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Energy savings in metropolitan railway substations through regenerative energy recovery and optimal design of ATO speed profiles
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Abstract— Traffic operation has a significant impact on energy consumption in metro lines and thus it is important to analyze strategies to minimize it. In lines equipped with Automatic Train Operation systems (ATO), traffic regulation system selects one ATO speed profile on line among a preprogrammed set of optimized speed profiles. Previous works only minimize the energy demanded by the train in pantograph without considering energy savings measured at substations due to regenerative energy in detail. The main objective of this work is to design optimal ATO speed profiles of metro trains taking into account the energy recovered from regenerative brake in order to minimize the net energy at substations. A model of a train with an on-board energy storage device as well as a network model for estimating the energy recovered by the train is presented.

Different scenarios are analyzed to assess the achievable energy savings due to possible investments such as installing power inverters or storage devices and energy savings due to the optimal design of ATO speed profiles are estimated. A real line of the Madrid Underground has been considered obtaining comparative results to facilitate an evaluation of the most advantageous scenario and possible investment.
Note to Practitioners— This paper is motivated by the problem of reducing the energy consumption in metropolitan railway lines. Many metropolitan lines are highly automated, being driven by Automatic Train Operation systems, and energy can be regenerated when trains are braking. The configuration of these automatic driving equipments can be optimized to reduce energy consumption considering also the regenerative energy with no impact on the quality of transport service offered to passengers. Thus, this paper is focused on the improvement of automatic driving energy-efficiency. 

The key contributions of this paper are the proposed method for the optimal design of the automatic train driving considering the energy regenerated by the trains to the electrical network, and for the accurate assessment of energy savings associated to 
investments in equipment to improve the use of regenerative energy, such as inverters in substations or energy storage devices.  

The proposed method is general and applicable to different operational models, type of lines, rolling stock or different automatic train operation equipments. However, the specific energy savings calculated in this paper correspond just to the analyzed case study, given that these results strongly depend on the topology of the electrical network, the characteristics of the driving equipment, the interval between consecutive trains (high density or low density traffic), etc.

A future application would be the optimal design of driving for the newest train signaling system CBTC (Communications-based train control). The CBTC improves train operation and control, due to continuous communication with each train. However, its features have not been taken full advantage yet to reduce the energy consumption. The proposed method could be applied to design and execute in real time the most energy-efficient driving according to the traffic and electrical situation of the line.
Index Terms— Energy efficiency, regenerative energy, storage device, train simulation, ATO, metro, ecodriving, traffic regulation

I. INTRODUCTION
E
NERGY efficiency in railway systems is nowadays a key topic being studied in order to reduce energy consumption and costs since it has become a global concern. In particular, traffic operation has an important impact on energy consumption and different strategies can be applied to optimize the traffic regulation [1-5]. Metro lines equipped with Automatic Train Operation systems (ATO) use pre-programmed speed commands to drive the trains corresponding to a set of alternative ATO speed profiles per interstation with different running times. Traffic regulation systems performance and total energy consumption strongly depend on the off-line design of these ATO speed commands [6]. Depending on the required running time, the regulation system on-line selects the ATO speed profile to be executed between two stations [1].

Studies about driving efficiency in metropolitan trains with ATO can be found [7-14], however they do not satisfy realistic constraints of a particular ATO system which makes their implementation difficult. In [15], a detailed simulator of the train motion was presented and used for the optimal design of metro ATO speed profiles. The design was implemented in the Madrid Underground and 13% of savings in traction energy consumption were measured.

Likewise, it is interesting to take advantage of the energy regeneration capability of the trains since important savings are expected with the implementation of regenerative braking [16]. However, in DC systems, energy of regenerative braking is only used if there is another train powering at the same time in the same electrical section [17]. Otherwise, this energy is wasted in heating resistor banks. Up to 40% [18-20] of the consumed energy could be fed back to catenary and however, measurements show only 19% of recuperation [21]. The amount of recovered energy depends on service frequency, train power profiles, electric network configuration, rolling stock, line voltage, track profile and length of feed sections, and train auxiliary power [16, 18, 22-25].  

To improve energy recuperation, one possibility is to equip substations with inverters which allow to feed the DC energy regenerated by braking trains into the AC network [26-28].

