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Abstract

:

Using simulation in OpenTrack, this paper analyses the journey of type trainsets on model infrastructure in the line section Rokycany–Ejpovice–Plzeň hl. n. The aim of this paper is to assess the efficiency of increasing the track speed in this section. Analyzing the output characteristics of the simulation, selected indicators were assessed which influence the efficiency of further increases in track speed. One of the simulation scenarios is using the European Train Control System Level 2 (ETCS L2) system as the necessary condition of the speed over 160 km·h−1.
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1. Introduction


Railroad transport is the most environmentally friendly mode of land transport, but in recent decades, it has been confronted with the huge expansion of individual road transport and air transport. Many international treatments and national policies have firmly entrenched the goal of lowering the modal split of individual road transport. Therefore, many countries are building high-speed lines and reducing domestic air connections. Alternatively, they are increasing the parameters of current railway lines, which is also a common way of developing the railway network, as it is cheaper than the construction of new lines. On the other hand, these changes require compliance with a number of geographical or urban restrictions of the original line. The Czech Republic is also preparing the construction of a high-speed line network (HSL) and is introducing speeds higher than 160 km·h−1 on existing lines. This implementation is conditional on implementation of the European Rail Traffic Management System (ERTMS) trackside signaling equipment (European Train Control System (ETCS) + Global System for Mobile Communication—Railway (GSM-R)). This process brings with it unresolved issues about implementation of the ERA braking model given the conditions of the Czech railways. This article presents how partial measures have small impacts, but how important they are for the final target. The line section Praha–Plzeň hl. n. (a modernized section of the 3rd national transit railway corridor, which is part of the Rhine–Danube corridor in the TEN-T network) includes the longest railway tunnel in the Czech Republic. At 4150 m long, the tunnel was commissioned on 15 November 2018 [1]. Successfully passing the pantograph tests, the Ejpovice tunnel was authorized for operation at 160 km·h−1 on 26 September 2019 [2]. In the future, it is planned to be used for a high-speed railway network within the national Fast Connection development programme. Therefore, the design speed for the tunnel is up to 200 km·h−1 [1]. With its maximum design speed of 200 km·h−1, this line section is one of the pilot projects in the Czech Republic. Other pilot sections include: Brno–Břeclav, Kolín–Poříčany and Choceň–Pardubice on the 1st national transit railway corridor, Olomouc–Dluhonice on the 3rd national transit railway corridor, and Soběslav–Doubí and Sudoměřice–Votice on the 4th national transit railway corridor [3].



Increasing the track speed is a current trend necessary for maintaining and reinforcing the attractiveness of railway transport. At the same time however, it is connected with higher investment costs for buildings, vehicles and safety devices. For a speed exceeding 160 km·h−1 in the context of the Czech Republic, it is also necessary to amend the existing internal regulations of the railway infrastructure manager which set out the maximum speed of 160 km·h−1 so far [4]. Moreover, a track speed of more than 160 km·h−1 will only be possible for vehicles equipped with the ETCS system in accordance with the national implementation plan [5].



Considering the technical and financial challenges connected with the preparation and operation of sections at a speed exceeding 160 km·h−1, it is necessary to individually assess the efficiency and benefits of further increases in track speed in each such section. Using OpenTrack, this paper will simulate the rides through the Ejpovice tunnels at 140, 160 and 200 km·h−1. Based on the simulation results, the efficiency of such speed increase will be assessed in terms of both shortening the journey time and energy performance. Furthermore, the model will include the simulation of braking under ETCS, which also has an impact on the efficiency of driving at the maximum track speed.



