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)e hub-and-spoke network has demonstrated its economies of scale and scope in the rapid development of the civil aviation
industry. In order to fit the development trend of green civil aviation, a series of environmental problems such as fuel consumption
and pollutant emissions caused by air transportation cannot be ignored. Firstly, this paper selects six cities of Shenyang, Beijing,
Qingdao, Zhengzhou, Guangzhou, and Nanjing as the research objects, collects the passenger flow and the distance information of
the corresponding segment, determines the location of the hub airport, analyzes the operating environment of the aircraft in the
hub-and-spoke network, establishes an aircraft emission assessment model, and calculates the mass of aircraft emissions and fuel
consumption. Secondly, based on the calculation results, the comparison of aircraft emissions and fuel consumption between the
hub-and-spoke network and the point-to-point network shows that the total carbon monoxide (CO) emissions are reduced by
35.84%, the total hydrocarbon compounds (HC) emissions are increased by 68.82%, and the total nitrogen oxides (NOx) emissions
are increased by 24.87%. )e total mass of pollutants (including CO, HC, and NOx) decreased by 29.37%, and the total fuel
consumption decreased by 68.17%. In general, the use of a hub-and-spoke network reduces the pollutant emissions and fuel
consumption of aircraft as a whole while ensuring the lowest passenger transportation cost. Finally, based on the current in-
ternational situation and the enhancement of people’s awareness of environmental protection, a summary analysis of the hub-
and-spoke network and the point-to-point network is obtained, and some enlightenment and research significance are obtained.

1. Introduction

Air transportation has grown rapidly with an average annual
growth rate of 4.5% to 5% [1], which is the fastest growing
among all modes of transportation. In order to comply with
the development trend of green civil aviation, a series of
environmental problems such as fuel consumption and
pollutant emissions caused by aircraft operations cannot be
neglected. According to relevant reports, greenhouse gas
emissions from air transportation are increasing at a rate of
3.6% per year [2], and the aviation market is facing increasing
fuel costs [3]. According to the International Air Transport
Association (IATA) report, global aviation fuel expenditure in
2018 is about $180 billion, an increase of 20.5% over 2017 [4].

Aviation emissions and fuel consumption have also
aroused widespread concern. Reference [5], through a living

project, developed an inventory of air pollutants (CO, VOC,
NOx, and PM10) for the Campania region. )e inventory
clarified the spatial distribution of all emission sources,
classified these pollutants, and analyzed the results by
drawing a map set of the area. In the same year, through the
LIFE project with environmental characteristics, literature
[6] used a Gaussian diffusion model to conduct a local-scale
assessment of air quality conditions and estimated the main
air pollutants concentrations in Campania. Combining
previous research, Iodice and Senatorel [7] used a bottom-up
approach to evaluate and calculate the total emissions of
major pollutants (including CO, VOC, NOx, PM10) in
Campania. Where possible, direct and continuous mea-
surements were used, and for other diffusion sources,
emissions were estimated based on appropriate activity
indicators and emission factors. Took road traffic as an
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example to analyze the case and proposed that the use of
corresponding new technologies and cleaner gaseous fuels in
the future would replace the use of gasoline, thereby re-
ducing CO and HC emissions. It is well known that emission
inventories and biological monitoring are two different
methods for assessing air pollution. Reference [8] combined
emission inventory and biological monitoring methods of
moss transplantation to compare and analyze CO, NOx,
PM10, VOCs, heavymetals, and other pollutants in five cities
in southern Italy, providing a reference role for future air
pollution monitoring issues. Carslaw et al. [9] proposed
graphic technology of bivariate polar coordinates and data
filtering technology aimed at detecting and quantifying the
contribution of the airport to the NOx concentration in a
network of seven measurement points near the airport, the
contribution of the airport’s long-term average concentra-
tions of NOx and NO2 was evaluated. Literature [10] used
population density and disease statistics, aircraft emissions
inventories, global chemical transport models, and epide-
miological studies to study premature deaths caused by
global aircraft emissions (including take-off, cruise, and
descent phases). )e study also found that NOx emissions
from aircraft would increase the oxidation of nonaircraft
SO2, which would cause aviation to have a greater impact on
air quality. Reference [11] uses a simplified approach to
assess the benefits of reduced aviation fuel combustion,
including those related to air quality and climate. In fact, the
world ’s energy needs are increasing and reducing aviation
emissions, and fuel consumption is becoming more and
more critical. Accurate assessment of aircraft fuel con-
sumption will help improve airlines’ safety and profitability.
Effective control of fuel consumption is an important
concern for airline operating organizations. Reference [12]
proposed an improved method based on the estimation of
fleet fuel consumption and engine cleaning costs and op-
timized the interval of fleet engine cleaning, which was
beneficial to reducing fuel consumption and aviation
emissions. Reference [13] proposed a novel self-organizing
neural network algorithm with a cascade topology that could
analyze and calculate the connection weight coefficients to
estimate the fuel for each flight. )is helped airlines accu-
rately plan the amount of fuel for the flight itinerary, avoided
loading extra fuel on the aircraft, reduced aircraft fuel
consumption, and increased engine life. Reference [14]
proposed an improved K-means clustering method for
aircraft descent phase. An example analysis showed that the
relationship between fuel consumption and flight altitude,
weight, and actual speed during the descent of the aircraft
was a certain one. )is method aimed to reduce the fuel
consumption of the aircraft during the descent phase,
thereby reducing the greenhouse gas emissions of the air-
craft in the city and playing a role in the development of
green aviation. In response to the current situation, the
governments, aviation authorities, and companies have
introduced appropriate environmental policies and mea-
sures to encourage airlines to become more environmentally
friendly [15]. )e airline network is the foundation of the
airlines, which stipulates the service scope and service scale
of the airlines, which reflects the competitiveness of airlines,

operating costs, and service level. )e design of the airline
network is related to the sustainable development of airlines.
Further, with the rapid development of the civil aviation
transportation market in China, the scale of the airline
network is gradually expanding, and the competition is
becomingmore andmore fierce.)e point-to-point network
originally adapted to the small-scale transportation market
may not be suitable for the further development of China’s
civil aviation industry. And the hub-and-spoke network is an
airline network structure in which the air transportation
market reaches a certain scale and can fully reflect the
economies of scale. )e in-depth study of the environmental
impact in the hub-and-spoke network can provide corre-
sponding assistance decisions for airlines, and then this
research will provide airlines with certain guiding and
reference role.