It is also possible to install energy storage devices on the train or at substations [19] to reduce energy consumption [29, 30], accompanied with reduction of power peaks [19] and voltage stabilization [30]. Feeding back the regenerative energy to storage devices at substations leads to transmission losses. These losses are avoided placing the device on-board vehicles [31] but the train mass is increased [29, 32] and additional space is needed in the vehicle [32]. These devices can be flywheels, which have large dimensions and are usually rejected on-board for safety reasons [20, 32], batteries which have a limited number of load cycles [20, 32], and supercapacitors. The latter are preferred due to the dimensions of the storage and ease to be adapted to different voltages, power and energy ranges configuring the number of series or parallel banks [20]. Moreover, their high power density [23] make them useful in short interstations. This is why on-board energy storages are being used principally on trams and light rail vehicles (LRV) [33] achieving important savings [22, 32, 34, 35].

Designing economical speed profiles, demand is decreased [15] but the regenerated energy too. The higher the speed of the train and consequently the energy demand, the higher the regeneration capability is. So, the trade-off between efficient speed profiles and maximization of the regenerative energy is a complex problem [36]. Authors in [37] consider that the most efficient solution is to optimize firstly the speed profiles of each train and secondly increase the network receptivity to regeneration. They also mention that the optimal design is different in peak and off-peak hours.

The main objective of this paper is to design the optimal ATO speed profiles taking into account the regenerative energy and the total net energy consumption in substations. To this end, a network model for calculating the total energy recovered as well as a model of a train with an on-board energy storage device is presented to calculate a realistic network receptivity in contrast with other studies that assume non justified percentages of receptivity [7, 8, 38]. 

As an additional objective, different scenarios are analyzed in order to assess the achievable energy savings due to possible investments such as installing power inverters or storage devices, and energy savings due to optimal design of ATO speed profiles (ecodriving) for each scenario.

Firstly, a model for the characterization of the network is obtained and then, an energy consumption model of the train. Next, the design procedure of ATO speed profiles is described.  Afterwards, the case study and the considered on-board energy storage device are described and the scenarios to be analyzed are defined. Finally, results are examined and discussed.

II. The network model
In this section, the power traction network model is defined by means of two coefficients: the recovery and the energy losses coefficient. They are obtained given the calculation of the energy consumption in substations of all the trains running the line in different scenarios. The scenarios represent particular electrical network configurations and trains traffic during a period of time. See Fig. 1 and Table I for notation.
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Fig. 1. Energy flow of a train in the network

The energy produced by regenerative braking not used by the on-board auxiliary systems (Eaux) or energy storage devices (Esto) is the regenerative energy available (Ereg). Depending on the electrical network receptivity, part of this energy flows to the catenary (Ereg_cat) and the rest is wasted on resistor banks on-board the train (Eloss_ohm). These banks are necessary to avoid catenary voltage increase over a maximum value (about 18% of the nominal value). The energy  Ereg_cat can flow to other trains (Ereg_train) and to reversible substations (Ereg_sub).

A train demanding energy can be fed by the substation (Econs_sub), by regenerative energy of other trains (Ereg_train) and by its storage device (Esto).
Table I
Notation
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	Energy consumption of the train t supplied by substations in the base case
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	Energy stored in the on board storage device (positive) or energy supplied by the on board energy storage device (negative)
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	Capacitor of the storage device (F)
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	Resistor of the ultracapacitor (ohm) 
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	Current discharge of the ultracapacitor (A) 
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	Voltage discharge ratio of the ultracapacitor (%)
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A. Recovery coefficient RCs
Due to the regenerative energy the energy supplied by substations decreases. In all cases, the regenerative energy initially generated is greater than the energy finally used by another train or device. Different losses and efficiencies are involved: in motors, traction converter units and transmission. 
Thus, a coefficient to characterize the overall use of the regenerative energy in the network has been defined in order to compare different scenarios. It has been named “the recovery coefficient” (RCs) and is defined in 
(1)

. The RCs is the proportion between the total energy savings measured in substations in a certain scenario s (in which some possibility of recuperation of regenerative energy is considered) and the total available regenerative energy of all the trains ( GOTOBUTTON ZEqnNum876908  \* MERGEFORMAT ).

