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Trajectory-based operation is a new technology that will be developed in the next generation of air traffic management. In order to
clarify the optimization space of fuel consumption and emission impact on the environment under the specific operation
limitation of air traffic management in the process of aircraft climb, an aircraft climb performance parameter optimization model
considering the environmental impact is established. First, the horizontal and vertical climb models are established for the aircraft
climb process, and then the optimization objectives are constructed by considering the impact of fuel consumption, exhaust
emissions on air temperature, and the convenience of the flight process. Finally, the multiobjective model is solved by genetic
algorithm. +e B737-800 civil aviation aircraft is selected for simulation experiment to analyze the impact of speed change on the
optimization target. +e results show that with the change of speed, the fuel consumption and temperature rise are different, and
the climb performance parameters of the aircraft are affected by the maximum RTA. By optimizing the flight parameters of the
aircraft, it can effectively reduce the impact of flight on the environment and provide theoretical support for the sustainable
development of civil aviation.

1. Introduction

+e global air traffic system is currently undergoing a
comprehensive transformation and upgrading stage to cope
with the ever-increasing flight demand, complex and huge
system architecture, and diversified operating environment.
At the same time, it is continued to meet the comprehensive
performance expectations, operational efficiency, cost-ef-
fectiveness, and environmental impact of various stake-
holders for aviation operations [1]. Trajectory-based
operation and performance-based air traffic management
have become the key words of global air transport system
reform [2]. +rough the fine management of flight trajec-
tory, it can solve the airspace operation constraints, optimize
the allocation of airspace resources, and build a collabora-
tive, efficient, and environmental protection flight operation
state.

+e climb stage is an important stage in the flight process
of an aircraft. Different flight performance parameters are

related to the effectiveness of aircraft flight. +is paper
studies the climbing stage of aircraft, clarifies the influence
mechanism of aircraft climbing performance, and provides
theoretical support for optimizing aircraft fuel efficiency and
improving environmental friendliness.

In terms of departure trajectory optimization, Ho-Huu et al.
established a multiobjective model considering fuel con-
sumption and noise factors and designed a solution algorithm
to obtain the optimal trajectory [3, 4]. Visser et al. [5, 6] de-
veloped a tool for reducing aircraft takeoff noise based on noise
model, geographic information system, and dynamic trajectory
optimization algorithm and used B737-300 aircraft in
Amsterdam Airport Schiphol has been verified, and a multi-
stage/criterion trajectory optimization framework is proposed
for urban to city missions, so that the aircraft can reduce noise
and pollutant emissions as much as possible. Prats et al. [7]
proposed a strategy for designing aircraft noise reduction
procedures to reduce noise nuisance felt by people living around
the airport. A nonlinear multiobjective optimization model is
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established and numerically solved to obtain the minimum
noise disturbance trajectory. Torres et al. [8] comprehensively
considered the impact of noise, NOx emissions, and CO2
emissions on the environment, established a nonlinear multi-
objective optimization, and solved the optimal departure tra-
jectory of the aircraft. Some scholars have studied the green
trajectory of aircraft. Tian et al. [9] used RTA (Required Time of
Arrival) issued from tactical ATM (Air Traffic Management)
operations as a hard constraint and optimized the whole flight
phases, minimising the overall environmental impact. Xu et al.
[10] discussed the green trajectory optimization, in the context
of EDCT (Expect Departure Clearance Time) constraint im-
posed by pretactical ATM operations.

In terms of airspace operation restrictions, Ramon and
Adrian accurately restricted the arrival time of the waypoints
and conducted research on CDO (Continuous Descent
Operation) under the RTA mode, and considered that the
mode was a potential solution to reduce the impact of fuel
consumption, pollutant emissions, and noise in the airport
area without damaging the airport capacity. Moreover, it was
beneficial to allocate RTA before the aircraft began to descend
[11]. Higuchi et al. [12] used a three parameter model to
simulate the flight operation of aircraft and optimized the
aircraft in approach according to RTA constraints, so as to
improve the operation efficiency of busy airports. Vilardaga
et al. optimized the 4D trajectory of the aircraft with RTA
constraints by making quantitative trade-offs in terms of fuel
and time consumption [13]. Alejandro et al. [14, 15] proposed
a method that can provide optimal combination of Mach
numbers at different waypoints to meet the arrival time
constraint required by the aircraft during the flight at a fixed
height while considering the fuel consumption of the aircraft.
In the next year, an economic algorithm of vertical reference
trajectory is proposed, which satisfies the time of arrival
constraint. Compared with the flight cost of the reference
trajectory, the RTA constraint is satisfied, and the flight cost of
the optimized trajectory is reduced. Wan et al. [16] analyzed
the green climb trajectory optimization problem under the
constraint of a single waypoint.

