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Analysis of the Timetable Impact on Energy
Consumption of a Subway Line

Ryan O. Berriel, Philippe Delarue, Clément Mayet, Alain Bouscayrol and Charles Brocart

Abstract—This paper analyzes the timetable impact on the
energy consumption of a subway line. In most timetable stud-
ies, simplified models are used and can lead to misestimation
of the braking energy and thus the energy transfer between
braking vehicles and accelerating vehicles. In this paper, specific
attention is paid to the models of the vehicles, the traction
power substation, and the rail supply network to enable an
accurate estimation of the energy consumption. The energetic
macroscopic representation formalism is used to organize the
models of the subsystems so they have the right interactions.
The developed model is validated by experimental tests on a real
subway line. The error on the global energy consumption is lower
than 2.2%. The model is then employed to examine the influence
of the vehicle time interval on energy consumption. A 10-second
adjustment in this time interval can result in a substantial 22%
decrease in energy consumption for the analyzed real subway
line.

Index Terms—Regenerative braking, timetable, subway simu-
lation, energetic macroscopic representation.

I. INTRODUCTION

SUBWAY systems are widely used in metropolitan areas.
They play a key role in mobility in even more urbanized

societies [1]. The advantages of subway systems can be
described as punctuality, low greenhouse gas emissions, and
low consumption per passenger-kilometer [2]. This mode of
transportation is constantly expanding.

In order to mitigate the increasing power demand and energy
consumption, its operation is widely studied [3], [4]. In terms
of propulsion, subway vehicles are traditionally electrified.
Thus, regenerative braking capability is a natural consequence.
Traction power substations (TPSs) are used to feed the rail
supply system. It is generally composed of a transformer
in series with a diode rectifier. Therefore, the vehicles are
commonly supplied with direct current (DC). This topology
implies a network with a non-reversible characteristic.

Many solutions are studied in order to reduce the energy
consumption of subway lines [5]. Therefore, an important
amount of braking energy can be recovered [6]. The first
method is to integrate reversible TPS to reinject this energy in
the AC grid [7]. The second way is to integrate energy storage
subsystems [8], in the vehicles (on-board) [9], [10] or in the
infrastructure level (wayside) [6], [11]. Another possibility is
to act on the timetable, i.e. the time interval between the
vehicles [12]. In this solution, the regenerative braking energy
is reused by subways accelerating [13]. Moreover, eco-driving
is also considered [14]. Acting on the timetable is a relevant
solution since there is no need to change the infrastructure
or add new technologies. However, the synchronization of the

subways is a complex task due to the numerous parameters to
consider.

Timetable optimization is thus an important research area
for the reduction of energy consumption of subway lines at a
lower cost when compared to the integration of energy-saving
technologies [15]. In a subway carousel system, vehicles are
injected at the line terminus respecting a certain interval. The
schedule operation of the subway is divided into time slots
where the interval between vehicles is adjusted to meet a
certain demand. In this approach, fixed intervals are expected
on each station, resulting in a periodic timetable [16].

To meet the passenger demand on peak-hours, the inter-
val between vehicles injection is considerably reduced. For
instance, in the Line 1 of the city of Lille (France), during
peak-hours the interval is reduced to 66 seconds. In contrast,
360 seconds is imposed during certain slots of a regular day
when passenger demand is lower. This operation is different
from some rail transit systems [17] where the magnitude of the
interval can reach tens of minutes and the passenger flow has
more impact on the accumulation of passenger on platforms
[18], [19]. For the carousel subway system, the demanded
interval between vehicles is predefined by the operator and is
selected considering statistical data and the passenger comfort.
Consequently, by changing the interval between vehicles the
synchronization of braking and acceleration phases is modi-
fied.

