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EXECUTIVE SUMMARY 

This is the final deliverable of Subproject 7 “Hybrid Solutions”, which has evaluated the energy 
savings potential of on board energy storage systems (ESS) for diesel rail vehicles. Hybridization 
of diesel rail vehicles can lead to a higher energy efficiency, and hence to lower fuel consumption 
and lower emissions of both greenhouse gases and other pollutants. 

Since different types of ESSs exist, and the different parameters can be optimized, the final 
results of selected configurations – in terms of fuel and emissions savings – and the analysis of 
future scenarios are presented in this deliverable. This will provide recommendations for the use 
and implementation of hybrid diesel rail vehicles in the future. 

Specifically, as described in the chapter 8.5 of D7.3.1, this deliverable comprises the task 7.5.3 
“Feed forward and feedback control strategies” and the “Sensitivity analysis for the identification 
of improvement strategies” of the task 7.5.2 from the Technical Annex. This deliverable provides 
a review on the main findings from the previous deliverable - D7.5.3, and provides final, optimized 
results for additional architectures and duty cycles not considered in the previous deliverable, 
including results from optimization strategies. 

The operational context of the current and future EU diesel rail fleet is analyzed, and future 
scenarios investigated, in order to assess the impact of: 

 Stage IIIB engines, 

 Future technology, 

 Legislative, societal and market demands on the use of hybrids and 

 Electromobility on the rail sector. 

This serves as the basis to provide future recommendations for further reduction of fuel 
consumption and emissions through the use and implementation of hybrid solutions.  

The main results from this deliverable are: 

 Hybridization of diesel rail vehicles could prove highly beneficial: 

o Implementing an onboard ESS would reduce fuel consumption & CO2 by up to 
20 % with respect to eco-driving.  

o The application of ESS and energy management strategies can allow higher 
savings of up to 25 % as a conservative approach. In some use cases higher 
savings up to 36 % are possible if combinations of different energy management 
strategies are applied. 

o Reductions in NOx and/or PM levels can also be significant, although in some 
cases it is difficult to reduce both types of emissions simultaneously, which 
necessitates the use of energy management strategies. 

o The replacement of after-treatment systems for stage IIIB due to use of ESS is 
unlikely (PM emissions need to be decreased by 90 % vs. stage IIIA, and 
maximum reduction achieved with energy management strategies has been 74 %). 

It is important that the improvements consider the overall system (including the engine and 
the reduction of emissions through the ESS), the needs, demands and resources of 
specific regions, and other requirements from public transport authorities or political 
incentives to promote the use of hybrid vehicles. 
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 ESS optimization through energy management and operation strategies can be achieved 
at present: 

o The simulation tool was validated successfully by real measurements of a 
suburban diesel-mechanic train at DB AG. 

o Electrification of auxiliaries is necessary if start-stop strategy and emission-free 
tunnel operation will be applied. 

o Downsizing of the ICE is possible through the use of ESS. 

o Every application or use case has to be individually assessed to determine 
whether hybridization is meaningful and/or beneficial.  

 With the considered scenarios for the EU rail fleet development and the introduction of 
hybrids by 2017, the total amount of exhaust emissions of the European rail diesel fleet 
does not change significantly, but CO2 and fuel consumption can be reduced globally by 
2 % - 3 % until 2030 if a significant uptake of hybrid solutions takes place. 

The main future recommendations from this deliverable include: 

 It will be necessary to demonstrate the hybrid rail vehicles in revenue operation to prove 
the optimization/energy management strategies. 

 Measurements of NOx and PM emissions are necessary to improve/verify the simulation 
model because only static emission mappings were available from the manufacturers and 
therefore transient behavior of the ICE had to be neglected for the macroscopic simulation 
approach. 

 Funding/subsidies are necessary for the improvement/application/approval of ESS-
technologies. 

 New train generation needs an optimization of the overall system architecture with energy 
management and customer‟s operational strategies. 

 Due to the changing use cases of operators a rescaling possibility for ESS is necessary. 

 Apply new functionalities by ESS, e.g. start-stop, which has shown high improvements in 
terms of fuel and emission reductions. 

 Downsizing/replacement of ICE with an ESS has been shown to be a promising solution. 
If the energy density of ESSs is increased, then a multiple-engine approach for 
locomotives is recommended.  

 Multiple-power/energy sources are also a possibility (e.g. Alstom H3 shunter, consisting of 
a fuel cell, ICE, double layer capacitor and battery). 

 Locomotives with ESS-tender could also be a solution if this is requested by the operators. 

 Replacement of mechanically-driven auxiliaries by electrically-driven auxiliaries is 
necessary for both start-stop strategies and emission-free tunnel operation. 
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1. INTRODUCTION 

In the previous deliverable (D7.5.3) the most promising hybrid solutions to minimize fuel 
consumption and emissions were analyzed with the following ranking showed in Table 1. This 
was achieved and agreed within the workgroup in order to have a representative mix of all diesel-
driven system architectures and all energy storage technologies:  

Table 1: Final ranking of hybrid solutions from D7.5.3 

  Duty cycle Architecture ESS Savings 

1 Shunter DHD Hydrostatic 13.7 % 

2 Suburban DHD Hydrostatic 10.9 % 

3 Regional, 360 kW ICE DE Battery 24.2 % 

4 Shunter DE Battery 18.6 % 

5 Regional, 360 kW ICE DHM Battery 16.5 % 

6 Regional, 560 kW ICE DE Flywheel 18.7 % 

7 Regional, 360 kW ICE DHD Flywheel 17.8 % 

8 Suburban DHM Flywheel 12 % 

9 Regional, 560 kW ICE DE DLC 16.2 %  

10 Suburban DE DLC  10.4 % 

11 Shunter DE  DLC/BAT –V1  24.7 % 

12 Regional, 560 kW ICE DE  DLC/BAT –V1 26.6 %  

Note that the savings in Table 1 are compared to the standard diesel rail vehicles (without ESS). 
It is important to mention that all the simulations done, including the ones for the standard diesel 
rail vehicle, have been done with an optimum drive strategy by the trajectory planner explained in 
D7.3.3, with a time contingency of 10 %. Therefore, the baseline used as a reference includes 
already an optimum driving strategy (also called eco-driving). 

Additional selected energy management strategies were defined in order to further evaluate the 
benefits of hybrid solutions; these are presented in Table 2:  

Table 2: Energy management strategies 

  Energy management strategies  

a 3 boost factors related to the traction power: 3 parameter optimization (3par) 

b Load optimization of the ICE in order to reduce the fuel consumption 

c 
Load optimization of ICE in order to reduce emissions NOx or PM (power 
distribution between ICE and ESS in order to achieve “boosting” or “ESS charging”) 

d Purely electrical driving at low speeds 

e 100 % electrical auxiliaries in order to stop the ICE at stops 

f Auxiliary operation at best efficiencies, e.g. depending on SOC 

g Limitation of diesel power “downsizing” 

h Load balancing with multiple ICE-units and/or (different or same) ESS 

i Replacement of ICE by ESS 
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The 3 parameter optimization approach (3par) was done for all selected hybrid architectures in 
D7.5.3. Additionally, to evaluate the quality of the 3 parameter strategy further optimization 
approaches were applied for a selection of hybrid system architectures. These further 
optimization approaches were the Dynamic Programming of Bellman (DP) and the Sensitivity 
Based Optimization (SO). These simulation approaches were explained in chapter 7 of D7.5.3.   

It is reminded here that the fuel consumption results with the DP energy management strategy 
performed for the hydrostatic accumulator and the flywheel ESS were better than with the 3par 
optimization strategy (very small deviations that showed the validity of the 3par though). 
However, because of the high computational effort and hardware/software cost of DP, this control 
strategy could not be used for online optimization, but for having a reference of what is 
achievable.  

In the same chapter of D7.5.3 additional energy management energy strategies were done for a 
few selected use cases:  

 Load optimization of ICE in order to reduce emissions NOx or PM (c)  

 100 % electrical auxiliaries in order to stop the ICE at stops (e)  

 Replacement of ICE by ESS (i) 

It is noted that in the case of stopping the ICE during idling and at stations, ICE maintenance cost 
will change because of the load level profile change. However, this will not be treated within the 
context of this project. 

To give a summary, Table 3 shows the optimization approaches and energy management 
strategies that have been selected for every final hybrid system architecture solution.  

Table 3: Ranking of hybrid solutions with optimization approaches (highlighted in bold: 
energy management strategies already done and presented in D7.5.3.) 

Train type Transmission ESS 
Optimization 
approaches 

Additional energy 
management strategies 

Shunter DHD Hydrostatic  accumulator 3par, DP f) + e) 

Suburban  DHD Hydrostatic  accumulator 3par, DP c), d) 

Regional 360kW ICE DE Battery 3par, SO, DP e), i) 

Shunter DE Battery 3par, SO e), g)  

Regional 360kW ICE DHM Battery 3par, SO e) 

Regional 560kW ICE DE Flywheel 3par, DP c) 

Regional 360kW ICE DHD Flywheel 3par, DP   

Suburban DHM Flywheel 3par, DP e) 

Regional 560kW ICE DE DLC 3par, SO, DP g) 

Suburban DE DLC 3par, SO   

Shunter DE DLC/Bat V1 3par, SO h), e) 

Regional 560kW ICE DE DLC/Bat V1 3par, SO h), e) 

 

In this deliverable chapter 2 presents the simulations of the above hybrid solutions with the 
selected optimization approaches and energy management strategies that have not been done in 
previous deliverables according to Table 3. These new simulations for the same hybrid solutions 
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are oriented to assess the possible further benefits of hybrids with different optimization and 
energy strategies, and they are explained in chapters 2.1 to 2.5. 

In chapter 2.6 an additional simulation is done in order to evaluate the benefits of hybrids in the 
special situation of a rail vehicle operating within a tunnel. 

Moreover, it was agreed in the work group to calculate how many meters can a hybrid rail vehicle 
run in a pure electrical mode. This provides a figure of the range of the ESS for rail vehicles, in a 
similar manner as it is provided for the car industry, so it gives an “answer number” to the general 
public. Therefore, additional simulations are carried out in order to calculate this range. This is 
done for one use case example: Suburban rail vehicle with diesel hydromechanic system 
architecture and for all ESS. It is noted that this work is in addition to the work described in the 
Technical Annex, but the group considered worth it to present it in this chapter, in section 2.7. 

Chapter 2.8 explains the work and results carried out in order to validate the SP7 Tool, which is of 
much importance, as all results of this SP are based on this simulation tool and its model library. 

As technology improvements are expected to occur with time, the last section of chapter 2 
presents the results of new simulations taking into account performance improvements on the 
ESS in terms of power/energy ratio.  

Chapter 3 of this deliverable introduces new considerations not taken into account so far for the 
development of hybrid rail vehicles, such as operational cases, IIIB engines impact, future 
technologies, future regulations and standards, political, social and market trends as well as 
impact of the electromobility sector. These considerations may have a big impact in the future 
development of hybrid rail vehicles.  

Chapter 4 gives an analysis of the impact of the introduction of hybrid diesel vehicles in the 
European rail diesel fleet. It shows the diesel fleet development scenarios until and beyond 2020 
from SP5 and the impact on total diesel exhaust emissions from rail diesel transport in Europe. 
Based on expected market size and development from SP5 and expected and favorable 
operational contexts for hybrid vehicles, different market sizes for rail diesel hybrid vehicles are 
developed. From this utilization of hybrid rail vehicles the impact on the total diesel exhaust and 
CO2 emissions is estimated and presented and compared to the initial fleet development 
scenarios from SP5 without hybrid rail vehicles. 

Chapter 5 concludes the work done by the partners, summarizing the main findings and giving 
recommendations for future work to be done for the implementation of hybrid rail vehicles. 

 



 

 

EC Contract No. FP7 - 234338 

 

 

 

CLD-D-VSL-044-05 Page 15 of 87 31/01/2014 

 

2. FINAL OPTIMISATIONS FOR THE SELECTED HYBRID SOLUTIONS 

This chapter presents the correspondent simulations as stated in Table 3, as well as the 
additional work mentioned before. 

2.1 HYBRID SOLUTION WITH HYDROSTATIC ACCUMULATOR 

Based on the simulation results of D7.5.3 for the hybrid rail vehicles with hydrostatic accumulator 
ESS, two preferred final hybrid solutions for further optimizations were chosen. This chapter 
discusses the results. For the hydrostatic accumulator ESS, the two preferred final hybrid 
solutions are: shunter DHD and suburban DHD, as defined in Table 3. 

2.1.1 Shunter DHD with hydrostatic accumulator and auxiliary operation at 
best efficiencies 

The following Table 4 summarizes the simulation results of the shunter DHD locomotive with 
hydrostatic accumulator ESS. The simulated shunter duty cycle has a length of 37.1 km and a 
driving time of 16348 s, leading to an average speed of 8.2 km/h. Four different optimization 
strategies were investigated for the shunter locomotive and the abbreviations used in the 
following tables are as follows: 

 3par: means the up to now performed optimization of the three ppow factors. 

 3par – A: means a subsection wise optimization of the factors ppow, for each subsection of 
the duty cycle a triplet ppow is defined and optimized. 

 DP: means the global optimal operating strategy (regarding fuel consumption) calculated 
using the dynamic programming approach of Bellman. 

 Aux–operation: means a strategy for the shunter service where the auxiliary power 
demand was distributed not equally over the operating time. There is only an auxiliary 
power demand in driving phases, which is higher than in the conventional assumption to 
guarantee the same auxiliary energy demand for the whole duty cycle. 

For the standard optimization method (3par) with three boost factors ppow according to traction 
power, a reduction in fuel consumption of 13.7 % was achieved for the given duty cycle. The 
other results are shown in Table 4.  

In a second step, a subsection wise optimization of the boost factors was conducted and the fuel 
saving increased to 15.9 %. The other Performance Indicators (PI) were also improved.  

By using a dynamic programming approach according to Bellman, the fuel benefits were even 
further improved to 19.1 %, the same applies to the other PI‟s. It has to be mentioned that the DP 
results represent a theoretically achievable value since it cannot be implemented on an Engine 
Control Unit (ECU) due to computational efforts and costs. 
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Table 4: Optimization results for shunter DHD with hydrostatic accumulator – 3 parameter 
and dynamic programming 

 

In general, shunter duty cycles are characterized by a high amount of time were the locomotive is 
not moving and the engine is running in idle. For the considered shunter cycle in the CleanER-D 
project, the driving time is 8352 s of the overall 16348 s, which equals to a standstill time of 
approximately 49 %. For this reason, one further optimization approach was used. Therefore, the 
overall auxiliary power demand of 32.34 kWh was allocated to the driving phases of the shunter, 
which leads to the opportunity of switching the diesel engine off during standstill phases. In this 
way a further reduction in fuel consumption is achieved. Since this approach is not necessarily 
dependent on the existence of an ESS, the same procedure was applied to the standard vehicle 
and used as reference, which saves 13.2 % of fuel when compared to the standard vehicle 
without the auxiliary approach. The results for the auxiliary operation optimization are shown in 
Table 5. The auxiliary operation optimization leads to a reduction in fuel consumption of 17.2 %. 

Table 5: Optimization results for shunter DHD with hydrostatic accumulator -  
auxiliary operation 

Shunter DHD  
with hydrostatic 

accumulator 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ 

train km] 

PI 4 
[g PM/ 

train km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 
80.05 1.583 0.0811 209.7 

42.65 2.184 1.779 5.648 

(aux - operation) -14.7 % -40.6 % -13.2 % -13.2 % 

Hybrid vehicle, aux. 
optimization 

66.27 1.382 0.0743 173.6 

37.22 2.001 1.473 4.676 

-25.6 % -45.6 % -28.1 % -28.2 % 

-12.7 % -8.4 % -17.2 % -17.2 % 

 

Note: Savings in Table 5 are marked in blue with respect to the standard diesel Shunter, and for 
the hybrid vehicle, it is indicated as well in red the savings with respect to the standard diesel with 
the additional auxiliary operation optimization. 

 

Shunter DHD  
with hydrostatic 

accumulator 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ train 

km] 

PI 4 
[g PM/ train 

km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 92.27 1.857 0.1365 241.7 50.02 3.678 2.05 6.51 

Hybrid vehicle 
(3 par) 

79.61 1.668 0.131 208.5 
44.93 

-10.2 % 
3.527 
-4.1 % 

1.769 
-13.7 % 

5.617 
-13.7 % 

Hybrid vehicle  
(3 par - A) 

77.59 1.592 0.13 203.2 
42.88 

-14.3 % 
3.501 
-4.8 % 

1.724 
-15.9 % 

5.474 
-15.9 % 

Hybrid vehicle 
(DP) 

74.63 1.574 0.1294 195.5 
42.39 

-15.3 % 
3.485 
-5.2 % 

1.659 
-19.1 % 

5.266 
-19.1 % 
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2.1.2 Suburban DHD with hydrostatic accumulator and further energy 
management strategies 

In the following Table 6 the simulation results for the suburban DHD standard vehicle and the 
hybrid version with hydrostatic accumulator ESS are depicted. Three optimization methods are 
described hereafter: 

 3par: means the up to now performed optimization of the three ppow factors. 

 3par, V and/or NOx and/or PM: means the optimization of the three ppow factors with the 
aim to minimize V (fuel consumption) and/or NOx and/or PM. Hence, a load point 
optimization with regard to the emissions is performed. 

 DP: means the global optimal operating strategy (regarding fuel consumption) calculated 
using the dynamic programming approach of Bellman 

All optimization results offer an improvement in fuel consumption in the range of 9.9 % – 11.2 %, 
except for the optimization in terms of particle matters. This one leads to an increase in fuel 
consumption of 1.15 % but has the lowest PM value (- 3.64 % compared to the standard vehicle). 
The dynamic programming procedure leads to the highest fuel saving of 11.2 %. The best 
method for an implementation on an ECU is the 3 parameter approach with different weighting 
factors for the cost function used in the optimization procedure. The used cost function is  

and the applied weighting factors are α = 1, β = 20, γ = 200 (weighting factors can be freely 
chosen and optimized according to the use case). This leads to the best results in terms of fuel 
consumption (- 10.5 %) and emissions (- 1.2 % for PM and – 13.6 % for NOx). 