The focus of this research is on the use of a simulation model in the SW OpenTrack for modeling a train run through the Ejpovice railway tunnel at speeds of 160 km·h−1 and higher. The aim is to confirm the use of a higher speed in the tunnel based on the model with regard to saving travel time, energy consumption and the effect of ascending or descending gradient. The last part of the article focuses on the train run under the full supervision of the ERTMS/ETCS which is the necessary condition for the train running over 160 km·h−1. In this area, the Czech infrastructure manager has not yet approved national values for ETCS, which can significantly affect the shape of the braking curve [6]. In Poland, found that national values are a key parameter for the safety and throughput of the railway network [7]. This article will show the effect of the ETCS on the useful length of the section with increased speed. The length of the tunnel can be compared with the research [8], which can be used to calculate the optimal section length on a track with ETCS L2. These findings about the ETCS system will help in the near future, because this system is still under development for the Czech conditions and mainly the changes in national values are highly recommended [9].




2. Materials and Methods


Modelling in OpenTrack allows for the assessment of rail infrastructure from many different perspectives. For instance, it can be used in assessing the following areas: running dynamics of railway vehicles, energy performance, operating intervals, line capacity, transport planning and the effect of changes on rail infrastructure and vehicles. From this perspective, it is quite a complex tool [9]. However, it is always necessary to define the aim of a specific model and only model those elements that are relevant for this aim. A general scheme of setting up a simulation model in OpenTrack is provided in Figure 1.



In the simulation model, the infrastructure is represented by a network graph. The vertices of the graph represent the kilometre position of decisive points on the transport infrastructure [10]. The edges connecting them represent the characteristics of the individual line sections. In this case, each edge was assigned two speed profiles. One speed profile is meant for conventional trainsets (speed boards N), the other one for tilting trainsets (speed board NS). An alternative speed profile was created for the section between kilometre 93.751 at the Ejpovice railway station and kilometre 101.052 (a total of 7301 m), with track speed increased from the current 160 km·h−1 to 200 km·h−1. The model was created for the following stations: Rokycany (only the main tracks), Ejpovice (all tracks) and Plzeň hl. n. (station tracks 0, 0b, 1, 1a, 1b, 2 and 2a). The model of the Plzeň hl. n. station was designed to allow for the simulation of train service movements on the main tracks from/to the passenger station perimeter. Subsequently, itineraries were created for the envisaged train routes. In the stations Rokycany and Plzeň hl. n., the fictitious trains appear and disappear. Figure 2 shows a part of the transport infrastructure model with operation point Ejpovice tunnel (from entry signals in Ejpovice to entry signals in the Plzeň hl. n. station).



The trains are ČD 680 “Pendolino” unit equipped with the tilting mechanism, the engine ČD 380 + 5 coaches—a representative of the modern long-distance express segment—and the engine ČD 362 + 5 coaches representing the contemporary long-distance express segment. The basic parameters of the individual reference trainsets are provided in Table 1. The parameter “maximum deceleration” was calculated based on the actual braked mass percentage and based on the equation defined by the Decree No. UIC 544-1 [11] using the following Equations (1) and (2).


  B W P =   B r a k e d   m a s s    [ t ]    T r a i n s e t   w e i g h t    [ t ]    · 100  



(1)






  a = −  (   c 1  +  c 2  · B W P  )   



(2)




where:




	
BWP = actual braked mass percentage [%]



	
c1 = coefficient 0.069



	
c2 = coefficient 0.006



	
a = acceleration [m·s−2]








These equations expect that the deceleration is a constant from maximal speed to standstill, but [7,12] show that it is a set of variables. According to [12], the deceleration limits for ETCS were calculated and set up in the OpenTrack software. Another discussed problem of braking curves is the brake build-up time. Equation (3) is commonly used, but this equation is rather far from the reality in the area of small speeds. The real shape of the braking curve is different which makes problems on the real infrastructure.


   t e  =  t  r e a c t i o n   +    t  b u i l d    2   



(3)




where:




	
te = total time of brake build-up [s]



	
treaction = reaction time [s]



	
tbuild = brake build-up time—Fb ≥ 0.95








This problem is solved in [13] with the conclusion that the specifications of the ETCS should be changed, mainly that the braking calculation should be extended for the possibility of negative values of the deceleration during the brake build-up time. This will ensure a much more accurate shape of the braking curve in the OBU compared to conventional train braking. The resulting Equation (4) expresses a possible improvement in the calculation of surveillance curves compared to the current state. After the implementation of the proposal [13] the target speed could be reached up to 22% closer to the speed restriction.


