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Abstract Due to the short distance between urban rail transit stations, a large amount
of regenerative electric energy will be generated. Studying how to recuperate regen-
erative braking energy and control the voltage fluctuation of the traction network
within allowable range can result in economic as well as environmental merits,
which has important practical significance in alleviating energy shortage at home
and abroad. According to the differences in energy process, regenerating energy
absorbingmodes can be divided as follows: energy-consumingmode, energy-feeding
back mode, energy-storing mode. In this comprehensive paper, for the regenerative
braking energy recuperation during the train operation, various method and tech-
nology have been analyzed. First of all, three methods of storage and utilization
of regenerative braking energy are briefly introduced respectively. Then, the advan-
tages and disadvantages of these threemethods are summarized. Finally, based on the
current research situation, the storage and utilization of regenerative braking energy
in urban rail transit is prospected.

Keywords Urban rail transit · Train timetable optimization · Energy storage
system · Reversible substation

1 Introduction

As an important part of urban public transport, urban rail transit has become an effec-
tive way to solve urban traffic congestion and air pollution because of its excellent
characteristics, such as energy-saving, environmental protection, safety and fast, etc.
Urban rail transit has become an effective way to solve traffic congestion and air
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Fig. 1 Diagram of exchange of regenerative braking energy between trains

pollution, and has been rapidly developed in major cities in the world, however, with
the acceleration of urbanization process, the traditional overhead catenary power
supply mode adopted by urban rail vehicles can not meet the demand anymore in the
beauty of landscape, the simplicity of facilities and the efficiency of power supply,
thereby a novel power supply mode is promoting, which is energy storage and energy
feedback traction supply system [1, 2]. In a city with a large population, the distance
between passenger stations is usually short, and a train acceleration/braking is very
frequent, which generates a considerable amount of regenerative braking energy [3].
In locomotives with tractionmotors, when the train is braking, themotor reverses and
acts as a generator to generate electrical energy, which can be used by the accelerating
train.

The process of regenerative energy flowing from braking train to accelerating
train is shown in Fig. 1. Regenerative energy is fed back into the overhead contact
line, which can be immediately used by accelerating other trains located in the same
electricity supply interval.

In order to maximize the use of regenerative braking energy, there are three solu-
tions have been proposed: (1) Train operation timetable optimization, by synchro-
nizing the operation of other trains in the same power supply interval, the regenerative
braking energy produced by the braking train is absorbed by the train in the accel-
eration condition. (2) Energy storage system (ESS), regenerative braking energy is
stored in an electric storage medium, such as batteries, super capacitors, flywheels,
and is released to the overhead catenary line or the third rail when needed. (3) Regen-
erative braking energy feedback, which means a branch provided for regenerative
braking energy to feed back to the main AC power grid.

2 Train Timetable Optimization

Train timetable optimization has been proposed as one of the most direct and effec-
tive ways to increase the utilization rate of regenerative braking energy, without the
need for additional equipment. Timetable optimization aims at finding the optimal
timetable such that the regenerative energy can be furthest used to accelerate other
trains. In this method, the regenerative energy from the braking trains can simultane-
ously be used by the accelerating trains, by synchronizing accelerating and braking
times of trains in the same supply interval.
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The optimization problem may be summarized as how to maximize the use of
regenerative braking energy. As an example, if a set of arrival times is considered as:

a = {
ain, 1 ≤ i ≤ I, 1 ≤ n ≤ N

}
(1)

where ain means the time that train i arrives at station n, I and N are the number of
trains and stations, respectively; and departure times are defined as:

d = {
di
n, 1 ≤ i ≤ I, 1 ≤ n ≤ N

}
(2)

where di
n means the time that train i departs station n. The total objective func-

tion aimed at maximizing the utilization of regenerative braking energy can be
summarized as follows:

F(a, d) =
T∑

t=1

Ns∑

s=1

min

{
I∑

i=1

ωi (a, d, t)λ(i, t, s) ×
I∑

i=1

fi (a, d, t)λ(i, t, s)

}

(3)

where T is the total operation time, Ns is the number of electricity supply substations,
ωi (a, d, t) is the energy produced by train i during the time unit [t, t + 1], fi(a, d, t)
is the required energy for accelerating train i during time unit [t, t + 1], and λ(i, t, s)
means whether the train i is located in the electricity supply interval s at time t or
not [4, 5].

In general, most of the train timetable optimization models aim at maximizing
the overall utilization rate of regenerative braking energy F(a, d).