+e above research mainly considers the influence of fuel
economy, noise interference, or airspace operation restric-
tions on aircraft flight trajectory. In order to more fully clarify
the time and space characteristics of the aircraft’s trajectory
parameters during the climb process, this paper adopts the
idea of differentiation and combines the full energy model in
BADA to model and analyze the climb process of the aircraft
and establish the climb process model of the aircraft with the
constraint of multiwaypoint. Considering three optimization
goals, namely, fuel consumption, global temperature rise
caused by exhaust gas, and minimum flight speed change
between constrained segments, a genetic algorithm with elite
retention strategy is designed to solve this problem, and
hoping to be a concept of green development provides the-
oretical support for air transportation.

2. Trajectory Optimization in Climbing Stage

2.1. Problem Description. Enroute climb generally refers to
the climb process in which aircraft climb in a certain way

from a height of 1500 ft on the airport ground and increases
to the specified cruising height and cruising speed [17].
During the flight process, aircraft should satisfy the way-
point cooperative constraint requirement which is issued by
the air traffic management system, coordinate the constraint
interval of aircraft’ Required Time of Arrival (RTA) and
Required Height of Arrival (RHA) at relevant position,
construct conflict-free flight paths between aircraft, and
avoid potential flight conflicts in airspace. +erefore, aircraft
should project their flight distance, flight height, and flight
time in advance. +is section firstly analyzes the aircraft
departure vertical climbing process, including the end of
climbing and the beginning of cruising flight. Assuming that
aircraft climbs at the constant indicated airspeed, the aircraft
departure model is established, and the aircraft climb pa-
rameters and level flight parameters are calculated.+en, the
aircraft level flight parameters are optimized by compre-
hensively considering the aircraft fuel consumption, the
impact of engine exhaust on the environment, and the flight
process convenience. Finally, we introduce the multi-
objective optimizationmathematical model detailed, and the
research framework is shown in Figure 1.

2.2. Vertical Profile of Aircraft Climb. Due to the high ma-
neuverability when aircraft is flying below 10,000 feet and
the ATC interference, the flight is less predictable.+erefore,
this paper only considers the aircraft climbing stage that over
10000 feet and the beginning section of enroute cruise. On
account of aircraft flight trajectory is influenced by many
factors in actual operation process, the air traffic manage-
ment system (ATMS) needs to arrange departing aircraft
safe intervals to ensure aircraft flight safe and orderly. In this
process, the ATMS should effectively control aircraft flight
trajectory, and the common method is publishing aircraft
waypoint constraints.

+erefore, we can abstract the aircraft departure
climbing flight process with multiple waypoint constraints,
starting from point A, climbing to the top of climb (TOC),
and ending at point B with the constant indicated airspeed.
+e whole process has multiple waypoint constraints. As
shown in Figure 2(a), R is the aircraft total flight distance, the
whole climbing process could be deemed to a combination
of multiple flight steps, and each constrained segment can be
represented by Ci(i � 1, 2, . . . , m). +e single step range
flight process is Ri, and it consists of climb range rc,i and
cruise range rcr,i; ti and hi, respectively, represent the flight
time and flight height when the aircraft reaches the end of
the constrained segment. In Figure 2(b), ti,minand ti,max
represent the minimum and maximum RTA time con-
straints, respectively; hi,min and hi,max represent the RHA
minimum and maximum height constraints, respectively.

+e climbing trajectory is divided into m constrained
segments by introducing the concept of microelements, and
each segment Ci(i � 1, 2, . . . , m) is divided into n micro-
elements. For example, the i-th element in segment j(j �

1, 2, . . . , n) can be denoted as Ci,j. +e aircraft flight pa-
rameters could be determined according to the flight pa-
rameters at the microelement intermediate trajectory point;
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when the aircraft is located at the intermediate point of Ci,j

microelement, the flight distance from A is ri,j:

ri,j �

ri,j−1 + Δr, rc,i < ri,j−1 − Ri−1 <Ri,

ri,j−1 +
Δh × VT,i,j + VW,mps,i 

cc,i,j

, ri,j−1 − Ri−1 ≤ rc,i,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(1)

where VW,mps,i is the wind speed in the current segment
(m/s); Δr is the flight distance of a microelement; and cc,i,j is
the climbing rate (m/s); details are as follows:

cc,i,j �
Ti,j − Di,j  · VT,i,j

mA,i,j · g
f Mi,j . (2)

+e flight height of the aircraft at the middle point of the
Ci,j is

hi,j �
hi−1, rc,i < ri,j−1 − Ri−1 <Ri,

hi,j−1 + Δh, ri,j−1 − Ri−1 ≤ rc,i.