   d  C S M / T S M   =  ∫ 0   t  b r a k i n g     v  (   A  s a f e    )    d t +  ∫   t  b r a k i n g      t  b r a k i n g   +  T  b e   +  T  b s 2   +  T  d r i v e r   +  T  i n d i c a t i o n     v  (   A  e s t    )  d t  



(4)




where:




	
dCSM/TSM = distance needed for deceleration from ceiling speed to target speed [m]



	
asafe = value of safe deceleration dependent on gradient, adhesion, BWP



	
aest = acceleration estimated during the traction cut off process



	
Tbe = emergency break build-up time



	
Tbs2 = service brake build-up time



	
Tdriver = driver reaction time between permitted speed supervision limit and SBITindication = Indication time for Indication supervision limit



	
a, b, c = constants from Subset 026-3



	
L = length of the train








Calculation of braking curves when solving the case of allusion to other limits, which can be calculated from the calculation of braking curves of the conversion calculation, which is based on Subset 026-3 [12]. In this case it is a brake build-up time for emergency brake which can be described by Equation (5).


   T  b r a k e _ b a s i s _ e b   = a +   b · L  100  + c ·    (   L 100   )   2   



(5)




where:




	
   T  b r a k e _ b a s i s _ e b     = brake build-up time [s]



	
a = 2.30



	
b = 0.00



	
c = 0.17








This method described in [12] counts that the variable L is set as a L = max (400 m; train length). If we substitute into Equation (5) we can calculate the minimum brake build-up time for emergency brake in (6):


   T  b r a k  e  b a s i  s  e b        (  400  )  = 2.3 +   0.00 · 400  100  + 0.17 ·    (    400  100   )   2  = 5.02  



(6)







This value is a minimum brake build-up time for emergency brake. For ceiling speed 200 km·h−1, this is the distance for brake build-up more than 270 m. If Equation (5) does not contain the condition of the minimum length of the train, the curve of EBD could be much closer to the danger point or End of Authority. Another time value added to the braking calculation is the driver reaction time. This value is stated in the Subset 026-3 as 4 s. The train running 200 km·h−1 runs more than 120 metres. This makes together nearly 400 metres of safety pillow.



In this simulation, it was not necessary to create a specific timetable. Simulation scenarios were designed to allow for the simulation of all feasible variants, which are relevant for maximum speed. Existing journey times and trainset standards were taken from the current timeTable 2019/2020 created by the infrastructure manager. An overview of existing journey times is provided in Table 2. The values in Table 2 are in seconds, because the following use of the simulation SW enables punctuality in seconds. For real timetable purposes, values are rounded to minutes with halves.




3. Results


Simulation scenarios were designed to include three variants. The first variant was based on the current operational situation (as of May 2020) with a maximum permitted speed of 160 km·h−1 in selected line sections. The second simulation variant considered an increase of track speed between km 93.751 and 101.052 to 200 km·h−1. The third variant simulated train journeys under the supervision of ETCS L2.



3.1. First Variant


The first variant is important not only for comparison with the future variant, but also served for the calibration and validation of the model, which is an integral part of every transport modelling task.



The first simulation scenario was based on current line parameters, with a maximum speed of 160 km·h−1 in the Ejpovice tunnel. The actual journey times established through the simulation of the journeys of reference trainsets are shown in Table 3. Compared to the timetable constructed, for the ČD 680 “Pendolino” unit there were time savings of 32.5% in the even direction and 21.3% in the odd direction [8]. Likewise, for the ČD 362 + 5 Bmz, the time savings were 21.9% in the even direction and 4.7% in the odd direction. This variation is related to the construction parameters of the timetable and the date the tunnel was authorized for operation at 160 km·h−1 (i.e., 26 September 2019) [2]. The journey times used for model calibration (Table 3) were based on the timetable construction. However, according to [2], this section was still not approved for the speed of 160 km·h−1, but only for 120 km·h−1. Therefore, the journey times for the timetable respected this restriction. Comparing Table 2 and Table 3, we can see the impact of increasing speed to 160 km·h−1. The basic question of this research was how the journey times change if we established a speed of 200 km·h−1.