As we all know, there are exhaust emissions from an
aircraft which are NOx, CO, water vapour (H2O), CO2, and
other gases and particles. Aircraft engines make such
emissions in the atmosphere. From an environmental
perspective, the emission is a significant impact of aircraft.
Understanding the type and amount of aircraft emissions is
becoming increasingly important not only for environ-
mental reasons but also for health reasons. U.S. Environ-
mental Protection Agency (EPA) calls NOx, HC, and CO
“standard pollutants.” HC is a complex and diverse organic
compound, which contains a small number of aldehydes and
a small number of aromatic hydrocarbons. )e combined
action of the above substances will have a stimulating effect
on the mucous membranes of the human nose, eyes, and
respiratory tract, causing conjunctivitis and rhinitis. NO and
NO2 together formNOx.)e three compounds are related to
each other and change from one form to another through
chemical reactions. NO2 can cause respiratory diseases at
high concentrations and threaten human health. CO is the
product of insufficient combustion of fuel, which can react
with haemoglobin, reducing the blood’s ability to carry
oxygen. Higher CO concentrations can cause considerable
harm to the cardiovascular and central nervous systems.
During the operation of the airline network, although the
pollutants emitted by the aircraft will not have a rapid
impact on the surrounding environment, due to the cu-
mulative effect and the long-term continuous discharge of
pollutants, it will inevitably increase the negative impact and
cause chronic diseases. In the context of the rapid devel-
opment of the air transport industry, increasing fuel prices
and current environmental policies urgently require efficient
fuel use and environmentally friendly aircraft operations.

)is paper is primarily concerned with air passenger
networks connecting environmental impact analysis of the
hub-and-spoke network. Within the required number of a
hub airport, passenger flow, and segment distance, the ar-
rangement of the hub-and-spoke network is obtained. In
order to analyze effectively the environmental impact of
hub-and-spoke network, this paper introduces a point-to-
point network for comparative analysis. In a point-to-point
network, there are some issues: long-haul flows allow larger
aircraft, and larger flows could request for multiple aircraft.
Long-haul aircraft need more fuel and generate more
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harmful gases. )ere are potentially lower operating costs
when flows are handled by certain types of infrastructure
(wide-body or more seats aircraft). In a hub-and-spoke
network, there are numerous origin-destination (OD) pairs,
and each OD pair has three components: collection (from
origin node to a hub node), transfer (between hub nodes),
and distribution (from hub node to destination node). )us,
providers of transportation services may reduce trans-
portation costs by concentrating passengers between hubs
for transfer, which reflects economies of scale. )ere are
large-size aircraft with a large number of seats between the
hubs for transfer component, medium-size aircraft with a
moderate number of seats between nonhub and hub for
collection and distribution components.

)is research begins to analyze the environmental im-
pact of hub-and-spoke, compared with the point-to-point
network. )e remainder of the paper is organized as follows:
In Section 1, a literature review of relevant literature is
conducted. Section 2 describes the mathematical formula-
tions pertaining to hub airport location and aircraft emis-
sion. In Section 3, we select six cities with typical
representatives for case analysis, determine the location of
the hub airport and comparative analysis of the pollutant
emissions of the hub-and-spoke network, and the point-to-
point network. Finally, Section 4 gives a short summary and
suggested topics for future research in this research.

2. Literature View

)e construction of the hub-and-spoke network is a complex
issue involving many factors. )e location of the hub airport
is one of the key steps. Giovanni [16] explored the productive
efficiency and profitability of the large hub-and-spoke
network. )e vital assumption was that the hub was infinite.
)e result of the paper was that larger hub-and-spoke
network provides cost benefits, which rendered into heavier
traffic and lower fares through the network. Ebery et al. [17]
proposed formula and algorithm based on the capacity al-
location of multiobjective hub location assignment, which
laid a theoretical foundation for the hub location problem.
Campbell and O’Kelly [18] emphasized the need to go be-
yond the classical model to define newmodels to better solve
the problem of hub location in actual scenarios. Contreras
[19] introduced the basic concept of the location of the hub
and the steps of the site selection of the hub, combined with
examples to determine the specific location of the hub
airport. )ey then had a comprehensive understanding of
the location problem of the hub airport. Gao and Qin [20]
used travel time as an uncertain variable to model and
analyze the p-hub center problem based on an expert scoring
method in the absence of large amounts of data. Akgün and
Tansel [21] had adopted a new way to define the p-hub
median problem of incomplete networks based on real roads
and railways, without applying the shortest path method or
not satisfying the triangle inequality. Ghaffarinasab et al.
[22] developed the simulated annealing algorithm to find the
optimal solution of the hub location problem in the case of
single allocation and multiple allocations. A large number of
calculation results showed that the algorithm can obtain the

optimal solution in a short time. Amin-Naseri et al. [23] have
taken into account the maximum uncertainty in the network
and the total transportation cost and studied the single-
distribution p-hub median problem under the condition of
no capacity limitation. Števárová et al. [24] used the char-
acteristics of an efficient connection method in which a
single hub airport could simultaneously connect multiple
origins and multiple destinations and considered the con-
nectivity between hubs to undertake the performance of the
hub-and-spoke network. Soylu and Katip [25] used the
Variable Neighborhood Search (VNS) algorithm to find the
Pareto optimal solution with the lowest transportation cost
and transit number in the airline network and solved the
problem of multiobjective hub airport location in the airline
network design.

In recent years, aviation emissions have become an
important social issue. According to data from the Inter-
national Air Transport Association (IATA), aviation emis-
sions account for about 2% [26] of anthropogenic carbon
emissions. Under the trend of rapid growth in aviation
emissions, environmental problems will become more se-
rious without any emission reduction measures. )erefore,
the development of green civil aviation is imminent, and
studying the operating environment of the airline network is
of great significance for the development of green civil
aviation.