⎧⎨

⎩ (3)

+e flight time for the aircraft to reach the middle point
of the Ci,j is

ti,j �

ti,j−1 +
Δr

VT,i,j + VW,mps,i 
, rc,i < ri,j−1 − Ri−1 <Ri,

ti,j−1 +
Δh

cc,i,j

, ri,j−1 − Ri−1 ≤ rc,i.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(4)

Trajectory
generator
(min fuel)

Trajectory
generator
(min fuel)

Trajectory optimizer
(initial)

Trajectory
generator
(min TE)

Trajectory
generator
(min TE)

Trajectory optimizer
(revised)

Aircraft performance

Aircraft performance

Flight demand (RTA)

Flight demand (RTA)

Aircraft performance

Emission parameters

Aircraft performance

Emission parameters

Speed adjustment
parameter

Speed adjustment
parameter

Optimised trajectory Optimized emission
parameters

Optimized fuel
parameters

Figure 1: Problem research framework.
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Figure 2: Aircraft multiple waypoint collaborative constraint departure mode. (a) Vertical trajectory pattern. (b) Horizontal trajectory
pattern.
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In order to determine the specific leveling and climbing
distance within a certain restricted section, assuming the
level flight distance within the constraint segment is known,
and the climbing distance can be expressed as

rc,i � Ri − rcr,i. (5)

Δr and Δh that under the collaborative constraint of
multiple waypoints are calculated as follows:

Δr � min Δr0, 
j

Ri−1 + rc,i − ri,j−1 ,

Δh � min Δh0, hi−1 − hi,min .

⎧⎪⎪⎨

⎪⎪⎩
(6)

To sum up, the aircraft flight trajectory parameters of
climbing process can be described by the following formula:

R � r1,1 r1,2 ... ri,j ... rm,n ,

H � h1,1 h1,2 ... hi,j ... hm,n ,

T � t1,1 t1,2 ... ti,j ... tm,n ,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(7)

where R, H, and T are, respectively, represent aircraft flight
distance matrix, height matrix, and time matrix that under
the multiwaypoint constraints. Each constraint section of
aircraft leveling flight distance matrix Rcr during departures
could be described by the following formula:

Rcr � rcr,1 rcr,2 . . . rcr,i . . . rcr,m . (8)

+e multiwaypoint constraints include the RHA con-
straint and the RTA constraint of each constraint segment.
In Figure 2(b), each constraint section RHA constraint is
given in the form of height interval; details are as follows:

Hconstrain �
h1,max h2,max . . . hi,max . . . hm,max

h1,min h2,min . . . hi,min . . . hm,min
 . (9)

RTA constraint is given in the form of time interval and
can be expressed as follows:

Tconstrain �
t1,max t2,max . . . ti,max . . . tm,max

t1,min t2,min . . . ti,min . . . tm,min
 . (10)

2.3. Aircraft Climbing Performance Parameters. +e full
energy model in BADA is used to model the aircraft
climbing process. +e work performed by the external force
on the aircraft is equal to the change in the aircraft me-
chanical energy. During the climbing process, the force on
the aircraft longitudinal axis mainly consists of engine thrust
Tc and resistanceD; the calculation formula is as follows:

Tc − D( VT � mAg
dh

dt
+ mAVT

dVT

dh
 

dh

dt
 . (11)

In formula (11), Tc represents the thrust force, VT
represents the true airspeed, and dh/dt represents the height
change rate.

After the formula transformation, the height change rate
dh/dt is as follows:

dh

dt
�

Tc − D( VT

mAg
 f M{ }, (12)

where f M{ } is a function of Mach numberM, indicating the
specific value of the climbing residual thrust and the ac-
celerating residual thrust when climbing at a given speed. In
the indicated airspeed climbing process, the specific calcu-
lation formula of f M{ } is given by BADA [18].

For a given climbing height ΔH(m), flight time tc(s) and
fuel consumption Fc(kg) during the climbing process can be
obtained according to the kinematics and dynamics
principles:

tc �
ΔH
cc

,

Fc � Ff,c · tc,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(13)

where Ff ,c is the climbing fuel flow (kg/s), and the climbing
rate cc is calculated as follows:

cc �
Tc − D(  · VT

mAg
f M{ }. (14)

+e aircraft maximum climbing thrust Tmax climb can be
expressed as

Tmax climb � CTc,1 × 1 −
Hp,ft

CTc,2
+ CTc,3 × H

2
p,ft 

× 1 − CTc,5 · ΔT − CTc,4  ,

(15)

where CTc,1, CTc,2, CTc,3, CTc,4, and CTc,5 are parameters
related to the aircraft type;Hp,ft is the flight height (unit: m).
+e climbing fuel flow Ff ,c(kg/s) under the maximum thrust
is calculated as follows:

Ff,c � η × Thr � Cf,1 · 1 +
VT

Cf,2
  · Tmax climb, (16)

where Cf,1 and Cf,2 are parameters related to the aircraft
type.

