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Abstract: The main goal of this work is the evaluation of the energy saving achievable in railway
drive when using the coasting technique extensively, with reference to a practical case of the Italian
railway network taken as an example. This technique consists in exploiting the kinetic energy
accumulated by the running train whenever possible. To implement a driving style on purpose, the
only driver contribution is not enough; indeed, it is necessary to provide an embedded automatic
calculation control system. In the paper, an algorithm has been developed to evaluate the energy
absorption of railway locomotives during the normal service and validated on a real railway line.
The proposed hardware and software system could be implemented aboard the train, allowing
motion data processing in real-time. Speed, time intervals and power absorption for a given path
are calculated; then, the best coasting parameters are estimated to maximize the energy savings. In
particular, the case study presented in the paper showed that the fast-run strategy, always adopted
by the railway company to recover an unexpected delay, can lead to a negligible time recovery with
respect to the coasting strategy, while determining a significantly larger energy consumption.

Keywords: coasting; electric locomotive; energy saving; optimization; railway; traction energy; train
driving cycle simulation

1. Introduction

The rail transport sector contributes to the climate change and pollution significantly,
because it globally absorbs large amounts of energy, due to the high-power levels and
the widespread utilization. As a consequence, the sustainability in transportation is a
fundamental starting point of every design [1,2].

Today, the world population consists of more than 7 billion of people and is expected
to reach 8.5 billion by 2030. This implies that the mobility demand will keep growing also
for goods and commercial transportation with unsustainable impacts on environment. An
efficient energy management allows to greatly decrease the environmental impact. Indeed,
energy saving is a fundamental pillar of the European environmental policy; however,
in the EU the energy saving in transportation is not yet regulated by standards or laws.
Moreover, presently the transportation companies are not subject to Authority directives,
neither there is any kind of inspection regarding the energy management. In other words,
companies are free to establish their own targets, although energy saving is a fundamental
condition to improve their economic efficiency.

In order to make a rough comparison, the per passenger/per kilometer energy con-
sumption associated to a conventional car is 3–5 times greater than the same quantity
calculated for a train. Nevertheless, it is important to further reduce the costs of railways,
thus increasing the number of users that will prefer this means of transport. Moreover,
apart from conventional requirements, nowadays passengers require high-level on-board
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services, such as air-conditioning and other energy consuming services. This means that
energy saving is becoming more and more important than in the past.

In this work, an algorithm has been developed and validated on a real railway line, to
evaluate the energy absorption of railway locomotives during the normal service. The model
has been applied to a case study from the Italian railway network, showing the practical
advantages, also in terms of reduction of CO2 emissions, coming from the application of
energy-saving techniques [3–10]. It was also intended to demonstrate that the fast-run strategy,
today always adopted by the railway company to try to recover a delay due to an unexpected
red light, is not necessarily the best choice. Indeed, in most cases the time saving is really
negligible, with respect to an energy-saving strategy based on coasting, while the energy
consumption increases significantly. The proposed hardware and software system could be
implemented aboard the train, allowing motion data processing in real-time.

In order to make the best use of the railway, a number of power spikes occur, in order
to follow the continuous changes of the signals. Most of the locomotives employed on the
Italian railways are of old generation and do not have a gradual regulation of the current
draining. A computer-based smart management of the electrical traction [3,11] can lead
to a decrease of the current peaks and transients on the power line with the consequent
reduction of electric disturbances [12–17].

Moreover, running the train at a more uniform speed, thanks to the automatic control
system, allows to reduce the continuous changes of signaling of occupied line, further
improving the line management.

The railway energy saving issues are quite important, since the Italian railway com-
pany is one of the major energy buyers in Italy (electrical energy and oil). The graph of
Figure 1 shows the trend of electrical energy consumed for traction in the entire Italian
railways network in the years 1965–2019.
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It is evident from the graph that the energy absorption is still increasing although
nowadays the technology has been largely improved and, as a consequence, also the
energy savings have increased. Energy consumption data from other European railways
companies show an increasing or at least roughly constant trend, too. Thus, it is necessary
to improve the energy saving in this fundamental sector.

