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a b s t r a c t 

The integrated timetable and speed profile optimization model has recently attracted more 

attention because of its good achievements on energy conservation in metro systems. 

However, most previous studies often ignore the spatial and temporal uncertainties of train 

mass, and the variabilities of tractive force, braking force and basic running resistance on 

energy consumption in order to simplify the model formulation and solution algorithm. In 

this paper, we develop an integrated metro timetable and speed profile optimization model 

to minimize the total tractive energy consumption, where these real-world operating con- 

ditions are explicitly considered in the model formulation and solution algorithm. Firstly, 

we formulate a two-phase stochastic programming model to determine the timetable and 

speed profile. Given the speed profile, the first phase determines the timetable by schedul- 

ing the arrival and departure times for each station, and the second phase determines the 

speed profile for each inter-station with the scheduled arrival and departure times. Sec- 

ondly, we design a simulation-based genetic algorithm procedure incorporated with the 

optimal train control algorithm to find the optimal solution. Finally, we present a simple 

example and a real-world example based on the operation data from the Beijing Metro 

Yizhuang Line in Beijing, China. The results of the real-world example show that, during 

peak hours, off-peak hours and night hours, the total tractive energy consumptions can 

be reduced by: (1) 10.66%, 9.94% and 9.13% in comparison with the current timetable and 

speed profile; and (2) 3.35%, 3.12% and 3.04% in comparison with the deterministic model. 

© 2016 Elsevier Ltd. All rights reserved. 

1. Introduction 

Metro system has received rapid development around the world because of its high reliability and large transport ca- 

pacity. For example, only 3 cities in mainland China (i.e., Beijing, Shanghai and Guangzhou) have metro lines in 20 0 0. By 

the end of 2014, the number of cities has increased to 22 with 88 metro lines and a total distance of more than 30 0 0 km 

( Online News, 2015 ). Along with this rapid expansion is the sharp increase in total energy consumption in metro systems. 

Almost half of the energy is used by the tractive system for accelerating trains. Take the Beijing Metro system as an example, 

the total energy consumption and the tractive energy consumption of some main metro lines in 2012 are shown in Fig. 1 . 

∗ Corresponding author. 

E-mail addresses: 11111047@bjtu.edu.cn (X. Yang), anthony.chen@polyu.edu.hk , anthony.chen@usu.edu (A. Chen), bning@bjtu.edu.cn (B. Ning), 

ttang@bjtu.edu.cn (T. Tang). 

http://dx.doi.org/10.1016/j.trb.2016.06.006 

0191-2615/© 2016 Elsevier Ltd. All rights reserved. 

http://dx.doi.org/10.1016/j.trb.2016.06.006
http://www.ScienceDirect.com
http://www.elsevier.com/locate/trb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.trb.2016.06.006&domain=pdf
mailto:11111047@bjtu.edu.cn
mailto:anthony.chen@polyu.edu.hk
mailto:anthony.chen@usu.edu
mailto:bning@bjtu.edu.cn
mailto:ttang@bjtu.edu.cn
http://dx.doi.org/10.1016/j.trb.2016.06.006


X. Yang et al. / Transportation Research Part B 91 (2016) 424–445 425 

0

5

10

15
x 10

7

E
ne

rg
y 

co
ns

um
pt

io
n 

(k
W

.h
)

Line 1 Line 2 Line 5 Line 8
Line 10

Line 13
Line 15

Fangshan Line
Yizhuang Line

Annual total energy consumption
Annual tractive energy consumption

49.93%

60.29%

58.81%

49.90%

53.98%
74.64%

56.27%

56.04% 43.91%

Fig. 1. Energy consumption of some main metro lines in Beijing in 2012 (Source: Zhang (2013) ). 

Due to the rising environmental concerns and energy prices, energy conservation has attracted much attention in re- 

cent years. Energy-efficient train operations can make a significant contribution to reduce the tractive energy consumption. 

However, traditional studies on energy-efficient train operations, including timetable optimization ( Ghoseiri et al., 2004; 

Yang et al., 2014 ), speed profile optimization ( Ke et al., 2009; 2012 ) and integrated optimization ( Li and Lo, 2014a; 2014b ), 

usually assume the train mass, tractive force, braking force and basic running resistance as constant parameters. In real- 

world metro systems, the tractive force, braking force and basic running resistance are variable according to the train speed 

variation. Train mass consists of the empty vehicle mass and the variable mass of passengers on the train. The former is 

considered fix (or deterministic), while the latter is highly variable (or stochastic) at different inter-stations and at different 

operational periods (e.g., peak hours, off-peak hours and night hours). 

The purpose of this paper is to develop a two-phase stochastic programming model for the integrated timetable and 

speed profile optimization problem with the aim of minimizing the total tractive energy consumption. Compared to previous 

studies, this paper has the following contributions and differences. 

(1) Compared to Yang et al. (2013) and Yang et al. (2015a ), which only optimize the timetable to reduce the energy 

consumption, this paper develops a two-phase stochastic programming model to optimize both timetable and speed 

profile for achieving better energy performance. 

(2) Compared to Li and Lo (2014a ) and Li and Lo (2014b ), which assume deterministic train mass and fixed tractive force, 

braking force and basic running resistance as constant parameters for simplifying the model formulation and solution 

algorithm, this paper explicitly considers the uncertainty of train mass and the variability of tractive force, braking 

force and basic running resistance in the integrated timetable and speed profile optimization problem. In addition, 

this paper analyzes the convergence property and formulation complexity of the developed model. 

(3) Compared to Yang et al. (2015b ), which also assume the train mass, tractive force and braking force as constant 

parameters, and a predetermined maximum train speed in the optimal train control algorithm ( Howlett and Pudney, 

1995 ), this paper designs a more general optimal train control algorithm that can generate an energy-efficient speed 

profile without presupposing a maximum train speed. Furthermore, this paper provides an existence proof of an 

optimal speed profile for a given inter-station with a reasonable running time. 

The remainder of this paper is organized as follows. In Section 2 , we review the literature on the energy-efficient train 

operations. In Section 3 , we describe the problem statement and motivation of this study based on real-world metro systems, 

such as the Beijing Metro System. In Section 4 , we develop a two-phase stochastic programming model to determine the 

optimal timetable and speed profile. In Section 5 , we design a simulation-based genetic algorithm procedure incorporated 

with the optimal train control algorithm to find the optimal solution. In Section 6 , we present a simple example and a real- 

world example based on the operation data from the Beijing Metro Yizhuang Line. Conclusions are provided in Section 7 . 

2. Literature review 

In metro systems, energy-efficient train operations have gained attention in recent decades because of the good achieve- 

ments in reducing energy consumption. The literature on energy-efficient train operations include timetable optimization, 

speed profile optimization, and integrated timetable and speed profile optimization. 
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