Another output of the first simulation scenario were tachographs showing the course of current train speed depending on the distance travelled. An example of such a tachograph is shown in Figure 3. On the y-axis, there is speed in km·h−1, and on the x-axis, there is distance in km. In addition to the course of speed curves of the different trainsets, the graph also includes the speed profiles defined by different types of speed boards (N, NS).



The train motion equation the actual speed was used to calculate the tachograph. The actual speed of train was calculated by integrating the equation below between the integration limits (Equation (7)). The distance covered can be calculated by repeated integration, which is shown in Equation (8).


  v =  v p  +  ∫   t 1     t 2    a · d t  



(7)






  s =  s p  +  ∫   t 1     t 2    v · d t  



(8)




where:




	
v = speed [m∙s−1]



	
vp = initial speed [m∙s−1]



	
t = time [s]



	
t1 = initial time [s]



	
t2 = target time [s]



	
a = acceleration [m∙s−2]



	
s = distance covered [m]



	
sp = initial distance covered [m]









3.2. Second Variant


The second simulation scenario is modified to include the speed increase to 200 km·h−1 in the section between km 93.751 and km 101.052. The aim of this simulation scenario was again to examine the possibility of reaching 200 km·h−1, the resulting time savings compared to the current situation, and the increase in traction energy consumption and its financial impacts. The tachograph showing the journey of the vehicles after increasing the track speed is shown in Figure 4. The third scenario builds on the second one, introducing ETCS L2 which also plays a role for the variables considered, as described in Section 3.



The first parameter considered was the possibility to reach a speed of 200 km·h−1. In the direction Rokycany–Plzeň, the ČD 680 “Pendolino” reached a maximum speed of 194 km·h−1 and the ČD 380 + 5 Bmz reached a speed of 200 km·h−1 within a distance of 1564 m. In the direction Plzeň–Rokycany, the ČD 680 “Pendolino” reached a maximum speed of 161.9 km·h−1 and the ČD 380 + 5 Bmz a maximum speed of 187.1 km·h−1. Table 4 shows the time savings calculated after increasing the track speed and an overview of distances where the trains can travel at a speed greater than 160 km·h−1.



As can be seen from the results of this simulation, the journey time is shorter mainly in the direction Ejpovice–Plzeň, which is due to favourable gradients. The section where it is possible to travel at a speed greater than 160 km·h−1 is 7301 m long. Figure 5 is a graph representing the percentage of the section travelled at a speed greater than 160 km·h−1 versus the entire length of this section. The graph on the Figure 5 shows the utilization of the section (7301 km) by the speed between 160 km·h−1 and 200 km·h−1. Data are displayed in percentage for two trainsets in one direction.



Another parameter considered was the consumption of traction energy, or more precisely the development of its consumption after increasing the track speed. Table 5 shows the increase of the energy consumption if it is possible to run up to 200 km·h−1 in the tunnel.



If we compare the data from Table 4 and Table 5, we can see that the decrease of the journey time for 16 s causes the increase of the energy consumption by approximately 60%. Figure 6 shows this situation graphically. The left graph shows the consumption for the direction Rokycany–Plzeň hl. n, while the right one shows the consumption for the direction Plzeň hl. N.–Rokycany. These graphs are followed by the one in Figure 7 showing the consumption of traction energy for the Ejpovice tunnels section (7301 m). The blue colour is Pendolino, orange is ČD 380 + 5 Bmz.



Based on the results, the development of traction energy consumption (Ez) between Rokycany-Plzeň was monitored in (9).


