef]

Cui, Q.; Li, Y.; Wei, Y.M. Exploring the impacts of EU ETS on the pollution abatement costs of European airlines: An application
of Network Environmental Production Function. Transp. Policy 2017, 60, 131-142. [CrossRef]


https://www.easa.europa.eu/eaer/executive-summary
https://www.easa.europa.eu/eaer/executive-summary
http://doi.org/10.1016/j.jclepro.2019.04.188
http://www.ce.cn/aero/knowledge/201204/06/t20120406_21143762.shtml9
http://doi.org/10.1016/j.trpro.2018.12.024
http://doi.org/10.1111/j.1538-4632.1986.tb00106.x
http://doi.org/10.1016/S0377-2217(87)80007-3
http://doi.org/10.1007/s00521-016-2520-4
http://doi.org/10.1287/trsc.1120.0410
http://doi.org/10.1007/s11067-015-9292-8
http://doi.org/10.1016/j.retrec.2009.01.009
http://doi.org/10.1016/j.tranpol.2019.01.004
http://doi.org/10.1016/j.retrec.2019.100736
http://doi.org/10.1016/j.energy.2005.01.012
http://doi.org/10.1016/j.ast.2014.04.012
http://doi.org/10.1016/j.atmosenv.2019.01.005
http://doi.org/10.1016/S0191-2615(02)00047-4
http://doi.org/10.1016/j.jairtraman.2008.09.019
http://doi.org/10.1016/j.trd.2007.01.008
http://doi.org/10.1080/09640568.2017.1393401
http://doi.org/10.1016/j.trpro.2018.12.171
http://doi.org/10.1016/j.tranpol.2017.09.013

Sustainability 2021, 13, 465 21 of 21

37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

47.

Neufville, R.D.; Odoni, A.R. Airport Systems: Planing, Design, and Management, in Cost-Effectiveness of Eurocontrol ATM System;
McGraw-Hill Education LLC: New York, NY, USA, 2004.

Tian, Y.; Sun, M.; Wan, L.; Hang, X. Environmental Impact Analysis of Hub-and-Spoke Network Operation. Discrete Dyn. Nat. Soc.
2020, 2020, 3682127. [CrossRef]

Ebery, J.; Krishnamoorthy, M.; Ernst, A.; Boland, N. The capacitated multiple allocation hub location problem: Formulations and
algorithms. Eur. J. Oper. Res. 2000, 11, 185-198. [CrossRef]

Meghan, A.; Eric, B. Aviation Environmental Design Tool (AEDT): Technical Manual, v2b, Service Pack 3; 0704-0188; Federal Aviation
Adminitration: Washington, DC, USA, 2016.

Eurocontrol. User Manual for the Base of Aircraft Data (BADA) Revision 3.11; 12/04/10-45; European Organisation for the Safety of
Air Navigation: Brussels, Belgium, 2013.

Edenhofer, O.; Seyboth, K. Intergovernmental Panel on Climate Change (IPCC); IPCC: Geneva, Switzerland, 2013.

ICAO. Airport Air Quality Manual. In Doc 9889, 1st ed.; International Civil Aviation Organization: Montreal, QC, Canada, 2011.
Laporte, G.; Nickel, S.; Gama, ES.d. Hub location problems. In Location Science; Springer: Berlin/Heidelberg, Germany, 2015.
Alumur, S.; Kara, B.Y. Network hub location problems: The state of the art. Eur. J. Oper. Res. 2008, 190, 1-21. [CrossRef]

Zhou, Y,; Jiao, Y.; Lang, J.; Chen, D.; Huang, C.; Wei, P; Li, S.; Cheng, S. Improved estimation of air pollutant emissions from
landing and takeoff cycles of civil aircraft in China. Environ. Pollut. 2019, 249, 463-471. [CrossRef]

The Laboratory of the University of Wyoming. Available online: http://weather.uwyo.edu/ (accessed on 10 October 2019).


http://doi.org/10.1155/2020/3682127
http://doi.org/10.1016/S0377-2217(98)00395-6
http://doi.org/10.1016/j.ejor.2007.06.008
http://doi.org/10.1016/j.envpol.2019.03.088
http://weather.uwyo.edu/

	Introduction 
	Literature Review 
	The Approach 
	Alternative Networks 
	Fuel Burn and Pollutant Emissions 
	The Environmental Externalities of Aircrafts’ Emissions Based on the Airlines Network 
	Environmental External Costs of Toxic Gases 
	Environmental External Cost and Emission Intensity of CO2 


	Computational Example 
	Case Study 
	Analysis of Results 
	Results of Airline Networks 
	The Data Analysis 
	Results of Environmental Impact and External Costs 


	Sensitivity Analysis 
	Discussion and Conclusions 
	
	References