2.4. Aircraft Leveling Flight Parameters. Aircraft cruise flight
could be regarded as a steady leveling flight process without
considering aircraft turning. At this moment, aircraft can be
regarded as a mass point, the aircraft gravity on the vertical
axis is equal to the lift force, and the engine thrust on the
vertical axis is equal to the resistance of the aircraft.
According to the kinetic equation,

mAg �
1
2
ρHV

2
TSCL,

Tcr � D �
1
2
ρHV

2
TSCD,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(17)

where mA is the aircraft mass (unit: kg); gravity accel-
erationg � 9.8m/s2; VT is the true airspeed (unit: m/s); Sis
the wing area (unit: m2); CL is the lift coefficient; Tcr is the
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cruise flight engine thrust (unit: N); D is the resistance (unit:
N); CD is the resistance coefficient; and CD is a function of
CL which satisfies the following relation:

CD � CD0,CR + CD2,CR × C
2
L, (18)

where both CD0,CR and CD2,CR are the parameters related to
the aircraft type, which can be deduced as follows:

Tcr �
CD0,CR

2
ρHV

2
TS + CD2,CR ×

2m
2
Ag

2

ρHV
2
TS

. (19)

Assuming the aircraft is flying at indicated airspeed
VI (kt), VT can be calculated from VI:

M �

�����������������������������������������������������

2
K − 1

1 +
K − 1
2

VI

a0
 

2
⎛⎝ ⎞⎠

(K/K− 1)

− 1⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦/δ + 1

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭

(K− 1/K)

− 1
⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
,





VT � M · aH,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(20)

where δ � PH/P0 is pressure ratio; speed of sound
isa0 � 340.294(m/s).

In the course of aircraft leveling flight, for a given flight
distance ΔR(m), cruise flight time tcr(s) and fuel con-
sumption Fcr(kg) can be calculated according to the kine-
matic principle, and the specific calculation is as follows:

tcr �
ΔR

VT + VW

,

Fcr � Ff,cr · tcr,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(21)

where VW is the effective wind speed (unitm/s) and Ff,cr is
the cruising fuel flow (unitkg/s):

Ff ,cr � Cf ,1 · 1 +
VT,kt

Cf ,2
  · Tcr, (22)

where VT,kt is the true airspeed (unit: it) and Cf,1and Cf,2 are
the parameters related to the aircraft type.

2.5. 1e Impact of Aircraft Flight on Climate Change.
Since different gases have distinguishing radiation properties
and the greenhouse effect after emissions also different, how
to assess the impact of engine emissions on climate change is
particularly important. According to references [19, 20], this
paper adopts APGTP to evaluate the impact of engine
emissions on climate change which is based on Global
Temperature Change Potential (GTP). +e calculation for-
mula of APGTP represented by TP,x °C/kg(  is as follows:

TP,x �
Ax e

− Th/αx − e
− Th/τ 

C τ−1
− α−1

x 
, (23)

where x is the emission gas category, including CO2 and
NOx; Ax is the radiation forcing caused by the emission of
1 kg of greenhouse gases (unitW · m− 2 · kg− 1); This the time
scale on which the emission of gases affects the ambient
temperature (unit: year); αx is gas life cycle (unit: year); τis
the time scale of climate change response (unit: year); and
Cis the climate system environmental heat capacity (unit

year · W · m− 2 · °C− 1). +e impact of gas emissions on the
environment can be expressed as global total temperature
rise TE, and the calculation formula is as follows:

TE � 
x

Ex · TP,x, (24)

where Exis the emission of gas x. According to the reference
(24), selecting 20-year greenhouse gas emissions to explore
the impact of climate change and obtain the APGTP of two
greenhouse gas emissions on a 20-year time scale, TP,CO2

�

8.3 × 10− 16 °C/kg(  and TP,NOx
� −510 × 10− 16 °C/kg( .

+en, on the basis of ICAO engine exhaust emission da-
tabase [21], achieving different reference emission indexes
and the specific calculation method of engine emissions is as
follows:

ECO2
� Fcff · t · EI,CO2

,

ENOx
� Fcff · t · e

HS ·
δ1.02

a

θ3.3
a

 

0.5

· EI,NOx
,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(25)

where ECO2
and ENOx

are the emissions of CO2 and NOx,
respectively (unitg); Fcff is the aircraft single-engine-mod-
ified fuel flow (unitkg/s); t is the flight time (units); and
EI,CO2

and ENOx
are the engine reference emission indexes of

CO2 and NOx, respectively (unitg/kg). EI,NOx
is obtained by

linear interpolation of the emission index and modified fuel
flow provided by the engine manufacturer in a logarithmic
coordinate system. HS is atmospheric humidity ratio; δa is
the ratio of the engine inlet pressure to the standard at-
mospheric pressure; θa is the ratio of the engine inlet
temperature to the standard atmospheric temperature; e is
the natural base; Fcff is modified fuel flow which is using
Boeing Method 2 (BM2) to modify the actual fuel flow [22].

3. Multipoint Collaborative Optimization
Model and Optimization

3.1. Multiobjective Function Model. In order to satisfy the
specific air traffic management operation constraints, three
optimization objectives should be taken into comprehensive
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consideration:(1) reducing aircraft fuel consumption as much
as possible; (2) the total global temperature rise is as small as
possible; (3) intersegment speed changes as little as possible.