According to optimization goals, studies on timetable optimization can be divided
into two strategies: limiting the peak power demand, and maximizing the utilization
of regenerative braking energy. In real-world systems, the overhead catenary line is
set to a threshold voltage for ensuring the safety of the rail transit power network.
During the trains’ braking progress, the overhead catenary voltage is increasing
continually. If the voltage reaches and exceeds the pre-fixed threshold, regenerative
braking will be removed and replaced by mechanical braking [4].

In the early stages of timetable optimization studies, the focus is on reducing
peak power requirements. For instance, in [6], taking the Kaohsiung mass rapid
transit (MRT) system as an example, the author uses genetic algorithms to optimize
train scheduling to avoid excessively accelerating trains at the same time resulting
in extremely high peak traction power. In [7], Gordon and Lehrer designed a control
algorithm to reduce the peak power demand, through coordinating the operation of
multiple trains, to avoid grid vibration and reduce peak power demand.

In recent years, researchers began to formulate the optimization model to maxi-
mize the utilization of regenerative energy directly. In [8], some scholars established
a mathematical model to adjust the train departure interval. The simulation results
show that before and after the adjustment, the peak traction power of the train is
reduced by 41%, and the traction energy consumption is reduced by 5%. In [9],
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based on the actual operation data of the Beijing subway, a comprehensive optimiza-
tion method is proposed. The results show that this method can reduce the overall
energy consumption by 21.17%.

3 Energy Storage System for Urban Rail

A properly designed energy storage system can store regenerative braking energy
and release energy back to the grid when needed, thereby saving the cost of resistance
cabinets and ventilation systems. Generally speaking, energy storage equipment is
installed on board vehicles or at the track side. On-board Energy storage system
(ESS) permit trains to temporarily store their own braking energy and reuse it in the
next acceleration stages [10]. On the other hand, stationary ESS absorb the braking
energy of any train in the system and deliver it when required for other vehicles’
acceleration. The structure of ESS is shown as Fig. 2.

3.1 Onboard Energy Storage

In onboard ESS, the storage medium is placed on the vehicle. The onboard ESS can
greatly promote the energy saving of the urban transportation system, because the
energy recovered and stored during the braking process can be used to provide energy
for the vehicle in the next acceleration process, as shown in Fig. 3. The energy stored
by the regenerative braking during the deceleration of the train can be used for the
next process of accelerating itself. Compared with the wayside storage device, since
onboard energy storage device has no line losses, it has higher energy transmission
efficiency.
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Fig. 2 Components of an ESS for railway applications
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Fig. 3 Schematic of on-board ESS operation in urban rail

The main advantage of the onboard energy storage system is to reduce the
maximumpower required during the acceleration of locomotives,which saves energy
costs and transmission line resistance losses. At the same time, due to the presence of
on-board energy storage devices, the voltage drop of the overhead line is restricted,
the power supply voltage is stabilized, and a greater driving density is allowed
on the original infrastructure [11]. Have a certain power autonomy, for example,
you can drive a distance in the area catenary free operation and tourist attraction.
Onboard energy storage systems also have major shortcomings. Compared with
wayside storage devices, on-board energy storage requires the installation of energy
storage devices in each car, so it requires additional space and increases the overall
weight of the train. Studies have shown that the use of on-board storage equipment
has increased the energy consumption of train traction by 1–2% [12]. On the other
hand, the cost of implementation, maintenance, and safety concern, are high, because
onboard energy storage need to be installed at each train. In real life, there are many
cases where on-board energy storage is implemented, for instance, Brussel metro
and tram lines and Madrid Metro line in Europe, values of energy savings up to
27.3–36.3% [13, 14].

3.2 Wayside Energy Storage

In the case of a wayside storage device, the accumulated braking energy comes from
any nearby train, and it is released when power demand is detected, a schematic
overview of wayside ESS is shown in Fig. 4.

Compared with on-board ESS, it has sufficient installation space and weight,
however, the line transmission losses is higher. Therefore, attention must be paid to
the location of the storage equipment next to the rail. One of the benefits of wayside
ESS is to minimize the problems related to voltage sag [5, 15]. Since the fixed ESS
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Fig. 4 Schematic of wayside ESS operation in urban rail
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has larger weight and volume than mobile energy storage systems, in this case, the
storage technology suitable for wayside ESS applications is wider. Super capacitors
have excellent characteristics and can be used in scenarios that reduce maximum
power requirements and stabilize voltage, but for on-board storage, the use of super
capacitors may be limited due to the maximum volume requirements, depending on
the specific requirements of each system. As the wayside ESS has less restrictions
on the storage device volume, the flywheel energy storage technology has become
a reality. For safety reasons, flywheel energy storage devices are generally used in
special containers or underground [14, 15].