Peter and Lu [27] constructed the environmental impact
model of a hub to hub and hub by-pass flight networks,
which included five cases for the evaluation of engine
emissions social cost for the two scenarios. It was shown that
the emissions social cost’s impact of the hub to hub networks
was obviously higher than the hub by-pass in all cases. Kim
et al. [28] described the algorithms and data used in the
System for assessing Aviation’s Global Emissions (SAGE),
which included emissions module, flight data processor
module, aircraft performance module, and so on. SAGE was
used to evaluate the trends of fuel consumption and
emissions. Zachary et al. [29] established a multiobjective
optimization model based on the aircraft’s track, speed, fleet
composition, and operating conditions and used integer
programming to solve the environmental problems of
minimum noise impact and aviation emissions. Prats et al.
[30] designed a multiobjective optimization strategy for the
noise reduction process considering factors such as the take-
off flight trajectory, fuel consumption, and time cost of the
aircraft. Alumur et al. [31] resolved travel costs in the actual
hub airline network to study the location of the hub. Morton
[32] used a knapsack model to minimize fuel burn on the
condition of no resource constraints of aircraft. By estab-
lishing a model for hub-and-spoke discounts: a new model
for link flow and fuel costs, the paper indicated that an
allocation hub-and-spoke model can be amalgamated to a
single assignment flow model and a small increase in fuel
consumption. Kesgin [33] dealt 40 Turkish airports to es-
timating aircraft landing and take-off (LTO) emissions (HC,
CO, NOx). Taking into account factors such as aircraft
emissions and fuel consumption, Khoo and Teoh [34]
quantified green performance indicators of the airline
companies by deriving the Green Fleet Index (GFI) and
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established a biobjective stochastic dynamic programming
model to minimize GFI and maximize profits and obtained
the optimal aircraft fleet composition. Kim et al. [35]
combined with the minimum separation interval, aircraft
priority order, operation path, and other factors to allocate
the runway usage of the aircraft of the arrival and departure
flights on the runway, so that the total emissions generated
by the terminal area and the scene operation were mini-
mized. Based on the input flight plan data (including op-
eration, technology, and cost parameters, etc.), Rosskopf
et al. [36] studied the balance between airline transportation
cost and aircraft NOx emissions in the long-term fleet plan
and found the Pareto optimal solution by changing the
weight. Ho-Huu et al. [37] have optimized the aircraft’s take-
off trajectory with the goal of minimizing fuel consumption
and noise pollution. Müller et al. [38] formulated a method
of optimizing the aircraft fleet composition of airlines by
using the emission threshold method. Focusing on energy
conservation and emission reduction, based on the actual
operational data of the two major European airlines, the
operation of the airline from 2016 to 2025 was planned.
Optimization programs were important for achieving short-
term emissions targets.

)e above research shows that the rapid development of
air transportation has brought convenience to people but
also caused certain environmental impacts and may even be
harmful to human health. )erefore, green civil aviation has
become a major trend in the development of the air
transport industry. In the “)irteenth Five-Year Plan for
Civil Aviation Administration of China,” it is proposed to
“establish the energy conservation and emission reduction
regulations system of the civil aviation industry and improve
a regulatory mechanism for energy conservation and
emission reduction in the industry” to comply with the
social trends of sustainable green development.

3. Environmental Impact of Hub-And-Spoke
Network Operation

)e hub-and-spoke network has optimized airline layout,
allocated resources appropriately, and enhanced the com-
petitiveness of airlines. At the same time, it can also promote
the development of the airport economy and the prosperity
of the city. In order to comply with the development trend of
the green air transport industry, the environmental impact
of aircraft in the operation of the hub-and-spoke network
cannot be overlooked.

In this section, this paper constructs a hub-and-spoke
network. )e number of hub airports is given in advance,
there is no capacity limitation on the airports and airline,
and certain assumptions are met. Considering the above
conditions, a problem of uncapacitated multiple allocation
p-hub median problems is formed, which is dealt with by
proposing an integer linear programming model. For air-
craft emissions, this research introduced the aircraft emis-
sion assessment model to calculate the pollutant emissions
(NOx, HC, CO) and fuel consumption of the aircraft to
facilitate analysis of the operating environmental impact of
the airline network.

3.1. Problem Statement. To build a hub-and-spoke network
between cities and analyze its environmental impact, an airline
needs to determine the location of the hub airport and the airline
allocation between hub airport and nonhub airport and calculate
the aircraft emissions and fuel consumption of the hub-and-
spoke network and the point-to-point network by establishing
an aircraft emissions assessment model. Given a complete graph
G � (N, A), which refers to a collection of nodes and the edges
of the connected nodes. N � 1, 2, ..., n{ } denotes the set of
nodes, which corresponds to origins or destinations in a net-
work. ‘n’ is the number of nodes in the network.
A � aij(i, j)aij(i, j) | i≠ j, i, j ∈ N􏽮 􏽯 stands for the set of
edges.

As shown in Figure 1, in the hub-and-spoke network,
nodes are cities, and edges stand for the airline allocation.
)ere is a passenger flow demand of Qij from node i to node
j. Qij is the volume of the associated passengers flow, and
Qij �Qji, Qii � 0, that shows the network is a nondirectional
network. We consider Cij as the transportation cost per unit
flow from node i to node j. Cij is proportional to the Eu-
clidian distance associated with each ordered pair of nodes
and Caa � 0, Cij ≥ 0, ∀i, j ∈ N.

In collection component, the hub-and-spoke network
concentrates less-traffic flights to hub nodes and redistributes
them through hub nodes in transfer and distribution compo-
nents to achieve economies of scale in transportation.)erefore,
each component has its own unit discount coefficients of χ α,δ.
Of course, not all passenger flows will go through these three
components, and some will only experience some of them.
)us, the unit flow collection cost under certain scenarios is
χCik, where i refers to a nonhub node and k stands for a hub
node. Analogously, the transfer has a cost αCkm, where k andm
are also both hub nodes. Distribution has a cost of δCmj, where
m indicates a hub node and j denotes a nonhub node. Referring
to the classification for aircraft [39], a large-size aircraft with a
large number of seats and a medium-size aircraft with a
moderate number of seats is selected as available aircraft type.

3.2. Mathematical Formulations

3.2.1. Hub Airport Location. )e hub-and-spoke network
has greatly adapted to the development of the air transport
industry with its flexible, convenient, and large coverage
features. )e economical and expedient airline network
structure further strengthens its core competitiveness.
)erefore, in the hub-and-spoke network, the specific
transportation path is arranged for all OD flows with the
minimum total transportation cost as the objective function.