Table 6: Final optimization results of the suburban DMU with DHD transmission and with 
hydrostatic ESS 

 

PMNOfuel mmVJ
x

   1 

Suburban  DHD  

with hydrostatic 
accumulator 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ train 

km] 

PI 4 
[g PM/ train 

km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 101.6 1.224 0.075 266 15.3 0.9368 1.047 3.325 

Hybrid vehicle  
(3par - V) 

90.46 1.094 0.073 237 
13.68 

-10.6 % 
0.9136 
-2.5 % 

0.9328 
-10.9 % 

2.962 
-10.9 % 

Hybrid vehicle (DP) 90.15 1.079 0.073 236.1 
13.48 

-11.9 % 
0.9181 
-2.0 % 

0.9296 
-11.2 % 

2.952 
-11.2 % 

Hybrid vehicle  
(3par - NOx) 

91.47 1.052 0.074 239.6 
13.14 

-14.1 % 
0.9309 
-0.6 % 

0.9432 
-9.9 % 

2.995 
-9.9 % 

Hybrid vehicle  
(3par - PM) 

102.7 1.308 0.072 269 
16.35 

+6.86 % 
0.9027 
-3.64 % 

1.059 
+1.15 % 

3.363 
+1.14 % 

Hybrid vehicle  
(3par - V/NOx/PM) 

90.91 1.057 0.074 238.1 
13.22 

-13.6 % 
0.9258 
-1.2 % 

0.9374 
-10.5 % 

2.976 
-10.5 % 



 

 

EC Contract No. FP7 - 234338 

 

 

 

CLD-D-VSL-044-05 Page 18 of 87 31/01/2014 

 

Note that comparisons are always made with respect to the standard vehicle. 

2.2 HYBRID SOLUTION WITH BATTERY 

In the case of the battery ESS most of the energy operation strategies have also been done for 
different vehicles in D7.5.3 and they are explained in detail there. Then, in this section only the 
shunter locomotive with diesel electric transmission and battery ESS is investigated more in detail 
with the following strategies: 

2.2.1 Shunter DE with battery and SO optimization + 100 % electrical 
auxiliaries 

The same optimization approach as described in chapter 7.6 of D7.5.3, the Sensitivity Analysis 
Optimization (SO), is used here in order to improve the results of the 3 parameter optimization.  
For schematics on the vehicle architecture and the simulation model, please see chapter 4.3 of 
D7.5.3. The two new simulations performed are: 

 The SO approach, which means an operating strategy based on a sensitivity analysis to 
drive in the best operating points (for the whole system, not only the ICE) with paux,el = 0.5, 
which means one half of the auxiliary power is provided by the ICE and the other half is 
provided by the ESS. Hence, the motor is running the whole time. 

 Same SO approach as above but with paux,el = 1.0, which means the whole auxiliary power 
is provided by the ESS. This allows to switching off the ICE during braking and coasting 
phases as well as in stations. It is not switched off if a load level increase is necessary to 
recharge the ESS. This scenario corresponds to the additional energy management 
strategy e) 100 % electrical auxiliaries in order to stop the ICE at stops that was decided 
for this use case. 

In Table 7 the optimization results for the shunter locomotive with diesel electric architecture are 
summarized. For comparison, the simulation results of the standard railway vehicle and of the 3 
parameter optimization from D7.5.3 are given as well.  

Table 7: Optimisation results for shunter DE with Li-Ion battery 

Shunter DE  
with battery 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ 

train km] 

PI 4 
[g PM/ 

train km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 83.98 1.715 0.1473 220 46.2 3.969 1.866 5.925 

Hybrid vehicle 
(3 par) 

68.39 1.2 0.1367 179.1 
32.31 3.683 1.52 4.825 

-30.1% -7.2 % -18.5 % -18.6 % 

Hybrid vehicle  
58.1 1.115 0.146 152.2 

30.04 3.933 1.291 4.1 

SO  -35.0 % -0.9 % -30.8 % -30.8 % 

Hybrid vehicle 
53.07 0.9164 0.05273 139 

24.68 1.42 1.18 3.74 

SO +e) -46.6 % -64.2 % -36.8 % -36.8 % 

 

Due to the limited ability of the 3 par optimization to achieve a remarkable result for the versatile 
operation of a shunter, both SO approaches show significant improvements in fuel consumption 
and therefore as well in CO2 emissions. By using the SO with 100 % of electrical auxiliaries, a 
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notable reduction of PM emissions is observed, because the ICE can be shut down during idling 
phases. The NOx emissions can be reduced as well. Considering the emission regulations this 
approach can be a possibility to achieve a notable reduction of PM emissions without using a 
stage IIIB engine. This could be a choice if a stage III B engine cannot be implemented in an 
existing vehicle. 

2.2.2 Shunter DE with battery and downsizing of ICE 

At first, one of the benefits that on board ESS can bring to diesel vehicles is the downsizing of the 
diesel engine. The same strategy as in chapter 7.9 from D7.5.3 is done here: The 1000 kW diesel 
engine of the Shunter locomotive was downsized to a diesel engine of 560kW, which provided an 
additional weight of 2,838 kg to increase the onboard ESS. This “free weight” was obtained taking 
into account the specific power of ICE + generator + diesel tank of 155 W/kg. With the additional 
weight, the shunter vehicle is powered by a 560kW ICE and a Li-Ion battery of 11 branches with 
235 kWh (instead of 6 branches as the initial 1000 kW ICE shunting hybrid vehicle). 

The strategy of downsizing the ICE (g) is presented together with the results from section 2.2.1, 
so the full comparison for all new scenarios investigated in this chapter for the shunter DE with 
battery can be seen in the same table. The results are presented in Table 8. 

Table 8: Results for shunter with Li-Ion battery and downsized ICE 

Shunter DE 
with battery 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ 

train km] 

PI 4 
[g PM/ 

train km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 83.98 1.715 0.1473 220 46.2 3.969 1.866 5.925 

Hybrid vehicle 
(3 par) 

68.39 1.2 0.1367 179.1 
32.31 3.683 1.52 4.825 

-30.1 % -7.2 % -18.5 % -18.6 % 

Hybrid vehicle  
58.1 1.115 0.146 152.2 

30.04 3.933 1.291 4.1 

SO  -35.0 % -0.9 % -30.8 % -30.8 % 

Hybrid vehicle 
53.07 0.9164 0.05273 139 

24.68 1.42 1.18 3.74 

SO +e) -46.6 % -64.2 % -36.8 % -36.8 % 

Hybrid vehicle 
59.69 0.9204 0.0905 156.4 

24.79 2.44 1.33 4.21 

SO +g) -46.3 % -38.5 % -28.9 % -28.9 % 

Hybrid vehicle 
54.88 0.7375 0.03923 143.8 

19.87 1.06 1.22 3.87 

SO +e) + g) -57.0 % -73.4 % -34.6 % -34.6 % 

 

As already mentioned in the previous section the SO achieves much better results compared to 
the 3 par optimization. And the additional start/stop strategy (e) lead to the best observed fuel 
consumption with 53.1 l which is almost 37 % less than the standard vehicle. 

Due to the observed results of ICE downsizing in D7.5.3 a downsizing was done here too 
(strategy g). The fuel consumption of the downsized scenario optimized with SO is contrary to 
expectations higher than the fuel consumption with SO and 1000 kW ICE. The reason therefore is 
that the ICE charges the battery in times of low loads. The charge involves efficiencies of 
converters and the battery itself. During phases of high loads the battery and the ICE fulfill the 
power demand. The discharge of the battery also includes efficiencies. The losses during charge 
and discharge of the battery cannot be compensated by the optimization of the ICE‟s load point.  
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A similar picture can be drawn if the results of downsized ICE and normal ICE are compared 
under consideration of the start stop strategy. 

Not considering the fuel consumption but the PM emissions the downsizing especially with start 
stop strategy achieves impressive results. A reduction of particle emissions up to 73 % is possible 
which is mainly caused by the start stop strategy but as well by the smaller ICE. 

2.2.3 Regional 360kW ICE, DE with battery and DP optimization 

For the regional diesel rail vehicle, with diesel electric system architecture and Li-Ion battery as 
ESS, some optimization approaches were already done in D7.5.3. 

The new results performed here are done by the dynamic programming of Bellman, as described 
in section 7.2 of D7.5.3. 

Table 9 shows these new results in comparison with the standard diesel vehicle and the results 
obtained in D7.5.3. 

Table 9: Final results for the regional 360kW ICE, DE with battery and DP optimization 

 

Due to the capability of the DP to find the global optimum the fuel consumption can be further 
reduced to 169.3 l. The significantly higher effort to introduce the DP optimization online in the 
vehicle makes the SO approach a preferred solution, leading only to a slightly lower fuel 
efficiency of 171.1 l. A further improvement can be achieved by the introduction of strategy e) 
which assumes a start/stop of ICE in phases of idling, and as mentioned already, this strategy 
leads to a high reduction in the PM, in this case of 74.5 %. 

 

2.3 HYBRID SOLUTION WITH FLYWHEEL 

In the case of the flywheel ESS most of the energy operation strategies have been already done 
for different vehicles (see D7.5.3). Then, in this section only the suburban vehicle with diesel 
hydromechanic transmission and flywheel ESS is investigated more in detail with the following 
strategies: 

Regional 360kW ICE, 
DE with battery 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ train 

km] 

PI 4 
[g PM/ train 

km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 228.7 2.933 0.1485 599.0 20.95 1.061 1.348 4.279 

Hybrid vehicle  
(3 par) 

173.3 2.471 0.1445 453.9 
17.65 

-15.8 % 
1.032 
-2.7 % 

1.021 
-24.3 % 

3.242 
-24.2 % 

Hybrid vehicle  
SO 

171.1 2.476 0.1469 448.2 
17.68 

-15.6 % 
1.049 
-1.1 % 

1.008 
-25.2 % 

3.202 
-25.2 % 

Hybrid vehicle  
SO + e) 

151.5 2.691 0.0378 396.8 
19.22 
-8.3 % 

0.270 
-74.5 % 

0.893 
-33.7 % 

2.834 
-33.8 % 

Hybrid vehicle 
(DP) 

169.3 2.127 0.153 443.6 15.19 
-27.5 % 

1.096 
3.3 % 

0.998 
-26 % 

3.17 
-25.9 % 
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2.3.1 Suburban DHM with flywheel and DP optimization 

The global fuel optimal operating strategy is calculated by using the dynamic programming of 
Bellman, as described in section 7.2 of D7.5.3. 

The optimization results are presented in Table 10. For comparison again the simulation results 
of the standard railway vehicle and of the 3 parameter optimization from D7.5.3 are given as well.  

Table 10: Optimization results for the suburban DHM with flywheel  

 

The dynamic programming of Bellman (DP) allows to have better figures than the 3 parameters 
strategy: -1,5 % on fuel consumption compared to the 3 parameters strategy, -6,6 % in NOx 
emission, -0,5 % in particle emission and -1,6 % in CO2 emission. As already said previously, 
these figures show what is achievable, but because of the high computational effort and cost of 
DP, this control strategy could not be used for online optimization. 

2.3.2 Suburban DHM with flywheel and 100 % electrical auxiliaries 

In order to stop the ICE at stops and during braking and coasting phases it has to be considered 
that 100 % of the auxiliaries are electrical: strategy e). 

However, it is not possible to do this simulation: the flywheel does not have enough energy to 
fulfill strategy e) for this specific use case. When the flywheel is empty and the vehicle is in 
traction phase (using maximum traction power) the ICE does not have enough power to provide 
the traction for the vehicle and to recharge the flywheel to power the auxiliaries. 

It is expected though, that with a different driving cycle the flywheel can fulfill this strategy. 

If the same driving cycle is considered, it could be completed with other ESS, like the Li-Ion 
battery. In this case, similar results as in the regional hybrid vehicle with 360kW ICE and Li-Ion 
battery are expected. These results are available in chapter 7.6 of D7.5.3. 

Different optimization strategies for the suburban DHM with flywheel could be done: the ICE 
would only be stopped at the stations and not during braking and coasting phases. Therefore, the 
flywheel will provide the power for auxiliaries, with the benefit of no noise and no emissions at the 
stations. However this strategy will not allow saving fuel during driving, as the energy of the 
flywheel has to be reserved to power the auxiliaries at the stations. This could lead to a different 
driving cycle, with less acceleration but longer acceleration phases and less coasting, which at 
end will likely lead to higher fuel consumption.  

Suburban DHM 
flywheel 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ train 

km] 

PI 4 
[g PM/ train 

km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 86.95 1.017 0.0752 227.8 12.71 0.9403 0.8967 2.847 

Hybrid vehicle  
(3 par) 

76.54 0.803 0.0745 200.49 
10.04 

-21.0 % 
0.9309 
-1.0 % 

0.7893 
-12.0 % 

2.5061 
-12.0 % 

Hybrid vehicle 
(DP) 

75.22 0.7358 0.0741 197 
9.2 

-27.6 % 
0.926 
-1.5 % 

0.7757 
-13.5 % 

2.46 
-13.6 % 
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2.4 HYBRID SOLUTION WITH DLC 

For the DLC ESS the following cases are analyzed in this chapter: 

2.4.1 Regional with 560kW ICE, DE and DLC and SO optimization 

As in section 2.2.1, the same optimization approach as described in chapter 7.8 of D7.5.3 
(regional with 360kW ICE and DLC) is used here applied to the regional 560 kW DE system 
architecture with DLC in order to improve the results of the 3 parameter optimization.  

In Table 11 the optimization results are summarized.   

Table 11 : Optimisation results for regional 560kW ICE, DE with DLC 

Regional 560kW ICE 
DE with DLC 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ 

train km] 

PI 4 
[g PM/ 

train km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 265.95 3.586 0.1922 696.6 27.55 1.373 1.567 4.976 

Hybrid vehicle 
(3 par) 

222.8 3.639 0.1993 583.6 
25.99 1.4236 1.3129 4.1685 

-5.7 % 3.7 % -16.2 % -16.2 % 

Hybrid vehicle  
218.2 3.609 0.2022 571.5 

25.78 1.444 1.2858 4.08 

SO -6.4 % 5.2 % -17.9 % -18.0 % 

 

The given results in Table 11 show a slightly better result compared to the 3 par optimization. The 
fuel consumption can be reduced by further 1.7 %, therefore the CO2 emissions are reduced as 
well. The only negative effect is again the increase of PM emissions, which was observed already 
for the 3 par optimization. The NOx emissions can be reduced as well. 

The sensitivity analysis seems to be complex but can be implemented easily in the vehicle 
software. In cases of differences to the precalculated driving scenario just one parameter has to 
be optimized online on the vehicle. Using the 3par optimization will need an online optimization of 
all three parameters. It is assumed that this will lead to a higher calculation effort and more 
demanding requirements to the onboard hardware. 

2.4.2 Regional with 560kW ICE, DE and DLC and downsizing of ICE 

One of the benefits that on board ESS can bring to diesel vehicles is the downsizing of the diesel 
engine. And this was thought at first as one strategy to this use case. However, the DLC has not 
enough energy content to allow downsizing the ICE, so this simulation cannot be performed for 
this use case. Changing the boundary conditions of the Regional 560 kW could allow doing this 
strategy with DLC.  

2.4.3 Regional with 560kW ICE, DE and DLC and DP optimization 

The global fuel optimal operating strategy is calculated by using the dynamic programming of 
Bellman, as described in section 7.2 of D7.5.3. 

The optimization results are presented in Table 12. For comparison the simulation results of the 
standard railway vehicle, of the 3 parameter optimization and the SO are given as well again.  
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Table 12 : Final results for regional with 560kW ICE, DE system architecture and DLC  

Regional 560kW ICE 
DE with DLC 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ 

train km] 

PI 4 
[g PM/ 

train km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 265.95 3.586 0.1922 696.6 27.55 1.373 1.567 4.976 

Hybrid vehicle 
(3 par) 

222.8 3.639 0.1993 583.6 
25.99 1.4236 1.3129 4.1685 

-5.7 % 3.7 % -16.2 % -16.2 % 

Hybrid vehicle  
218.2 3.609 0.2022 571.5 

25.78 1.444 1.2858 4.08 

SO -6.4 % 5.2 % -17.9 % -18.0 % 

Hybrid vehicle  
218.7 3.948 0.204 572.8 

28.2 1.454 1.289 4.091 

DP 2.4 % 5.9 % -17.7 % -17.8 % 

 

During the test of DP for DLC it was observed that the DP is not capable to find the global 
optimum for DLC ESS due to the necessity of the DP to calculate backwards in negative time 
direction beginning at the end of the track. This leads to decisions which cause the DLC ESS to 
reach the power limitation which is based on the rms value of the DLC current of the last 1800 s. 
During backward calculation the rms value of the current is not known and therefore neglected 
which leads to non-optimal results which can be proven by Table 12. The results for SO are 
slightly better than for DP. 

2.4.4 Suburban DE with DLC and SO optimization 

As explained just above, the same optimization approach as described in chapter 7.8 of D7.5.3 is 
used here in order to improve the results of the 3 parameter optimization.  

In Table 13 the optimization results are summarized.   

Table 13: Optimization results for suburban, DE with DLC 

Suburban DE 
 with DLC 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ 

train km] 

PI 4 
[g PM/ 

train km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 97.04 1.184 0.07147 254.2 14.8 0.8932 1.001 3.177 

Hybrid vehicle 
(3 par) 

86.91 1.043 0.0717 227.65 
13.04 0.8963 0.8963 2.8456 

-11.9 % 0.3 % -10.5 % -10.4 % 

Hybrid vehicle  
86.26 1.03 0.072 226 

12.88 0.9 0.8896 2.83 

SO -13.0 % 0.8 % -11.1 % -10.9 % 

 

Nearly the same result as in the previous chapter can be observed. The increase of efficiency 
compared to the 3 par optimization is marginal. The better optimization approach of SO leads to a 
slight improvement in NOx and CO2 emissions whereas the PM emissions increase a bit. Due to 
the expected easy implementation of the SO approach in the vehicle control, the SO is 
preferable. 
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2.5 HYBRID SOLUTION WITH DLC/BATTERY 

2.5.1 Shunter DE with DLC and battery and SO optimization 

The shunter vehicle with hybrid ESS was presented in chapter 6.3 of D7.5.3.  In this chapter, the 
Sensitivity Based Optimization in order to further improve the results of the 3 parameter 
optimization is done, balancing both ESS (strategy h), and  considering 100 % electrical 
auxiliaries in order to stop the ICE at stops, strategy e). 