The rail supply line is the element that connects the
different vehicles on braking and acceleration phases. It is
often simplified or neglected. The methodology in most of
the work considers the line as a single ideal conductor [20]
and regenerative braking energy is shared between accelerating
and braking vehicles on the line. In [21], a distance range
is fixed to determine the utilization of generative braking
energy by accelerating vehicles and energy storage devices.
In [22], regenerative braking energy can only be absorbed
by successive trains which belong to the same substation
section. Another approach consists in the calculation of the
overlapping time of acceleration and braking vehicles [23],
where transmission losses are typically neglected.

Many algorithms have been proposed to define optimal
timetables [21], [24], [25]. All these studies are based on
simplified traction system models that enable the optimization
process [26]. A backward approach is generally used where all
velocity profiles are considered possible despite some mechan-
ical and electrical limitations [27]. However, these constraints
may prevent reaching the desired final position, leading to
inaccuracies in the actual energy consumption estimation.

In [28], the maximization of regenerative braking energy is
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proposed by the use of dynamic programming techniques. In
the work, an improved velocity profile is obtained and imposed
on the system. However the dynamics of the filter capacitor is
neglected and the impact of the TPS and rail supply system
is not considered.

In [29], a framework is proposed for real-time cooperation
of a multi-train system with the objective of minimizing the
net energy consumption. The vehicle model is simplified and
transmission losses are also ignored on the system model.

In [30], a energy-saving strategy based on static power
conditioner with the energy storage system is presented. In
this paper, the mathematical model of the vehicle is simplified
and the power demanded is based on punctual measurements
and imposed independent of the environmental conditions.

In contrast, this paper proposes a different approach to
model and analyze timetable optimization problems. A casual
approach is used where the supply line is represented as a
electrical circuit problem. The circuit configuration is updated
on each time step respecting the position between vehicles
and TPSs. In this methodology, the energy flow calculation
between all the subsystems that compose the network is a
natural consequence.

In order to guarantee the right energy consumption eval-
uation of the vehicle traction system, a forward approach
including the capacitor model is considered. The forward
approach consists in controlling the system to dynamically
adjust velocity and accurately reach the destination, and thus
obtain the real energy consumption [31].

Furthermore, while simplified models may not take into
account the dynamics of the input filter capacitor, it is an
important factor to consider. The voltage of the capacitor is
a crucial variable in determining the proper functioning of
the system. The capacitor voltage on vehicle model guarantee
a reference voltage for the rail supply circuit solution. This
consideration opens the possibility to determine the voltage
level on every point of the supply line. This is particular im-
portant to properly implement mechanical braking activation
rules [32] and to determine charging and discharging strategy
of energy storage devices [33]. This approach guarantees that
excess of energy is properly dissipated, thus, a dynamical
model of the capacitor enables the right estimation of the
energy consumption.

Accordingly, the objective of this paper is to analyze the
timetable effect on the energy consumption of a subway line. A
perspective of the evolution of energy consumption in function
of the interval is given, which support the development of
optimization algorithms. The subway line 1 of the city of
Lille (France) is considered as example. The model of subway
vehicles has been developed in [34] and a model of the TPS is
now added. The model of the supply rail network interconnects
different TPS and vehicles and transmission losses are now
included. The complete model is validated by experimental
results on the real line. The use of a more complex model
is justified as it allows better evaluation of the energy flow
within the vehicle and between the elements that comprise a
subway line.

The subway line of the city of Lille has been previously
studied in a forward approach with dynamical models [35]

Fig. 1. Structure of the subway traction system.

[31]. This study with Siemens subways has compared two
solutions in order to double the capacity of passengers (i.e.
double the number of cars in a vehicle or double the number
of vehicles on the track). A new subway is now integrated
by Alstom with vehicles composed of 4 cars instead of 2
cars [36]. The simulation model of the new vehicle has been
validated and analyzed to be integrated with a line simulation
[34]. All these studies have been organized using the EMR
(Energetic Macroscopic Representation) formalism [37]. EMR
is a graphical description of complex energy conversion sys-
tems and their control. As EMR is based on the interaction
principle, the connection of different parts of a subway line
will ensure the right interaction between them. The exchanged
power is highlighted between subsystems and energy flow can
be better analyzed.