An intense railway traffic demand requires additional studies on energy efficiency
improvement including the driving style [6,18]. Coasting is a common technique for energy
saving in convoy drive, essentially consisting in switching off the locomotive motors, while
the convoy continues to run thanks to inertia. In rail traffic, braking should be avoided in
order to save energy and the benefits of low friction and favorable descendent slopes should
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be maximized [19]. Obviously, during coasting the train speed varies with time, generally
decreasing, possibly causing unacceptable run times; thus, automatic management systems
must be used.

This paper is focused on energy savings that can be achieved in electrical traction by
means of coasting operation. The calculation of the electrical power consumption is based
on conventional components presently in use; therefore, the possible technological improve-
ments of the electrical equipment are not taken into account. The regenerative braking is
not considered, because the direct consumption of the kinetic energy is privileged; this
determines slightly worse travel times but a reduction of energy consumption. Moreover,
with the proposed strategy it is possible to avoid expensive and delicate technologies as
energy conversion systems, batteries, flywheels, super capacitors and others.

First, the best strategy for coasting starting distance is analyzed. A number of convoy
parameters must be taken into account in order to evaluate the coasting starting point:
type of the convoy, length, braked mass, path, etc. From the following, it comes out
that the coasting strategy cannot be summarized by means of abacus-type curves. The
computation must be continuously performed either in batch operation when simulating
the strategy on a PC, or with dedicated hardware when operating onboard. As above
mentioned, a driving style suitable to allow coasting cannot be adopted by the driver,
without the aid of automatic calculations embedded in the control system [20]. In addition,
the automatic calculation system is essential to optimize the operation while following the
rules established by railway signals [21] and to find the best compromise between energy
saving and services offered to passengers, always respecting the timetable.

The proposed algorithm has been tested on a real railway line of 135 km belonging
to RFI (Rete Ferroviaria Italiana, Italian Railway Network), according to speed limit and
taking the time table into account. The results demonstrate the importance of the driving
style and its impact on energy savings.

The computational model is described in Section 2 and its implementation is discussed
in Section 3. Then, the simulation model is validated with real data provided by the railway
company in Section 4. Section 5 is devoted to the first case study, indicated as “testing
condition #1”. The second case study—“testing condition #2”, actually splitted into Test A
and Test B, is illustrated in Section 6. Finally, the conclusions are drawn in Section 7.

2. Simulation Model of a Railway Run

The proposed optimization method is based on mathematical models describing the
physical reality of the system considered [5,7]. The computer-aided calculation system
elaborates the information in real time to find the optimal velocity profile for each section
of the railway line [22,23].

For the analysis of a convoy motion, three resistances have been taken into account, as
follows [24,25].

• Motion resistances, including ball-bearing resistance, resistance between wheel and
rail, air resistance and a virtual resistance that takes into account energy losses in
suspensions springs.

• Rail line resistances, including resistance due to the friction in curves and slope
resistance.

• Inertia resistance.

Railways designers estimate the motion resistances by means of the force used to
move one ton of towed mass (da N/Ton); this global resistance r can be calculated by
Equation (1):

r = 1.5 + 0.00285 · V (1)

where V is the convoy speed (m/s).
The resistance due to the force of gravity can be evaluated considering the sloping

plane of Figure 2.
Rslope = M · sinα = M · i (2)
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where M is the mass of the convoy (tons) and i is the slope of rail (‰); this quantity is
negative for a descent slope.
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In general, there is also a resistance associated to the curves; however, in the fol-
lowing, this quantity will not be considered, since in general European railways are well
constructed.

Thus, the total resistance can be evaluated as:

Σ R = M (i + r) [da N] (3)

In all types of locomotives, electric, diesel, steam powered, the traction force decreases
when the convoy speed increases, and this occurs following the hyperbolic shape of the
force/speed curve.

The mechanical power available at the locomotive rims is calculated:

MP = (DF · V)/100 [kW] (4)

where V is the convoy speed (m/s) and DF is the drive force at the rims (da N/Ton).
The qualitative graphs of Figure 3 represent the mechanical power and drive force vs.

speed, respectively.

Energies 2021, 14, x FOR PEER REVIEW 4 of 15 
 

 

r = 1.5 + 0.00285 ⋅ V (1)

where V is the convoy speed (m/s). 
The resistance due to the force of gravity can be evaluated considering the sloping 

plane of Figure 2. 

Rslope = M·sinα = M·i (2)

where M is the mass of the convoy (tons) and i is the slope of rail (‰); this quantity is 
negative for a descent slope. 