Table 14: Shunter DE with DLC and battery 

Shunter DE with 
DLC and Li- Ion 

battery 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ 

train km] 

PI 4 
[g PM/ 

train km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 83.98 1.715 0.1473 220 46.2 3.969 1.866 5.925 

Hybrid vehicle 
63.24 1.462 0.14 165.6 

39.38 3.771 1.405 4.462 

(3par) -14.8 % -5.0 % -24.7 % -24.7 % 

SO 62.31 1.237 0.1526 137.7 
33.32 4.11 1.3847 3.71 

-27.9 % 3.6 % -25.8 % -37.4 % 

SO + e) 60.3 1.183 0.065 133.3 
31.87 1.751 1.34 3.59 

-31.0 % -55.9 % -28.2 % -39.4 % 

 

The results from Table 14 show a slight improvement of fuel efficiency for the SO approach and 
as well for the additional applied start/stop strategy e). 

2.5.2 Regional with 560kW ICE, DE system architecture, with DLC and 
Battery and SO optimization 

The regional 560 kW ICE with diesel electric architecture and hybrid ESS was analyzed in 
chapter 6.1 of D7.5.3. 

As in 2.5.1, further optimization approach (SO) is done in order to balance the different ESS 
(strategy h), and to consider 100 % electrical auxiliaries in order to stop the ICE at stops (strategy 
e). 

The results are presented in Table 15. 
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Table 15: Regional 560kW ICE, DE system architecture and DLC + Li-Ion battery 

Regional 560kW ICE,  
DE architecture and 

DLC and Li- Ion 
Battery 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ 

train km] 

PI 4 
[g PM/ 

train km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 266 3.59 0.192 696.6 27.55 1.373 1.567 4.976 

Hybrid vehicle 
195.2 3.66 0.201 511.3 

26.11 1.4364 1.15 3.652 

(3par – V1) -5.2 % 4.6 % -26.6 % -26.6 % 

SO 192.6 3.35 0.2 504.5 
23.9 1.43 1.135 3.603 

-13.2 % 4.2 % -27.6 % -27.6 % 

SO + e) 179.9 2.82 0.151 471.2 
20.15 1.081 1.06 3.366 

-26.9 % -21.3 % -32.4 % -32.4 % 

 

As already observed multiple times the SO approach reaches better results compared to the 3par 
optimization. For similar repeating driving cycles as the regional operation the increase in fuel 
efficiency is marginal. A big reduction can be achieved by using the start/stop strategy which has 
as well a significant impact on the PM emissions. 

 

2.6 TUNNEL OPERATION 

In the previous D7.5.3 it was shown that performing simulations with load optimization of ICE in 
order to reduce NOx and PM was not very worth in terms of fuel consumption (as more fuel was 
consumed at the end). However, in some special cases like stations within tunnels this operation 
strategy is beneficial and necessary. 

This simulation will be done for the regional diesel electric train with 560 kW ICE and with Li-Ion 
battery as ESS. 

A new driving cycle and tunnel track was defined because input data for such a duty cycle from 
WP7.2 were not available for this specific use case. The Table 16 presents the track profile, 
driving times and maximum speeds, provided by DB AG, needed to perform this simulation. 
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Table 16: Tunnel track data 

Position Stop time Travel time Distance Max speed Gradient 

  [s] [s] [m] [km/h] [%] 

Station A 120 270 0 80 0 

      404 80 0.25 

      804 80 0 

      1172 120 0 

      1341 120 0.025 

      1809 120 0.212 

      1993 120 1.25 

      2590 120 -0.955 

      3800 120 -0.5 

      4017 120 -1.25 

Entrance tunnel     4184 120 -1.25 

      4352 120 -0.954 

      4800 120 -0.2 

      4946 110 -0.2 

      5301 110 0 

Station B 120 210 5313 110 0 

      5324 110 0.2 

      5553 110 0.114 

      5600 110 0.255 

      5660 120 0.255 

      5675 120 0.199 

      5823 120 0.1 

      5844 120 0.2 

      6415 120 1.25 

Exit tunnel     6461 120 1.25 

      7240 120 0.217 

      8172 120 -0.375 

      9189 120 0 

      9281 120 0.404 

      9348 120 0.024 

      9501 120 0 

      9533 100 0 

      9640 100 -0.1 

      9753 100 0 

Station C 120   9856 100 0 
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For the considered tunnel drive cycle, and for the regional DE train with 560kW ICE and Li-Ion 
battery (6 branches in parallel as defined for this train in the previous deliverable), the simulation 
was launched, trying to stop the ICE during the whole tunnel section.  

Figure 1 shows the forward and return simulation for the tunnel track. The dot black lines 
represent the tunnel section.  

 

 

Figure 1: Tunnel operation simulation with regional 560kW ICE and Li-Ion battery 

 

For more details, a zoom in the tunnel section is presented in Figure 2, where: 

- the red line represents the speed of the train,  

- the blue line represents the distance,  

- the green line shows the SOC of the battery, 

- the violet line shows the power provided by the ESS 

- the yellow line shows the power provided by the generator 
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Figure 2: Zoom of tunnel operation simulation with regional 560kW ICE and Li-Ion battery 

 

As can be seen, the ESS can provide the required power and energy in the entrance of the tunnel 
and during the stop at the station in the tunnel for the auxiliaries. However, when the train departs 
from the station of the tunnel, the ICE has to be started in order to provide the required power for 
acceleration. This corresponds to point 5.3 km in the track. So the regional train can run slightly a 
bit more of the half of the tunnel section only supplied by the ESS. 

 

With the ICE running when required, the driving time for forward and return is 1,431 s, which 
fulfills the specified timetable. Table 17 presents a summary of the performed simulation, which 
does not fulfill the target of running the regional train with only batteries along the entire length of 
the tunnel: 
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Table 17: Tunnel operation simulation results 

Tunnel operation with regional 560kW ICE, DE and Li-Ion battery 6 
branches 

Distance (km) 19.71 

Time (s) 1431 

Fuel Consumption (l) 28.85 

CO2 (kg) 75.58 

NOx (kg) 0.6485 

PM (kg) 0.0336 

Performance Indicators  
(PI) 

PI 2 (g NOx/train km) 32.899 

PI 4 (g PM/train km) 1.704 

PI 6 (kg fuel/train km) 1.207 

PI 8 (kg CO2/train km) 3.834 

 

Reduction of ICE and battery increase to run the tunnel: 

Caused by the limited power of the battery the tunnel operation without ICE cannot be performed 
with this system architecture. To increase the power of the battery more parallel branches are 
necessary. In chapter 7 of D7.5.3 a replacement of ICEs by additional battery branches was 
investigated. The same system architecture with 14 battery branches was chosen to perform the 
tunnel operation by replacing two of the three ICEs. The summary of results is shown in Table 18. 
Outside the tunnel the ICE is operated at constant load recharging the battery in phases of low 
power demand. 

Table 18: Tunnel operation simulation results with bigger battery 

Tunnel operation with regional 560kW ICE, DE and Li-Ion battery 
14 branches 

Distance (km) 19.71 

Time (s) 1431 

Fuel Consumption (l) 25.75 

CO2 (kg) 67.46 

NOx (kg) 0.2805 

PM (kg) 0.0235 

Performance Indicators  
(PI) 

PI 2 (g NOx/train km) 14.23 

PI 4 (g PM/train km) 1.192 

PI 6 (kg fuel/train km) 1.078 

PI 8 (kg CO2/train km) 3.423 

 

Figure 3 shows the results for the Regional 560 kW 1 ICE and 14 battery branches. The required 
speed can be achieved due to the high power of the battery. Outside the tunnel the remaining 
ICE recharges the battery leading to a balanced SOC at the end of simulation. The recharging 
from ICE is partly limited in braking phases due to the charging limitation of the battery. 
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Figure 3: Tunnel operation simulation with regional 560kW ICE and Li-Ion battery 
14 branches 

 

2.7 RANGE OF PURE ELECTRIC MODE 

As mentioned in the introduction chapter, it will be calculated how many meters can a hybrid rail 
vehicle run in a pure electrical mode. This will provide a figure of the range of the ESS for rail 
vehicles, in a similar manner as it is provided for the car industry, so this will give an “answer 
number” to the general public.  

It was agreed in the working group to make this calculation for one duty cycle as an example. In 
order to evaluate the 4 ESS in the same use case, the Suburban vehicle with diesel 
hydromechanic architecture was chosen. 

The conditions to be applied for all 4 ESS are as follows: 

 ICE is switch off and all power is provided by the ESS, 

 Vehicle accelerates from 0 km/h to 40 km/h and then it holds speed as long as possible in 
a route with 0 % gradient, 

 No stops and no further acceleration are allowed, 

 Auxiliary power: 18.1 kW (as defined in D7.4.1) and 

 Degree of ESS Discharge: 100 %. 

It is reminded that the tare weight of the suburban vehicle is 80 t. 

In Table 19 a summary with the results for every suburban train with the ESS is presented to 
have the global picture. 



 

 

EC Contract No. FP7 - 234338 

 

 

 

CLD-D-VSL-044-05 Page 31 of 87 31/01/2014 

 

Table 19: Range for suburban DHM for all ESS 

Suburban DHM 
Hydrostatic 

Accumulator 
Flywheel Battery DLC 

Maximum usable energy in the 
ESS (kWh) 

2 3 
43.6 

(3 branches, 
EOL) 

1.89 

ESS mass, including hybrid 
components (kg) 

2,400 1,900 2,325 2,451 

Covered distance (m) 106 521 13,143 91 

Time to accelerate to 40 km/h (s) 

Not possible. 
It takes17 s to 
accelerate up 
to 35.5km/h. 

19 23 

Not possible. 
It takes15 s to 
accelerate up 
to 37.7 km/h. 

Covered distance without 
acceleration at 40 km/h (m) 

900 1,289 14,233 811 

 

Because the acceleration phase to reach 40km/h leads to a comparison of power and not of 
energy content of the ESS additional calculations are shown in the same Table 19: the distance 
covered at cruising at 40km/h allows a comparison due to energy content. 

Figure 4 shows the speed profile vs. the distance run for the suburban train with the four different 
ESS. 
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Figure 4: Range of pure electric drive for the suburban DHM with ESS 

 

Due to the different energy/power ratio of the four types of ESS only the flywheel and the battery 
are capable to accelerate the suburban train up to 40 km/h and then run at this constant speed. 
The hydrostatic accumulator and the DLC don‟t have enough energy to provide the long 
discharge requested for the acceleration. Both ESS are empty before the rated constant speed of 
40 km/h is reached. The flywheel has enough energy for the acceleration phase and for running a 
total of 521 m. The Li Ion battery has enough energy to accelerate up to 40 km/h and then run for 
up to 5.7 km. In contrast, the train with the battery is the one that takes more time during the 
acceleration (23 s) as the power discharge for the battery is lower than for the other ESS. 

The next Figure 5 shows together with the speed profile the power and the SOC of every ESS, 
where it can be observed the comments stated above. In order to appreciate the evolution of all 
ESS the chart only shows values until 550m of run distance.  
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Figure 5: Range of pure electric drive for the suburban DHM with ESS 

 

In Figure 6 it can be seen the complete discharge profile for the battery ESS. 

 

 

Figure 6: Power and SOC of pure electric drive for suburban DHM with Li-Ion battery 
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2.8 VALIDATION OF SP7 TOOL 

First validations of the SP7 Tool were already performed successfully and presented in D7.3.1.  

Since D7.3.1 was released, major improvements in the SP7 Tool have been done, including the 
trajectory planner and the optimization control strategies. Therefore a new comparison between 
measured and simulated fuel consumption was performed to check the quality of the results from 
the final SP7 simulation tool. 

2.8.1 Measurement 

The chosen track is located in western Bavaria and connects the towns of Aschaffenburg and 
Miltenberg. The total distance is 37.32 km with a total number of 13 stops, see Figure 7 below. 
The first hybrid train in regular passenger transport will operate on the same track.1 

The synthetic track for the regional vehicle is specified in D7.2.1 and has a number of 14 stops 
and a total distance of 70.0 km.  

 

 

Figure 7: Location and stations of measured track 

 

The vehicle is a Siemens Desiro Classic, which is a typical regional train with a total mass of 78 t 
and two conventional MTU diesel engines (6R183TD13H). Each of these engines has a rated 
power of 275 kW at 1900 rpm. The torque is transferred through a ZF Ecomat gearbox, with 5 
gears and a convertor. The train and its technical data are shown in Figure 8. The fuel 
consumption was computed through an industrial flow meter.  

                                                
1
 http://www.welt.de/wissenschaft/article112281574/Der-erste-Hybrid-Zug-So-gruen-kann-Bahn-sein.html 

http://www.welt.de/wissenschaft/article112281574/Der-erste-Hybrid-Zug-So-gruen-kann-Bahn-sein.html
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Figure 8: VT642 Siemens Desiro vehicle data 

 

The speed vector for the typical driving mode was measured using GPS data and is displayed in 
Figure 9.  

 

Figure 9: Measured speed profile and speed limitation for typical driving mode 

 

To adapt the SP7 simulation tool to the measured data the parameters of the train, the track and 
velocity data as well as the measured fuel mappings of the ICE were implemented. The typical 
speed (v_typ) and the maximum speed (v_max) driving strategy were chosen and simulated for 
the comparison. The v_max driving mode utilizes maximum acceleration, braking power and 
maximum speed, resulting in less time in motion and longer braking times. The differences 
between the two driving strategies for this specific track are shown in Figure 10.  
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Figure 10: Speed over time for different driving modes on the selected track 

 

The distribution of load points for the given track and the typical driving mode is given in Figure 
11. 

 

Figure 11: Distribution of load-points for measurement (left) and simulation (right) for 
typical driving mode 

 

The load points of the measurement are more concentrated and discrete for high power outputs 
and high engine speeds than in the simulation. The reason for this is the recording method via 
GPS coordinates. The natural inaccuracy of this method results in a fluctuation of the velocity and 
acceleration around a mean value. Even after filtering a small fluctuation still remains, leading to 
a wider distribution of load-points for the simulation than in the measurement. This results in a 
wider spread of the load distribution, yet the global load distribution remains the same. This has 
hardly any effect on the total fuel consumption, due to the negligible difference between the 
specific fuel consumption at these slightly fluctuating load points.  

The results of the fuel consumption of the simulation and the measurement are displayed in 
Figure 12 for both driving modes.  
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Figure 12: Comparison of measured and simulated fuel consumption  

The results are given as a relative comparison to the result of the measurement for the typical 
driving mode. The result for the typical driving mode is 101.03 % for the simulation with respect to 
the measurement. The results for the maximum speed mode are 115.14 % and 116.22 % 
respectively. The differences between measurement and simulation are 1.03 % for the typical and 
0.94 % for the maximum speed mode. This indicates the good capability and accuracy of the 
simulation tool, especially since the difference is even less than the inaccuracy of the flow 
meter. 

2.8.2 Additional Hybrid Simulation 

The main focus of Subproject 7 is to provide solutions for hybrid rail vehicles. Hence, an 
additional simulation was performed to give an indication of the potential fuel savings through the 
usage of a hybrid traction system instead of a conventional diesel traction system. The result of 
this simulation provides an outlook of the potential fuel savings under real life conditions.  

The simulation model of the hybrid vehicle utilizes the identical velocity vectors and vehicle data 
from the previous section 2.8.1. In addition a battery with a total capacity of 71.88 kWh was 
implemented into the model. The SOC rose slightly, which is displayed in Table 20. The higher 
SOC was transferred into a corresponding diesel-fuel equivalent and subtracted from the fuel 
consumption to gain a true comparison.  
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Table 20: Battery data for Hybrid train comparison 

 

 

The resulting fuel consumptions of this simulation are displayed in Figure 13, together with the 
measurement and simulation results of the conventional power train system. 

 

 

Figure 13: Fuel consumption of hybrid vehicle on track Aschaffenburg-Miltenberg 

 

For the typical driving mode the relative fuel consumption of 83.44 % for the hybrid system is 
16.56 % lower than the measured value for the conventional traction system. For the v_max 
driving mode the fuel consumption is 19.69 % lower respectively. The braking energy 
recuperation accounts for the largest fraction of fuel saving for the hybrid vehicle, however, the 
altered load point distribution also adds to the fuel savings. The distribution of load points 
obtained in the measurement of the typical driving mode and the load points of the simulated 
hybrid system are displayed in Figure 14.  
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Figure 14: Measurement load point distribution for conventional (left) and simulated hybrid 
train (right); typical operation mode 

 

The discrete load points of high power output, speed and time distribution in the conventional 
(measured) system refers to the maximum traction phases during acceleration and accounts for a 
large fraction of the total fuel consumption (see D7.3.3). The hybrid system is capable of boosting 
the ICE with the electric engine during traction phases, leading to a different distribution of load 
points for the ICE. The main fraction of load points is situated at a lower power range and is 
widely spread. The load increase at low power outputs is also visible. The measured data again 
shows a very discrete line of load points for low power outputs in the conventional traction 
system, while the load points for the hybrid system are spread wider and are only limited by the 
minimum traction power. This results in a load distribution with more points at better specific fuel 
consumption. 

The resulting fuel savings of 14.85 % and 18.48 % were determined with a non-optimized hybrid 
traction system. An optimized system would lead to a better efficiency with higher potential fuel 
savings. One optimization aspect is a different hybrid operating strategy. The combination of 
electric and diesel powertrain leads to an increased traction capability. With a higher acceleration 
the cruising speed could be decreased, yet still meeting the timetable. This could potentially result 
in additional fuel savings. The implementation of this strategy can only be done through a 
dynamic simulation. Another optimization aspect is the size of the battery and the electric engine. 
The best set-up would prove to be the best trade-off regarding invest cost, energy capacity, 
maximum power output and efficiency. The best configuration would lead to an additional fuel 
saving; however, this largely depends on the specific track. The implementation of a start/stop 
strategy for the ICE could also lead to additional fuel savings, depending upon a complete 
electrification of all auxiliary loads. The SOC of the battery ESS rose slightly over the entire 
simulated cycle. The optimization through a balanced SOC would also lead to an increase in total 
fuel savings.  

 

2.9 ESS IMPROVEMENTS AND TRENDS IN TERMS OF 

POWER/ENERGY RATIO. 

As technology improvements are expected to occur with time this subchapter will present the 
results of new simulations taking into account performance improvements on the ESS. 
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For simulating some future technology improvements new scenarios will be considered for every 
ESS. The considered improvements are limited in terms of power/energy ratio, and depending on 
if we considered a high power or a high energy ESS the future trends have been chosen: 

 In the case of the battery, as it already contains high energy, an increase of power will be 

considered, 

 For the other ESS, an increase of energy will be considered. 