Section II deals with the models of the subsystems that
compose a subway line. Section III presents the experimental
validation of the vehicle model. In Section IV, energy con-
sumption is studied for different timetables.

II. SUBWAY LINE MODEL

A subway line can be divided into three main subsystems:
the vehicle, the TPS, and the supply rail (Fig. 1). The studied
automatic subway is developed by Alstom for the city of Lille
(France). In traction mode, the electrical energy from the TPS
is converted into mechanical energy. In braking mode, part of
the mechanical energy is recovered to the supply rail network.

The traction model has been already presented in [36]. Now,
the TPS model is added as well as the rail model to have a
complete subway line.

A. Vehicle Model

The subway vehicle is composed of 3 traction cars and
1 non-traction car. All 4 cars are equipped with mechanical
braking. Each traction car is composed of 2 electrical drives
and 4 driven wheels (Fig. 1). More details are given in [36].

A dynamical model of the vehicle has been developed in
[36] and experimentally validated. A simplified model using a
static model of the electric drive has been derived. For the LC
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filter, only the capacitor is kept as its voltage is a key variable
for blocking the TPS and for activating the mechanical system,
as clearly explained in [35].

For the simulation of a subway carousel, several vehicles are
simulated simultaneously. Consequently, if dynamical model is
used the total simulation time becomes impracticable. Indeed,
as the dynamical model requires a small integration step time,
a quasi-static model [35] is preferred for studying multiple
vehicles. An equivalent wheel is also considered where curves
and slipping phenomena are neglected. A common mechanical
brake is used and the modeling the non-traction car avoided.

In the study presented in [34], different models for the ve-
hicle have been examined. The implementation of a simplified
model has shown to significantly reduce computation time by
51%, while only resulting in a minimal 2% deviation in energy
consumption. Consequently, the high accuracy of this model is
confidently assured. A comprehensive comparison of different
EMRs can be found in [34], with the chosen EMR for this
research illustrated in Fig. 2. Furthermore, the filter capacitor
is now considered as the connection point with the supply line
in the present study.

The filter capacitor is depicted by an accumulation element
(crossed orange rectangle) with the voltage udc as output. This
voltage is obtained from the rail and load current, irail and
iload:

irail − iload = C
′

bus

dudc
dt

. (1)

With C
′

bus the capacitance. The load current is the combi-
nation of the car currents icar, assuming the 3 cars have the
same current (adaptation element, oranges square with >):

iload = 3 icar. (2)

Each car current is the sum of the traction and auxiliary
current, itrac and iaux (coupling element, orange double
square):

icar = itrac + iaux, with iaux = Paux
1

udc
, (3)

where Paux is the auxiliary power demand, a source element
(green oval). As there are 2 electric drives in a car, the traction
current is a combination (adaptation element) of the drive
currents ivsi:

itrac = 2 ivsi. (4)

A static model of an electric drive is considered [35] and
is represented by a multi-domain conversion element (orange
circle). The torque Tim follows instantaneously its reference
Tim−ref . The drive current ivsi is obtained from the torque,
rotational speed Ωim, DC link voltage and electrical drive
efficiency ηdr{
ivsi = TimΩim

ηδdrudc

Tim = Tim−ref
with δ =

{
1, when TimΩim > 0

−1, when TimΩim ≤ 0.
(5)

For the differential gearbox (conversion element), the ratio
Kd and efficiency ηd determine the expression for the differ-
ential gear torque Tgb and rotational speed Ωwh{
Tgb = Kdη

δ
dTim

Ωim = KdΩwh
with δ =

{
1, when TimΩim > 0

−1, when TimΩim ≤ 0.
(6)

The differential (conversion element) decomposed the
torque into 2 equivalent torques Twh