ATM systems issue RTA and RHA constraint instruc-
tions. +e essence of RTA and RHA constraint instructions
is to require the aircraft to pass through the height interval
after flying a certain distance within a certain time interval.
In the departure process, assuming the flight speed in the
same constraint segment remains unchanged and the flight
speed between segments is variable. When the aircraft flies
according to a given RTA interval, for each constraint
section, the flight speed should meet the corresponding
indicated airspeed change range. +e multiobjective opti-
mization model is specifically expressed as follows:

min λ1F + λ2TE + λ3 

m

i�2
ΔVI,i

⎧⎨

⎩

⎫⎬

⎭,

hi,min ≤ hi,n ≤ hi,max,

ti,min ≤ ti,n ≤ ti,max,

VI,min ≤VI,i ≤VI,max,

⎧⎪⎪⎨

⎪⎪⎩

(26)

where λ1, λ2, and λ3 represent the parameters of the impact
of the three objectives on the optimization results.

+e objectives of flight parameter optimization under
multipoint constraint include fuel consumption, total
temperature rise, and airspeed variation between con-
strained segments. When the flight meets the RHA and RTA
constraints, according to the aircraft flight status parameters,
for aircraft flighting along a multiwaypoint constrained
departure trajectory, the total temperature rise data caused
by fuel consumption and engine exhaust emissions during
departure can be obtained.

3.1.1. Fuel Consumption

F � 
m

i�1


n

j�1
Ff,i,j · ti,j. (27)

3.1.2. Temperature Rise. +e total temperature rise caused
by aircraft engine emissions TE is shown as follows:

TE � 
n

j�1
Ex,j · 

x

TP,x. (28)

3.1.3. Airspeed Variation between Constrained Segments.
Adopting indicated airspeed flight within the constrained
segments, and the airspeed variation between the two ad-
jacent constraint sections is as follows:

ΔVI,i �
0, i � 1,

VI,i − VI,i−1


, i≠ 1,

⎧⎨

⎩ (29)

where VI,i and VI,i−1 are the flight speed in constraint section
i and section i − 1, respectively.

3.2. Fitness Function. Due to the optimization process needs
to consider three optimization objectives. Except for fuel
consumption and total temperature rise, the indicated air-
speed variations between different constrained segments are
considered, and the indicated airspeed variations greatly
affect the flight convenience.

It is necessary to set up a reasonable fitness function to
transform the multiobjective problem into a single-objective
problem. +e fitness function fcan be specifically expressed
as follows:

f � w1 

m

i�1

Fi

Fr

+ w2 

m

i�1

Ti

Tr

+ w3 

m

i�2

ΔVI,i

(m − 1) VI,max − VI,min 
⎛⎝ ⎞⎠

− 1

,

(30)

where w1, w2, and w3 are the weights of the three variables,
w1 + w2 + w3 � 1;Fi is segment fuel consumption; Ti is total
temperature rise; Fr is reference fuel consumption; and Tr is
reference total temperature rise. +e specific setting method
and necessity are given below.

3.3. Optimize Process. +e GA optimization model under
multiwaypoint constraint is shown in Figure 3.

+e model adopts multiobjective GA to optimize deci-
sion variables set VI,i  within each constraint section and
obtains the parameters that meet the optimization goal when
indicated airspeed change little. Applying the roulette
method to select parents, selective probability is 0.5; the
single-point crossover and mutation were performed on the
parents after the selection operation, and the crossover
probability is 0.9 and the mutation probability is 0.1. +e
individual with the highest fitness value in the current
generation is passed to the next generation with a trans-
mission probability of 1, ensuring that the optimization
algorithm converges quickly, and the parent will not dete-
riorate after cross mutation.

4. Simulation and Evaluation

4.1. Simulation Parameter Setting. In this simulation, we
choose to optimize B737-800 civil aircraft climb trajectory,
and we apply the above optimization model to achieve the
optimization goal. Assuming the aircraft is flying under
standard atmospheric conditions, temperature deviation is
ΔT � 0°C, calm wind and flight distances are R� 150 km,
initial mass is 65000 kg, initial climb altitude is Hi � 10000 ft,
TOC is 27000 ft, and the flight distances and climb altitude
within a microsegment are Δr0 � 1000m and Δh0 � 1000 ft,
respectively. Indicated airspeed variation range is
200–310 kt. +e specific settings are shown in Table 1.

Each constraint segment range is as follows.