One use case will be presented for every ESS:  

2.9.1 Hydrostatic accumulator improvements and trends: Suburban DHD 
vehicle application 

The same simulation as in chapter 2.1.2 is done, with DP strategy and considering that the 
hydrostatic accumulator will have an energy increase of 50%, while keeping the same power and 
mass. Table 21 shows the results. 

In blue are shown the improvements of the future scenario in comparison with the standard 
suburban vehicle, and in red the improvements of the future scenario in comparison with the 
same DP simulation and current values of energy (this simulation was shown in chapter 2.1.2): 

Table 21 : Future scenario hydrostatic accumulator: 50% enery increase applied to 
suburban DHD use case 

Suburban  DHD with 
hydrostatic 

accumulator 
future scenario 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ 

train km] 

PI 4 
[g PM/ 

train km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 101.6 1.224 0.075 266 15.3 0.9368 1.047 3.325 

Hybrid vehicle (DP) 90.15 1.079 0.073 236.1 
13.48 0.9181 0.9296 2.952 

-11.9 % -2.0 % -11.2 % -11.2 % 

Hybrid vehicle with 
50 % energy increase 

(DP) 
85.79 0.984 0.074 224.7 

12.29 0.925 0.8847 2.809 

-19.6 % -1.3 % -15.5 % -15.5 % 

-8.8 % 0.8 % -4.8 % -4.8 % 

 

The simulation results show that an energy increase of 50 % leads to a further reduction of 4.8 % 
in terms of fuel consumption compared to the DP values of previous chapter 2.1.2. Even more 
benefits were achieved for the NOx emissions, which are 8.8 % lower compared to the already 
optimized hybrid vehicle and even 19.6 % lower compared to the standard non-hybrid vehicle. In 
terms of PM emissions, a slight increase of 0.8 % can be seen. 

As can be seen, an increase in terms of storable energy while keeping the same weight offers a 
huge potential for hybrid vehicles with hydrostatic accumulators. In order to achieve this energy 
increase, research has to be carried out in the area of advanced materials for pressure vessels to 
make them lighter while maintaining the tear strength of a commonly used steel casing. 
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2.9.2 Flywheel improvements and trends: Regional DE with 560kW ICE 
application 

The same simulation as in chapter 7.3 of D7.5.3 is done here, with DP strategy and considering 
that the flywheel will have an energy increase of 50 %, while keeping the same power and mass. 
Table 22 shows the results. 

In blue are shown the improvements of the future scenario in comparison with the standard 
regional vehicle, and in red the improvements of the future scenario in comparison with the same 
DP simulation and current values of energy: 

Table 22: Future scenario for flywheel: 50% energy increase applied to regional 560kW 
with DE architecture use case 

Regional 560kW ICE, 
DE with flywheel 
future scenario 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ 

train km] 

PI 4 
[g PM/ 

train km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 266 3.586 0.192 696.6 27.55 1.373 1.567 4.976 

Hybrid vehicle (DP) 204.1 3.705 0.201 534.6 
26.464 1.436 1.203 3.819 

-3.9 % 4.6 % -23.2 % -23.3 % 

Hybrid vehicle with 
50 % energy increase 

(DP) 
190 3.926 0.199 497.7 

28.04 1.4214 1.1196 3.555 

1.8 % 3.5 % -28.5 % -28.6 % 

6.0 % -1.0 % -6.9 % -6.9 % 

 

An energy increase of 50 %, while keeping the same power and mass, leads to have an 
additional fuel saving of around 7 % compared to the DP with the hybrid vehicle and current ESS. 
The figure is the same regarding the CO2 emission while PM emission is only decreased of 1 %. 
On the contrary NOx emission is increased of 6 %. 

One can see that the tendency of increasing the stored energy while keeping the same power 
and mass leads to have additional fuel, CO2 and PM saving but with lower benefit than the ones 
achieved with the first step: hybrid vehicle, current ESS and DP. In the other hand NOx emission 
is degraded. So these 2 opposite behaviors have to be considered in the future in order to 
determinate the good compromise. 

2.9.3 Li Ion Battery improvements and trends: Regional DE with 360kW ICE 
application 

The same simulation as in chapter 2.2.3 of this Deliverable is done here, with DP strategy and 
considering that the Li-Ion battery will have a power increase of 50 %, while keeping the same 
energy and mass. Table 23 shows the results. 

In blue are shown the improvements of the future scenario in comparison with the standard 
regional vehicle, and in red the improvements of the future scenario in comparison with the same 
DP simulation and current values of energy: 
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Table 23: Future scenario for Li-Ion battery: 50% power increased applied to regional 
360kW ICE with DE system architecture use case 

Regional 360kW ICE, 
DE with Li Ion Battery 

Future Scenario 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ 

train km] 

PI 4 
[g PM/ 

train km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 228.7 2.933 0.149 599 20.95 1.106 1.348 4.278 

Hybrid vehicle (DP) 169.3 2.127 0.153 443.6 
15.19 1.096 0.998 3.17 

-27.5 % -0.9 % -26.0 % -25.9 % 

Hybrid vehicle with 
50 % power increase 

(DP) 
169.3 2.127 0.153 443.6 

15.19 1.096 0.998 3.17 

-27.5 % -0.9 % -26.0 % -25.9 % 

0.0 % 0.0 % 0.0 % 0.0 % 

 

In this case the “future battery” with higher power and same energy content doesn't provide 
bigger fuel savings, because the recuperation power with the present Li Ion battery was quite 
high too. 

For some use cases, battery technology is already sufficient: the power increased of the battery 
showed no improvements in the fuel or emissions results. However, this may be beneficial if other 
and more demanding use cases are analyzed, e.g. for freight locomotive with a high braking 
power and energy to be recovered an increase of the power as well as energy capacity of the 
battery will be significant and this could make hybrid freight locomotives a viable and sustainable 
solution.   

2.9.4 DLC improvements and trends: Regional DE with 560kW ICE 
application 

The same simulation as in chapter 2.4.3 of this Deliverable is done here, with DP strategy and 
considering that the DLC will have an energy increase of 50 %, while keeping the same power 
and mass. Table 24 shows the results. 

In blue are shown the improvements of the future scenario in comparison with the standard 
regional vehicle, and in red the improvements of the future scenario in comparison with the same 
DP simulation and current values of energy: 
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Table 24: Future scenario for DLC: 50% energy increase applied to regional 560kW ICE 
with DE system architecture use case 

Regional 560kW ICE, 
DE with DLC 

future scenario 

FC 
[l] 

NOx 
[kg] 

PM 
[kg] 

CO2 
[kg] 

PI 2 
[g NOx/ 

train km] 

PI 4 
[g PM/ 

train km] 

PI 6 
[kg fuel/ 
train km] 

PI 8 
[kg CO2/ 
train km] 

Standard vehicle 266 3.586 0.192 696.6 27.55 1.373 1.567 4.976 

Hybrid vehicle (DP) 218.7 3.948 0.204 572.8 
28.2 1.454 1.289 4.091 

2.4% 5.9% -17.7% -17.8% 

Hybrid vehicle with 
50% energy increase 

(DP) 
217.9 4.156 0.205 570.7 

29.68 1.4606 1.2840 4.076 

7.7% 6.4% -18.1% -18.1% 

5.3% 0.5% -0.4% -0.4% 

Hybrid vehicle with 
50% energy increase 

(3par sectionwise) 
211.9 3.565 0.201 555.1 

25.46 1.437 1.249 3.965 

-7.6 % 4.7 % -20.3 % -20.3 % 

-9.7 % -1.2 % -3.1 % -3.1 % 

 

The fuel efficiency increases with energy content of the DLC ESS whereupon the significantly 
better results were achieved with 3par sectionwise optimization. In all PI the 3par sectionwise 
optimization reaches better results compared to DP. The achieved improvements are comparable 
to the improvements of flywheel and hydrostatic ESS. 
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3. FUTURE SCENARIOS 

This chapter introduces new considerations not taken into account so far for the development of 
hybrid rail vehicles. These considerations may have a big impact in the future development of 
hybrid rail vehicles.  

3.1 RAIL DIESEL HYBRID VEHICLES – OPERATIONAL CONTEXTS 

This chapter deals with the question in which context rail diesel hybrid vehicles may in future be 
beneficial for operators; i.e. which operational conditions are favorable for the use of rail diesel 
hybrid vehicles? This could lead also to assumptions on the market size for rail diesel hybrid 
vehicles to be assessed in the next main chapter. This subchapter focuses more on the 
operators‟ view on rail hybrid vehicles and their needs and expectations.  

Are there already today operational conditions or other aspects which – based on today‟s 
knowledge on hybrid vehicles – could be met better with hybrid vehicles? In other words, would 
hybrid vehicles solve some of the operators‟ today‟s problems? 

As no hybrid vehicles are available yet (not taking into account some prototypes and test 
vehicles) it is difficult to assess how hybrid vehicles will be used or could be used the best way, 
but this subchapter points out relevant factors and aspects which could influence in the future the 
use of hybrid rail vehicles from the operator‟s perspective. I.e.: 

 What are most likely beneficial operational conditions in which hybrid rail vehicles may 
show their advantages compared to conventional rail vehicles?  

 Are there non-technical aspects (whether constraints or drivers) which could be relevant in 
the context of the use of hybrid vehicles?  

 Are there on the operator‟s side additional and new investments on maintenance and 
servicing necessary when using hybrid vehicles?  

 Are there potential competitive aspects between electric rail vehicles and diesel hybrid 
vehicles? What could be relevant aspects when it comes to a decision to electrify a line or 
to use hybrid vehicles?  

A theoretical example: hybrid DMUs in the power range of 360 kW in suburban or regional 
passenger service seem to be beneficial from a LCC perspective due to many stops and short 
distances between stops. The question is: how many of these operational cases can be found in 
Europe where DMUs and not EMUs are being used with a tight timetable and a dense traffic? 
Having high passenger numbers and a big passenger transport demand, it is very likely that 
these lines may be the first to become electrified to meet the transport demand using electric 
traction. Second, in such a context – suburban passenger transport with diesel rail vehicles – a 
societal and/or political pressure may be expected to lower direct local diesel exhaust emissions 
from rail operation giving another push towards electrification. 

To better illustrate the operational context a specific country is taken into account: In France, 
50 % of the railways are electrified and traffic of diesel engine represents only 10 % of the total 
traffic. Considering this context, SNCF identified two applications which for hybridization could be 
beneficial: shunting locomotive and DMUs railcar for regional services. 

The shunting locomotives at SNCF are in the range of power of 150 to 260 kW. SCNF has about 
1000 shunting locomotives distributed between the freight transport branch and the infrastructure 
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branch. Shunting operation will always be performed with diesel locomotives to guaranty 
autonomy and capabilities to reach wagon everywhere in the railroad. 

Hybridization could be beneficial in two utilizations:  

1. Help from the ESS to the DMU in shunting operation. This will reduce the DMU power 
demand and leads to reduction of fuel consumption and to optimization of the diesel motor 
performances. 

2. Supply from the ESS to auxiliaries when the locomotive is stopped. In this case, the diesel 
motor is turned off which leads to benefits in fuel consumption, emissions and in 
maintenance, as maintenance‟s costs of diesel engine depends on the time of operation. 

3. Hybrid shunters: the case of a big battery locomotive with a small ICE to recharge the 
battery can be economically viable. 

The regional DMU at SNCF are in the range of power of 1300 kW. SNCF has about 150 diesel 
engines and about 300 dual-mode locomotives, with capability to operate in electrified or not-
electrified railroad. These locomotives operate on the railroad that will not be electrified in the 
next 10 years as electrification is not cost effective in these sectors. Timetables and traffic density 
is imposed by the regions to the railway operator. This means that investment in rolling stock and 
infrastructure depends on the region‟s needs, demand and resources, and therefore additional 
ecological specifications (e.g. in urban areas) as well as other requirements from public transport 
authorities can promote the use of hybrid vehicles. This will be specifically seen in chapter 3.4. 

Generally, DMUs regional services railcars operate with stops every 5 to 15min, which give 
significant opportunities to charge the storage system of hybrid engines. Diesel electric engines 
operating in both electrified and non-electrified railroad appear as the most relevant engine to be 
hybridized. In this case, benefits of hybridization would be the capability to perform short 
distances (between two stations) autonomously and environmentally friendly without requesting 
the diesel motor. Some Regions could be interested in hybrid DMUs to expose an ecological 
image or if local constraints are strong enough to invest in these new type of engine. The cost of 
the hybrid railcar is the key parameter to important deployment in France for regional services. 

An additional operational condition where hybrids are beneficial is the operation within tunnels, 
and during stations inside a tunnel: if the hybrid rail diesel vehicle can be operated with the ESS 
and the ICE switch off no emissions will be released within the tunnel, as analyzed in chapter 2.6.  

 

3.2 IMPACT OF USING IIIB ENGINES 

Up to now, all simulations of diesel rail vehicles and hybrid diesel rail vehicles done with SP7 Tool 
have been based on synthetic engine mappings complying with stage IIIA emission limits, with 
the addition of the validation in chapter 2.8 for IIIA engines. Because applying IIIB engine design 
may result in different fuel consumption compared to stage IIIA, the objective of this section is to 
describe what would be the impact of using IIIB diesel engines on fuel consumption, as well as 
NOx and particle emissions. 

Two simulations were performed using the SP7 tool with the regional train, the corresponding 
duty cycle and a hydromechanic gearbox. The regional train with a 360kW ICE and DHM system 
architecture from D7.3.3 was used as input data. The comparison of IIIA and IIIB engines is done 
with a simulation of conventional ICE only, so without any ESS. The synthetic engine mapping 
was replaced by measured engine mappings of IIIA and IIIB diesel engines, each with a 
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maximum power of 360 kW. The IIIB engine uses SCR (Selective Catalytic Reduction) and no 
DPF (Diesel Particle Filter) to achieve the required level of NOx and particle emissions.  

The resulting velocity profile is displayed in Figure 15.  

 

Figure 15: Velocity profile for regional train with IIIA and IIIB ICE 

 

The total fuel consumption for one entire cycle with a stage IIIB vehicle is 6 % lower than with the 
IIIA engine, see Figure 16 below.  

 

Figure 16: Relative cumulated fuel consumption for regional train with IIIA and IIIB ICE 

 

The value for the specific fuel consumption of the IIIB ICE is about 9 % lower at rated power than 
the value of the IIIA ICE and about 8 % lower at the point of maximum efficiency. The synthetic 
driving cycle has long time periods with the engine running at low rotational speed. The 
corresponding chart is given in Figure 17 below. At low rotational speeds the specific fuel 
consumption of the IIIB ICE has no advantage compared to the IIIA engine. The result of this is a 
fuel saving for the entire cycle, which is marginally lower than at the point of maximum efficiency.  
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The combination of a IIIB engine and a hybrid propulsion system would prove to have an 
additional advantage due to the new load distribution. The low load points can be avoided, 
because here the ESS instead of the ICE can supply the power. Thus the advantage of the IIIB 
engine relative to the IIIA engine in terms of fuel consumption at high load points comes directly 
into effect. 

 

Figure 17: Time distribution of engine speed of regional train 

 

The NOx and PM emissions greatly depend upon the dynamic behavior of the ICE, e.g. the 
amount of air, control mode, turbulation, temperature and many other factors. Modeling these 
effects is highly complex and subject of doctoral thesis like “Modellierung der Ruß- und NOx-
Emissionen des Dieselmotors” (modeling of particle and NOx emissions of the diesel engine) by 
Dr.-Ing Sebastian Paul Wenzel, 2006. This effect is negligible for the fuel consumption, because 
this value is hardly influenced by the dynamic behavior of the ICE. 

The available mappings for NOx and PM have been measured at static load points. Using these 
static mapping for the simulation of a drive cycle would neglect the dynamic effect during the 
driving cycle, thus resulting in different total emissions than what could be expected in reality. 
There are no known working methods that use static mappings to simulate a dynamic combustion 
process, so a quantitative comparison between IIIA and IIIB engine would not be meaningful. Up 
to now macroscopic approaches for NOx and PM have been done based on the available static 
emission mappings from the ICE manufacturers, as today it is the only way to gain results for PM 
and NOx emissions with time steps of around 1 second. 

Therefore the initialization of an EU project to measure and/or simulate NOx and PM emissions is 
clearly recommended. 

A qualitative comparison can be given by the analysis of the combustion process and the 
legislation. The internal combustion process has a trade-off between NOx and particle emissions. 
The SCR reduces the amount of emitted particles in the combustion process to a minimum. The 
rather high NOx amounts are later reduced by adding the anhydrous ammonia after the internal 

http://en.wikipedia.org/wiki/Anhydrous_ammonia
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combustion process. Thus in general the PM and NOx emissions of the IIIB engine are greatly 
reduced compared to the IIIA engine. Also the ICE has to be able to fulfill the amounts of NOx and 
PM stated by the legislature. These values have been greatly reduced from IIIA to IIIB, thus 
resulting in the same qualitative conclusion. 

3.3 IMPACT OF FUTURE TECHNOLOGY 

The developments in the area of improving the capacity of ESSs over the past decade have been 
significant. New technologies that were not financially viable/efficient only a few years previously 
are now commercially available, allowing for greater energy efficiencies to be achieved. As 
countries and organizations worldwide realize the importance of energy efficiency and emissions 
reduction, the level of investment in these fields will increase dramatically, helping to develop 
even more capable, efficient and affordable ESSs. One of the areas in which these ESSs can be 
installed is as part of a hybrid system to recover the regenerative braking energy in diesel-
powered rail vehicles, both as a retrofit to old vehicles and as part of the design of new vehicles. 
Numerous technologies (either new or maturing) will be of benefit in the attempt to develop these 
future diesel hybrid rail vehicles. Section 3.3.1 highlights the current state-of-the-art technologies 
used in ESSs and expected future developments in these areas, whilst section 3.3.2 documents 
other technologies relevant to the ESS field, such as weight saving measures that can be used in 
rail vehicles to compensate for the increased weight due to the addition of an ESS. Further 
technical information relating to the technologies discussed herein can be found in D7.1.1 issued 
over 4 years ago. 

3.3.1 Energy Storage Systems 

3.3.1.1 Batteries 

Batteries store and deliver energy through reversible electrochemical reactions between 
electrodes immersed in an electrolyte solution. These reactions occur inside cells, which are the 
basic units of a battery. Historically, batteries utilized lead-acid technology, but are now based on 
nickel and lithium-based solutions. Both types of batteries exhibit many similar characteristics; 
they have a similar power density, discharge time and cost, although lithium-based batteries 
achieve a greater average energy density (75-200 Wh/kg versus 30-80 Wh/kg), a greater 
efficiency and lower self-discharge levels than their nickel counterparts (Chen et al., 2009; 
Hadjipaschalis et al., 2009). However, nickel-based batteries demonstrate a greater resistance to 
deep discharges, whilst allowing for a high level of performance when placed under extreme 
temperatures (Kadhim, 2009).  