3.3 Energy Storage Technology

Choosing the most suitable storage technology as ESS for urban rail transit need to
considermany factors, such as energy capacity and specific energy, rate of charge and
discharge, durability and life cycle. The common energy storage technologies that
have been utilized in rail transit systems are batteries, super capacitors and flywheels.

Battery. Battery technology is the oldest energy storage technology and is widely
used in various scenarios. The battery system is composed of multiple different elec-
trochemical cells, which form a unit in series–parallel connection [16]. The batteries
used in rail transit systems include Lead–acid (PbSO4), Lithium-ion (Li-ion), Nickel-
metal hydride (Ni-MH) and sodium sulfur (Na-S). Other types of batteries like flow
battery may have the potential to be used in rail transit systems. Battery energy
storage technologies are relatively easy to achieve large-capacity energy storage,
and have the characteristics of wide range of capacity and power scale. However, the
charge and discharge speed and the number of charge and discharge of battery energy
storage will be limited and cannot be used for rapid dynamic power compensation,
such as stabilizing voltage fluctuations, suppressing dynamic oscillations, smoothing
rapid changes in power generation output, etc. [17].

Flywheel. The flywheel energy storage (FES) system based on modern power elec-
tronics has two modes of energy storage and energy release. When the external
system needs energy, the flywheel acts as the prime mover to drive the flywheel
motor to generate electricity, and the flywheel kinetic energy is transmitted to the
load in the form of electrical energy through a bidirectional energy converter. The
flywheel energy storage system is a device that stores and releases kinetic energy.
The flywheel is driven by a motor and can reach very high speeds [18]. FES has
some favorable characteristics, including high cycle efficiency (up to ~95% at rated
power), relatively high power density, no depth-of-discharge effects and easy main-
tenance [19]. However, the shortcomings of the flywheel storage system are also very
serious, such as risk of explosion in case of failure, high weight and cost [20].
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Supercapacitor. A super capacitor is an electrochemical double-layer capacitor
composed of two porous electrodes soaked in an electrolyte solution. A super capac-
itor is an electrochemical element, but no chemical reaction occurs during its energy
storage. The electric double layer capacitor is essentially an electrostatic energy
storage unit. Its capacitance value is related to the electrode potential and the specific
surface area. Because the solvent in the electrolyte may decompose when the voltage
is too high, and the thickness of the ionization layer is generally only 1 nm, it can
not withstand too high voltage, so the charging voltage of the electric double layer
capacitor can only reach 1–4 V, mainly by increasing The specific surface area of the
double-layer capacitor increases the capacitance. Now the capacitance value of the
double-layer capacitor has reached 1500 F or higher, but the voltage is only 1–3 V.

4 Reversible Substation

In the DC network, current can only flow in one direction, and the regenerative
braking energy generated in the system cannot be injected into the distribution
network, because the diode rectifiers only are allowed unidirectional power flow.
Reversible substation technology (also called bidirectional substation or converter
substation) can achieve bidirectional energy flow in both directions, as shown in
Fig. 5. This means that excess renewable energy may be used in the operator’s
network (lighting, escalators, offices) or eventually sold back to the energy supplier.

Compared with ESS, the recovery of braking energy through reversible substa-
tions may be considered as a more effective option because their conversion loss
is smaller. However, if fine-tuning analysis of the most appropriate position is not
performed, the resistance loss may be relatively high. Compared with ESS, other
important advantages of reversible substations are as follows: they require reduced
space, have lower safety constraints and do not require detailed maintenance. In
addition, implementation, maintenance and repair do not affect the operation in the
rail system. However, reversible substations do not allow vehicles to operate without
contact networks, and cannot be used for voltage stabilization or peak reduction
purposes.
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Fig. 5 Schematic of reversible substations in urban rail
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5 Conclusion

In this paper, different methods and technology that can be used for regenerative
braking energy storage and utilization has been analyzed. According to application
scenarios, different technologies is selected. Three main technologies are used at
home and board, including train timetable optimization, energy storage solution, and
reversible substations.

Timetable optimization is a solution with low cost to improve the utilization rate
of regenerative energy, which require no new installations in general. However, its
application might be limited by some service requirements, such as passenger and
railway company, meanwhile, the realization of technology demand to real-time
monitor operation of the train.

In terms of energy storage solution, for the beauty of the city and space saving,
onboard ESS is most used when catenary free operation of the vehicle is needed.
Wayside ESS must not only consider the line loss and voltage drop during energy
transmission, but also the site setting of ESS.With the development of energy storage
technology, ESS will be applied more widely.

Another solution to increase themount of energy savedduring braking is reversible
substation, which can permit bidirectional energy flow.However, regenerative energy
generally contains harmonic waves, which must be eliminated before being allowed
to flow into the main power network.
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