Twh =
Tgb
2
. (7)

For the wheel (conversion element), the radius Rwh deter-
mines the traction force Fwh and velocity vvh{

Fwh = 1
Rwh

Twh

Ωwh = 1
Rwh

vvh.
(8)

Adaptation elements are used to describe the wheel, bogie,
and car contribution to the traction force. The combination of
the force on wheels determines the bogie resultant force Fbg
as

Fig. 2. EMR and inversion-based control of the subway vehicle.
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Fbg = 2Fwh. (9)

The traction car force Fcar is determined by the number of
bogies (two per car)

Fcar = 2Fbg. (10)

Finally, the force contribution of all three traction cars
Fcar−t is stated as

Fcar−t = 3Fcar. (11)

The mechanical brake is represented by a source element
that imposes the brake force Fbrk. A coupling element is used
to represent the combination of traction and braking force. The
vehicle resultant force Fvh is described by

Fvh = Fcar−t + Fbrk. (12)

The chassis is depicted by an accumulation element with
the velocity depending on the vehicle and resistive Fres

dvvh
dt

Mvh = Fvh − Fres, (13)

where Mvh is the dynamical mass of the subway.
The resistive force Fres, imposed by the track, is defined as

a function of the velocity, number of cars Ncars, static mass
Ms
vh, gravitational acceleration g, slope θ, drag coefficient D,

rolling resistance B and static force F0

Fres = NcarsF0+Bvvh+Dsign[vvh−vw](vvh−vw)2+θgMs
vh.

(14)
In terms of control, the objective is to impose the velocity

vvh−ref . Therefore, a control structure is deduced from the
EMR according to the inversion rules [37].

The chassis inversion requests a closed-loop control (light
blue crossed parallelogram) to define the force reference
Fvh−ref

Fvh−ref = Cv(t)(vvh−ref − vvh−meas) + Fres−meas, (15)

where Cv(t) is the controller (proportional-integral or other
kind).

In braking mode, a part of the force demand can be applied
using mechanical brakes instead of regenerative braking. For
that, a variable ks is defined to determine the share of the
reference force that is applied using mechanical brakes and
electrical brakes Fcar−t−ref

In braking mode, this force is distributed in mechanical
and recovery braking, Fbfk−ref and Fcar−ref , using this
distribution variable ks:{

Fbrk−ref = ksFvh−ref

Fcar−t−ref = (1− ks)Fvh−ref .
(16)

For safety reasons, pure mechanical braking is ensured when
the vehicle is stopped with a smooth transition below 5 km/h
[36]. Moreover, the distribution is also dependent on the DC

line: pure mechanical braking is provided for 950V with a
smooth transition between 850V and 950V (Fig. 3). In traction
mode ks is imposed to 0. During the operation ks is updated
at each simulation step time according to the voltage of the
train DC bus. Therefore, the sharing between regenerative
and dissipation braking is ensured and updated at each time
according to the line receptivity.

Fig. 3. Coefficient for mechanical braking activation vs. DC bus voltage.

During the braking phases, the implemented strategy en-
sures that the required efforts can be applied by the machine
set. The variable ks is also influenced by the electrical machine
operating point in order to prevent it from exceeding its limits.

Adaptation and conversion elements are directly inverted
from their equation to deliver step-by-step the torque Tim−ref

Fcar−ref =
1

3
Fcar−t−ref ; (17)

Fbg−ref =
1

2
Fcar−ref ; (18)

Fwh−ref =
1

2
Fbg−ref ; (19)

Twh−ref = RwhFwh−ref . (20)

Tgb−ref = 2Twh−ref (21)

Tim−ref =
1

Kd
Tgb−ref . (22)

B. Traction Power Substation Model

The TPS is responsible for powering the rail supply system.
The considered structure is composed of a power transformer
in series with a diode rectifier. Thus, it is a nonlinear element.
Simplified models are often proposed for numerical advantages
[38], [39]. In this work, it is considered a static model. In
previous study, different TPS models has been analyzed and
it shows that the selected model has a deviation of only
0.8% on energy consumption when compared to a more
complex model [32]. In the study conducted in [40], simplified
models are examined in the context of evaluating the trade-off
between accuracy and computational costs. Simplified models
are proposed as an effective approach for analyzing energy
consumption while mitigating computational demands.