 
Figure 2. Scheme of the sloping plane used to evaluate the resistance due to gravity. 

In general, there is also a resistance associated to the curves; however, in the 
following, this quantity will not be considered, since in general European railways are 
well constructed. 

Thus, the total resistance can be evaluated as: 

Σ R = M (i + r) [da N] (3)

In all types of locomotives, electric, diesel, steam powered, the traction force 
decreases when the convoy speed increases, and this occurs following the hyperbolic 
shape of the force/speed curve. 

The mechanical power available at the locomotive rims is calculated: 

MP = (DF·V)/100 [kW] (4)

where V is the convoy speed (m/s) and DF is the drive force at the rims (da N/Ton). 
The qualitative graphs of Figure 3 represent the mechanical power and drive force 

vs. speed, respectively. 

 
Figure 3. Mechanical power and drive force vs. speed.

The braking force is calculated as:

BF = − M · d (5)

where d is the deceleration. The maximum deceleration is a percentage of the acceleration
of gravity (braked mass).

Standard deceleration values are reported in Figure 4 for different braked mass (%).
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During the acceleration phase, the drive force is:

DF = Σ R + M · a (6)

being a the acceleration, and the equation of motion becomes

DF = (ML + MT) · (i + r + 100·a) [da N] (7)

where DF is drive force at rims, ML is the locomotive mass and MT is the towed mass
(M = ML + MT).

In case of uniform motion, Equations (6) and (7) can be simplified as follows:

DF = Σ R (8)

DF = (ML + MT) · (i + r) (9)

The same equations can be also modified for the braking phase as

Σ R + BF + M·a = 0 (10)

(ML + MT)·(i + r)+BF + (ML + MT)·100·a = 0 (11)

Finally, Equations (12) and (13) describe the motion by inertia, that is, the coasting run.

Σ R + M·a = 0 (12)

i + r + 100·a = 0 (13)

3. Implementation of the Simulation Model

In order to support the driving strategy, the numerical evaluation of motion variables
should be processed in real-time by an onboard computer [26]. For standard routes a
conventional PC with high-safety batch operation can be sufficient [27]. The approach
discussed and used is a batch type, even if there are few differences between real-time and
batch versions [28].

The developed simulation software is capable to simulate a real railway system taking
into account the train, the type of line, all signals and controls, the required energy and
power, as well as losses. The simulation software then checks and compares three different
running conditions of a train running on the line: traditional running, running in coasting
and finally coasting with the limitation of signals.
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The program calculates speed, power, drive force at rims, absorbed energy, times and
the coasting starting point, based on the motion equations described in Section 2.

As to the numerical algorithm, an iteration step of 100 m of length is assumed, although
this input parameter can be easily changed. For the considered case study, this step
represents 0.07% of the total route. This quantity has been chosen according to literature
data to limit the output error within 1% [29].

The numerical algorithm was implemented in C++ language. The flow chart is shown
in Figure 5. The software program can process also traffic lights: the signals can be set
either set to green or red, in order to neglect or not the real line traffic, respectively [30,31].
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The main input quantities are: locomotive type, convoy type (passengers or goods),
towed mass (tons) and braked mass (%). An important input is the ratio between maximum
arrival delay time and saved energy: this is the main parameter for the evaluation of the
best run strategy.

Input data are packed in an input file, that also stores the line data: altitude (m), slope
(‰) and speed limit.

The program simulates a complete convoy run. The main goal is to extend the length of
the coasting motion as much as possible, in order to decrease both the electromechanical and
regenerative braking minimizing the energy waste. Indeed, the latter can be significantly
reduced with the adoption of a coasting strategy.

The coasting starting point is fixed by the railway company management according
to the network route times. In each section arriving at the next station, on either flat or
downhill tracks, the algorithm increases the distance covered in coasting until the maximum
time set is reached; in this way, the point at which coasting starts is automatically calculated.
According to Italian laws, 300 m before the next station the speed must be set at a maximum
value of 25 km/h, and kept for 200 m before starting to brake in order to stop at the station.
The software sets a tentative coasting start point 500 m before the station, and moves this
point behind by steps of ∆s = 100 m if any condition is not satisfied.