   E z  =  E r  +  E m  ·  (  s −  s r  −  s b   )   



(9)




where:




	
Ez = traction energy consumption [MJ]



	
Er= acceleration energy [MJ]



	
Em= energy for the constant speed run [MJ]



	
s = total distance [km]



	
sr= acceleration distance [km]



	
sb= braking distance [km]








Assuming a price of € 0.09 per 1 kWh for the traction energy consumed, the additional costs of a train ride due to increasing the speed can be quantified. This value can indeed be influenced, for instance by the possibility of recuperation. However, taking into account the complexity of the calculation model and the difficulty of establishing the price for recuperated energy, this possibility was not considered. Table 6 shows the quantified costs of traction energy consumption after increasing the track speed and the increase of consumption relative to the baseline expressed as a percentage. The values in this table only pertain to the line section with track speed increased to 200 km·h−1 (7301 m).




3.3. Third Variant—ETCS


In Section 2, the results of the simulation were presented showing that the local speed increase in the Ejpovice tunnel is not very efficient and its impact on the journey time is insignificant. Furthermore, with an uphill gradient, the speed of 200 km·h−1 is practically unattainable, and the energy consumption connected with the increased speed is not proportional to the resulting effect.



Moreover, to be able to reach a speed exceeding 160 km·h−1, a vital prerequisite is the full operation of ETCS. Considering earlier findings on this subject [14,15,16,17,18], this fact raises a question as to what impact the speed reduction to 110 km·h−1 after the tunnel in the direction of Plzeň will have on the train braking curve. The authors simulated this line section in the ERA tool [19,20,21], which is the official tool for generating braking curves in accordance with baseline 3. In this tool, the infrastructure (gradients and speed) was set according to the current situation and braking curves were calculated for all the three trainsets. The braking curve calculation was prepared for two different curves. The first curve was the curve SBD (service brake deceleration) and the deceleration values were used as an input into OpenTrack. The second braking curve was permitted speed (P), which is displayed by ETCS on the on board unit (OBU) and used by the locomotive drivers. Table 7 shows at what distance ahead of the speed limitation the locomotive driver has to maintain the required train speed.



Braking curve modeling was performed by inserting fictitious signal nodes in front of the main signals and nodes with a change of the track speed. This was the only way to calculate the curve for permitted speed (P) by the model correctly. This is a benefit of this research compared to the usual calculation of braking curves, because this is not a standard OpenTrack function.



Table 7 shows that all locomotive drivers will have to follow the speed limit of 110 km·h−1 more than 450 m ahead of the speed limitation. This makes the useful length of the tunnel (or more specifically of the line section with a permissible speed of 200 km·h−1) even shorter. This is particularly evident in Figure 8, which shows a cut-out of a tachograph for both trainsets with a maximum permissible speed of 200 km·h−1. The difference between the curves is due to the different speed profiles (dot lines) for conventional (380) and tilting (Pendolino) trainsets. As was already mentioned, the calculation of the brake build-up time does not distinguish trains under 400 m. If we neglect the condition of 400 m, the time from Equation (5) will be approximately 2.8 s. That moves the braking curve more than 120 m towards the speed limit point, so that trains could run a longer distance with maximal speed.





4. Discussion


The intention to increase the track speed in the Ejpovice tunnels to 200 km·h−1 is in line with the fast connection development programme of the Czech Republic and the development of the TEN-T network. However, if the track speed is only increased in such a short section (7301 m) in the initial phase, the contribution of this increase towards the overall efficiency will be entirely marginal in relation to the total journey time. The greatest time savings were achieved in the direction Ejpovice–Plzeň hl. n., where thanks to favourable gradients, the journey time was shorter by 16 and 18 s for the ČD 680 “Pendolino” and ČD 380 + 5 Bmz, respectively. However, in the direction Plzeň hl. n.–Ejpovice, the effect was completely insignificant. This is mainly due to two factors. The first factor is the reduced speed within the perimeter of the Plzeň hl. n. railway station, which is limited to 80 km·h−1. The other reason is the gradients, with the track ascending by up to 9‰. The speed increase, or more specifically achieving the maximum speed, is also connected with a jump in traction energy consumption. For the reference trainsets, the energy consumption in the direction Ejpovice–Plzeň hl. n. increased by 129% and 80.5% for the ČD 380 + 5 Bmz and ČD 680 “Pendolino”, respectively. In view of the insignificant shortening of the journey time, it should be considered whether it makes sense to only increase the track speed in this section. However, in the context of including the Ejpovice tunnel in the fast connection network, the intention to increase the track speed to 200 km·h−1 is entirely justified. Another equally important effect is the fact that the entire section has to be equipped with the ETCS train protection system. Even though this system has a limiting effect on the maximum utilization of the infrastructure parameters, as mentioned in Section 3, its commissioning is completely indispensable. At the same time, the introduction of ETCS will further increase safety and eliminate the risk of human errors. This elimination is a highly monitored parameter and is essential for the HSL.