The TPS can assume two possible states: conduction mode
(ON) and blocked mode (OFF).

In conduction mode, the observed voltage at the TPS point
of connection is equal or lower than the rectified nominal
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voltage. In this case, the model is considered an ideal voltage
source. Its value is constant and equal to the rectified nominal
voltage.

The blocked mode refers to a situation where the voltage
at the TPS point of connection is higher than its nominal
rectified voltage. This can occur due to an high number
of vehicles braking simultaneously and insufficient electrical
power consumption on the network. In this scenario, the rail
supply voltage reference is provided by the vehicle filter
capacitor. The capacitor, as a storage device, has a voltage that
fluctuates as it charges and discharges, which in turn affects
the voltage along the supply rail. In blocked mode, the TPS
is considered to be a zero current source. This means that the
TPS does not provide or consume any current, but instead acts
as a passive element in the electrical circuit. The voltage at
the TPS point remains observed and is crucial to determine
the operation mode.

Hence, the switching state depends on the current and
voltage at the connection point. The blocked mode is activated
when the current has a zero or negative value. The conduction
mode is activated when the TPS voltage is greater than the
nominal voltage [32]. The considered EMR of the TPS is
depicted in Fig. 4.

Fig. 4. The EMR of a TPS.

C. Railway Track Model

The rail supply network works as a transmission line that
operates as a power interface between the TPSs and the
vehicles in both directions. It is a long conductor with an
equivalent linear resistance Λrail [Ω/m]. An example of a
circuit structure is depicted in Fig. 5.

In the resulting network, the resistance between two generic
subsystems A and B can be calculated as:

rAB = Λrail|xA − xB |, (23)

where xA and xB represent the position of the subsystems
A and B respectively. As a vehicle moves along the line,
its equivalent resistance between other subsystems is variable.
Differently, the position is fixed for each TPS.

Additional factors, such as linear inductance and parasitic
capacitance, can be taken into account for the rail supply
model. However, the study in [32] demonstrates that a static
model with only linear resistance results in 99.2% accuracy
in energy consumption, making it sufficient for this work.
Additionally, in [41], it is demonstrated that the pure resistive

Fig. 5. Circuit representation of a subway line.

model is widely accepted as an effective method for studying
DC railway supply lines.

For the subway line simulation, this network requires a
typical circuit solution with number of nodes proportional to
the number of physical elements (TPSs and vehicles). In this
arrangement, the system equations are not unique due to the
change of position over time.

Modified nodal analysis (MNA) is used to perform the
circuit solution [42]. The vehicle subsystem is considered
as a known voltage source. The TPS, alternates between a
known voltage source and current source in function of its
operating state. The topology and admittance values in the
solution matrix are recalculated at each integration step given
by (23). Also, for the MNA solution the connection resistance
of the vehicle rvh and TPS rss are included in series. The
MNA has thus to couple all other elements (Fig. 6).

Fig. 6. MNA coupling all other elements.