In order to formulate our model, we mainly use the
mathematical formulation for the model presented by Ebery
et al. [17]. Our objective function is as follows:

min 􏽐
n

i�1
􏽐
n

j�1
􏽐
n

k�1
􏽐
n

m�1
QijCijkmxijkm , (1)

where i and j denote nodes, k andm are hub nodes, e is a path (i,
j, k, m) from the node i to node j, passing through the hub nodes
k andm.)e transportation cost of the unit passenger flow from
node i to node j on this path, indicating Cijkm, is
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Cijkm � χCik + αCkm + δCmj. xijkm represents the fraction of
the passenger flow from node i to node j on the path (i, j, k, m)
via hubs located at k and m and xijkm ≥ 0.χ, α and δ are the
factors for the collection, transfer, and distribution, respectively.

In order to ensure that the solutions obtained are fea-
sible, we introduce the following constraints:

(1) Hub number constraint

􏽘
n

k�1
hk � p, (2)

where p denotes the number of nodes to be selected as
hub airports. Since the number of hub airports is given in
advance, this paper considers the number of hub airports
as p. hk is decision variables which are defined as follows:

hk �
1, if node k is a hub,

0, otherwise.
􏼨 (3)

(2) OD flow constraint

􏽘

n

k�1
􏽘

n

m�1
xijkm � 1, i, j � 1, . . . n. (4)

Each pair of OD flowQij is transferred from node i to
node j through hubs k and/or m.

(3) Transfer constraints

􏽘

n

m�1
xijkm ≤ hk, i, j, k � 1, . . . , n, (5)

􏽘

n

k�1
xijkm ≤ hm, i, j, k � 1, . . . , n, (6)

where hk and hm are decision variables. We consider
that in the operation of the hub-and-spoke network,
all OD flows can only be transferred via hubs.

(4) Special constraints

􏽘

n

m�1
􏽘

n

k�1,k≠ i

xijkm + hi ≤ 1, i, j � 1, . . . n, (7)

􏽘

n

m�1
􏽘

n

m�1,m≠ i

xijkm + hj ≤ 1, i, j � 1, . . . n, (8)

Considering the special circumstances that may occur,
when there is only one hub airport between the origin and
the destination of the OD flow and the transfer is required,
it can only be transferred at most once. If both the origin
and the destination are hubs, only direct transport can be
used.

3.2.2. Aircraft Emission Assessment Model. Under the rapid
development of the civil aviation industry, the traffic volume
has increased significantly, and environmental problems
such as pollutant emissions and greenhouse effects cannot be
ignored. In order to comply with the development trend of
“green civil aviation,” we analyzed the environmental impact
of pollutant emissions and fuel consumption on the hub-
and-spoke network. In this paper, we consider the harmful
gas and select CO, HC, and NOx as pollutants, because there
are clear guidelines related to the emissions of these species
[40]. We establish an aircraft emission assessment model to
calculate the pollution emissions of the hub-and-spoke
network and the point-to-point network and get some
thoughts and discussions.

According to the Federal Aviation Administration
(FAA) officially recognized Aviation Environmental Design
Tool (AEDT) for aircraft emissions and gas diffusion, air-
craft emissions are related to operating time, fuel flow,
engine quantity, emission index, and other parameters.
Based on the above introduction, the aircraft emission as-
sessment model is established [41], and the specific calcu-
lation for the total pollution of aircraft pollution is shown in
equation (9):

Ep � 􏽘
r

TIMEr · EGr · FFr · EIr,p, (9)

where Ep indicates the emission of pollutant p (kg); TIMEr
denotes an operational time for aircraft type r (s); EGr is
the number of engines of aircraft type r; FFr is the fuel flow
for aircraft type r with a single-engine during the time
TIMEr; EIr,p is emission index for aircraft type r of pol-
lutant p (kg/kg). )e emission index is defined as the mass
of pollutants emitted per unit mass of fuel burned by a
particular engine.

According to the performance parameters of each air-
craft type in the Base of Aircraft Data (BADA) [42], the fuel
flow rate of the aircraft is further calculated and expressed as
equations (10)–(12):

Hub nodes
Nonhub nodes

Trunk line
Branchline

Figure 1: Hub-and-spoke network. )e purple circles represent hub
nodes and purple squares represent nonhub nodes. )e thick red line
indicates the trunk line, and the thin blue line indicates the branch line.
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FFC � Cf1
· 1 +

VT

Cf2

􏼠 􏼡 · F, (10)

FFD � Cf3
· 1 −

h

Cf4

􏼠 􏼡, (11)

FFL � Cf1
1 +

VT

Cf4

􏼠 􏼡 · Cfr
· F, (12)

where Cf1 (in kg/(min·kN) (jet)) is the 1st thrust specific fuel
consumption coefficient, Cf2 (in knots) is the 2nd thrust
specific fuel consumption coefficient, Cf3 (in kg/min) is the
1st descent fuel flow coefficient, Cf4 (in feet) is the 2nd
descent fuel flow coefficient, and Cfr (in dimensionless) is
cruise fuel flow correction coefficient. )ese can all be ob-
tained from the BADA database. F (in kN) is engine thrust;
VT (in kt) is true airspeed; h (in feet) is transition altitude for
calculation of descent thrust. Equation (10) represents the
fuel flow of the climbing segment; equations (11) and (12)
represent the fuel flow of the descending and cruise seg-
ments, respectively. In equation (9), the value of FFr can take
the values FFC, FFD, and FFL in equations (10)–(12).

4. Numerical Case Study

In order to describe the problem model, the actual problem
is considered and the following assumptions are made [19]:

(1) )e hub nodes are fully connected, nonhub nodes
are not directly connected, and a hub node can be
connected to multiple nonhub nodes; that is, mul-
tiple distribution connections are used. Considering
the economies of scale of transfer between hub
nodes, we assume α< 1, χ � δ � 1 [43].

(2) Considering that the service object of this paper is
passengers, any OD flow can be transited through at
most two hub airports.

(3) All OD flows must be conveyed from the origin to
the destination and the transfer should only be
through the hub airport.

(4) )e cost of setting the connecting edge between the
hubs is 0; that is, regardless of the cost of opening the
airline, there is no additional cost to ensure con-
nectivity with the hub.

(5) For the same city pair, the traffic flow at the opposite
of the origin and the destination is the same.