However, as with all batteries, the main limitation is their power intensity – the rate at which the 
battery can be charged. Often a battery cannot accept all of the braking energy produced at high 
power levels during regenerative braking, and so it is necessary to dissipate the surplus in 
resistors, as with rheostatic braking. Future research aims to increase the low power density and 
lifetime, and aims to improve the safety and cost effectiveness of battery-based ESSs (Mukherjee 
et al., 2012). While only small achievements have been made over the past 2-3 years in attempts 
to increase the energy density of lithium-ion batteries, research published in March 2013 has 
identified several forms of lithium-ion batteries that are capable of providing an energy density of 
approximately 580-700 Wh/kg, as opposed to the current maximum of approximately 200-
300Wh/kg (Zaghib et al., 2013).  

Significant improvements to the power density of Lithium-ion batteries are also expected to be 
made very soon, involving such methods as decreasing the size of the active particles of the 
electrodes, surface modification and the synthesis of new multi-composite particles (Kushnir and 
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Sandén, 2011; Brutti et al., 2012). For example, the anodes of commercially available Li-Ion 
batteries are made from graphite, as they allow for a high energy density of the battery. However, 
graphite anodes limit both the rate of charge and the power density and so efforts have been 
made to replace graphite with different composite materials (e.g. applying Lithium Titanate – 
Li4Ti5O12  - nanofibres to the anode), which address these issues. However the energy density is 
lower (Mukherjee et al., 2012; Zaghib et al., 2013). Furthermore, recent technological 
developments mean that the current Lithium-ion batteries being produced can be used without 
any noticeable wear for up to 20,000 cycles, rather than the 1,000-10,000 cycles in batteries 
produced 2-3 years ago (Choi et al., 2010; Zaghib et al., 2013). 

Additionally, on the 16th April 2013 a team from the University of Illinois outlined the design for a 
so-called “microbattery”. This battery involves a new design, whereby the anode and cathode are 
integrated on a microscale, allowing the battery to have a very high surface area despite a small 
overall volume (Pikul et al., 2013). This battery will be able to be charged over 1,000 times 
quicker than conventional batteries and will allow for ten times smaller batteries with same energy 
density or ten times greater capacity for the same size (Pikul et al., 2013). 

 

 

Figure 18: A cross-section of the battery highlights the innovative design of the anodes 
and cathodes (Pikul et al., 2013) 

 

Its developers believe the technology will be able to be scaled up to manufacturing levels, 
although the safety of such batteries could pose a problem in their current state, as the current 
electrolyte used is a combustible liquid (Pikul et al., 2013). In the test equipment, only a 
microscopic amount of the liquid was used, making the risk of an explosion negligible, although if 
this were scaled up to larger-sised batteries then the danger could become "significant". 
However, this issue can be avoided by using a safer polymer-based electrolyte, which is 
expected to be implemented and trialled in a full prototype by the end of 2013 (Pikul et al., 2013). 

A commercially available version of such a battery could prove highly useful in the development 
of new hybrid locomotives and DMUs; the reduced weight of an ESS, the ability of a hybrid 
vehicle to operate in an ESS-only capacity on significant stretches of track or to idle for an even 
greater amount of time. The fast-charging feature of these batteries could also negate the need 
for a supercapacitor to be used (or used in conjunction with a battery), since the new battery 
alone would be sufficient to absorb the high power peaks generated by regenerative braking if 
battery‟s lifetime and investment would be sufficient for the identified use case. 

It is also worth noting that Directive 2006/66/EC on batteries and accumulators and waste 
batteries and accumulators requires that Member States which have manufacturers established 
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on their territory should promote research and encourage improvements in the overall 
environmental performance of batteries and accumulators throughout their entire life cycle 
(European Commission, 2006). 

3.3.1.2 Double Layer Capacitors 

The need for electrochemical double layer capacitors (DLCs), also known as ultracapacitors or 
supercapacitors, as part of an energy storage system to recoup regenerative braking energy is 
most commonly related to urban rail systems, where quick deceleration and acceleration are 
essential parts of operation. The high power density and intensity of DLCs allows the ESS to 
store all of the energy coming from the regenerative braking as it is being produced, and to 
release it to the motor during the high acceleration.  

However, while able to accept high levels of power, the amount of energy that could be stored in 
a DLC was small; when D7.1.1 was produced in 2009, the common energy density for on board 
DLCs was approximately 2-4 Wh/kg. Since then, technological developments have led to the 
production of on board DLCs with an energy density of up to 15 Wh/kg; a significant increase 
(Burke and Miller, 2011).  

Future research aims to consider the suitability of the use of carbon nanotubes rather than porous 
carbon-based materials in DLCs, which could lead to energy densities of 60 Wh/kg and power 
densities of 100 kW/kg. By comparison, a current lithium-ion battery can achieve an energy 
density of 75-200 Wh/kg and a power density of 0.1-0.35 kW/kg, which (if the current self-
discharge rate of 20-40 % within the first 24 hours could also be improved) could negate the use 
of batteries as means to store regenerative braking energy on board diesel-powered rail vehicles 
(Chen et al., 2009; Hadjipaschalis et al., 2009; Kadhim, 2009; Vazquez et al., 2010). 

3.3.1.3 Hybrid ESSs 

To ensure the complete capture and subsequent long-term storage of regenerative braking 
energy (and multiple repetitions thereof), two different types of ESS can be combined, the most 
logical combination of which is the amalgamation of a DLC and a battery. The DLC would absorb 
the peaks of braking energy and would provide the needed power for vehicle accelerations, while 
the batteries would absorb and store the remaining regenerated energy, which could then be 
discharged to the engine or to the DLC when necessary. This setup protects the batteries against 
power peaks and lowers the frequency of charge-discharge cycles; thus significantly increasing 
their performance and life (Siemens, 2012b).  

At present, there are very few commercialized versions of this technology, one of which is the 
Siemens Hybrid Energy Storage System (HES), which has been made available as an option on 
several models of Siemens-manufactured trams since 2008, as well as being able to be retrofitted 
to existing trams. It comprises of two 820 kg roof-mounted units; a Ni-MH battery and a DLC. The 
stored energy of the batteries and super-capacitors is 18 kWh and 0.85 kWh respectively, whilst 
the respective power output is 105 kW and 288 kW (Siemens, 2012b). 

A diagram of the system is shown in 3. The only trams in passenger service which have this HES 
implemented have been those used on the tram route between Almada and Seixal – two cities 
located south of Lisbon (Siemens, 2009). However, in July 2012, the Qatar Foundation 
announced that all 19 of the Avenio trams to be used on the Doha tram system as the worldwide 
first complete tram system without overhead contact lines (expected to open in late 2015) would 
also use this HES technology (Siemens, 2012a). This system has the added advantage of being 
able to provide power to both the traction motor and the auxiliaries for up to 2.5km. Although this 
is most advantageous for electric-powered rail vehicles (as it negates the need for a catenary in 
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specific sections of track), it could also be used in a diesel hybrid rail vehicle effectively to prevent 
emissions and lower noise levels in city centres/other heavily populated areas – discussed later in 
section 3.4.  

 

Figure 19: Diagram of Siemens hybrid energy storage system (HES) (Siemens, 2012b) 

3.3.1.4 Flywheels 

Flywheels are electro-mechanical storage devices that store kinetic energy in a rotating mass so-
called rotor, where the stored energy is proportional to the inertia of the rotor and to the square of 
its rotational speed. The concept of using flywheels as a means of energy storage has been 
around for many years, and has recently been commercialized for the car industry, and in 
particular Formula 1. However, the technology behind these flywheels cannot be applied directly 
to the rail industry, since the power and energy density of automotive flywheels is far less than 
that which is required by rail vehicles.  

The power density of 1-5k W/kg of flywheels is comparable to that of a supercapacitor, whilst at 
5-100 Wh/kg, their energy density is similar to that of a nickel or lithium-based battery. 
Furthermore, since all flywheel components are typically mounted in vacuum enclosures to 
reduce losses (friction, hysteresis and eddy current losses of both magnetic and conventional 
bearings where energy is lost due to friction) their efficiency is between 90-95 % and their useful 
life cycle is estimated at more than 10 million cycles, which would be sufficient last any rail 
vehicle its entire life.  

Problematically, the low safety measures of flywheels for rail-based applications hinder their 
extensive use. It is possible that flywheels undergo catastrophic failure (i.e. due to overloading) 
which would lead to explosive shattering of the flywheel itself. Although modern fibre-reinforced 
composite rotors have been designed to fail in a less destructive manner than metallic ones, and 
despite their protection by a multiple-barrier containment system (in which the vacuum chamber 
acts as the first safety enclosure) this potential danger to the safety of those on board the train 
continues to prevent their extensive use in public transport applications (Thompson et al., 2005). 
As such, the current rail-based applications for either lineside or on board ESSs are rare; the 
Parry People Mover uses a smaller flywheel, while the LA Metro and the Metro de Madrid use 
lineside flywheels to absorb the regenerative braking energy from its vehicle fleet (Garcia-
Tabares et al., 2011; BBC, 2012; Hansen, 2012).  
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However, as flywheels made from composite materials develop, (and hence replace the current 
generation of flywheels), the weight could be substantially reduced whilst removing the previous 
safety concerns, paving the way for flywheels to be used as part of a diesel hybrid on board ESS 
in the future (Ipek et al., 2013). 

3.3.1.5 Hydrostatic Accumulators 

Hydrostatic accumulators use a piston accumulator to allow for the on board storage of 
regenerative braking energy. There have been no major changes since 4 years as D7.1.1 was 
issued. 

3.3.1.6 ESS Current Summary 

The use of an ESS to capture and reuse the regenerative braking energy has been documented 
to deliver numerous benefits. They also help to improve the efficiency of the diesel engines, by 
allowing the motors to operate within the speed zone where it is at its most efficient, since diesels 
become inefficient during peak power demands, and using the ESSs during this period of 
operation as an alternative to provide the additional power necessary can save significant levels 
of energy.  

Significant changes have been made since D7.1.1 was produced in 2009 (documented in Table 
25), but for the foreseeable future, most measures to allow the storage and reuse of regenerated 
braking energy will revolve around the use of batteries, DLCs or a combination thereof, although 
current developments in the field of composite flywheels could change this. However, on 
suburban/long-distance rail services, acceleration and deceleration can often be undertaken at a 
lower rate. As such, a battery-based ESS may provide a power density sufficient to capture a 
significant proportion of the energy produced. But the lifetime and investment has to be 
considered for the use case as well. 

Table 25: A summary of the main developments in the field of ESSs since the production 
of D7.1.1 

Type of ESS Changes since 2009 (D7.1.1) 

Batteries 
Lithium-ion batteries are now the most commonly-used for EV and HEV 
cars, the prices per kWh of which have declined.  

DLCs 
The energy density has increased from 2-4 Wh/kg to up to 15 Wh/kg, with 
the cost of a standard on board unit continuing to fall (Liu et al., 2013). 

Flywheels  
The increased usage of composite materials has facilitated in improving the 
safety and energy density characteristics of flywheels. 

Hydrostatic 
Accumulators 

There have been no major changes since D7.1.1 was produced. 
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3.3.2 Other relevant technologies  

3.3.2.1 Fuel cells 

Fuel cells have been hypothesized to play an important role in future transport energy provision, 
with some suggesting they could be used in conjunction with a diesel engine, where both power 
an electric traction motor in a system that could be easily retrofitted to existing diesel engines 
(Furuta et al., 2010). While numerous fuel cell prototypes exist, the most feasible and promising 
are hydrogen fuel cells, which emit no local emissions (CO2, NOx, or SOx) during the power 
generating process, and as such are highly beneficial for rail services operating in and around 
urban areas.  

However, the current efficiency levels (approximately 40 %, although expected to increase to 
70 % in the long-term), power intensity, cost/energy intensity of the production process, safety 
levels and life cycle of the storage media and the lack of a hydrogen distribution network prove to 
be distinct challenges to a large scale introduction of fuel cells as a method of energy storage in 
railway vehicles (Furuta et al., 2010). Network Rail (UK) believe that rail is unlikely to lead the 
developments of hydrogen fuel cell technology, and is more likely to draw on the developments 
made by the automotive sector, with any large scale application not occurring until after 2050 
(Network Rail, 2012). This is in part due to the problems encountered when attempting to scale 
up designs from cars and buses, such as weight and safety issues (Miller et al., 2007). 

3.3.2.2 Thermal Losses Recuperation 

Approximately two thirds of the energy used to power an ICE is wasted, mostly as heat, either via 
exhaust gases or into the cooling water, which is shown in Figure 20. This thermal energy, which 
would otherwise be wasted, can be extracted from the hot exhaust fumes or other heat sources 
and reused to provide heating/cooling to the rest of the train. The temperature of the exhaust 
gases from a diesel engine is approximately 420oC to 560oC (Lauszat, 2009). This can then be 
cooled slightly and passed through the train to heat the passenger-carrying carriages, or passed 
through an absorption-refrigeration machine and used to cool the carriages; thus lowering the 
ambient air temperature to ensure the comfort of the passengers. Since the energy required to 
power the HVAC of a DMU is approximately 10 %, this could help save significant amounts of 
energy (Lauszat, 2009). One such system is shown in Figure 21. 

 

 

Figure 20: Energy flow of a combustion engine (Voith, 2011) 
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Systems to achieve this are currently in the research and development stage, whereupon it is 
being combined with exhaust after-treatment technologies to not only lower the energy 
consumption of the rail vehicle but also the emissions it produces. However, at present, these 
systems are costly; a waste heat recovery system is estimated to increase the cost of the engine 
by 5-20 %, whilst the system itself is expected to increase the overall weight of the engine by 6-
20 % (National Highway Traffic Safety Administration (USA), 2010). Furthermore, the efficiency is 
limited by the flow rate and quality (temperature) of the waste heat emitted, which varies 
according to the engine speed and loading (National Highway Traffic Safety Administration 
(USA), 2010). Nonetheless, as a technology that is still maturing, it remains a promising method 
of reducing both emissions and energy consumption, and further research into such systems 
should be encouraged. More information can be found in D6.4.2, which discusses such 
technologies in greater detail. 

 

Figure 21: The design of one such system to recover energy from the engine block and 
exhaust gases (Wang et al., 2011) 

 

A further use for this recovered waste heat is to reuse it to power the drivetrain, using a similar 
system to that described in Figure 21. An example of this – the Voith SteamTrac system – is 
shown in Figure 22. At the core of this is the Voith System Control, which controls and monitors 
the entire process and the integration into the drive system. This includes full integration into the 
thermo-management of the driveline (Voith, 2011). This can reduce fuel consumption and CO2 
emissions by 4-8 %, depending on the operating profile. 
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Figure 22: Operational diagram of a waste heat recovery system to produce mechanical 
energy (Voith, 2011) 

 

3.3.2.3 Multi-powered trains 

Multi-engined diesel rail vehicles 

Often during the operations of a diesel locomotive/DMU it is not necessary for the large diesel 
engine to be operating constantly in its full power, either because it is not operating efficiently (i.e. 
when idling, shunting or navigating slow sections of track) or when it is operating through areas 
where the air quality is important. However, since diesel engines operate better when 
continuously active, it has been necessary until recently to accept this.  

Therefore, the use of multi-engined trains (whereby one large locomotive engine is replaced by 
several smaller engines) could prove beneficial during periods of low power requirement, allowing 
for a significant reduction in fuel consumption (and hence exhaust emissions) and life cycle costs 
(Bombardier, 2012). Envisaging that the capacity of ESSs will continue to increase, the use of 
multi engined trains would allow for one or more engines to be removed from the locomotive and 
be replaced with an ESS with potentially higher energy content. 

Examples of such engines include the Bombardier Traxx DE Multi-Engine locomotives, which 
uses 4x540kW Caterpillar C18 Stage IIIB-compliant diesel engines in place of one large engine, 
which all feed into the DC-link (Raliway Gazette International, 2011; Vitins, 2012). This 
locomotive features a start/stop functionality that allows individual engines to be shut down during 
periods where their power is not required. This will be highly beneficial, since their operator (DB 
Regio) intends to use these locomotives on regional rail services in Germany, which involve 
navigating through many built-up areas (Vitins, 2012). As such, the ability to reduce emissions 
levels by switching off engines through these sections of the line will prevent the worsening of air 
quality in urban areas. 

Additionally, the Alstom H3 dual engine shunter locomotive features two separate 350 kW diesel 
gensets, one of which can be shut down during periods where low tractive effort is required 
(Hiller, 2011; Hiller et al., 2011). Alstom estimates this configuration effects a fuel consumption of 
15-25 % with respect to the locomotive powered by one 700 kW engine mainly due to engine 
switch of in idling phases. A replacement of one ICE by an ESS is possible as well – to realize a 
hybrid shunter. 
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Figure 23: 750 kW dual engine Alstom H3 shunting locomotive (Hiller, 2011) 

 

Hybrid diesel rail vehicles 

Hybrid vehicles also allow for the downsizing of the ICE, which are used to provide the majority of 
traction power to the locomotive (discussed in detail in section 7.9 of D7.5.3). Furthermore, the 
ICE can also be used to recharge the ESS in phases of low ICE load leading to a more constant 
load on the ICE.  

 

PLATHEE Project 

The PLATHEE project involved retrofitting a diesel-electric BB63500 SNCF shunter locomotive 
with a 220 kW ICE, a 50 kWh NiCd battery module and a 3 kWh Supercapacitor. A 50 kW fuel 
cell was also installed but was not operational during experimental tests.  

Analyses of the CO2 emissions and fuel consumption have been performed for 3 typical missions, 
respectively long distance transportation, shunting and parking phases. The best benefits of 
hybridization are obtained in parking phases, where the ICE was turned off and the ESSs supply 
the auxiliary power demand. During parking mode, a 60 % reduction in CO2 emissions and fuel 
consumption was achieved, with a 90 % reduction in the noise levels caused by the locomotive.  
Benefits were also achieved through the reduction of maintenance costs from the ICE, due to a 
reduction in its operating duration. 