III. EXPERIMENTAL VALIDATION

The model and control of the vehicle are implemented in
Matlab Simulink©. Further, experimental results are taken by
running the vehicle on Line 1 in the city of Lille, France. The
parameters of the vehicle are given in TABLE I.
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TABLE I
SUBWAY PARAMETERS

Parameter Value

Dynamical Mass 60.9 [t]
Dynamical Mass occupation of 4 p/m2 Mvh 81.7 [t]
Dynamical Mass occupation of 6 p/m2 88.6 [t]
Filter Capacitance Cbus 7800 [µF ]
Rail rated Voltage vrl 850 [V]
Radius of the Wheel Rwh 0.467 [m]
Differential Gear Ratio Kd 8.2
Differential Gear Efficiency ηd 0.955
Auxiliary Power Paux 3.2 [kW]
Electrical Drive Efficiency ηdr 0.90
Linear Resistance Λrail 22 [µΩ/m]

For comparison of experimental and simulation results, the
measured velocity profile is imposed to the model (Fig. 7).
Also, the line topology conditions are respected according to
reality, such as slope and tunnel effect.

A. Global Non-receptive Line

A first test is realized during the night between different
passenger stations (Fig. 7a). As there is a unique vehicle in
this test, there is no energy recovery (non-receptive line) and
the traction current is always positive (Fig. 7b). The measured
velocity is applied to the simulation model. The average error
between the measured and simulated current is 10A, despite
some peaks in transients (Fig. 7c).

The DC bus voltage has great variations, specifically during
braking (Fig. 7d). This behavior confirms the need to consider
this voltage in the model. When the voltage reach its maximal
value the TPS is blocked and the mechanical brake is activated.
Despite this great variations and modes, the energy consump-
tion error with the simulation is lower than 2.2% (Fig. 7e).
The global model is thus validated for a complete line with
different velocity patterns, slopes and stop times, but for a
non-receptive line (no energy recovery).

B. Interstation Travel with a Receptive Line

Another experimental test is achieved, with a receptive line
during the day: as many vehicles circulate, energy recovery
is possible. Only an interstation travel is presented for a
given velocity (Fig. 8a). The current has now a negative value
because of energy transfer to another vehicle which accelerates
(Fig. 8c). The energy consumption error is still about 2%
(Fig. 8e) but the energy recovery is now highlighted: in that
travel, 51% of energy is recovered. The model is thus capable
of describing energy transfer between different vehicles.

During a typical acceleration and braking profile, an im-
portant electrical power demand is observed. Fig. 8f presents
experimental values obtained from the product between volt-
age (udc) and current (irail) at the subway connection point.

The maximal power observed is around 1.4 MW, however,
due to energy recovery phase the average value for this trip
is only 230 kW. This result agrees with the resulted energy
consumption measured.

(a) Vehicle velocity.

(b) Experimental and measured currents.

(c) Current error.

(d) DC bus voltage.

(e) Energy consumption.

Fig. 7. Comparison between experimental measurements and simulations.

IV. STUDY OF DIFFERENT TIME INTERVALS

In the operation of a subway line, vehicles are regularly
injected into the system to respect a certain time interval.
This time interval is called headway. Currently, on Line 1
of the city of Lille, this interval varies in normal operation
between 66 seconds in rush hours and 360 seconds in the early
morning or late evening. In some operations, the headway can
be reduced to 50s. The impact on the selection of a given time
interval between vehicles is analyzed in this section using the
model previously developed. For a wider evaluation, intervals
between 50 and 360 seconds are selected for this study. As
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(a) Vehicle velocity.

(b) DC bus voltage.

(c) Experimental and measured currents.

(d) Current error.

(e) Experimental and measured energy consumptions.

(f) Electrical power demand

Fig. 8. Comparison between experimental measurements and simulations.

the distance between the stations is not regular in a real line,
and the time interval is regular, it is difficult to analyze the
global energy consumption. In the first step, a fictitious line
with regular time intervals and station distances is studied. The
real line is analyzed in a second time.

Peak-hours have an important impact on energy consump-
tion [18]. Not only the number of vehicles is greater, but also
the mass to be transported due to the increase in the number
of users. Simulations are performed for different intervals
and two occupancy rate scenarios are considered. In each
simulated interval the total vehicle mass is fixed according
to the assigned number of occupants.