Total net energy consumption in substations is calculated as the energy fed by substations (
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[image: image31.wmf]_,__

()

foranytrain

ttt

conssubbconssubregsub

ttt

s

t

reg

t

EEE

RCt

E

--

=

ååå

å


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (1)



This coefficient depends on the scenario and, in consequence, on the considered network configuration and trains frequency. It is important to distinguish it from the “receptivity rate” calculated in [18], that is the proportion of the used regenerative energy available in the catenary without considering its possible subsequent use by substations and the energy losses. The RCs proposed in this paper considers the reduction of energy consumption in substations due to regenerative energy.

B. Energy losses coefficient ELCs
In order to model the network, another coefficient “energy losses coefficient” (
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 is defined. It characterizes the energy losses along the line and in substations by considering the total demand of energy in pantograph ( GOTOBUTTON ZEqnNum499524  \* MERGEFORMAT ) regarding the energy consumption in substations in the base case (
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The coefficients RCs and ELCs are calculated simulating the traffic of trains on a whole railway line during a period of time taking into account the power traction network in different scenarios. An electric network simulator has been used [39].

C. Energy consumption in substations of a train. ECSst
Given the traction energy demanded (
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) and the available regenerative energy (
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) by a train t per interstation in a scenario s, it is possible to calculate an estimation of the energy consumption of the train in substations (
[image: image38.wmf]t

s

ECS

). It results from taking into account the recovery of the regenerative energy by means of the coefficients defined above (3)

. The first term calculates the energy consumption in substations assuming a null receptivity to the regenerative energy. The second term decreases this consumption with the regenerative energy actually saved in substations.
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 This way, the network is considered apart and characterized and modeled by these coefficients in the scenario. As a result, the calculation of the 
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 of each train at each interstation does not correspond to a particular traffic situation but an average contribution of the train to the consumption in substations. So that, it is possible to include the assessment of the regenerative energy in the optimization of ATO speed profiles presented in [15] and the expected energy savings. The possible changes of the set of optimal speed profiles in different scenarios due to the regenerative energy can be analyzed.

In [34] savings in substations with on-board energy storage devices are studied in normal and weak regenerative conditions. However, a single train in the line fed by two substations is considered. In this paper, the 
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 is also calculated for one train but in a real situation of volume of traffic since the RCs and ELCs coefficients consider the whole system of traffic and substations as it has been shown. This way, the regenerative energy of other trains is also taken into account. So that, even simulating a single train, it is possible to assess the potential savings carrying out changes in the infrastructure or rolling stock to improve the use of the regenerative energy, for instance installing power inverters or storage devices.

III. Energy consumption of the train in pantograph

To calculate the energy demanded by a train t measured in pantograph (
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))and the available regenerated energy by the same train (
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), a simulator has been developed in order to obtain precise calculation of energy and running times. The simulator can obtain every ATO speed profile and check the fulfillment of the operational and comfort constraints specified. The tool is made up of several models. The train motion, the ATO models and the validation of them can be found in [15]. A comparison of complete simulations and measured data was carried out. An average difference of 4.2% in traction energy and 1.0% in running times is obtained. The auxiliary systems and on-board energy storage devices are taken into account and modeled in this section.

A. Energy consumption of the auxiliary systems

An important issue usually not taken into account is the consumption of the auxiliary systems [20] which have an important impact on the achievable savings with the regenerative energy. These systems are lighting, air conditioning, communication, etc. They require additional consumption when the train is motoring whereas they can be fed by the regenerative energy when the train is braking. This consumption is variable depending on the season, transported mass, etc. However, it is usually modeled as an average constant value: about 8% of traction energy consumption in trams [22] and between 10% [40] and 15% in metropolitan trains. The latter is the value considered in this paper for a train in the case study of the Madrid Underground.

B. Consideration of an on-board energy storage device

With the installation of an on-board energy storage device, trains could store their own regenerative energy while braking and use it during the next start which modifies the flow of energy in the train (Fig. 1). Authors in [35] suggest that the speed profile and the charge/discharge command should be optimized together. However, after the optimization they concluded that the speed profile hardly changes with and without a storage device, and the control input for the storage device commands charge when braking and discharge if motoring. With the aim of developing a realistic study, in this paper the charge and discharge of the storage device depends only on the power demand profile of the corresponding speed profile. That is to say, when the train is braking the storage device gets charged, if it is not already full, with the regenerative energy not used for the auxiliary systems (see “charging energy storage” box in Fig. 2). On the contrary, when the train is motoring it is fed firstly by the storage device if it is charged (see “discharging energy storage” box in Fig. 2) as it was already shown in [22, 29]. The train is also fed from the catenary if the energy supplied by the storage device is not enough. The energy consumption model to calculate energy consumption and regeneration in pantograph is described in Fig. 2.
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Fig. 2: Flowchart of the consumption model