Hybridization led to downsizing of the ICE, albeit with a 20 % reduction in the maximum power of 
the locomotive. This reduces the cost of the engine, but such benefits are commonly 
counteracted by the greater costs of ESSs and associated equipment.  

 

ESS storage in tenders 

Hybridized locomotives have also been used in the USA, although this commonly involves 
locating the ESS in a separate tender (colloquially called a „slug car‟), which are often otherwise 
filled with concrete, so as to provide additional tractive effort. (Wang et al., 2012). As shown 
below in Figure 24, Wang et al. (2012), detail a situation whereby the slug car is used to 
accommodate a bank of flywheels, which can then be used to provide power during operation in 
areas where emissions of pollutants and idling are heavily restricted. 
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Figure 24: Train hybrid power source: locomotive and flywheel slug car (tender) (Wang et 
al., 2012) 

 

3.3.2.4 Weight saving technologies 

The inclusion of an ESS will add weight to the diesel rail vehicle - for example the Siemens MES 
weighs 820 kg, whilst the Siemens Sitras HES weight 1646 kg (Siemens, 2012b). There are a 
variety of technologies, either already commercialized or in their infancy, that facilitate weight 
reduction in locomotives and DMUs, which not only compensate for the inclusion of the ESS, but 
can also bring about their own useful features/advantages. This section describes a number of 
these technologies: 

 

Permanent Magnet Synchronous Motors 

Permanent Magnet Synchronous Motors are the latest development in traction drives; allowing for 
the direct drive of wheels, and offer many advantages over series-excited direct current (DC) 
motors. For example, they typically require less maintenance work, and provide a higher 
efficiency (93-95 %) and longer lifetime (Matsuoka and Kondo, 2010; Olea, 2012). They also offer 
a lower weight and volume, which will compensate for the extra weight produced by installing an 
ESS, and reduced noise levels (Doleček et al., 2009). 

Slight advantages regarding the efficiency at some speed areas are given compared to 
asynchronous motors. 

 

Propulsion Parts 

Reducing the weight of the gears themselves can also prove advantageous; it reduces inertia, 
increases energy efficiency and reduces heat dissipation, leading to an extended operating life of 
the mechanism is extended. It is thought that such developments as Powder Metallurgy will help 
achieve this (Höganäs, 2012). Additionally, the use of medium frequency transformers based on 
nanocrystalline cores allow considerable reductions of volume and weight (75 %) to be achieved, 
when compared to classical low frequency transformers (ERRAC, 2012). New lightweight 
materials have also been developed to reduce the weight of diesel engine enclosures; Bayer 
MaterialScience have unveiled a newly developed sandwich material that is 35 % lighter and 
30 % less expensive than its steel-and-aluminium counterpart, whilst adhering to all the 
necessary requirements and standards (Bayer MaterialScience, 2012). 
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Cab lightweighting 

The overall weight of the trains has increased significantly over the past 30 years, which can be 
attributed to an increase in the level of comfort auxiliaries, improved accessibility and greater 
crashworthiness provisions (Hudson et al., 2010). This not only requires extra energy to move the 
rail vehicle, but it also causes more damage to the track, which results in greater infrastructure 
maintenance and renewal costs (Robinson et al., 2012). 

Numerous pieces of research (many ongoing) have been undertaken to develop methods to 
assist in the lightweighting of rail vehicles to address this issue. Current cabs typically compose of 
heavy welded steel assemblies and a thin, fibreglass cover, in order to meet crashworthiness, 
proof loadings and aerodynamics requirements. However, increasing research in the area of 
composites could negate the need for such a heavy cab. 

For example, the EU-funded project DE-LIGHT (Project Number TST5-CT-2006-031483) 
facilitated the collaboration between Bombardier Transportation, NewRail (Newcastle University) 
and Anthony, Patrick and Murta Exportação (Portugal). This venture designed, developed and 
produced a prototype for an innovative lightweight rail vehicle cab, based around composite 
sandwich material technology.   

The sandwich materials in question exhibit a high mass-specific stiffness and strength and as 
such are highly appropriate for use in designing lightweight and crashworthy structures. However, 
the high cost of such structural composites has prevented their widespread use in rail-based 
applications. The cab designed as part of the DE-LIGHT project focused on using affordable raw 
materials and combining them in a novel, highly integrated manner that reduces costs but retains 
its structural properties. This has resulted in the production of a prototype cab which is 40 % 
lighter, has 60 % fewer parts and is up to 20 % less costly than a normal, existing cab design. 
The final full-scale prototype cab can be seen in Figure 25.  

            

Figure 25: The final full-scale prototype lightweight crashworthy cab (Robinson et al., 
2012) 
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Train Lightweighting 

The floor panels of rail vehicles are necessary to support the loads of the passengers. The train 
carries without undue deflection or failure of the structural support, whilst also playing an 
important role in providing insulation for the rail vehicle. However, they contribute significantly to 
the vehicle‟s overall weight; a typical six-car train will have approximately 250 m2

 of flooring 
material on board, weighing approximately 4 tonnes (Hudson et al., 2010). Hudson et al. (2010) 
developed a type of flooring using a sandwich design (two thin, stiff facings separated by a lower-
density core) to develop a new form of flooring that is both light and rigid. This design, shown 
below in Figure 26, provided mass savings of up to 60 % in comparison to typical types of flooring 
currently on offer, albeit at a cost premium of up to 40 %.  

 

Figure 26: New lightweight floor design (Robinson et al., 2012) 

 

3.4 IMPACT OF REGULATIONS AND OF SOCIETY / MARKET 

DEMANDS 

3.4.1 Political/Market-based demand 

3.4.1.1 The current situation 

The impact of the numerous political, societal and market-based requirements will have a 
significant bearing on the level of conviction applied when attempting to implement ESSs on 
diesel powered rail vehicles. At a broad level, the installation of ESSs in diesel locomotives and 
DMUs will help conserve energy, therefore reducing the amount of diesel fuel consumed, upon 
which the rail sector heavily relies (450 Ml/year consumed by UK passenger fleet, 190 Ml by UK 
freight fleet) (Atkins, 2007; Network Rail (UK), 2012). Increasing numbers of countries continue to 
strive to become independent of foreign energy supplies, and this increased efficiency 
(approximately 10 %+) could reduce the level to which any future scarcity / volatility of oil prices 
would affect operators; energy costs for UK rail industry are expected to increase by 50 % in 
today‟s prices from £600m to over £900m by 2019 (Department for Transport (UK), 2012c).  
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The use of ESSs also concurs with the views of the UK Department for Transport, whose 
command paper “Reforming our Railways: Putting the Customer First” highlights the need for 
innovative solutions to reduce the consumption of such raw materials as oil to reduce carbon 
emissions and increase energy efficiency (Department for Transport (UK), 2012c). Other EU 
Member States also appear to have similar views to that of the UK. 

Furthermore, as Vosman (2012) reports, there are over 3000 diesel locomotives rated below 
1000 kW, most often used for shunting and other start-stop services, that are reaching the end of 
their working life and are in need of replacement. Such operations are highly suitable for a diesel-
hybrid locomotive, and as such it would be reasonable to expect a number of the replacement 
fleet to utilize this technology. 

3.4.1.2 Current Targets and Regulations 

 

EU Member State Targets 

Using regenerated energy to power the auxiliaries/traction motor rather than burning diesel fuel 
reduces the level of emissions produced (e.g. CO2, NOx, PM-10). This will also help contribute to 
the legally-binding emissions reduction targets set by the EU and adopted by the Member States, 
such as the 20/20/20 targets, which require each Member State to (European Commission, 
2009a, b, c): 

 Reduce their greenhouse gas emissions by 20% with respect to 1990 levels (where 

greenhouse gases are defined as carbon dioxide (CO2), methane (CH4), nitrous oxide 

(N2O), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulphur hexafluoride 

(SF6), 

 Reduce primary energy usage by 20% compared to projected levels and 

 Increase the proportion of energy coming from renewable sources to 20 %. 

Over the years, it can be seen that the stricter emissions standards become the more they force 
the industry to come up with innovative new technologies to adapt to the situation (Patil et al., 
2010). As the need to cut CO2 emissions will increase greatly with the increasingly strict targets 
forecasted for 2020 and beyond, this will foster greater development hybrid technologies from 
industry to aid the rail sector in achieving the targets. 

 

Industry-based targets 

The aforementioned targets are similar to the requirements set by the International Union of 
Railways (UIC), the Community of European Railway and Infrastructure Companies (CER) and 
the European Rail Research Advisory Council (ERRAC), who jointly require that, by 2030, the 
European Railways will (ERRAC, 2012; UIC & CER, 2012): 

 Reduce their specific average CO2 emissions from train operation by 50%, with respect to 

1990 levels, measured per passenger-km and gross tonne-km for passenger service and 

freight service respectively 

 Reduce their specific final energy consumption from train operation by 30 % with respect 

to 1990 levels, measured per passenger-km and gross tonne-km for passenger service 

and freight service respectively. 
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It is clear that, to achieve these targets, significant changes will need to be made with regard to 
the current operation/setup of diesel rail engines. Whilst this could be achieved by replacing the 
current diesel engines in their entirety with new, state-of-the-art models, this is often too difficult to 
achieve, and given the current economic climate, often not economically viable. Therefore, the 
modification/refurbishment of these engines by installing an ESS could help the industry achieve 
these stringent goals without needing to make expensive, wholesale changes.  

 

Technical Specification for Interoperability  

The Technical Specification for Interoperability (TSI) consists of specifications drafted by the 
European Railway Agency and adopted in a Decision by the European Commission. They cover 
each subsystem (or part thereof) and ensure the interoperability of the trans-European rail 
system. TSIs govern five separate areas: 

 Infrastructure, 

 Energy, 

 Rolling stock, 

 Control-command and signalling and 

 Maintenance and operation. 

The two TSIs that are relevant for the construction and use of diesel hybrid vehicles are 
Commission Decision 2011/291/EU: TSI relating to Locomotives and passenger rolling stock and 
Commission Decision 2011/229/EU: TSI relating to noise produced by rolling stock.  

2011/291/EU requires that the braking energy capacity should be designed to withstand two 
successive emergency brake applications from the maximum speed to prevent damage to the 
components of the braking system. Furthermore, it also requires that sufficient braking energy 
should be available on board the train (distributed along the train consistent with the design of the 
brake system) to ensure the application of the required braking forces (European Commission, 
2011b). Furthermore, Commission Decision 2011/229/EU sets limits for the stationary, starting 
and passing noise levels for diesel locomotives and DMUs. The limits are summarized below in 
Table 26, and set for a point 7.5m from the track centre line and 1.2m above the rail head. 

 

Table 26: Summary of current noise limits as set by Commission Decision 2011/229/EU 
(European Commission, 2011a) 

 Limiting values for sound pressure levels (dB) 

Stationary Starting Pass-by 

Diesel locos when engine output is 
<2000 kW 

75 86 85 (80 by 2018) 

Diesel locos when engine output is 
≥2000 kW 

75 89 85 (80 by 2018) 

DMUs when engine output is 
<500 kW 

73 83 82 (80 by 2018) 

DMUs when engine output is 
≥500 kW 

73 85 82 (80 by 2018) 
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Furthermore, work undertaken on behalf of Defra (the UK Department of Environment Food and 
Rural Affairs) highlights how the noise levels for several locomotives in current use on the UK 
railways exceed the TSI limits, specifically when accelerating from a stationary position 
(Department for Environment Food & Rural Affairs, 2007).    

 

 

Figure 27: The relationship between the noise emissions of diesel rail vehicles, train flows 
and train speeds (Department for Environment, 2007) 

 

The TSI aspirations for 2030 are demanding, and will require significant decreases in noise 
emissions from trains (Rail Safety and Standards Board, 2009). In the UK, neither current DMUs 
nor diesel locomotives meet these aspirational requirements, a situation which is expected to be 
similar in other European countries. Given that a number of these diesel rail vehicles will be in 
operation by 2030, it is clear that the retrofitting of this rolling stock with an ESS to reduce the 
noise emissions during idling and acceleration can play a vital part in ensuing these TSI targets 
are adhered to. Since two thirds of the UK non-intercity diesel fleet are over 20 years old and are 
expected to remain in service for 1-2 decades, then such retrofitting could be achieved during the 
planned upgrade of the rolling stock (Network Rail, 2012). 

3.4.1.3 Benefits of ESS implementation 

The installation of an ESS on a diesel-powered rail vehicle allows it to operate in an ESS-only 
mode, whereby the energy stored within the ESS is used to power both the traction motor and the 
auxiliaries. This would prove greatly beneficial on sections of the route where emitting diesel 
exhaust fumes is either outlawed or highly undesirable (e.g. through a city centre or other heavily 
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populated area, in depots and in tunnels), which would reduce problems associated with noise 
levels and air quality (Vosman, 2012). 

Railway noise comprises mainly of the noise from the motive power system (traction noise) and 
the noise from the wheel-rail interface. A more minor contribution comes from the ancillary 
systems (i.e. air conditioning systems) (Atkins, 2007). Using an ESS to power the rail vehicle 
allows for a significant reduction of the traction noise component. The noise emissions of many 
local areas are governed by the EU Directive 2002/49/EC - more commonly known as the 
Environmental Noise Directive – concerns noise from road, rail and air traffic and from industry 
and sets limits for noise emissions, which vary for both the day and night (European Commission, 
2002). It requires calculated noise maps to be produced by Member States on a five-yearly basis 
for major railways, roads and airports separately, and also for railways, roads, airports and 
industry within major “agglomerations” (European Commission, 2002). The Directive also 
necessitates action plans to be produced separately for road, rail, aviation and agglomerations, 
drawing on the results of the noise mapping process, which facilitate in the managing and (where 
necessary) reducing of noise levels (European Commission, 2002). This can include such 
measure as land-use planning, technical measures at source, regulatory/economic measures or 
incentives. A formula to calculate the noise level limits for a specific location can be found in the 
annex of the directive, which requires the weighted long-term noise averages for the location in 
question (European Commission, 2002). 

Furthermore, the noise level during the starting of the locomotive/DMU is higher than its noise 
level in passing during normal operation (European Commission, 2011a). Thus, if a loco/DMU 
needs to be started up in an area where noise restrictions are in place (i.e. close to residential 
areas/city centres), the use of regenerative braking energy stored in the ESS could prove 
beneficial in allowing the locomotive/DMU to initially provide the power for the engine to prevent 
the exceeding of the noise limits. 

As the long and short term health effects of poor air quality become further apparent, more 
stringent air quality targets continue to be introduced. Transport corridors through city centres are 
most often the greatest areas of pollution, with often illegally high levels of Nitrogen Oxides (NOx), 
Carbon Monoxide (CO), Hydrocarbons (VOCs) and Particulate Matter (PM-10 and PM-2.5). The 
emissions from diesel-powered rail vehicles in these urban areas (either in normal operation or 
idling) can contribute significantly to the levels of these pollutants in the air; with the Department 
for the Environment, Food and Rural Affairs (UK) stating that the worst-affected areas due to 
diesel-powered trail vehicles would occur within 50m of such trains when idling (Atkins, 2007). 
The latest EU legislation on air quality comes from Directive 2008/50/EC, which sets legally 
binding targets for all aforementioned pollutants (European Commission, 2008). Additionally, 
ERRAC specify medium-term reduction targets for several pollutants; they require that, by 2030, 
the European railways will reduce their total exhaust emissions of NOx and PM-10 by 40%, with 
respect to 2005 levels (ERRAC, 2012).  

3.4.1.4 Future Regulations/Standards/Incentives for diesel hybrid rail 
vehicles 

Currently, there are no international standards for hybrid energy storage systems in diesel-
powered rail vehicles, which will need to be introduced before such systems are widely 
implemented. However, as mentioned in D7.4.7, the International Electrotechnical Commission 
IEC have set up working groups on this subject, which aims to publish international standards in 
the medium term, demonstrating the increasing levels of recognition afforded to hybrid vehicles 
by the scientific community. Both Adhoc-Groups are transferred to PT (Project Teams) in order to 
elaborate the standard regarding series hybrid rail vehicles as an umbrella standard and Li-Ion 
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batteries on component level. This will ensure there is sufficient time to test and evaluate the 
systems, helping to develop high-quality final products. The increasing development of hybrid 
solutions for automobiles (discussed in the following section) will be useful in helping to develop 
ESSs that are accepted by the standardization and regulation bodies within each EU Member 
State, allowing them to pass through the homologation and certification processes without 
problems.  

Furthermore, there is currently little or no legislation within EU member states regarding the 
prevention of idling rail vehicles. This is in stark contrast to many states in North America, whose 
legislation regarding anti-idling of ICE-powered road and rail vehicles is often very strict; many 
states allow only five minutes per hour, with cities reducing this to only one minute per hour 
(American Transportation Research Institute, 2013). Nevertheless, as oil prices continue to rise 
and emissions targets continue to tighten, efforts to encourage fuel conservation will mean anti-
idling laws will become stricter and more widespread. Where idling is necessary, to avoid 
contravening anti-idling laws, the power could be provided by an ESS, which would prevent any 
local emissions during the period of idling.  

Furthermore, the permitted limits for the stationary, starting and passing noise levels for diesel 
locomotives and DMUs as set out in Commission Decision 2011/229/EU are set to be reviewed in 
the revised version of this TSI, which is expected to be completed by mid-2013 (European 
Commission, 2011a; Rail Safety and Standards Board, 2013). A summary of all current directives 
affecting mentioned in this section are summarized in Table 27: 

 

Table 27: Summary of all Directives and European Commission Decisions mentioned in 
this report 

Code Name Requirements 

Decision No 
406/2009/EC 

Decision No 406/2009/EC Of The 
European Parliament and Of The 
Council of 23 April 2009 on the effort 
of Member States to reduce their 
greenhouse gas emissions to meet 
the Community‟s greenhouse gas 
emission reduction commitments up 
to 2020 

Member States must reduce 
their greenhouse gas 
emissions by 20 % with 
respect to 1990 levels 

Directive 
2009/29/EC 

Directive 2009/29/EC amending 
Directive 2003/87/EC so as to 
improve and extend the greenhouse 
gas emission allowance trading 
scheme of the Community 

Member States must increase 
the proportion of energy 
coming from renewable 
sources to 20 % 

Commission 
Decision 

2011/291/EU 

Commission Decision of 26 April 
2011 concerning a technical 
specification for interoperability 
relating to the rolling stock subsystem 
- „Locomotives and passenger rolling 
stock‟ of the trans-European 
conventional rail system 

Braking energy capacity 
should be designed to 
withstand two successive 
emergency brake applications 
from the maximum speed to 
prevent damage to the 
components of the braking 
system 
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Commission 
Decision 

2011/229/EU 

Commission Decision of 4 April 2011 
concerning the technical 
specifications of interoperability 
relating to the subsystem „rolling 
stock - noise‟ of the trans-European 
conventional rail system 

Limits for the stationary, 
starting and passing noise 
levels for diesel locomotives 
and DMUs 

Directive 
2002/49/EC 

Directive 2002/49/EC Of The 
European Parliament And Of The 
Council of 25 June 2002 relating to 
the assessment and management of 
environmental noise 

Sets day and night limits for 
noise emissions 

 

3.4.2 Social Demand 

European society is becoming increasingly environmentally aware, with all organisations, 
including rail companies, under pressure to demonstrate their environmental credentials. The 
publicising of the use of state-of-the-art technologies to reuse significant quantities of energy and 
reduce oil consumption and emissions could be a useful way in which this could be achieved. The 
reduction/prevention of diesel fumes being emitted by rail vehicles in urban areas would help 
encourage the perceived image of rail-based transport as the most environmentally friendly mode 
of transportation, which could help instigate modal shift away from private cars.  