A. Fictitious Line with Regular Distances

The fictitious line has regular distance between TPS and
regular distance between passenger stations. The main idea is
to avoid effect of the distances when varying the time interval
(headway). In that way, we can better analyze the effect of the
time interval on the energy consumption.

A segment composed of 4 TPSs and 4 passenger stations is
proposed. The distances between stations and TPSs are chosen
with reference to the average values of the distances of the real
line (TABLE II). Moreover, the stop time at each passenger
station is also considered the same for any station (average
value of the stop times of the real line).

TABLE II
FICTITIOUS LINE PARAMETERS

Parameter Value

Distance between TPS 1083 [m]
Distance between Station 650 [m]
Stop Time 16 [s]
Linear Resistance 22 [µΩ/m]
Maximal Velocity 60 [km/h]

Simulations are conducted by analyzing vehicle time in-
tervals ranging from 50 to 360 seconds. To facilitate com-
parison, energy consumption per passenger-kilometer, denoted
as [Wh/pkm], is employed as the standard unit, which is
commonly used in transportation systems. In this paper, it is
referred as consumption. In order to verify the influence of
the mass variation on the consumption, two occupancy rates
are considered, 4 and 6 passengers per square meter

[
p/m

2
]
.

These occupancy rates are representative values of the subway
of the city of Lille.

Fig. 9 presents the consumption considering the studied
intervals. First, an oscillatory pattern with local maxima and
minima is identified. The minima occur when the number
of subway braking is close to the number of subways ac-
celerating: most of the energy recovery can be reused by an
accelerating subway. The maxima occur when the number of
subway braking is far from the number of subways accelerat-
ing: most of the braking energy is dissipated by mechanical
brakes. Second, except for this oscillatory pattern, the more
the headway is, the more energy consumption is. For high
headway, the distance between the vehicle is important and
the energy transmission is lower due to the losses in the rail.
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In practice, this figure illustrates the optimal time intervals for
minimizing energy consumption, as well as the intervals that
should be avoided to effectively limit energy consumption. It
can be noted a decrease of 30% between the minimal value
(headway of 57s) and the local maximal value (headway of
61s). In conclusion for this fictitious line, a headway of 57s
can significantly reduce energy consumption.

In general, the observed oscillatory pattern can be attributed
to the synchronization of the braking and acceleration phases
among the vehicles circulating in the line. This synchroniza-
tion is particularly important at specific time intervals.

In Fig. 10, different occupancy rates are considered. If the
global energy consumption is greater for 6 p/m2 than for 4
p/m2 (more important mass), the consumption per passenger-
kilometer is lower for 6 p/m2. If more energy is used, more
passengers are transported. However, the oscillatory pattern is
conserved, and the maxima and minima are located for the
same time intervals. That means that the selection of the best
headway in terms of energy consumption is independent of
the occupancy rate.

Fig. 9. Energy consumption vs. headway for a fictitious line.

Fig. 10. Different occupation rates vs. consumption for a fictitious line.

The fictitious line demonstrates an important impact of
the time interval between vehicles on energy consumption.
A specific value of the headway can lead to a significant
reduction in the total energy consumption. As this effect is
independent of the occupancy rate, an optimal headway could
be selected for normal operation.

B. Real Line Study

The same analysis is applied to a real line. A section of
Line 1 of the city of Lille, France, is used. In this case, the
slope and tunnel effects are also considered. The positions of

substations and passenger stations are not regularly distributed
(TABLE III). The stopping time at the passenger stations is
also different depending on the average number of passengers
for each station.