The considered storage device is made up of ultracapacitors connected in two banks in parallel. The maximum stored energy is WM per device when its voltage is maximum UM (5)

.(4)

. However, being the minimum voltage limited to Um, the total available amount of energy is Wu 
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The efficiency of the ultracapacitors (
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) depends on the discharge current (
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) and voltage as shown in 
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 where  GOTOBUTTON ZEqnNum722778  \* MERGEFORMAT  is the resistor and 
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 the voltage discharge ratio [41]. Higher efficiency is obtained at lower charging and discharging current rates [23].
The circuit model of the train with an on-board energy storage device is shown in Fig. 3
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Fig. 3: Circuit model of the train with an on-board energy storage device

IV. Speed profiles design procedure

Once the average use of the regenerative energy has been characterized in different scenarios by the RCs and ELCs, it is possible to design the ATO speed profiles taking into account the regenerative energy. The objective is to find the optimal set of speed profiles per interstation and scenario to be programmed in the traffic regulation system. 

Most of the metropolitan railways use four alternative speed profiles per interstation to be programmed in the traffic regulation system. This set of profiles has increasing running times from the fastest (flat-out, number 0) to slowest (number 3). The second speed profile (number 1) is the nominal one.
The proposed design method is based on the accurate simulation of all the possible (and finite) combinations of ATO speed commands obtaining all the possible speed profiles per interstation. The whole solution space of every interstation is plotted in a time-consumption graph with every profile characterized by its running time and energy consumption. This exhaustive searching guarantees to find the optimal solutions for the considered ATO system. The obtained Pareto optimal curve represents the minimum consumption for each running time. Then, selection of the 4 speed profiles is stated as a multicriteria problem where the aim is to find an appropriate trade-off between energy consumption and running times on the Pareto curve, taking into account operational constraints [15].
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Fig. 4: Time-consumption graph, Pareto optimal curve and designed speed profiles in one interstation.

Fig. 4 shows the solution space of one interstation. The set of 4 speed profiles to be programmed in the traffic regulation system must be selected from the possible and comfortable speed profiles located on the Pareto curve. The flat-out is always selected (fastest speed profile to recover delays), and solutions near it are associated with high energy costs per second. These costs decrease reaching almost 0 at the end of the curve where the slowest speed profile number 3 can be located. The maximum running time difference between the flat-out and the speed profile number 3 is an operational constraint. Once the fastest and the slowest speed profiles have been selected, speed profiles 1 and 2 must be uniformly distributed in order to achieve a smooth functioning of the traffic regulation system [15].
In order to take into account the regenerative energy, energy consumption previously considered (in pantograph) of each solution is now modified by the RCs and ELCs obtaining the
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, which modifies the Pareto curve. An example is given in Fig. 5.
V. Case study

The case study selected is line 3 of the Madrid Underground with 17 interstations and 13.5 km per direction. The gradient profiles are up to 50mm/m. The whole round trip has been considered which takes about one hour. The electrical network is made up of rigid overhead electrified with 1500V DC supply and 6 substations. It is important to highlight that all the substations are interconnected in this line, what improves energy transfer between trains. 

The set of profiles per interstation programmed in the traffic regulation system is made up of 4 profiles. The maximum running time difference between the flat-out and the speed profile number 3 is limited to 20s. The headway considered between consecutive trains is 2min in peak hours and 15min in off-peak hours.

An on-board energy storage device similar to the “MITRAC Energy Saver” of Bombardier [20, 42] has been modeled. MITRAC has been working since September 2003 in a LRV on Mannheim, simulations in a European metropolitan system have also been carried out in [32]. In this paper, the considered storage device has a total capacitance of C=2x18.75F and a maximum stored energy WM=1.296kWh per device. With UM=500V and Um=250V the total available amount of energy is Wu=0.972kWh (5)


The train set is made up of four motor cars of 321kW each and two trailers. There are two powered bogies per motor car and two motors per powered bogie. That is, 16 motors in total with 80.25kW each. Thus, assuming 800A [43] as the maximum current of the storage device, it delivers 400kW of maximum power, which is enough for supplying the motors of one motor car and auxiliary systems. Therefore, 4 storage devices are considered, one per motor car, with a total mass of M=4x477=1908kg.