R1 R2  � 50000m 100000m . (31)

Without considering the RTA constraint, for the de-
termined flight altitude and flight distance, the optimization
target is mainly affected by the flight speed. By traversing and
calculating the flight parameters at different indicated air-
speed, the general rule of how indicated airspeed affects
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flight parameters can be obtained. Setting the end altitude of
each constraint segment is as follows:

h1 h2  � 18000ft 27000ft . (32)
Setting the VI,i change step is 5 kt, and the impact of

indicated airspeed on the optimization goal is shown in
Figure 4. With the flight speed increase, the total

temperature rise, NOx emission, and CO2 emission corre-
sponding to the aircraft fuel consumption and exhaust gas
emission generally show an increase firstly and a decreasing
trend later, but the turning points corresponding to each
part are different. +e speed corresponding to the minimum
fuel consumption is around 260 kt, and the minimum total
temperature rise corresponding to the exhaust emission is

Table 1: Simulation basic parameters.

Parameters ΔT(°C) Wind speed (kt) R (km) Mass (kg) Hi (ft) TOC (ft) Δr0 (M) Δh0 (ft) Speed (kt)

Data 0 0 150 65000 10000 27000 1000 1000 200–310

Start

Meet
constraint?

Time > RTA

i = 1

Population initialization

Fitness evaluation

Satisfy
RTA?

Generate
replacement
individuals

Flight performance parameters

Elitism strategy

Selection, cross
mutation

Termination
condition

Updata population

i = Seg Num

i = i + 1

Output optimal VI,
fuel, emission, flight

time, etc.

End

Waiting

Error

GA

N

Y
Y

N

N

Y

Y

N

N

Y

Input multipoint constraints:
VI, tR,min, tR, max, Hi, Hcr,

R, etc.

Figure 3: Multiple waypoint genetic algorithm optimization model.
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around 270 kt. +erefore, we can figure out a contrary re-
lationship between the aircraft fuel consumption and the
corresponding engine exhaust emission, so the optimization
method can be used for compromise optimization.

Due to fuel consumption is directly proportional to CO2
emissions, the corresponding minimum values of F and
ECO2

in Figure 4 are both 260 kt. However, the other three
parameters and minimum values correspond to different
VI,i. For APGTP with a time scale of 20 years, there is an
effect of increasing temperature, but the total effect on
temperature changes is reduced. +is makes the indicated
speed corresponding to the minimum value different from
the indicated speed corresponding to the minimum value of
F.

Table 2 shows the parameter changes corresponding to
the minimum fuel consumption and the minimum total
temperature rise. According to Table 2, we can sum up the
flight indicated airspeed corresponding to the total
Fminimum condition and the total Fminimum condition is
different. +is deviation makes sense for the tradeoff

between fuel consumption and overall global warming.
Compared with the optimal total TE, the total F fuel con-
sumption is reduced by 0.71%, and the total temperature rise
increase is increased by 0.69%.

In order to analyze the climb trajectory change rules
corresponding to different indicated airspeed, set the indi-
cated airspeed change interval is [200, 300]kt and step size
is20kt, and draw the aircraft’s climb trajectory as shown in
Figure 5. In the climbing process, the higher the speed is, the
gentler the climbing process is, and the optimal climbing
speed at low height is higher than that at high height.

4.2. Optimization Result Analysis. Different weight factors
correspond to different optimization results, and we set
different weight combinations for experiments and analyze
the results under different values. Considering the ran-
domness of algorithm calculation, we run program 5 times
and record the optimizing results under different weight
factor combination. Meanwhile, we draw growth process of
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Table 2: Flight parameter variation with minimum fuel consumption and total temperature rise.

Condition VI (kt) F (kg) TE (×10−12°C) ENOx
(kg) ECO2

(kg)

Total F minimum 260 1238.554 1.8912 26.511 3907.638
Total TE minimum 280 1247.401 1.8781 27.224 3935.552
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w3 from 0 to 1, including 11 kinds of situation and 5 different
results, and the total point is 55. In Figure 6, we draw the
three objective function optimization results, the three-di-
mensional figure, and any two optimization objectives
scatter. Moreover, we average the 5 results and record them
in Table 3 and analyze the 11 kinds of different weight
combinations and optimization results, as shown in Figure 7.

Figure 6(a) shows the results of the three optimization
objectives with change ofw3. Figure 6(b) shows the fuel
consumption and the airspeed variation (v (var)) with change
ofw3. Figure 6(c) shows the total temperature rise and the
airspeed variation with change of w3. Figure 6(d) shows the
total temperature rise and the fuel consumption with change
ofw3. +e main part of the optimization result is close to the
speed unchanged. Furthermore, the overall trend of fuel
consumption and total temperature rise is roughly linear.

As shown in Figure 7, with the increase of w3, the
airspeed variation gradually approaches 0, and the opti-
mization fitness gradually increases. When w3 � 1, the fit-
ness increases rapidly. Both fuel consumption and total
temperature rise are decreased first and then fluctuant in-
creased. By comprehensively considering the optimization
results of airspeed variation, fuel consumption, and total
temperature rise as well as the optimization fitness, we can
estimate that when w3 � 0.1, the optimum fitness and op-
timum solution have good convergence, the airspeed vari-
ation is moderate, and both fuel consumption and total
temperature rise are close to the optimal value.