Furthermore, the use of an ESS would also allow the prolonged operation of safety and comfort 
functions in an emergency situation (i.e. engine failure), through increased auxiliary support. This 
will allow the HVAC to continue operating normally to ensure the comfort of the passengers; there 
are numerous cases of passengers having been stranded in highly uncomfortable situations 
where the HVAC has ceased operating due to engine failure. This has resulted in such panicked 
situations as passengers breaking windows where the temperature has risen to distressing 
temperatures (BBC, 2005). 

Passengers could also experience the benefits of an ESS if it were used to provide all or a 
proportion of the power during acceleration – the time when the engine is at its loudest, and by it 
allowing the downsizing of the ICE itself, leading to lower levels of noise emissions. This is mainly 
relevant for DMUs, where the traction equipment is contained within the undercarriage of the 
vehicle itself, and as such exposes the passengers to a greater level of noise than, for example, 
on a locomotive hauled train (Hardy, 1999). This would provide a quieter and more relaxed 
ambience for travellers, helping to improve their opinion of rail-based travel. 

 

3.5 IMPACT OF ELECTROMOBILITY ON RAIL SECTOR 

This section provides an overview of how current technology developments driven by the 
automotive and bus sector could catalyze a knowledge transfer to the rail sector. This will be 
illustrated with examples/case studies such as the market uptake of hybrid buses and their 
relevance to the DMU market due to engine size similarities.  

It has to be mentioned that ESS from the car industry cannot just be taken by the rail industry.  
Special rail regulation and homologation has to be considered. Decrease in prices will be at cell 
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level; but at the system level application of ESS in rail vehicles will be more expensive than for 
the car industry (not only ESS, but the converters have their specific requirements for rail). 

In recent years there have been significant improvements in the hybrid and electric automotive 
sector, both in terms of technological developments, societal acceptance and policy-based 
incentives. While rail is not an identical industry, the overlap between the two is great, and as 
such lessons can be learned from the success achieved by the process of electromobility in the 
automotive sector. This section discusses the current and future impact of the automotive sector 
on the implementation of diesel-hybrid rail vehicles.  

3.5.1 Technological Impact 

The automotive sector is investing heavily in battery technologies to support the development of 
hybrid and electric-powered road vehicles (Network Rail, 2012). This increased progress of 
electromobility will foster greater industrial development of ESSs, leading to a substantial 
reduction of the unit and life-cycle costs and increase in the asset life, which will be beneficial for 
the rail industry in their attempt to hybridise diesel rail vehicles (Chéron et al., 2011; Network Rail, 
2012). For example, by 2018, the battery cost per kWh in the car industry is expected to decrease 
significantly with respect to 2011 levels (Orbach and Fruchter, 2011). Electromobility would also 
help hybrid technologies as a system to become a far more mature technology that can be relied 
upon and invested in without risk.  

Currently, some of the main reasons behind the dissuasion of bus companies to purchase hybrid 
vehicles relate to concerns regarding their reliability and the ability of their workforce to fix them 
when problems occur (Mattson, 2012). For example, one episode of regenerative braking on a 
rail vehicle generates far more energy than the same action on a car; 3 MW can be produced for 
a six-car train, whilst approximately 100 kW can be generated in a car (Maykuth, 2012). While 
current lithium-ion batteries can absorb such an energy intensity in road-based vehicles, it is not 
possible to use such a technology on a train. However, as has been noted in section 3.3.2.1, 
future technological developments could give rise to this. Therefore, although there is a great deal 
of overlap between the technologies used to recoup this regenerative braking energy, the final 
technologies developed will not, in most cases, be suitable for transference between different 
modes.  

The lack of transferability is not limited to batteries; other types of ESS, such as flywheels are 
also unable to provide a satisfactory solution to both transport modes. A partnership between the 
Go-Ahead Group (one of the biggest bus groups in the UK) and Williams Hybrid Power has given 
rise to a flywheel energy storage application for buses (Go Ahead, 2012; Williams Hybrid Power, 
2013a). The equipment draws on technology developed for Formula One cars and allows the 
storage of regenerative braking energy in a system that can be retrofitted to buses in an easy and 
cost-effective manner.  

However, while Williams Hybrid Power also believes this new technology will be easily 
transferrable to rail-based applications, retrofitting ESSs to rail vehicles to capture regenerative 
braking energy is rarely as cost-effective as it is for road vehicles, although a Siemens Class 642 
DMU was showcased at Innotrans 2012 having been retrofitted with a hybrid propulsion system in 
a cost effective project (Smith, 2012; Vosman, 2012; Williams Hybrid Power, 2013b). 
Furthermore, a high self-discharge rate may limit its application to urban rail systems rather than 
regional, freight or high-speed rail applications until such a time that the issue can be addressed. 
These issues are discussed further in section 3.3.1.4. 

Additional flywheel technologies have been developed by the engineering company Ricardo; their 
Kinergy hermetically-sealed high-speed flywheel is unique in that it transfers torque directly 
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through its containment wall using a magnetic gearing and coupling system, rather than importing 
and exporting energy via a drive shaft operating at the flywheel speed (Ricardo, 2013b). This 
allows the unit to be permanently sealed, thus avoiding the need for high-speed seals and a 
vacuum pump, which reduces costs, maintenance requirements and the overall weight of the 
system, helping to address one of the problems associated with flywheels. Furthermore, the 
modelling techniques used by Ricardo enable the dimensions and properties of flywheels to be 
changed easily to fit the nature of the vehicle in which it is being installed, be it road, rail or 
agricultural machinery; a unique feature in on board flywheel ESSs allowing the Ricardo flywheel 
technology to address many different applications and markets (Ricardo, 2013a). This particular 
type of ESS has been trialled in prototype road and rail vehicles, but is not yet available 
commercially (Ricardo, 2013b). 

Nonetheless, it could be argued that the vim of the automotive industry to cut the emissions 
produced and energy consumed by their engines could encourage manufacturers and train 
operators to place a greater emphasis on replicating their success. This is especially important 
given the far longer working life of rail vehicles in comparison to automotive vehicles, as rail 
vehicles designed today will be in use for the next 30-60 years, compared to 10-15 years for cars 
(UITP, 2009). 

3.5.2 Policy Impact 

The number of hybrid and electric vehicles is expected to increase dramatically; hybrid and 
electric cars are forecasted to increase exponentially over the next decade, while hybrid, electric 
and fuel cell buses are expected to increase with a compound annual growth rate of 26.4% from 
2012 to 2018 (Orbach and Fruchter, 2011; Pike Research, 2012). Therefore, an analysis of this 
could prove useful in identifying critical factors that could replicate such a successful adoption in 
the rail sector.  

One of the main reasons for this sharp increase is due to the strong top-down support from the 
government, which helps overcome the main barrier to achieving a fuller implementation of road-
based hybrid or electric vehicles – the initial cost of the vehicle itself; for example, a hybrid bus 
will cost 2-3 times the price of a conventionally powered bus (Mattson, 2012).  

Both the UK and the US have devised schemes to encourage the uptake of hybrid diesel-
powered road vehicles, which have proved successful. In the UK, the Green Bus Fund stimulus 
package was introduced 2009, which subsidises the cost of purchasing hybrid and electric-
powered buses for English bus operators. As of December 2012, £75m of funding has been 
provided, with a further £20m to be awarded in 2013 (Department for Transport (UK), 2012b). 
Furthermore, operators of hybrid buses in England are also eligible for the Bus Service Operators 
Grant, which is paid at a rate of 6p/km where the bus is operated on local registered bus services 
(Department for Transport (UK), 2012a). 

Such funding has led to a 50 % increase in the sales of hybrid or electric buses in the UK, in stark 
contrast to other European countries without such financial incentives, where sales have been 
notably lower (Pike Research, 2012). London has played a leading role in this increase; as part of 
the TfL Bus Emissions Programme, all buses entering the London fleet from 2012 are required to 
be either hybrid or fully electric (Greater London Authority, 2009). This strong political standing 
has led to the capital running over 400 diesel-hybrid buses, with over 600 more to be delivered 
before 2016 (Arriva, 2013).  

However, while such political commitment is essential to ensuring the continued successful 
implementation of hybrid and electric road and rail vehicles, it is not sufficient on its own. It is also 
essential for the politicians in charge to understand the technologies involved, or to be advised 
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correctly on the subject. This was notably not the case in Ottawa, Canada, whereby the publicly 
owned urban transit service (OC Transpo) purchased 177 hybrid buses in the belief that they 
would produce the stated achievable fuel savings when operated in any manner (CBC News, 
2012). Thus, a great number of such buses were put to use running on long expressways where 
braking and accelerating were minimal. As such, on these routes, the hybrid engine was used 
very little and fuel consumption actually increased, with regard to similar diesel-powered buses 
(CBC News, 2012). Now, a pilot project costing CA$550,000 is scheduled to start in 2013 to 
replace six of the hybrid engines with conventional diesel-powered engines, with most of the fleet 
to be retrofitted if it proves successful. Due to the lack of knowledge on the technologies in 
question by the decision-makers, the project has proved highly wasteful and has lowered the 
opinions of the public regarding hybrid technologies (believing them not to have worked in the 
way in which they were supposed) and public transport in general (CBC News, 2012).  

Nevertheless, in the USA, a number of government funding policies have encouraged the 
purchase of hybrid buses. The Federal Transit Administration (FTA) awarded $51.5 million of 
funding through its Clean Fuels Grant Program in 2010 and 2011, which encouraged (U.S. 
Department of Transportation, 2012): 

 The purchasing or leasing of hybrid buses, 

 The constructing or leasing of hybrid bus facilities and related equipment and 

 The funding of other projects relating to hybrid electric, or zero emissions technologies. 

Additionally, as part of the 2009 American Recovery and Reinvestment Act (the $789 billion 
economic stimulus package introduced to address the global financial crisis of 2008) the Transit 
Investment in Greenhouse Gas and Energy Reduction (TIGGER) Program was developed. This 
has facilitated in providing over $225 million of investment to 70 energy efficiency projects, many 
of which have involved the purchasing of hybrid or electric-powered buses (U.S. Department of 
Transportation, 2011).  

In the past, uncertainty regarding policies (e.g. the interpretation or effect of policy) or potential 
future changes in policy can affect the level of uptake of hybrid technologies, since the decision-
makers are unsure as to the extent to which the new technologies will help them achieve their 
goals (Patil et al., 2010). Furthermore, decisions regarding procurement only took into account 
the ability of the bus to achieve current emissions standards, rather than other factors, such as 
noise emission levels and future emissions standards (Patil et al., 2010). However, in recent 
years, a greater uptake of hybrid buses has been achieved by providing those in charge of 
vehicle procurement with a better understanding of how their decision will affect their ability to 
meet all relevant policies. Where this approach is not yet prevalent within the rail sector, it should 
be swiftly introduced to encourage the purchasing/retrofitting of hybrid diesels rail vehicles. 

To conclude, a number of the reasons behind the overall success of electromobility thus far can 
be observed. For example, the funding from central governments has facilitated in the 
circumvention of the initially higher prices of hybrid and electric bus vehicles. This has assisted 
their successful implementation and will help to continue to drive down the unit cost of these 
vehicles to one that is economically viable for bus companies of all sizes. Furthermore, 
partnerships between bus operators and industrial partners such as Formula 1 companies has 
led to the successful trials of on board ESSs for buses, whilst local-level political commitments 
(i.e. London) to only purchase hybrid or electric buses, coupled with a need to adhere to EU-wide 
Air Quality Directives has facilitated a significant increase in sales of hybrid vehicles in the UK.  

While the difference in price between a new hybrid locomotive/DMU and a normal diesel powered 
locomotive/DMU is much smaller than for road vehicles, such funding will still be required, 
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especially to encourage the (often uneconomical) retrofitting of hybrid drive systems to older 
locomotives. It will also be necessary to ensure that the decision makers in charge of 
procurement or the decision to retrofit the engines have an accurate understanding of the 
capabilities of a hybrid engine over a conventional diesel engine to ensure they do not discount 
them as an option due to lack of knowledge (thus hindering their development), nor purchase 
them for tasks which do not play to the hybrid drive systems advantages. Therefore, it is logical to 
assume that if the lessons are learned from the development of automobility (appropriate funding 
and policy mechanisms and focusing on rail vehicles whose routes are most appropriate for the 
technologies), then this could result in a great level of success for the rail market. 

3.5.3 Societal Impact 

During the introduction of hybrid buses over the last decade, the public have perceived them to 
be an unproven and costly technology (Sustainable Energy Ireland, 2008). Whilst this opinion has 
decreased over recent years, incidents such as that which occurred in Ottawa in 2012 (discussed 
in section 3.5.2) have undermined the otherwise positive reputation of hybrid-powered road 
vehicles. Nonetheless, as the number of hybrid and battery-powered automotive vehicles on the 
roads continues to increase and the buses themselves increase in efficiency and reliability an 
increasingly great percentage of the public will observe their advantages, such as cleaner air and 
minimized noise emissions. This increases their perception of such technologies which 
encourages public acceptance, leading to greater discussions (and hence understanding) of 
hybrid, electrical and hydrogen-powered vehicles and the benefits they effect e.g. (Hansen, 2010; 
Patil et al., 2010; Yetano Roche et al., 2010; Mattson, 2012). This has been shown to effect great 
changes in the public mindset; Residents of London (UK) and Perth (Australia) stated that they 
were willing to pay €15 - €24 extra tax to fund such buses (Yetano Roche et al., 2010). The same 
study also found that bus users were willing to pay an extra €0.29 - €0.35 per single bus fare for 
the bus they would travel on to be hydrogen-powered. It is also expected that this proactive 
nature will start to instigate a societal demand for the implementation of hybrid and battery-based 
technologies in other transport modes. 
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4. IMPACT OF THE INTRODUCTION OF HYBRID DIESEL VEHICLES IN 
THE EUROPEAN RAIL DIESEL FLEET 

4.1 FLEET DEVELOPMENT AND TOTAL EXHAUST EMISSIONS 

SCENARIOS FROM SP5 

Within SP5 – Sustainability and Integration, future fleet development scenarios of the European 
diesel rail fleet were developed. Starting point is the rail diesel fleet composition in 2010. Different 
available information sources have been used, including a CleanER-D SP5 own questionnaire 
survey with feedbacks from all major European diesel railway operators (see D5.1.2 Sustainability 
Study – Update). 

Additionally, future market developments for rail diesel vehicles have been estimated, based on 
third party market studies as well as taking into account past market developments. 

In the years since 2005/ 2006 (announcement of NRMM stage IIIB and coming into force of 
NRRM stage IIIA) diesel rail vehicle sales reached an average of 200-250 new DMUs per year 
and 100-150 new diesel locomotives p.a. in Europe2. On the other hand, the European diesel 
locomotive fleet has seen a decline in numbers of vehicles since 2003. Moreover, as latest 
statistics from UIC show, approximately one fourth to one fifth of the still existing diesel loco fleet 
is not in active service anymore. All these factors feed into the SP5 fleet scenarios. A further 
decline of the numbers of diesel locomotives is being expected on the one hand. On the other 
hand, the numbers of DMUs will increase steadily until 2020.  

4.1.1 Development of the European diesel locomotives fleet 

Note that detailed charts with the CleanER-D SP5 fleet development scenarios are included in 
the annex. 

With respect to diesel locomotives not only the composition of the fleet according to the emission 
performance is relevant but also of the composition according to the power classes. The power 
class distribution in 2010 has been assumed based on the available data as shown in Table 28. 
No significant changes of this composition are being expected until 2020 according to the SP5 
fleet scenarios. 

Table 28: Power class distribution of the European diesel loco fleet in 2010 (source: 
CleanER-D SP5, D5.1.1 and D5.1.2) 

Diesel locomotives 
(2010)   

P<560 28,0 % 

561<P<1199  36,0 % 

1200<P<1999 25,0 % 

2000<P 11,0 % 

N: 13645 

Additionally, it is expected that 60-80 diesel locomotives per year will see repowering with IIIA 
engines between 2012 and 2018. It has been assumed that due to weight and space restrictions 

                                                
2 SCI Verkehr Rail Market Study 2010. Also publicly available information in “Eco Rail Innovation- Herausforderungen 

für das System Bahn 2020“ (www.ecorailinnovation.com/publications/view/16) 



 

 

EC Contract No. FP7 - 234338 

 

 

 

CLD-D-VSL-044-05 Page 71 of 87 31/01/2014 

 

as well as economic considerations repowering will take place in the power range of 1200 kW to 
1999 kW. 

With respect to the latest diesel loco purchases3 some 650-700 IIIA locomotives have been sold 
of which 100 can be definitely identified to be in the power range of 1000 kW4. Some 400 locos in 
the power range between 900 and 1100 kW were purchased in the years between 2000 and 
2008 (UIC II limit stage conform locomotives). Additionally, a similar number of locomotives have 
seen repowering in this time. 

General market observations have shown that there is a tendency towards higher power for 
locomotives, both for shunting and for line locos. This means that old low powered shunters are 
being replaced with higher powered shunters which allow more flexible operations (e.g. 
replacement of 560 kW shunters with 1000 kW shunters). 