In any case, the timetable and frequency of the convoys fixed by the network manage-
ment are always the reference for any applicable strategy. The calculation is automatically
performed on board and not by a conductor.

Energy savings can be evaluated by means of the developed software by considering
a fixed delay time(s) according to the railways timetable. The inverse approach is also
possible, and in this case the software can change the delay time automatically to calculate
the best energy saving strategy [32–34].

The proposed software flowchart could be a basis to design the hardware DF control
system logic to be installed on locomotives, to perform a real-time evaluation of motion
variables to automatically command the coasting start. This would enable an automatic
energy optimization. Such a system can be used in two ways. The simplest way consists of
a dashboard [35] mounted on board indicating the level of energy consumption, letting
the driver control the train manually. The second way is to make the control automatic:
when the computer detects that there is the possibility to reach a station by coasting with
an established time delay, it automatically resets the traction. The maximum time delay is
set a priori according to the line, the frequency and the time available.

4. Validation of the Simulation Model

Real measured data provided by the railway company have been used to validate the
simulation model and its software implementation. The calculated data are based on the
consumption tables of the Bombardier E464 electric locomotive used on that type of lines,
depending on the working conditions.

The tests have been performed on a real line of 135 km long, subdivided in 13 parts
delimited by stations (a software session analyzes separately each part of the line).

The input data used for validation are the following:

• line: Rome-Cassino
• length: 135 km
• maximum speed: 140 km/h
• locomotive: E464 (Bombardier)
• towed mass: 450 tons
• braked mass: 110%
• train type: passenger

This route has been chosen because it has a similar altitude on the sea level at both the
starting and end points (Rome and Cassino); in this way the tests are performed with a
roughly zero value of average slope.
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As to the software validation, in a first simulation the coasting starting point has been
forced to coincide with the one commanded by the driver in a real run, in order to compare
the results with the real data.

For the sake of simplicity, the results of only one run analysis are detailed here,
regarding the line section between the two substations of Isoletta and Roccasecca. The
results, in terms of motion variables, are shown in the graphs of Figures 6–8.
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In this case, for the model validation, the second computational block calculates a
coasting start positioned at the arrival station. This is equivalent not to use this technique,
since the minimum speed is set as the maximum line speed, to make the comparison with
the normal line operation.

The numerical values of the train speed and the absorbed electrical power of Figures 7
and 8, respectively, correspond very well with the speed registrations kindly provided by the
railway company.

Time and energy for this part of the route have been calculated as:

• time: 06 min 18 s
• energy: 195.9 kWh.
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Again, the results obtained with the simulation software are in very good agreement
with the quantities provided by the transportation company for this route. The tables
comparing the calculated data with the data provided by the transportation company are
very large and are omitted here for the sake of conciseness. In any case, the calculation
error is always below 1%.

After validation, the software has been used to perform other simulations, illustrated
in the following sections.

5. Case Study—Testing Condition #1: Evaluation of Energy Savings in a Route
without Traffic Signals

In this case study, the traffic signals are neglected: the convoy can always run at the
optimum speed (when possible, also at the maximum speed). In addition, the coasting
strategy is applied to reach each station.

Times and energy absorption data measured on board are provided by transportation
company for the entire Roma-Cassino route in normal mode without applying the coasting
technique and are shown in Table 1.

Table 1. Time duration and energy consumption data for the entire Rome-Cassino route provided by the railway company.

Oute Portion t (s) Energy Consumption (kWh)

ROME-ZAGAROLO 1248 857

ZAGAROLO-VALMONTONE 424 164

VALMONTONE-COLLEFERRO 347 117

COLLEFERRO-ANAGNI 388 116

ANAGNI-FERENTINO 583 199

FERENTINO-FROSINONE 381 121

FROSINONE-CECCANO 318 74

CECCANO-CASTRO 394 104

CASTRO-CEPRANO 438 120

CEPRANO-ISOLETTA 165 45

ISOLETTA-ROCCASECCA 356 223

ROCCASECCA-AQUINO 339 162

AQUINO-CASSINO 361 122

TOTAL 5742 2424
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The software output consists of time intervals and energy consumption data, as
shown in Table 2, where the variations of time and energy consumption due to the coasting–
strategy with respect to the normal mode are highlighted in the fourth and fifth column,
respectively.

Table 2. Simulation results: time, absorbed energy and relative variations respect to the railways company data of Table 1.