In order to explore the different combination influence of
w1 and w2 on the optimization results when w3 � 0.1, we test
and analyze the optimization results under different w1 and
w2 values, set the w1 step size is 0.1, run the program 5 times,
and record each optimization results when w1changes. +en,
we record the average of 5 results in Table 4 and analyze 10
kinds of different weight combinations and optimization
results, as shown in Figure 8.

As shown in Figure 8, when w3 � 0.1, with the w1 in-
crease, fitness shows a decreasing trend while airspeed
variation shows an increasing trend; fuel consumption and

total temperature rise are basically unchanged. When w1
around 0.5, both fuel consumption and total temperature
rise reach the lowest point, and with the w1 increase, total
temperature rise shows a growth trend. +erefore, selecting
w1 � 0.5 achieves the optimal optimization goal when
w3 � 0.1. Similarly, the influence of w2 change on optimi-
zation results is analyzed when w3 � 0.1, and the optimal
optimization goal is achieved when w3 � 0.1.

According to the above analysis, the three optimization
objective weights are set as w3 � 0.1, w1 � 0.5, and w2 � 0.4,
which can not only ensure flight convenience but also realize
and optimize fuel consumption and total temperature rise
compromise optimization.

4.3. Optimize Parameters and Trajectory Analysis.
According to the analysis in Section 4.2, the three optimi-
zation objective weights are set as w3 � 0.1, w1 � 0.5, and
w2 � 0.4, which can achieve the best optimized result. +en,
we set up a 100-generation iterative process to analyze the
parameters and optimization trajectory in the optimization
process. As shown in Figures 9 and 10, the calculation results
basically reached the convergence in the 25th generation,
and the optimization performance was good.

According to the calculation parameters of the opti-
mization process, the parameters converge to the optimal
value near the 25th generation, with fitness value of 1.1151,
speed difference of 2.9 kt, fuel consumption of 1245.4382 kg,
global warming of 1.82E− 12 °C, CO2 emission of
3879.5401 kg, and NOx emission of 27.3727 kg.

4.4. 1e Influence of RTA Interval on Optimization Results.
In order to explore the impact of time constraints on the
optimization results, the minimum and maximum values of
RTA time interval were changed to ensure that the flight
speed under the RTA time constraints met the constraint
conditions, and the optimization results were tested and
analyzed. Taking the second constraint segment as an ex-
ample, setting the RTA time interval constraint is as follows:
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Figure 6: +ree optimization objectives and analysis diagram.
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Tconstrain �
t1,max t2,max

t1,min t2,min
  �

480

400

820

760
 . (33)

4.4.1. 1e Impact of Minimum RTA Interval on Optimization
Results. In formula (33), selecting t2,max � 820 s, setting the
t2,min variation range is 760 810 s and step size is 10 s.

Each circulation optimization result is recorded when t2,min
change, as shown in Figure 11. According to Figure 11, t2,min
has slight influence on the optimization results of flight
parameters under RTA constraint. However, there has been
a marked reduction when t2,min � 800 s. +e reason is when
the RTA time interval is satisfied, the larger the minimum
RTA interval value, the smaller the corresponding

Table 3: Different weight combinations and optimization results.

w1 w2 w3 Fitness
Optimization results

CO2 (kg) NOx (kg)V_var (kt) Fuel (kg) TE (°C)

0.5 0.5 0 1.0111 14.5705 1245.8700 1.83391E− 12 3880.8850 27.2005
0.45 0.45 0.1 1.1166 3.7499 1243.8161 1.82226E− 12 3874.4873 27.3247
0.4 0.4 0.2 1.3247 1.7042 1249.4549 1.82663E− 12 3892.0520 27.5250
0.35 0.35 0.3 1.4347 0.8521 1247.0179 1.82473E− 12 3884.4609 27.4387
0.3 0.3 0.4 1.6726 0.5625 1253.0039 1.83254E− 12 3903.1073 27.5890
0.25 0.25 0.5 1.9890 1.4219 1251.0381 1.83032E− 12 3896.9838 27.5329
0.2 0.2 0.6 2.4717 1.4198 1246.6654 1.82466E− 12 3883.3627 27.4223
0.15 0.15 0.7 3.1743 2.7656 1250.4562 1.82972E− 12 3895.1711 27.5152
0.1 0.1 0.8 4.8133 1.2761 1263.3120 1.84806E− 12 3935.2170 27.8072
0.05 0.05 0.9 9.3217 1.0717 1254.1837 1.83389E− 12 3906.7823 27.6224
0 0 1 201.4523 0.5625 1245.7658 1.82241E− 12 3880.5604 27.4208

Table 4: w3 � 0.1 optimized result.

w1 w2 w3 Fitness
Optimized result

CO2 (kg) NOx (kg)V_var (kt) Fuel (kg) TE (°C)