4.1. Determine the Location of the Hub Airport. Shenyang is
located in Northeast China and central Liaoning. It is located
in the center of the Northeast Asian Economic Circle and the
Bohai Rim Economic Circle. It is the geographic center of
Northeast Asia. )e “Belt and Road” is an important node
that extends to Northeast Asia and Southeast Asia. Beijing is
the capital of the People’s Republic of China and one of the
four municipalities directly under the Central Government
of China; Beijing is a national central city, a mega city, a

national political center, a cultural center, an international
communication center, and a science and technology in-
novation center. Qingdao, an important national coastal city
and an international port city approved by the State Council,
is also the economic center of Shandong Province, a coastal
resort city, a national leading area for the development of
modern marine industries, an international shipping hub in
Northeast Asia, and a base of marine sports. )e main nodes
of the New Asia-Europe Continental Bridge Economic
Corridor and strategic fulcrum of maritime cooperation.
Zhengzhou is an important central city in central China, a
mega city, an important national comprehensive trans-
portation hub, a commerce and logistics center, and a central
city of the Central Plains City Group. Guangzhou is located
in southern China, bordering the South China Sea and the
northern edge of the Pearl River Delta. It is the headquarters
of the Southern China )eater Command, a comprehensive
national gateway city, and the first coastal open city. It is
China’s southern gate to the world. )e central city of the
Pearl River Delta Economic Zone and the hub city of the Belt
and Road Initiative. Nanjing is located in the east of China,
the lower reaches of the Yangtze River, and the coastal
waters. It is the headquarters of the East China )eater
Command, a national logistics hub, and the Yangtze River
International Shipping Logistics Center. An important node
city that strategically intersects the Yangtze River Economic
Belt. Considering the coverage area of the airline network,
the geographical location of the city where the airport is
located, the passenger throughput, the availability of data,
and the actual situation of the cities in China are considered
comprehensively. )e case study selects Shenyang, Beijing,
Qingdao, Zhengzhou, Guangzhou, and Nanjing as the re-
search objects, which are numbered as 1, 2, 3, 4, 5, and 6,
respectively. Also, this case study chooses two cities as a hub
(p � 2), thereby constructing a hub-and-spoke network.
Since the hub-and-spoke network is economies of scale, it is
assumed that the discount coefficients for the collection,
distribution, and transfer phases are χ � δ � 1, α � 0.5 [44],
respectively. We only consider the distance cost between
cities as transportation cost. )e transportation cost and
demand cost among the six cities are obtained by consulting
the “Statistical Civil Aviation 2015” [45]. )e specific dis-
tance cost matrix can be obtained from Table 1; the demand
cost matrix is the passenger flow of the corresponding
segment, which is given in Table 2.

4.2. Point-to-Point Network versus Hub-And-Spoke Network
Emissions Calculation. Further, aircraft emissions are cal-
culated by the aircraft emission assessment model. In order
to conduct an in-depth study on the operating environment
of the hub-and-spoke network and quantify the operational
environmental impact of the network, we compare the
aircraft emissions and fuel consumption between the hub-
and-spoke network and the point-to-point network.

Taking into account the economies of scale of the hub-
and-spoke network and combining the actual operation of
each segment between cities and the operational charac-
teristics of the hub-and-spoke network, we select three types
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of heavy aircraft, A330-200, B767, and A300 (20 airplanes of
each) with a large number of seats between the hubs for
transfer component, and the A319, A320 and B737 (100
airplanes of each) medium-size aircraft with a moderate
number of seats between nonhub and hub for collection and
distribution components [46]. In conjunction with the
Engine Emissions Data Bank (EEDB) provided by ICAO, we
can calculate the aircraft pollutant emissions. )e aircraft
pollutant emissions of the LTO cycle can be calculated di-
rectly by querying ICAO’s EDB, but ICAO does not give the
fuel consumption reference values and pollutant emission
index during the cruise phase. According to the literature
[10, 47], the engine thrust level during the cruise phase is
generally 85%, which is the same as the engine thrust level of
the aircraft during the climb phase. )erefore, we use the
relevant values in the working state of the climbing phase as
the basis for calculating the pollutant emissions in the
aircraft cruise phase. )e number of seats and pollutant
emission index of each type of aircraft are shown in Table 3.
)e fuel consumption reference values of each type of
aircraft are shown in Table 4.

As shown in Table 3, for different types of aircraft, they
have different passenger seat capacities. For example, for an
A319 aircraft, it can accommodate 122 passengers. For a
B767 aircraft, it can carry 225 passengers. For different types
of aircraft, their engine models are also different. Different
models of engines have different emission indices. For ex-
ample, for the A319 type aircraft, its engine model is V2522-
A5, and it has different pollutant emission indexes during
the climb and descent phases. EICO, EIHC, and EINOx are in
units of grams of pollutants per kilogram of fuel (g/kg) for
CO, HC, and NOx, respectively. During the climb phase,
EICO is the CO emission index (which is 0.44 g CO/kg fuel).
In the declining phase, EICO is the CO emission index
(which is 2.55 g CO/kg fuel). Similarly, during the climb and
descent phases, the HC emission index is represented by
EIHC (which are 0.04 g HC/kg fuel and 0.07 g HC/kg fuel),
respectively. In the declining phase, the NOx emission index
represented by EINOx (which is 18.32 g HC/kg fuel and 9.32 g

HC/kg fuel). As can be seen from Table 4, Cf1 and Cf2 are the
fuel consumption coefficients of the first unit thrust and the
second unit thrust, respectively. Cf3 and Cf4 are the fuel flow
coefficients of the first descent phase and the second descent
phase, respectively, and Cfr is the fuel flow coefficient of the
cruise phase.

In a point-to-point network among six cities, each two
cities are combined into one city pair. )ere are 15 city pairs,
namely, Shenyang and Beijing, Shenyang and Qingdao,
Shenyang and Zhengzhou, Shenyang and Guangzhou,
Shenyang and Nanjing, Beijing and Qingdao, Beijing and
Zhengzhou, Beijing and Guangzhou, Beijing and Nanjing,
Qingdao and Zhengzhou, Qingdao and Guangzhou,
Qingdao and Nanjing, Zhengzhou and Guangzhou,
Zhengzhou and Nanjing, Guangzhou and Nanjing. Since
Shenyang and Zhengzhou, Beijing and Zhengzhou, Qingdao
and Zhengzhou, Qingdao and Nanjing, and Zhengzhou and
Nanjing. )e traffic volume is 0, that is, regardless of the no
traffic flow between two cities, it becomes 10 city pairs.
)rough the Flight Aware official website, query and analyze
the actual flight trajectory data of the three types of aircraft
using A319, A320, and B737 during normal departure and
arrival.