Route Portion t (s) Energy Consumption (kWh) ∆t (s) ∆E (kWh)

ROME-ZAGAROLO 1260.8 704.7 12.8 −152.2

ZAGAROLO-VALMONTONE 427.7 148.3 3.7 −15.6

VALMONTONE-COLLEFERRO 352.5 99.7 5.5 −17.2

COLLEFERRO-ANAGNI 396.7 100.3 8.7 −15.6

ANAGNI-FERENTINO 591.1 171.4 8.1 −27.5

FERENTINO-FROSINONE 393.6 109.2 12.6 −11.7

FROSINONE-CECCANO 330.0 66.3 12.0 −7.6

CECCANO-CASTRO 403.3 87.9 9.3 −16.0

CASTRO-CEPRANO 449.9 105.2 11 −14.7

CEPRANO-ISOLETTA 165 45.0 0 0

ISOLETTA-ROCCASECCA 362.3 195.8 6.3 −27.1

ROCCASECCA-AQUINO 344.4 137.7 5.4 −24.2

AQUINO-CASSINO 365.9 102.1 4.9 −19.8

TOTAL 5843.6 2074.2 101.6 −349.7

The time duration increases by 101 s for the entire route, while the total energy saving
is 349 kWh. In other terms, there is a +1.8% in time and −14.4% in energy consumption.

If the same percentage savings were applied to the whole Trenitalia network, a global
energy saving of approximately 1.8 GWh per day may be achieved. This would lead
to an energy saving of 663 GWh per year, corresponding to an annual moneysaving of
€11,230,000 (the Italian national railways company spends about €80,000,000 per year of
traction energy). Moreover, the coasting strategy savings of 152 kTep per year have a
significant, positive impact on the CO2 emissions.

6. Case Study—Testing Condition #2: Evaluation of Energy Savings in a Route with
Both Signals and Traffic Control

The significant impact of railway traffic on the energy consumption is strictly related
to the signals and traffic regulation strategy [36]. The signals impose a limit speed or the
stop command to manage traffic. In this case study their influence on energy consumption
is considered.

The traffic light signals have been stored in two input files (signal-type file and signal-
position file). The line is controlled by a four-code frequency signal system: 270 Hz, 180 Hz,
120 Hz, 75 Hz, No Code, corresponding to the maximum line speed (135 km/h), 100 Km/h,
25 Km/h, 50 km/h, stop, respectively.

The Italian railways company forces the drivers to use a fast-run strategy in order
to reach the arrival station after an unexpected red signal: this is a method to avoid time
delays. The fast-run consist of driving the convoy at the maximum allowed speed; clearly,
this could not be a suitable strategy in all conditions.

A stop signal between stations Castro and Ceprano is added on purpose for the tests,
in order to simulate a real situation that often occurs.

In those conditions two tests are performed:

- Test A. After the stop signal, the convoy runs following the coasting-run strategy.
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- Test B. After the stop signal, the convoy starts running with the fast-run strategy
instead, to decrease the time delay, as the company usually behaves to recover the
time lost at the red light.

The graphs of Figures 9 and 10 show the convoy speed and the absorbed power,
respectively, in the conditions of Test A.
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Figure 10. Absorbed power between substations Castro and Ceprano (Test A).

For the sake of simplicity, the graphs related to Test B are not shown, but all the data
of the two tests are summarized in Table 3: from these data it can be seen that with run
mode B there is a recovery of only 9 s (0.15%) but an increase in absorbed energy of 13 kWh
(0.6%). The differences between the graphs are not appreciable, but the values of each
quantity can be found in Table 3.

The calculation demonstrates how, in this case, the energy-saving running mode
is always convenient. This result also demonstrates that it is neither useful nor energy
efficient trying to recover a delay after a red light by manual driving and a strong increase
in speed (Run B test). This habit common to many railway companies, notwithstanding
the poor results.
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Table 3. Case study #2: energy and time comparison of Test A (slow running) and Test B (fast running to recover the time
lost) as a consequence of red signal.
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ROME-ZAGAROLO 1248.8 857.0 1260.8 704.8 1260.8 704.8 −12.0 152.2 −12.0 152.2