TABLE III
REAL LINE PARAMETERS

TPS Position Station Position Time of stop

TPS 1 0 [m] 4 Cantons 417 [m] 16 [s]
TPS 2 260 [m] Cité Scientifique 1193 [m] 14 [s]
TPS 3 1780 [m] Triolo 2020 [m] 12 [s]
TPS 4 3394 [m] Hôtel de Ville 2703 [m] 16 [s]

Fig. 11 presents the energy consumption as a function of the
time interval. An oscillatory pattern is also observed, but with
a more irregular shape. This irregularity can be attributed to
the inconsistent distances between TPS or passenger stations,
resulting in less uniform braking phases. Regardless, the
developed model is capable of simulating various scenarios.
Local maxima and minima indicate intervals that could be
prioritized or avoided concerning energy consumption. The
decrease between the maximal energy consumption (headway
67s) and the minimal one (headway 57s) is only 22% com-
pared to 30% of the fictitious regular line. But, the difference
is still important and the selection of a relevant headway
can significantly reduce the total energy consumption. As this
potential energy gain is related to a difference of 10s of
headway, it seems possible to select the best headway for some
slot times in the day. The occupancy rates have an impact on
the total energy consumption but no impact on the minima
and maxima, as observed in the case of the fictitious line.

Fig. 11. Energy consumption vs. headway for a real line.

In the real line, it is also possible to observe that low
consumption values can only be achieved in a line with high
vehicle traffic.

The consumption trends are similar for both the fictitious
and the real line. In the former, a uniform pattern of lo-
cal maxima and minima is observed, while in the latter,
an irregular pattern is seen. Despite the irregularity, local
maxima and minima are still present. It is indeed possible
to significantly reduce energy consumption on a real line by
optimizing time intervals. However, obtaining a theoretical
solution is challenging due to factors such as TPS distances,
passenger station distances, slopes, and more. Consequently,
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an accurate simulation model is valuable for addressing these
complexities.

The local maxima and minima values are related to opera-
tional variables such as maximal velocity, stopping time, and
distance between stations. For other lines the values can be
found in other headways. This fact reinforces the need for
accurate simulation tools in order to identify good operating
points.

V. CONCLUSION

The analysis of the impact of timetable on the global energy
consumption of a subway line is performed. To ensure an
accurate estimation of global energy consumption, the models
of each subsystem are developed in a forward approach using
the EMR formalism. Moreover, the dynamic of the input filter
capacitor is considered as its voltage impacts the braking
strategy and thus the potential energy recovery. The new
subway model has been validated by experimental tests on
a real subway line. The simulation model has an error lower
than 2.2% on energy consumption.

The model is then used to estimate the energy consumption
for different time intervals between the vehicles. For a first
analysis, a fictitious line is considered with constant distances
between the TPS and also the passenger stations. The change
in the time interval leads to a strong reduction in energy con-
sumption due to the indirect synchronization of the subways.
When the number of subways decelerating is close to the
one of the subways accelerating, the energy consumption is
significantly reduced because of the transfer of the braking
energy. The study is extended to a real line with non-regular
distances. Moreover, the slopes and the real stopping times are
also considered. In this realistic study case, the global energy
consumption can be decreased by 22% between the best time
interval and the worse time interval. An oscillatory pattern is
obtained from the energy consumption vs. the time interval. It
shows the time intervals that are of interest for the reduction of
energy consumption, but also the time intervals to be avoided.
Moreover, the dissipated energy is also plotted vs. the time
interval. Another oscillatory pattern is obtained, showing the
potential of recovery energy for new saving technologies.

The presented modeling approach introduces a comprehen-
sive methodology for evaluating the impact of the timetable
on energy consumption in subway systems. By taking into
account different traffic conditions with intervals of 50 and
60 seconds, the current study provides a solid foundation for
future optimization efforts. It is important to note that with the
developed flexible simulation tool more complex timetables
can be considered. It will be analyzed in further steps.

Future work will focus on refining the algorithms and
strategies used for timetable optimization, incorporating the
influence of the occupancy rate, and exploring other relevant
variables that may impact energy consumption. The ultimate
goal is to develop a comprehensive framework that will enable
transportation planners and operators to simulate optimization
techniques that minimize energy consumption while ensuring
an efficient and reliable subway system.
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