This article solves just a short part of the track, but the findings can be generalized for the upcoming process of designing of the HSL in the Czech Republic. There will be many similar cases and decisions about the longer tunnel or higher slope. Using a simulation tool as a forecast can help the decision makers to detect the most effective scenario of the HSL.




5. Conclusions


The simulation model used for this paper was designed to allow for the assessment of all relevant outputs. The aim was to examine the possibility of reaching a target speed of 200 km·h−1. The results provided for in Section 2 show that it can only be reached in the direction Ejpovice–Plzeň hl. n. None of the trainsets reached the target speed in the opposite direction. The simulation also took into account the traction energy consumption and its increase when increasing the speed, which is high. What was also assessed was that using the ETCS is a necessity, but if we count the braking curves, we should use the permitted speed instead of the service brake. Considering the costs and traction energy consumed, the efficiency of the track speed increase only in this short section (7301 m) is negligible.
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Figure 1. Schematic representation of the different stages of simulation model preparation. 
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Figure 2. Model of the Ejpovice tunnel operation point. 
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Figure 3. Tachograph for the direction Rokycany–Plzeň (speed 160 km·h−1). 






Figure 3. Tachograph for the direction Rokycany–Plzeň (speed 160 km·h−1).



[image: Sustainability 12 07415 g003]







[image: Sustainability 12 07415 g004 550] 





Figure 4. Tachograph for the direction Rokycany–Plzeň (speed 200 km·h−1). 
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Figure 5. Graph representing the distance travelled at a speed exceeding 160 km·h−1. 
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Figure 6. Total traction energy consumption for Rokycany-Plzeň (a) and Plzeň-Rokycany (b). 
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Figure 7. Comparison of the partial traction energy consumption. 






Figure 7. Comparison of the partial traction energy consumption.



[image: Sustainability 12 07415 g007]







[image: Sustainability 12 07415 g008 550] 





Figure 8. Permitted speed braking curve. 
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Table 1. Parameters of reference trainsets.






Table 1. Parameters of reference trainsets.





	Reference Trainset
	Maximum Speed [km/h]
	Weight [t]
	Braked Mass [t]
	Maximum Tractive Force [kN]
	Maximum Power [kW]
	Maximum Deceleration [m·s−2]





	ČD 680 “Pendolino”
	230
	417
	605
	200
	4000
	−0.939



	ČD 380 + 5 Bmz
	200
	343
	536
	274
	7400
	−1.005



	ČD 362 + 5 Bmz
	140
	341
	419
	258
	3920
	−0.801
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Table 2. Journey times in timeTable 2019/2020.






Table 2. Journey times in timeTable 2019/2020.





	
Reference Trainset

	
Rokycany–Ejpovice

	
Ejpovice–Plzeň hl.n

	
Rokycany–Plzeň hl. n.




	
Direction

	
A [s]

	
B [s]

	
A [s]

	
B [s]

	
A [s]

	
B [s]






	
ČD 680 “Pendolino”

	
180

	
180

	
450

	
420

	
630

	
600




	
ČD 380 + 5 Bmz

	
180

	
180

	
450

	
420

	
630

	
600




	
ČD 362 + 5 Bmz

	
180

	
180

	
450

	
420

	
630

	
600
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Table 3. Actual journey times (simulation of the current state).
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Reference Trainset

	
Rokycany–Ejpovice

	
Ejpovice–Plzeň hl.n

	
Rokycany–Plzeň hl. n.