ZAGAROLO-VALMONTONE 424.0 164.0 427.7 148.3 427.7 148.3 −3.7 15.7 −3.7 15.7

VALMONTONE-COLLEFERRO 347.0 117.0 352.5 99.7 352.5 99.7 −5.5 17.3 −5.5 17.3

COLLEFERRO-ANAGNI 388.0 116.0 396.7 100.4 396.7 100.4 −8.7 15.6 −8.7 15.6

ANAGNI-FERENTINO 583.0 199.0 591.1 171.5 591.1 171.5 −8.1 27.5 −8.1 27.5

FERENTINO-FROSINONE 381.0 121.0 393.7 109.2 393.7 109.2 −12.7 11.8 −12.7 11.8

FROSINONE-CECCANO 318.0 74.0 330.0 66.3 330.0 66.3 −12.0 7.7 −12.0 7.7

CECCANO-CASTRO 394.0 104.0 403.3 88.0 403.3 88.0 −9.3 16.0 −9.3 16.0

CASTRO-CEPRANO 438.0 120.0 543.6 150.1 543.6 150.1 −105.6 −30.1 −105.6 −30.1

CEPRANO-ISOLETTA 165.0 45.0 165.0 45.0 165.0 45.0 0.0 0.0 0.0 0.0

ISOLETTA-ROCCASECCA 356.0 223.0 362.4 195.9 359.0 204.7 −6.4 27.1 −3.0 18.3

ROCCASECCA-AQUINO 399.0 162.0 344.4 137.7 340.1 142.4 54.6 24.3 58.9 19.6

AQUINO-CASSINO 361.0 122.0 366.0 102.1 362.8 102.1 −5.0 19.9 −1.8 19.9

TOTAL 5742.0 2424.0 5937.3 2119.1 5926.4 2132.6 −195.3 304.9 −184.4 291.4

Note: the Ceprano-Isoletta route does not show large differences since the distance between the stations is less than 2 km.

7. Conclusions

Nowadays, the energy consumption ascribed to the electrical traction is a very large
amount; therefore, even small percent savings result in large amounts of energy sav-
ings globally.

This work demonstrated the importance of an embedded control system for coasting
strategy implementation aboard the trains, to achieve significant energy savings. Indeed,
an efficient energy saving strategy cannot be realized with manual methods, operated by
the drivers.

Nowadays, an electronic control system is certainly affordable and can be easily inter-
faced aboard with onboard positioning systems and railways traffic information devices.

Based on the dynamic model of a railway convoy, a simulation model capable to
optimize the coasting strategy has been developed. The proposed model is of general use,
and can work also for other motion phases, e.g., during acceleration. It has been set up for
batch calculations, but it can be easily implemented onboard for real-time calculations.

The on-board calculation system should include a dashboard visualization providing
the traction energy assessment. In this way, it would be possible to know the estimated
value and the final balance of the consumed energy during the run. Such a dashboard
continuously displays a current value of energy consumption to be compared to the average
value of previous runs and the best value calculated by the computer. In case of manual
operation, the driver would be induced to a fair energy management.

With the embedded system proposed for an on-board installation, the company could
modify the line parameters remotely, making all the convoys run with the same logic.
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The level of coasting, the speed and all other variables can be chosen instant by instant
according to the needs, in terms of frequency, timetables and energy savings. Managing all
the line convoys with the same rules allows to optimize the energy management on the
power line and also to decrease the maximum power required to the national power grid.
Moreover, this implies the possibility to reduce the environmental impact of whatever train.

The use of a coasting-run technique to reach the arrival stations ensures to the compa-
nies savings larger than 10%.

This work provides evidence that it is not always convenient trying to recover the
time lost after an unwanted stop has occurred by using a fast run driving mode. However,
the latter is a well-established policy that is always applied by many railways companies.
Instead, the speed adjustments should be calculated in real-time by an onboard computer.

Moreover, all railway companies ask the designers to limit as much as possible the
large energy absorptions and voltage drops on the traction power line. The proposed
system allows to easily integrate this policy through on-board calculations.

In conclusion, many benefits could be obtained from the implementation of the
proposed strategy on trains: energy and money savings, reduction of the power and size of
railway supply systems, and, last but not least, a significant reduction of CO2 emissions.

As to the future developments of the research, this management strategy will be part
of an experimental activity and will be implemented on board, allowing to collect data
from real time tests in different traffic condition.
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