The efficiency of the ultracapacitors is considered as a non constant value varying between 75% and 97% according to Fig. 3(6)

 The efficiency of the bidirectional converter (chopper in  GOTOBUTTON ZEqnNum722778  \* MERGEFORMAT ) is assumed constant and equal to 95% [35, 44].

A. Calculation of the initial charge

It is important to use a realistic initial charge of the on-board energy storage device at the beginning of each interstation, in order to design the set of speed profiles. To this end, simulations with 8 different initial charges have been carried out. At the end of each interstation the same energy is stored in the device. In other words, the final state of charge is independent of the initial one which is completely consumed starting up the train. The example of one interstation is given in Table II. 

Then, the whole line has been simulated obtaining a realistic initial charge for each interstation (Table III). Table III shows the results for flat-out and the same procedure has been followed with nominal profile with similar results. These initial charges will be needed for the designs of ATO speed profiles in scenarios with on-board energy storage device. 
Table III
Charges of the storage before train departure with flat-out

	DEPARTURE STATION
	INITIAL CHARGE
	
	
	DEPARTURE STATION
	INITIAL CHARGE

	VA1
	100.00%
	
	
	M2
	82.66%

	SC1
	68.46%
	
	
	AR2
	39.01%

	VC1
	49.27%
	
	
	VR2
	87.82%

	CI1
	48.92%
	
	
	PE2
	65.96%

	SF1
	89.57%
	
	
	C2
	34.57%

	DO1
	46.64%
	
	
	S2
	83.55%

	AL1
	34.82%
	
	
	LV2
	87.43%

	L1
	34.47%
	
	
	EM2
	57.18%

	DL1
	42.92%
	
	
	PF2
	44.21%

	PF1
	31.71%
	
	
	DL2
	56.03%

	E1
	31.06%
	
	
	L2
	87.42%

	LV1
	29.45%
	
	
	AL2
	33.83%

	S1
	43.87%
	
	
	DO2
	45.03%

	C1
	42.44%
	
	
	SF2
	66.19%

	PE1
	87.58%
	
	
	CL2
	46.93%

	VR1
	42.44%
	
	
	VC2
	49.12%

	AR1
	43.82%
	
	
	SC2
	51.17%

	M1
	82.66%
	
	
	VA2
	34.98%

	
	
	
	
	


B. Scenarios

The defined scenarios have been simulated in a round trip of the line considering 30% of the maximum passengers load. They are shown in Table IV as well as their corresponding RCs and ELCs values.

In the scenario 1 and 7 all the available regenerative energy after feeding the auxiliary systems is wasted in heating resistors. Then, five more scenarios are defined where combinations of energy transfer between trains, power inverters in substations and on-board energy storage devices are taken into account. 

A RCs greater than 100% means that all the regenerative energy of braking trains is used by other trains (no energy is wasted on resistors) and the losses are smaller than being fed by substations (base case computing RCs). 

VI. Results

A. The designed set of optimal speed profiles

The solution space of the scenarios 1, 2 (off-peak hours) and 8 (peak hours) are compared in Fig. 5. Pareto optimal curve of scenario 1 does not take into account the regenerative energy (optimal design described in [15]). In the scenarios 2 and 8, the train can be fed by the regenerative energy of other trains braking, so that, the 
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decreases regarding the scenario 1. 
Consequently, the Pareto curves with the optimal speed profiles of the interstation are moved down in the Y-axis (
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). The higher the RCs, the more the Pareto curve is moved down.
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Comparing the Pareto curves of scenarios 2 (off-peak hours) and 8 (peak hours) with receptivity to the regenerative energy (Fig. 5), it is possible to see that the optimal design of the set of speed profiles is the same in both scenarios. According to that, it would not be necessary to program different commands in the ATO equipment for different periods. 
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Fig. 5: Scenarios 1, 2 (off-peak hours) and 8 (peak hours)
 However, comparing different scenarios of receptivity to regenerative energy, different speed profiles over the Pareto curve are observed. An example is given in Fig. 6 where the solution space for the interstation DL2 in scenarios 7 and 8-9 (peak hours) are obtained. Scenarios 8 and 9 both are considered together since they have the same RCs and ELCs (see Table IV). Some speed profiles located on the Pareto curve in the scenario 7, are not the optimal in the scenarios 8 and 9. So, a new design of the speed profiles is needed.