This information is relevant to judge on the market size of diesel locomotives in the power range 
of 1000 kW. Taking into account the stated data some 50 diesel locomotives in the power range 
of 1000 kW have been sold per year in average over the last 10-12 years. For the fleet scenarios 
the annual market size has been assumed to be around 150 new diesel locos p.a. until 2020 
(which is being backed also by market studies and the past market development). Therefore, an 
assumption of 30 diesel locos of 1000 kW per year seems to be realistic until 2020. 

4.1.2 Development of the European DMU fleet 

Regarding the future development of the DMU fleet, 250 new DMUs per year have been 
assumed to enter the fleet until 2020.  

An assessment of the available information on the European DMU fleet shows that the majority of 
DMUs has an installed power of less than 1000 kW in total (approx. 85 %) – which covers 
approximately the total installed power of the SP7 DMUs in regional service with 3x360 kW and in 
suburban service with 2x360 kW. Additionally, 36 % of all DMUs are in the power range of 501 to 
999 kW and 48 % are with an installed power of less than 500 kW. 

Approximately 12.5 % of all DMUs are in the power range of 1000 to 1999 kW, which is the power 
range of the SP7 DMUs in regional service with 3x560 kW. 

4.1.3 Fleet scenarios beyond 2020 

As hybrid vehicles are still in an early stage of development a market entry is likely which will 
have effects on the overall fleet in the years after 2020. Therefore also fleet scenarios after 2020 
have to be considered. As no conclusions on the market development after 2020 are possible – 
also in the light of expected future legislation with stricter emission limit values – constant fleet 
scenarios are being used, coming from SP5. The overall fleet size is constant, but replacement of 
old vehicles continues and new vehicles are being purchased, i.e. the fleet composition changes.  

As the fleet scenarios until 2020 include high decommissioning rates for old locomotives but also 
new purchases, especially of DMUs, there is the question how a stable fleet after 2020 will be 
composed: 

                                                
3
 Since 2008/2009. Data sources used in SP5: SP5 questionnaire survey 2011, UIC ESS Monitoring questionnaire 

survey 2012, SCI Verkehr Rail market Study 2010 
4
 These are the numbers of purchases by some UIC members who answered the questionnaires. No data with respect 

to power per newly purchased locomotive for non-UIC members available. 
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 Will the low numbers of new vehicles entering the fleet every year (as assumed for the 
years before 2020) continue to be so low? 

o This results also in low decommissioning rates of old vehicles if the fleet is being 
assumed to be stable in terms of total numbers. 

 Or, will the high decommissioning rates of old vehicles continue (especially for 
locomotives)? 

o This will result – in a stable fleet scenario – in high numbers of new vehicles to be 
purchased. 

Note that charts with the fleet development scenarios for 2020-2030 are included in the annex. 

 

Diesel locomotives fleet development after 2020 

For diesel locomotives the beyond 2020 scenarios differ in the number of locos being 
decommissioned and newly bought locomotives, respectively. In the “low” scenario the market 
size for new locomotives continues to be 150 locos per year. In a stable total fleet this results also 
in only 150 old locos being decommissioned. 

In the alternative “high decommissioning rate” scenario the high rate of 450 old locos per year 
being put out of service continues which results in a comparable market size for new locomotives. 

 

DMU fleet development after 2020 

There are also two beyond-2020 scenarios for the DMU fleet. In the “low decommissioning rate” 
scenario 150 old DMUs are being decommissioned per year and the same numbers of new 
DMUs are being purchased. In the “high” scenarios the market size for new DMUs continues to 
be 250 vehicles per year (and old DMUs are put out of service at the same rate). 

 

4.2 SCENARIOS ON THE UTILIZATION OF RAIL DIESEL HYBRID 

VEHICLES IN THE EUROPEAN RAIL DIESEL FLEET 

Based on expected market size and development from SP5 and expected and favorable 
operational contexts for hybrid vehicles the market sizes for rail diesel hybrid vehicles is being 
developed. Additional aspects of hybrid rail diesel use, as described in chapter 3.1, are 
considered. 

The impact of hybrid rail vehicles is being assessed based on a scenario where all new vehicles 
of a relevant service type5 are being assumed to be hybrids due to favorable fuel and LCC 
results. This approach is based on the considerations in the sub chapters before and takes into 
account the results of the simulations and LCC calculations within SP7. It is an “extreme” 
scenario which shows the maximum potential from hybrids.  

A scenario with a different assumption has been investigated, too. It is based on an assumption 
that 10 % of all new vehicles are hybrids. Results show that the differences between this scenario 
and the initial SP5 scenario (without hybrids) are negligible and do not allow tangible conclusions. 

                                                
5
 SP7 coverage: DMU suburban, DMU regional, heavy shunters 
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Currently it is difficult to judge on the market availability of hybrid vehicles. To show the possible 
potential of hybrids an early market availability and entry is being assumed: 2017.  

For the years 2017-2020 the number of 30 hybrid locomotives with 1000 kW and 150 hybrid 
DMUs per year are being assumed (it is being assumed that potential repowering of existing 
vehicles with hybrid propulsion systems is included in these numbers until 2020, no statements 
are possible for the years after 2020). As stated in the subchapters before, two scenarios for the 
years 2020-2030 have been developed. In the “High decommissioning and purchase rate” 
scenario 90 hybrid locomotives and 250 hybrid DMUs are being assumed to enter the fleet, in the 
“low decommissioning and purchase rate” scenario 40 hybrid locomotives and 150 hybrid DMUs 
are being assumed. All hybrid vehicles are NRMM stage IIIB compliant. 

Based on these fleet development scenarios 600 hybrid DMUs and 120 hybrid locomotives (in the 
power range of 1000 kW) will be in service in the EU27 and EFTA in 2020. Regarding the “high 
decommissioning and purchase rate” scenario 3100 hybrid DMUs and 1020 hybrid locomotives 
are expected to be in service in 2030; the “low decommissioning and purchase rate” scenario 
results in 2100 hybrid DMUs and 500 hybrid locomotives in 2030. 

 

4.3 IMPACT OF RAIL DIESEL HYBRID VEHICLES ON THE TOTAL 

DIESEL EXHAUST EMISSIONS FROM RAIL DIESEL TRACTION IN 

EUROPE 

Based on the above mentioned utilization of hybrid vehicles the impact on the total diesel exhaust 
emissions is estimated and compared to the initial fleet development scenarios from SP5 without 
hybrid rail vehicles. 

Results show that until 2020 the amount of total exhaust emissions is not reduced significantly 
(0.2 kt for NOx and almost no changes in PM). Until 2030 1.2 kt NOx are emitted less due to 
hybrid rail vehicles in the “high decommissioning and purchase rate” (0.75 kt NOx less in the “low 
decommissioning and purchase rate” scenario)6.  

These results with very low changes in the amount of emitted emissions are due to the following 
aspects: 

 NRMM stage IIIB limit values are already very low, especially for DMUs; 

o Exhaust emissions estimations are based on the average fuel consumption per 
train-km; 

o Fuel consumption of hybrid vehicles is being assumed to be 20 % lower in real 
operational conditions; 

o Only a specific locomotive power range (around 1000 kW) with low average annual 
mileage per vehicle (27,000 km/a) sees the introduction of hybrid propulsion (line 
locomotives: 80,000-100,000 km/a per locomotive); 

o This results in relatively low reduction of exhaust emissions per train-km and 
vehicle and thus, reduction of total exhaust emissions. 

                                                
6
 PM: -0.013 kt and -0.008 kt, respectively. 
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 Only a limited portion of new vehicles is assumed to be hybrid vehicles, as mentioned 
before. 

 The major amount of exhaust emissions comes from the existing fleet with old vehicles. 

All in all, the total amount of exhaust emissions of the European rail diesel fleet does not change 
significantly due to the introduction of hybrid solutions.  

 

4.4 IMPACT ON THE INTRODUCTION OF HYBRID VEHICLES ON 

THE EXTERNAL COSTS OF RAIL DIESEL TRANSPORT IN EUROPE 

The reduction of exhaust emissions from the introduction of hybrid rail vehicles is rather limited. 
Therefore no tangible statements on the effect on external costs from rail diesel operation 
including the introduction of hybrid vehicles are possible. 

 

4.5 IMPACT OF RAIL DIESEL HYBRID VEHICLES ON THE TOTAL 

CO2  EMISSIONS FROM RAIL DIESEL TRACTION IN EUROPE 

Based on the before mentioned utilization of hybrid vehicles the impact on the total CO2 
emissions is estimated and compared to the initial fleet development scenarios from SP5 without 
hybrid rail vehicles. The CleanER-D SP5 approach on estimating the CO2 emissions from rail 
diesel traction is described in detail in D5.1.2. 

Based on the CleanER-D scenarios total CO2 emissions are reduced by 0.6 % until 2020 from the 
introduction of hybrid rail diesel vehicles. Based on the “high decommissioning and purchase 
rate” scenario, CO2 emissions decline by approx. 3.1 % until 2030 and in the “low 
decommissioning and purchase rate” scenario by approx. 2 %. The major part of CO2 emissions 
reduction result from hybrid DMUs due to the higher total numbers of hybrid vehicles and the 
higher average annual mileage per vehicle. 

Again, fleet development scenarios after 2020 are based on a stable total number of rail diesel 
vehicles where old vehicles are put out of service and new ones enter the fleet, it is an artificial 
fleet development where only very limited conclusions are possible. Nevertheless, it can be 
concluded that the total amount of CO2 emissions can be reduced significantly, depending on the 
numbers of hybrid rail diesel vehicles put into service. 
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5. CONCLUSIONS, RECOMMENDATIONS AND FUTURE WORK 

This chapter concludes the work done by the partners, summarizing the main findings and giving 
recommendations for future work to be undertaken regarding the implementation of hybrid diesel 
rail vehicles. 

SP7 has evaluated the energy saving potential of onboard ESSs for diesel rail vehicles. The use 
of hybrid drive systems can deliver a higher energy efficiency, which can therefore reduce fuel 
consumption and minimize both CO2 and pollutant emissions. Otherwise, a conventional diesel 
rail vehicle would dissipate the braking energy into heat by the braking resistor, retarders or 
mechanical brakes. 

The main work carried out can be summarized as follows: 

 The state of the art hybrid technologies highlighted different technologies for onboard 
ESS, such as flywheel, hydrostatic accumulator, double-layer capacitors and batteries. 
The review identified a high potential for energy storage technologies in rail applications. 
This is particularly relevant for urban and suburban rolling stock as duty cycles involve 
frequent stops. Based on these, battery technology and double layer capacitors appear to 
be the preferred solution. 

 Duty cycles for different diesel powered rail vehicles were defined to determine the energy 
performance and the emissions. Furthermore, comparable data for rolling stock were 
collected to define ”synthetic” diesel rail vehicles to allow comparisons. Parameters of 
these defined diesel rail vehicles including fuel and emission mapping charts from existing 
IIIA compliant engines, as well as three transmission types (hydro-dynamic, hydro-
mechanic and diesel-electric) and efficiencies were described. These were used to 
simulate the potential fuel and/or emission savings by hybrid systems. A specific final 
simulation with IIIB compliant engine was also performed in order to see the influence of 
the new engines. 

 All defined parameters, elaborated results and the created model library (tool box) were 
used to simulate different system architectures and different ESS technologies.  

 Numerous combinations of system architectures and ESS were investigated, making a 
ranking of them to focus on the most favorable potential solutions. 

 Different optimization approaches in combination with different energy management 
strategies were defined, which show higher potentials for fuel and emissions savings. 

 

The key messages from the work carried out are:  
 

 Hybridization of diesel-driven rolling stock is promising: all system architectures with 
ESSs are able to reduce the fuel consumption compared to a standard diesel rail vehicle. 

o The introduction of an onboard ESS can produce a reduction in fuel consumption 
& CO2 up to 20 % with respect to eco-driving. 

o The implementation Energy management strategies can allow for higher savings, 
up to 36 %, depending on the vehicle and the duty cycle considered (a 
conservative number of 25 % can be taken). 
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o Reduction of NOx and/or PM is also important; however reduction of both types of 
emissions together is contradictory in some cases. Nevertheless, reduction of both 
emissions can be solved by energy management strategies: e.g. with start-stop 
strategy and/or downsizing and/or replacement of ICE. PM-emissions can be 
reduced up to 73 % while NOx can be decreased up to 57 % at the same time as 
well (as it is shown in 2.2.2 with the case of shunter DE with battery and ICE 
downsizing and start-stop strategy). 

If the overall vehicle is taken into consideration: 

o The reduction of PM-emissions by hybridization (overall system view) is not as 
high as the legislative requests by 90 % for the step from IIIA to IIIB (only engine 
view)7. 

o Therefore, replacement of after-treatment systems for stage IIIB due to use of ESS 
is unlikely (PM-emissions needs to be decreased by 90 % vs. stage IIIA). 

o ESS implementation could be the next step after stage IIIB for overall emission 
reductions on system level. 

It is necessary that the improvements consider the overall system, including the engine 
and the reduction of emissions by ESS (legislative, tax, market benefits). Specific region‟s 
needs, demand and resources, and therefore additional ecological specifications as well 
as other requirements from public transport authorities or political incentives can promote 
the use of hybrid vehicles. 

 

 Optimization of ESS with energy management and operation strategies can be done 
right now: 

o Validation of the simulation tool was done successfully by real measurements. 

o Electrification of auxiliaries is necessary if start-stop strategy and emission-free 
tunnel operation will be used. 

o Downsizing and replacement respectively of ICE is possible with the use of ESS 
(e.g. use 1 instead of 3). 

o Every application or use case has to be assessed for hybridization‟s benefits.  

 

 LCC were elaborated comprising the ESS„s and engine„s invest cost for 1st time and 
indicates clearly a ROI for operators. This is available in D7.4.8. 

 With the considered scenarios for the EU rail fleet development and the introduction of 
hybrids by 2017, the total amount of exhaust emissions of the European rail diesel fleet 
does not change significantly, but CO2 and fuel consumption may be reduced globally by 
2 %-3 % until 2030 if a significant market uptake of hybrid solutions takes place. 

The 1st time investigations for hybridization of diesel-driven rolling stock with energy 
management strategies have been done in European-funded consortium. However, use and field 

                                                
7
 With the simulations performed a reduction of up to 74 % in PM were achieved in the use case of 

Regional vehicle with 360 kW ICE, DE architecture and Li-Ion battery as ESS, using the SO optimisation 
approach with the start-stop strategy. 



 

 

EC Contract No. FP7 - 234338 

 

 

 

CLD-D-VSL-044-05 Page 77 of 87 31/01/2014 

 

experiences are still at the beginning (e.g. Plathee-prototype by SNCF, or five shunter 
locomotives with NiCd batteries as ESS ordered by Mitteldeutsche EisenbahnGesellschaft).  

Therefore the future recommendations from the work done are: 

 Demonstration in revenue operation is necessary to prove the optimization / energy 
management strategies. 

 Measurement of NOx emissions and PM are necessary to improve/verify the simulation 
model (neglect of transient behavior was necessary due to macroscopic simulation 
approach). 

 Funding/subsidies are necessary for the improvement/application/approval of ESS-
technologies. 

 New train generation needs an optimization of the overall system architecture with energy 
management and customer‟s operational strategies. 

 Due to changing use cases on operator‟s side in the future a rescaling possibility for ESS 
is necessary. 

 Apply new functionalities by ESS, e.g. start-stop, which has shown high improvements in 
terms of fuel and emission reductions. 

 Downsizing/replacement of ICE by ESS is promising as well. If ESS-density is increased 
tremendous a multiple-engine approach for locomotives is recommended. 

 Multiple-power/energy sources are also a possibility (e.g. Alstom H3 shunter, consisting of 
a fuel cell, ICE, double layer capacitor and battery). 

 Locomotives with ESS-tender could also be a solution if use cases of customers request 
for such applications. 

 Replacement of mechanically-driven auxiliaries by electrically-driven auxiliaries is 
necessary to realize the greatest advantages from hybrids, necessary for both start-stop 
and emission-free tunnel operation. 
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6. ANNEX 

In this annex the charts for the different scenarios of the EU rail diesel fleet commented in chapter 
4 are shown. 

6.1 CLEANER-D SP5 FLEET DEVELOPMENT SCENARIOS 

 

Figure 28: Development of the European diesel locomotives fleet (source: CleanER-D SP5, 
D5.1.2) 
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Figure 29: Diesel locomotives fleet development until 2030 – high decommissioning and 
purchase rate (source: CleanER-D SP5, D5.3.4) 

 

Figure 30: Diesel locomotives fleet development until 2030 – low decommissioning and 
purchase rate (source: CleanER-D SP5, D5.3.4) 
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Figure 31: Development of the European DMU fleet (source: CleanER-D SP5, D5.1.2) 

 

Figure 32: Power class distribution of European DMU fleet, 2010 
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(Source: D5.1.1 Sustainability Study – Annex II, ch. 3.1.2 Diesel railcar fleet status 2010). 

 

 

Figure 33: DMU fleet development until 2030 – high decommissioning and purchase rate 
(source: CleanER-D SP5, D5.3.4) 
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Figure 34: DMU fleet development until 2030 – low decommissioning and purchase rate 
(source: CleanER-D SP5, D5.3.4) 

 

 

 

 

 

 

2602 2602
2102 2102

1591 1591

1391 1391

1660 1660

1660 1510

2510
1860

1360

0

200 1388

1638

1638

700

700

2250

3750

0

2000

4000

6000

8000

10000

12000

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Detailed DMU fleet development until 2030
Low decommissioning and purchase rate after 2020

European railway operators, EU27 & EFTA

UIC II & EURO II UIC I & EURO I pre-UIC I (adv.) pre-UIC I IIIA IIIA repowered IIIB



 

 

EC Contract No. FP7 - 234338 

 

 

 

CLD-D-VSL-044-05 Page 83 of 87 31/01/2014 

 

7. LIST OF ABBREVIATIONS 

List of abbreviations used in this deliverable: 

 

 DLC: Double-Layer Capacitor 

 DE: Diesel Electric 

 DHD: Diesel Hydrodynamic 

 DHM: Diesel Hydromechanic 

 DP: Dynamic Programming  

 DPF: Diesel Particle Filter 

 ECU: Engine Control Unit 

 ESS: Energy Storage System 

 EV: Electric Vehicle 

 HEV: Hybrid Electric Vehicle 

 ICE: Internal Combustion Engine 

 NOx: Nitrogen Oxides (including NO and NO2) 

 PI: Performance Indicator 

 PM: Particle Matter 

 rms: root mean square 

 SCR: Selective Catalytic Reduction 

 SO: Sensitivity Based Optimization 

 SOC: State of Charge of the ESS 
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