4.3. Analysis of Results. According to equations (1)–(8),
using MATLAB2016a to run on Intel (R) Core (TM) i7-7700
CPU 3.60GHz/8.00GB computer, we can get the hub-and-
spoke network as shown in Figure 2.

In Figure 2, city 2 and city 5 are hub nodes, cities 1, 3, 4,
and 6 are nonhub nodes, which denote Beijing and
Guangzhou as hub nodes, Shenyang, Qingdao, Zhengzhou
and Nanjing as nonhub nodes, and specific airline network
arrangements as shown in Table 5.

From Table 5, we observe that h2 � h5 �1, indicating that
node 2 and node 5 are hub nodes; that is, Beijing and
Guangzhou as hubs, and the optimal total transportation
cost is $3.63 E+ 5. x1222�1 denotes that Shenyang and Beijing
are connected, and x1322 indicates that the passenger flow

Table 1: Distance cost matrix.

Distance (km) Shenyang Beijing Qingdao Zhengzhou Guangzhou Nanjing
Shenyang 0 730 821 1339 2672 1630
Beijing 730 0 646 690 1967 981
Qingdao 821 646 0 741 1867 552
Zhengzhou 1339 690 741 0 1389 630
Guangzhou 2672 1967 1867 1389 0 1255
Nanjing 1630 981 552 630 1255 0

Table 2: Demand matrix.

Passenger flow (ten thousand) Shenyang Beijing Qingdao Zhengzhou Guangzhou Nanjing
Shenyang 0 113.5 42.8 0 60.3 35.1
Beijing 113.5 0 131.2 0 411.7 85.1
Qingdao 42.8 131.2 0 0 63.1 0
Zhengzhou 0 0 0 0 79.4 0
Guangzhou 60.3 411.7 63.2 79.4 0 149.2
Nanjing 35.1 85.1 0 0 149.2 0
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between the nonhubs Shenyang andQingdao passes through
the hub of Beijing for transfer. Similarly, nonhubs Qingdao,
Nanjing, and hub Beijing are connected, and nonhubs
Zhengzhou, Qingdao, Nanjing, and hub Guangzhou are
connected. Passenger flow between nonhub Shenyang and
Nanjing, Qingdao and Nanjing through the hub of Beijing
for transfer. Passengers among nonhub Shenyang and
Zhengzhou, Qingdao and Zhengzhou, Qingdao and Nanj-

Table 3: Relevant data of each type of aircraft.

Aircraft type Engine model Capacity (in passengers)
EICO (g/kg) EIHC (g/kg) EINOX (g/kg)

Climb Descent Climb Descent Climb Descent
A319 V2522-A5 122 0.44 2.55 0.04 0.07 18.32 9.32
A320 CFM56-5A1 150 0.90 2.5 0.23 0.4 19.6 8
B737 CFM56-7B26 147 0.60 1.6 0.1 0.1 22.5 10.8
A330-200 CF6-80E1A2 253 0.34 1.61 0.07 0.14 28.02 9.91
B767 CF6–80C2B (F) 225 0.52 2.93 0.09 0.23 18.32 8.54
A300 PW4158 280 0.54 1.88 0.02 0.14 23.7 11.8

Table 4: Fuel consumption reference value for each type of aircraft.

Aircraft type Number Cf1 (kg/(min·kN)) Cf2 (knots) Cf3 (kg/min) Cf4 (feet) Cfr (dimensionless)
A319 1 0.72891 1729.80 11.114 133850 0.99224
A320 2 0.75882 2938.50 8.942 93865 0.96358
B737 3 0.68640 952.85 10.592 59399 0.93420
A330-200 4 0.61503 919.03 21.033 112230 0.93655
B767 5 0.62911 851.87 20.794 66506 0.91891
A300 6 0.63936 1004.70 21.196 67071 0.98852

Trunk line
Branch line

Hub nodes
Nonhub nodes

Figure 2: Hub-and-spoke network composed of six cities.

Table 5: Arrangements of hub-and-spoke network.

h2 �1 h5 �1 x1222 �1
x1322 �1 x1455 �1 x1525 �1
x1622 �1 x2322 �1 x2455 �1
x2525 �1 x2622 �1 x3455 �1
x3525 �1 x3622 �1 x3655 �1
x4555 �1 x4655 �1 x5655 �1
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ing, Zhengzhou and Nanjing transfer through Guangzhou.
In summary, based on the determined location of the hub
nodes and the airline arrangement between the hub node
and the nonhub node, the hub-and-spoke network structure
is obtained.

In order to improve the credibility of the research results
and guarantee the consistency of the variables, we need to
ensure the flow conservation of the two types of the network
when comparing the hub-and-spoke network with the
point-to-point network. )erefore, the types and quantities
of aircraft used in different airline network will be different.
By consulting the Aircraft Noise Performance (ANP) da-
tabase website and combining the number of seats in each
type of aircraft in Table 3, we need to reasonably assign the
type of aircraft for each flight segment.

As is shown in Figure 2, if the hub-and-spoke network is
used between the six cities, combined with the actual sit-
uation, the hub between Beijing and Guangzhou is transfer
component, Shenyang and Beijing, Beijing and Qingdao,
Beijing and Nanjing, Guangzhou and Zhengzhou, Qingdao
and Guangzhou, Guangzhou and Nanjing, Shenyang and
Guangzhou, are the component of collection and distri-
bution component. According to Figure 3, only 20 flights of
A330-200 between hubs were chosen as examples for data
analysis due to the complex data processing. In the collection
and distribution component, the operation situation of the
20 flights with A320 is only taken as an example are depicted
in Figure 4.

Figure 3 depicts the flight operation situation between
hub nodes.)emedian position of flight operations between
Beijing and Guangzhou is mostly at the altitude of 9,000 to
12,000 meters; except for individual flights, the position and
height of the interquartile range are basically the same. From
the upper and lower limits of Whisker, the flight altitude of a
few flights is slightly larger, indicating that the operational
situation between Beijing and Guangzhou is relatively stable,
and the availability of experimental data is better.