By contrast, in scenarios with energy storage devices on-board the trains (4, 5, 6, 10, 11 and 12), the optimal set of speed profiles per interstation is the same than in the scenarios without receptivity (scenarios 1 and 7). This is because the regenerative energy is stored in the devices on-board and there

is little energy available for being fed back to the network. In short, there is an optimal set of speed profiles per interstation in scenarios in which regenerative energy is hardly fed back to the network (scenarios 1, 4, 5, 6, 7, 10, 11 and 12) and a different one in scenarios with regenerative energy enough injected into the line (scenarios 2, 3, 8 and 9).

Therefore, the optimal design of speed profiles obtained by minimizing the traction energy consumption [15], that is, in the scenario 1 or 7, is also valid for scenarios with on-board energy storage devices. A similar result was seen in [35]. In addition, it neither varies with the initial charge as it was seen before. 
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Fig. 6: Solution space of DL2 in scenarios 7 and 8

B. Achievable energy savings

1) Energy savings due to ecodriving

Fig. 7 and Fig. 8 show the 
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after driving a round-trip in the line for each scenario. Results for the flat-out and the nominal speed profile are shown. This way, it is possible to analyze not only the savings due to investments such as inverting substations or on-board energy storage devices, but also the savings attributable to ecodriving (see Table V). In the worst-case scenario (scenario 1 or 7) in which it is not possible to take advantage of the regenerative energy, up to 9.68% of energy can be saved only using the designed nominal speed (number 1) instead of the fastest one (number 0). The same result is obtained in off-peak and peak hours since the RCs are null in both cases and the ELCs are quite similar. So 
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can be reduced significantly with an optimal design of the speed profiles not requiring new equipment as it was described in [37]. Even in scenarios with network receptivity or on-board energy storage devices, important additional savings are expected by introducing ecodriving. For example, in the scenario 4 or 10 where regenerative energy is being reused due to the storage devices, additional savings of 9(11% can be achieved by changing the driving from the flat-out to the nominal speed profile which means only a maximum of  5 seconds more between stations. Therefore, it is more efficient to save energy by means of ecodriving than braking more in order to reuse the regenerative energy later due to all the efficiencies involved in the traction and braking sequences.

Table V
Energy savings with ecodriving

	OFF-PEAK HOURS
	PEAK HOURS

	Scenario 1
	9.68%
	Scenario 7
	9.68%

	Scenario 2
	7.01%
	Scenario 8
	6.19%

	Scenario 3
	6.27%
	Scenario 9
	6.19%

	Scenario 4
	9.98%
	Scenario 10
	10.62%

	Scenario 5
	9.18%
	Scenario 11
	8.85%

	Scenario 6
	8.86%
	Scenario 12
	8.85%


2) Energy savings due to network investments

As a consequence, the achievable savings due to possible investments to improve the network receptivity such as the installation of power inverters are higher with the flat-out than with the designed nominal speed profile (see Table VI). About 15% of savings are expected driving a train with the nominal speed profile in a scenario with receptivity from other trains instead of the scenario with null receptivity in peak hours (from scenario 7 to 8). It increases about 3% more with the flat-out speed profile. These savings are similar to the measurements mentioned in the introduction [21]. 

In periods with low frequency of trains about 5% of additional savings would be expected by installing power inverters (from scenario 2 to 3). However, they would not be advantageous in peak hours (from scenario 8 to 9) since all the regenerative energy is already used by trains and no additional savings are expected with inverting substations. It can be concluded in this case study that it is not worth investing on power inverters for dense traffic lines. And it is not worth in any case when trains are equipped with on-board energy storage devices (from scenario 5 to 6 or from 11 to 12).