	
Direction

	
A [s]

	
B [s]

	
A [s]

	
B [s]

	
A [s]

	
B [s]






	
ČD 680 “Pendolino”

	
148

	
152

	
277

	
320

	
425

	
472




	
ČD 380 + 5 Bmz

	
180

	
190

	
288

	
299

	
468

	
489




	
ČD 362 + 5 Bmz

	
180

	
190

	
312

	
337

	
492

	
527
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Table 4. Shortening the journey times and travelling at a speed exceeding 160 km·h−1.
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Time Savings [s]

	
Travelling Distance at a Speed Exceeding 160 km·h−1




	

	
Ejpovice–Plzeň

	
Plzeň–Ejpovice

	
Ejpovice–Plzeň

	
Plzeň–Ejpovice






	
ČD 680 “Pendolino”

	
16

	
0

	
6.74

	
0.15




	
ČD 380 + 5 Bmz

	
18

	
4

	
5.22

	
3.95
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Table 5. Energy consumption before and after increasing the track speed.






Table 5. Energy consumption before and after increasing the track speed.





	

	
Track Speed [km·h−1]

	
Rokycany–Plzeň

	
Plzeň–Rokycany




	

	
Energy [MJ]

	
%

	
Energy [MJ]

	
%






	
ČD 680 “Pendolino”

	
160

	
490.61

	
155

	
1239.72

	
101




	
ČD 680 “Pendolino”

	
200

	
761.20

	
1251.37




	
ČD 380 + 5 Bmz

	
160

	
526.77

	
162

	
1206.52

	
112




	
ČD 380 + 5 Bmz

	
200

	
850.86

	
1354.37




	
ČD 362 + 5 Bmz

	
140

	
369.50

	
---1

	
999.55

	
---1








1—the value is not calculated, because the maximum speed of the trainset is 140 km·h−1.
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Table 6. Increase in consumption and price for the energy consumed.
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Increase in Consumption [%]

	
Increase of the Price [€]




	

	
Ejpovice–Plzeň

	
Plzeň–Ejpovice

	
Ejpovice–Plzeň

	
Plzeň–Ejpovice






	
ČD 680 “Pendolino”

	
129.3

	
1.6

	
6.75

	
0.27




	
ČD 380 + 5 Bmz

	
80.5

	
19.2

	
8.09

	
3.69
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Table 7. Distance between speed restriction and permitted speed braking curve for target speed 110 km·h−1.






Table 7. Distance between speed restriction and permitted speed braking curve for target speed 110 km·h−1.





	Speed [km·h−1]
	ČD 680 “Pendolino” [m]
	ČD 380 + 5 Bmz [m]
	ČD 362 + 5 Bmz [m]





	110
	495.10
	498.54
	485.74



	111
	505.39
	508.50
	497.22



	112
	516.98
	519.62
	510.03



	114
	540.35
	542.05
	535.89



	116
	563.98
	564.71
	562.04



	118
	587.89
	587.64
	588.55



	120
	612.15
	610.89
	615.47



	125
	673.91
	670.05
	684.09



	130
	737.26
	730.69
	754.58



	135
	802.21
	792.82
	837.22



	140
	867.55
	856.43
	951.35



	145
	968.56
	945.34
	---



	150
	1050.95
	1019.73
	---



	160
	1230.58
	1189.09
	---



	180
	1663.43
	1599.41
	---



	200
	2129.30
	2028.41
	---











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
pize - Ejpovice (200 k) ==
Plzed-Ejpovice (160 k)

Ejpovice - Pized 200 km/n)
Eipovice - Plzed (160 km/n)

o 20 a0 &0 0
Totaltraction energy consumption (V]
mCD360+50m:  WPendolino





media/file4.png
Tunel Ejpovice 102
"o E]

- | &H a3 L a3
-J_—_l__ EEEEEEN -_IJ- | I h EEEEEEEEENI | -_l_h---------l ._lk_l_h_l_h._l_h_lk_l_h_l_h_l___l_h.h
H Hi