Figure 4 shows the flight operation situation between the
hub node and nonhub node. It is known from Figure 4(b)
that the median position of the flight altitude between
Beijing and Qingdao is basically at the altitude of 3000 to
5000meters, and the position and height of the interquartile
range frame are basically the same. From the upper and
lower limits of Whisker, the flight altitude of the flight
operation data is roughly the same, indicating that the
operational situation between Beijing and Qingdao is rel-
atively stable, and the availability of experimental calcula-
tions is better. It is depicted in Figure 4(c), Figure 4(e) and
Figure 4(f ), the median flying altitude of the four city pairs in
Beijing and Nanjing, Qingdao and Guangzhou, Guangzhou
and Nanjing is 6000 to 7000 meters, 9000 to 10000 meters
and 5000 to 7000 meters, respectively. )e position and
height of the interquartile range of each city pair are basically
the same. From the upper and lower limits of Whisker, the
flight altitude range of each city is roughly the same, indi-
cating that the operation situation of the seven city pairs is
relatively stable. From Figure 4(a) and Figure 4(g), it can be
seen that the median position of flight altitude of Shenyang
and Beijing, Shenyang and Guangzhou is at the altitude of

2000 to 3500 meters and 8000 to 10000 meters, respectively.
)e position and height of the interquartile range between
Shenyang and Beijing are quite different. Except for indi-
vidual flights, the position and height of the interquartile
range between Shenyang and Guangzhou are approximately
the same. From the upper and lower limits of Whisker, the
flight altitude of Shenyang and Beijing is larger, may be
subject to weather conditions, regulatory reasons, airspace
activities, etc. )e flight altitude ranges of most flights be-
tween Shenyang and Guangzhou are roughly the same, and
the data status is relatively stable.

In Figure 3, the flight operation situation between
Beijing and Guangzhou is stable and the data is in good
condition. By taking a mathematical analysis, flight data that
can be used for calculation is obtained, and a three-di-
mensional mesh graph is drawn to represent the flight profile
of the flight. Because of the heavy-duty transportation be-
tween the hubs, the A330-200 is used as an example to
analyze the data, and the flight profile presented in Figure 5
is obtained. )e green dots indicate the flight trajectory of
the flight.

From the above analysis, it can be seen that in the
operation of the hub-and-spoke network, the flight opera-
tion data between the cities used in this paper is generally
stable, indicating that our experimental data has good ro-
bustness and can be served for the calculations. In individual
city pairs, we preprocess the flight data for the segments with
poor robustness to facilitate the calculation.

Here, only the four city pairs of Beijing and Qingdao,
Beijing and Nanjing, Qingdao and Guangzhou, and
Guangzhou andNanjing are used to draw three-dimensional
mesh graphs to represent the flight profiles between the hub
node and the nonhub node.

)e graphic drawing of other city pairs is similar and will
not be listed in detail here. A three-dimensional mesh graph
as depicted in Figure 6 is obtained for our calculations.
Figure 6(a) to Figure 6(d) are flight profiles of Beijing and
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Figure 3: )e flight operation situation of A330-200 between
Beijing and Guangzhou.
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Figure 4: Continued.
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Qingdao, Beijing and Nanjing, Qingdao and Guangzhou,
and Guangzhou and Nanjing, respectively, and red dots
indicate the flight trajectory of the flight. )e results shown
in Table 6 were obtained by calculating the pollutant
emissions and fuel consumption during the climb, descent,
and cruise phases of the aircraft operating in the hub-and-
spoke network.

Similarly, if a point-to-point network is used among six
cities, that is, a direct flight between each two cities, there are
10 city pairs. In order to ensure the conservation of pas-
senger flows during the operation of the two airline

networks, we combine the number of seats of each aircraft
type in Table 2 to obtain 133, 133, and 134 aircraft of A319,
A320, and B737. Since the flight operation situation of the
hub-and-spoke network has been shown in the foregoing,
which also includes the flight segments corresponding to the
point-to-point network, the analysis is not enumerated here.
)e flight profiles of the flights are also depicted by drawing
three-dimensional mesh graphs for our calculations, and no
further analysis is performed here. We get the aircraft op-
erating impact in the point-to-point network, the pollutant
emissions, and fuel consumption during the climb, descent,
and cruise phases are shown in Table 7.

We also analyze the flight profiles of the aircraft by
drawing three-dimensional mesh graphs. We will not draw
pictures here. We use the obtained better profile to calculate
the pollutant emissions and fuel consumption during the
climb, descent, and cruise phases.)e results are provided in
Table 7.

Based on Tables 6 and 7, the total emissions (including
various types of pollutants during the climb, descent, and
cruise phases) and total fuel consumption during the op-
eration of the hub-and-spoke network and the point-to-
point network among the six cities are summarized in
Table 8.

As suggested by Table 8, the total CO emissions rep-
resent the total CO emissions of the aircraft during the
climb, descent, and cruise phases. )e total HC emissions
show the total HC emissions during the climb, descent, and
cruise phases.)e total NOx emissions express the total NOx
emissions during the climb, descent, and cruise phases.
Pollutant emissions denote the total emissions of pollutants
(including CO, HC, andNOx) during the climb, descent, and
cruise phases. According to the comparative analysis of
pollutant emissions and fuel consumption of the hub-and-
spoke network and the point-to-point network in Table 6, it
can be seen that the operation of the flight by the hub-and-
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Figure 4: )e flight operation situation of A320 in the hub-and-spoke network. (a) Between Shenyang and Beijing. (b) Between Beijing and
Qingdao. (c) Between Beijing and Nanjing. (d) Between Guangzhou and Zhengzhou. (e) Between Qingdao and Guangzhou. (f ) Between
Guangzhou and Nanjing. (g) Between Shenyang and Guangzhou.
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spoke network reduced the total CO emissions by 35.84%
and the total HC emissions by 68.82%, and total NOx
emissions increased by 24.87%. Total pollutant emissions

decreased by 29.37%, and total fuel consumption reduced by
68.17%. In general, the use of a hub-and-spoke network
between cities can save a certain transportation cost and can
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Figure 6:)e flight profile for calculating the aircraft A320 in the hub-and-spoke network flight operation situation of A320 in the hub-and-
spoke network. (a) Between Beijing and Qingdao. (b) Between Beijing and Nanjing. (c) Between Qingdao and Guangzhou. (d) Between
Guangzhou and Nanjing.

Table 6: Hub-and-spoke network pollutant emissions and fuel consumption.