Table VI
Energy savings due to network investments

	
	Scenario
	Speed profile 0
	Speed profile 1

	OFF-PEAK HOURS
	From 2 to 3
	5.85%
	5.10%

	
	From 5 to 6
	0.68%
	0.33%

	PEAK HOURS
	From 7 to 8
	18.90%
	15.78%

	
	From 8 to 9
	0%
	0%

	
	From 11 to 12
	
	


Table VII
Energy savings installing on-board energy storage devices

	OFF-PEAK HOURS
	PEAK HOURS

	Scenario
	Speed profile 0
	Speed profile 1
	Scenario
	Speed profile 0
	Speed profile 1

	From 2 to 5
	4.44%
	6.67%
	From 8 to 11
	-1.56%
	1.31%

	From 3 to 6
	-0.81%
	1.98%
	From 9 to 12
	-1.56%
	1.31%


With regard to the decision of investing in on-board energy storage devices on-board the trains, it would be taken into account only in railways with low density traffic that do not have power inverters in substations (from scenario 2 to 5). In other cases, the net 
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could even increase (see Table VII).
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Fig. 7: Energy consumption in substations in off-peak hours
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Fig. 8: Energy consumption in substations in peak hours

VII. Conclusion

In this paper, the net energy consumption of a train is evaluated at substations instead of pantograph by means of a network energy model. This way, regenerative energy is considered when ATO speed profiles are designed. The electrical network is characterized by two coefficients that depend on the analyzed traffic scenario. The proposed model can also be applied to asses energy savings associated to possible investments to improve the use of regenerative energy.

In the Madrid Underground, significant savings can be achieved designing optimal speed profiles (6(11%) with associated low investments and the same quality of service. 

Possible investments have been studied to improve the network receptivity. In short, the installation of power inverters or on-board energy storage devices in the case study would provide energy savings in scenarios with low density traffic (5(6%), but advantages are not obtained in dense traffic scenarios (furthermore, consumption could even increase installing on-board energy storage devices).
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Table � SEQ Table \* ROMAN �II�


Simulations varying the initial charge of the storage device in the interstation AL1


Running Time�
Traction Energy�
Braking Energy�
Energy Consumption�
Mechanical Work�
Initial charge of the storage device�
Final charge of the storage device�
Stored Energy�
Wasted Energy�
�
(s)�
(kWh)�
(kWh)�
(kWh)�
(kWh)�
(%)�
(%)�
(kWh)�
(kWh)�
�
98.5�
12.79�
3.62�
16.44�
9.72�
-�
-�
-�
1.80�
�
98.7�
12.91�
3.69�
15.31�
9.84�
25%�
34.45%�
2.03�
0.00�
�
98.7�
12.91�
3.69�
14.79�
9.84�
35%�
34.47%�
2.03�
0.00�
�
98.7�
12.91�
3.69�
14.27�
9.84�
45%�
34.46%�
2.02�
0.00�
�
98.7�
12.91�
3.69�
13.75�
9.84�
55%�
34.44%�
2.02�
0.00�
�
98.7�
12.91�
3.69�
13.23�
9.84�
65%�
34.45%�
2.02�
0.00�
�
98.7�
12.91�
3.69�
12.71�
9.84�
75%�
34.45%�
2.02�
0.00�
�
98.7�
12.91�
3.69�
12.20�
9.84�
85%�
34.46%�
2.03�
0.00�
�
98.7�
12.91�
3.69�
11.73�
9.84�
95%�
34.44%�
1.97�
0.00�
�






Table � SEQ Table \* ROMAN �IV�


Scenarios defined


�
SCENARIO�
Reg. energy used by other trains�
Inverting substations�
On board storage device�
Recovery coefficient RCs (%)�
Energy losses coefficient ELCs (%)�
�
OFF-PEAK HOURS�
1�
 �
 �
 �
0�
98.86�
�
�
2�
X�
 �
 �
69.83�
98.86�
�
�
3�
X�
X�
 �
96.74�
98.86�
�
�
4�
 �
 �
X�
0�
98.89�
�
�
5�
X�
 �
X�
71.46�
98.89�
�
�
6�
X�
X�
X�
99.48�
98.89�
�
PEAK HOURS�
7�
 �
 �
 �
0�
98.15�
�
�
8�
X�
 �
 �
100.86�
98.15�
�
�
9�
X�
X�
 �
100.86�
98.15�
�
�
10�
 �
 �
X�
0�
98.2�
�
�
11�
X�
 �
X�
101.07�
98.2�
�
�
12�
X�
X�
X�
101.07�
98.2�
�
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