BH
-J___l__ EEENI IEI- | I P EEEENI I I-------l I h 1 I P----- _IP_IEPJ_h_l_h_I_h_I_F_l_h_I_h_IEh.h
H W Ll HW






nav.xhtml


  sustainability-12-07415


  
    		
      sustainability-12-07415
    


  




  





media/file16.png
200

—_ —_
N Qo
- -

Speed [km-h!]
=
o

120

100

(I NN NN NNNNNY ' TYNY T XY I

11 115 12 12.5 13 13.5
Distance travelled [km]
e Pend olino (200) e 38() (200)

14





media/file2.png
Timetable

eKey infrastructure elements, gradients and alignments.
*Routes and train journey itineraries.

* Characteristics of traction railway vehicles.
e Characteristics of towed railway vehicles.

* Assignment of a specific temporal position to a given
itinerary.
e Entering of timetables in the simulation.

e Preparation and realization of simulation scenarios.
*Obtaining of required output characteristics.






media/file5.jpg
Speed k]

8

Disoncefim]

a0 ——rendeino(160) e (160) -

oo s -






media/file3.jpg
e






media/file1.jpg
*Key infrastructure elements, gradients and alignments.
*Routes and train journey itineraries.

*Characteristics of traction railway vehicles.
*Characteristics of towed railway vehicles.

«Assignment of a specific temporal position to a given
itinerary.
*Entering of timetables in the simulation.

*Preparation and realization of simulation scenarios.
*Obtaining of required output characteristics.

€€€KL






media/file7.jpg
Oistancein]

o ——swgmn -






media/file10.png
Plzeti - Ejpovice | 0 S s S S s
Ejpovice - Plzers | s S S

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%

B Pendolino mWCD380+5Bmz m Total distance





media/file12.png
1400

1200

1000

800

600

400

200

Traction energy consumption [MJ]

0 5 10 15 20
Total distance [km]

Pendolino (160) Pendolino (200)

———380 (160) ———380 (200)

— 362 (140)

(a)

Traction energy consumption [MJ]

1400

1200

1000

800

600

400

200

0 10
Total distance [km]

Pendolino (160)

Pendolino (200)
380 (160)
380 (200)
— 362 (140)

(b)

20





media/file9.jpg
Pzeh ipovice I
Gpovice- e N S

0% 10% 2% 3% 0% S 0% 0% Sh  S0%  100%

WPendolin WCD380+5Bmz  ® Total distance





media/file0.png





media/file14.png
Pizeft - Ejpovice (200 km/h) R, —
Pizeft - Ejpovice (160 km/h) N,

Ejpovice - Plzert (200 km/h) R m—

Ejpovice - Plzen (160 km/h) —

0 200 400 600 800 1000
Total traction energy consumption [MJ]
mCD380+5Bmz M Pendolino





media/file8.png
200

2

Speed [km-h]
3

20

/

362 (140)

m— Pendolino (200)

3

10 12

Distance[km]

AR R RN PrDﬁIE [2001 N

-I‘II.IIIIII

14 16

[ EEEREEE L] Prﬂﬁle {2["]] NS

18





media/file11.jpg
1400 1400

E
= £ 1200
5 100 <
o 3 1000
% 1000 £
: i
2 800 g
g
& 600 $ 400
H <
5 g
< a0 g 20
2 g
5 = oo
= 2001 0 10 20
5 Total distance [km]

o s 10 15 2

——Pendolino (160)
Total distance [km] e

= pendolino (200)

—— Pendolino (160) —— Pendolino (200) ——380(160)
——380(160)  ——380(200) ——380(200)
—362(140) ——362(140)

(a) (b)





media/file6.png
Speed [km-h-1]

5 2

-
fed
(=

3

20

60

40

20

362 (140)

Pendolino (160)

8

10 12

Distance[km]

380 (160)

==ssssas Profile (160) N

14 16

==+ssaes Profile (160) NS

13





media/file15.jpg
Speed [kmh]

g

EEE

H

1

15 12
———Pendolino (200)

125 13
Distance travelled [km]
—— 380200

135

1