0 0.9 0.1 1.1398 0.0668 1247.5096 1.82E− 12 3885.9925 27.4615
0.1 0.8 0.1 1.1335 1.2812 1246.7496 1.82E− 12 3883.6251 27.4262
0.2 0.7 0.1 1.1302 0.4219 1247.2836 1.82E− 12 3885.2884 27.4511
0.3 0.6 0.1 1.1253 0.9063 1246.9776 1.82E− 12 3884.3351 27.4370
0.4 0.5 0.1 1.1208 0.9375 1246.9701 1.82E− 12 3884.3118 27.4363
0.45 0.45 0.1 1.1178 1.9359 1247.6833 1.83E− 12 3886.5336 27.4366
0.5 0.4 0.1 1.1151 2.9005 1245.4382 1.82E− 12 3879.5401 27.3727
0.6 0.3 0.1 1.1101 4.0345 1248.9455 1.83E− 12 3890.4653 27.4317
0.7 0.2 0.1 1.1062 4.0313 1248.6045 1.83E− 12 3889.4030 27.4239
0.8 0.1 0.1 1.1021 3.2396 1261.9236 1.85E− 12 3930.8919 27.7258
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maximum flight speed. When t2,min � 870s, the corre-
sponding maximum flight speed is about 250 kt. Meanwhile,
the flight speed corresponding to the optimal fuel con-
sumption and warming is around 260 kt to 280 kt (see Ta-
ble 2), resulting in a change in the final optimized flight
speed.

4.4.2. 1e Influence of the RTA Interval Maximum Value on
the Optimization Results. In formula (33), selecting
t2,min � 760 s, setting t2,max variation range is 770 820 s
and step size is 10 s. Each circulation optimization result is
recorded when t2,min change, as shown in Figure 12. With
the t2,max increase, the optimum fitness also presents a
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gradual increase trend and has a growth trend in the second
half.

+e variation trend of aircraft fuel consumption and
flight speed is basically the same, and both are showing a
downward trend. Moreover, the downward trend is ob-
vious when [t2,min, t2,max] � [760, 820]s and then turns.
+e main reason is that the aircraft’s flight speed ap-
proaches the optimal value as the time interval moves
back. +e total temperature rise showed a trend of first
decrease and then increase. +e main reason is the
t2,maxincrease will increase the minimum flight speed
which meets the RTA interval, thus affecting the change of
aircraft fuel consumption and the consequent total
temperature rise. +is is the reason why the different
trends in fuel consumption and total temperature rise as
the flight speed changes. +e t2,max is increased to 820 s

from 770 s, and the corresponding fuel consumption is
reduced by about 1.1%, CO2 emission is reduced by 2.6%,
and NOx is reduced by 1.1%, resulting in the total tem-
perature rise increase less than 1%.

5. Conclusion

In this paper, we explore the aircraft departure trajectory
optimization under the multiple waypoint constraint con-
dition while minimum fuel consumption and the minimum
total temperature rise are caused by CO2 andNOx emissions.
First, we establish the aircraft climbing trajectory model and
analyze the aircraft flight parameters changing rules at
different indicated airspeed. +en, we establish a multi-
objective optimizationmodel for the optimization target and
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design a genetic algorithm to solve the problem. Finally,
carrying out simulation based on the optimized parameters.
According to these results, the conclusions are shown as
follows:

(1) During aircraft climbing process, the total temperature
rise variation trend is different due to fuel consumption
and engine exhaust with speed change. +e total F

optimal conditions relative to the total TE optimal
conditions of fuel consumption decreased by 0.71%, and
total temperature rise increased by 0.69%.+erefore, the
fuel consumption and exhaust gas can be realized by
optimizing the total temperature rise tradeoff.

(2) In the climbing process, the higher the speed is, the
gentler the climbing process is, and the optimal
climbing speed at low height is greater than that at
high height.

(3) +e three optimization objectives’ weights are set as
w3 � 0.1, w1 � 0.5, and w2 � 0.4, which can not only
ensure flight convenience but also realize and op-
timize fuel consumption and total temperature rise
compromise optimization.

(4) With the w1 increase, the fuel consumption grad-
ually decreases about 1.4%, and the total temperature
rise increases about 1.1%. +e increase of CO2
emissions decreases approximately 1.4%, and the
NOx emissions decreased by about 3%.

(5) +e increase of the RTA maximum time will lead to
the fuel consumption reduction, while the total tem-
perature rise increase caused by exhaust gas presents a
decrease firstly and then an increasing trend.+e RTA
minimum interval value has slight influence on the
optimized flight parameters. +e t2,max increases to
820s from 770s, the corresponding fuel consumption is
reduced by about 1.1%, CO2 emission is reduced by

2.6%, andNOx is reduced by 1.1%, resulting in the total
temperature rise increase less than 1%.

+is article provides a theoretical basis for the realization
of safe, green, and coordinated operation of aircraft. In the
future, we will conduct optimization studies on all flight
stages of aircraft.
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