Pollutant emissions and fuel consumption Climbing and descending stages (kg) Cruise phase (kg)
CO emission 1.42E+ 8 3.57E+ 8
HC emission 1.14E+ 7 2.46E+ 7
NOx emission 4.47E+ 8 1.16E+ 9
Fuel consumption 1.37E+ 6 1.20E+ 8
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reduce pollutant emissions and fuel consumption due to air
transportation as a whole.

)e reason is mainly due to the use of the hub-and-spoke
network to collect the nonhub passenger through the large-
size aircraft with a large number of seats to the hub airport,
after transfer through the hub airport, the medium-size
aircraft with moderate seats will be used to distribute pas-
sengers to destinations, reflecting economies of scale while
reducing the environmental impact of aircraft emissions.
When the point-to-point network is operated, only the
traffic flow between the two airports is considered, and the
connection problem between the airlines of the same city
cannot be considered, so that the effective configuration of
the regional resources cannot be formed. Moreover, the
carrier rate and the passenger load factor between nonhub
airports are low, causing airlines to experience operational
losses. In addition, passenger destination requirements have
additionally increased the number of takeoffs and landings
of flights, resulting in increased fuel consumption and
aircraft emissions.

5. Conclusions

)is paper determines the location of the hub airport
through the hub location model, uses the aircraft emission
assessment model to calculate the mass of pollutant emis-
sions (mainly including CO, HC, and NOx) and fuel con-
sumption of aircraft, and analyze the operational
environmental impact of the hub-and-spoke network with
the case study. Based on the basic conditions met in this
study, a comparative analysis of the hub-and-spoke network
and the point-to-point network was performed, and some
results were obtained.

)is study comprehensively considers the availability of
data such as the geographical location of the city, the pas-
senger flow of the flight segment, and the flight segment
distance. Six representative cities are selected as research
objects for example analysis. According to the established
mathematical model, taking the lowest total transportation
cost as the objective function, the location of the hub airport,
and the airline assignment and connection method are
obtained. For the flight data obtained, the aircraft’s operating

situation diagram is drawn to analyze the stability and ro-
bustness of the data. )e data with better robustness can be
used directly, and the data with slightly less stability is
preprocessed and then used. By drawing a 3D mesh flight
profile graph between hub node and nonhub node, the
aircraft’s flight trajectory can be found, thereby laying the
foundation for the pollutant emissions and fuel consump-
tion of the airline network. Based on the operating char-
acteristics of the hub-and-spoke network and the point-to-
point network, the flight segments between each city pair are
analyzed and calculated, and the pollutant emissions and
fuel consumption of the aircraft in the airline network are
finally obtained.

)rough the comparative analysis of pollutant emissions
and fuel consumption between the hub-and-spoke network
and the point-to-point network, the results showed that the
operation of the flight using the hub-and-spoke network
reduced the total CO emissions by 35.84%, the total HC
emissions by 68.82%, and total NOx emissions increased by
24.87%. )e total mass of pollutant emissions decreased by
29.37%, total fuel consumption reduced by 68.17%, and total
transportation cost was as low as $3.63 E+5. In the operation
process of the hub-and-spoke network, it reflected its
economies of scale, reduced the fuel consumption, and
decreased the mass of pollutant emissions of aircraft, which
complied with the development theme of green civil aviation
in the “13th Five-Year Plan” of civil aviation, China.

)is study is suitable for evaluation calculations under
certain restrictions.)e analysis is based on the flight data of
each segment of the Flight Aware official website. As a
further study it can be proposed to consider the economic
cost, environmental factors, and time factors comprehen-
sively, establish a multiobjective optimization model and use
an efficient solution algorithm for further research.

A large number of studies have shown that the rapid
development of the civil aviation transportation industry has
gradually made the emission of pollutants from aircraft an
important aspect of urban air pollution. Aircraft fly in the
airline network and emit a large number of pollutants into
the air during the flight. )e distribution and connection
methods will lead to a different situation of aviation emis-
sions. To address this point, this study compares the hub-

Table 7: Point-to-point network pollutant emissions and fuel consumption.

Pollutant emissions and fuel consumption Climbing and descending stages (kg) Cruise phase (kg)
CO emission 1.13E+ 8 6.64E+ 8
HC emission 9.47E+ 6 1.06E+ 8
NOx emission 3.15E+ 8 1.05E+ 9
Fuel consumption 3.44E+ 6 2.00E+ 8

Table 8: Contrast of pollutant emissions and fuel consumption.

Pollutant emissions and fuel consumption Hub-and-spoke network (kg) Point-to-point network (kg)
Total CO emission 4.99E+ 8 7.77E+ 8
Total HC emission 3.60E+ 7 1.15 E+ 8
Total NOx emission 1.60E+ 9 2.14 E+ 9
Pollutant emissions 2.14E+ 9 3.03E+ 9
Total fuel consumption 1.21E+ 7 2.03E+ 8
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and-spoke network with the point-to-point network and
studies the environmental impact of the two network states.
It was found that, with the lowest total transportation costs,
the emissions and fuel consumption of the hub-and-spoke
network have less impact than the point-to-point network.
At the same time, the international authorities’ awareness of
environmental protection is increasing.With the continuous
increase in fuel prices and tourism industry demand, airlines
are also required to adopt corresponding competition
strategies in fuel management to control excessive fuel
consumption and achieve long-term sustainable develop-
ment. )erefore, the situation of fuel consumption is also
worthy of attention. )e comparative analysis of the two
airline networks shows that the fuel consumption of the hub-
and-spoke network is also lower than that of the point-to-
point network. To sum up, this study starts from an envi-
ronmental perspective and conducts an environmental
impact analysis for different airline networks. It summarizes
the airline network form with smaller pollutant emissions
and lower fuel consumption. A certain reference role pro-
vides a more effective way for airlines to improve fuel ef-
ficiency and provides a new environmental protection
direction for airlines to reduce pollution.)e research of this
topic helps airlines better realize environmental protection,
which not only saves fuel but also accelerates the use of
similar research in the aviation field.
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[1] A. W. SchäFer, A. D. Evans, T. G. Reynolds, and L. Dray,
“Costs of mitigating CO2 emissions from passenger aircraft,”
Nature Climate Change, vol. 6, no. 4, pp. 412–417, 2016.

[2] S. Krile, M. Krile, and P. Průša, “Non-linear mini-max
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