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ABSTRACT 
 

Modern railway vehicles are expected to achieve high standards in energy efficiency. In diesel 

powered railcars the simultaneous reduction of environmental impact and energy 

consumption is an additional challenge. A promising approach is the recuperation of braking 

energy by means of electric energy storages. The amount of recuperated energy and the CO2-

reduction are influenced by various factors such as characteristics and design of the storage 

system including electric machines, mass of additional components, driving style, and track 

characteristics. From an economic point of view the costs of the additional components are 

also very important.  

This paper discusses the different factors on the basis of a diesel railcar with hydro-mechanic 

drive train. The special challenge in hydro-mechanic drive trains is that they don’t have the 

possibility to recuperate braking energy. Therefore an electric machine has to be added to the 

drive train. The dimensioning of this electric machine and the connected energy storage has to 

be a good tradeoff between electric power of the components, storage capacity, mass and 

costs. Travel time, fuel consumption and CO2 emissions of a conventional railcar are 

evaluated on typical tracks through simulations. For different vehicle concepts with energy 

storages the effects of additional mass, driving style and energy storage design on fuel 

consumption and CO2 emissions are determined.  

The simulations demonstrate a potential reduction of CO2 emissions and fuel consumption of 

more than 10 %. They also emphasize a strong demand to further investigate the interrelation 

of driving style and hybrid traction system.    
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1. INTRODUCTION 

 

In the year 2000 passenger trains in Germany traveled a total distance of 755 million 

kilometers (Schreyer et al.). 103 million train kilometers were traveled by diesel multiple 

units (DMU), resulting in roughly 14 % of the total distance in passenger traffic. The amount 

of person-kilometers is lower, because the passenger capacity of locomotive pulled trains 

exceeds DMU capacity by far. Anyway DMUs are essential to provide rail service especially 

in rural areas. The conditions of regional traffic with moderate maximum speed up to about 

140 km/h and distances between stations in the range of 1 to 10 km result in a high share of 

the total energy needed to accelerate the vehicle. As typical diesel multiple units are not able 

to recuperate braking energy to the electric network this energy is lost unless a possibility to 

store it on the vehicle is given.  

Paetzold (2000) classifies diesel railcar propulsion systems into four categories: diesel-

electric, diesel-hydraulic, diesel-mechanic and diesel-hydro-mechanic propulsion. According 

to a survey of the International Union of Railways (EVENT 2003) the comparison of the 

overall efficiency of these power transmissions resulted in the highest efficiency for diesel-

mechanic / diesel-hydro-mechanic transmissions with about 95 %. Diesel-electric and diesel-

hydraulic transmissions are rated significantly lower at about 85 %.  

Diesel-mechanic drive trains use non-automated mechanic transmissions with a friction clutch 

for startup. The torque is transmitted via up to 16 mechanic gears which results in a good 

efficiency. The drawbacks are that the gears have to be chosen manually by the driver and, as 

most of these transmissions are not capable to shift under load, each gear switching results in 

traction interruption. Also the maximum power is limited by the friction clutches used for 

startup and component wear is considerably high as friction elements are used when changing 

gears. Due to these drawbacks diesel-mechanic drive trains are not built into new railcars any 

more.  

The enhancement of mechanic drive train is hydro-mechanic transmission. Here the friction 

clutch is replaced by a hydrodynamic torque converter for startup. The torque converter is 

only used in first gear and a lockup clutch enables to bridge it. Modern hydro-mechanic 

transmissions are built as automated power shifting transmissions with a design similar to 

automatic transmissions in cars and busses. While braking, the mechanic link of diesel engine 

and wheels enables motoring of diesel engine and attached auxiliaries with kinetic energy of 

the vehicle. This mechanic link also allows recuperating braking energy if an additional 

electric drive is mounted between diesel engine and transmission. 

When developing energy efficient diesel railcars with low fuel consumption and low CO2 

emissions the propulsion system of choice has to be hydro-mechanic. In combination with 

energy storages and electric drives this system is also capable to recuperate braking energy. 

The potential increase in energy efficiency of this solution is discussed in the following on the 

basis of the comparison of a conventional hydro-mechanic railcar to a hybrid hydro-mechanic 
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railcar including electric drive and energy storage system. In case of the hybrid vehicle three 

different operational strategies are considered. 

 

 

2. DRIVING STRATEGY IN REGIONAL TRAFFIC 

 

Railway vehicles in passenger service follow a time table which defines the time period the 

driver is allowed to utilize between to stations. Usually the defined time period inherits a time 

reserve which is used to gain travel time when a train is delayed. The concept of energy 

efficient driving style uses this time reserve to reduce energy consumption. According to 

Linder and Baier, 2002, the basic principle of this concept is to use the time reserve to travel 

partly at a lower velocity compared to the velocity of the fastest possible journey. Two 

possibilities are available to reduce velocity - cruising and coasting. Cruising means to travel 

at a constant velocity which is lower than the allowed or possible maximum velocity. 

Coasting means the driver reduces the traction power request to zero; without traction power 

the vehicle is rolling and on level tracks the velocity decreases as a result of the driving 

resistances. On long distances the optimum energy efficiency is achieved by a combination of 

cruising and coasting. On shorter distances pure coasting is almost as efficient as the 

combination of cruising and coasting; in these cases often only coasting is practiced.  

A typical diesel multiple unit operational cycle between two stations on a level track is shown 

in Figure 1. The DMU accelerates as fast as possible until it reaches the maximum allowed 

velocity (Phase I). It drives at constant velocity (Phase II) until coasting begins. In the 

coasting period (Phase III) the vehicle is rolling and loses some kinetic energy due to the 

driving resistance forces. In the braking phase (Phase IV) the driver uses the different brake 

systems of the vehicle to decelerate and stop the vehicle in the station on time. Fuel 

consumption in phase I is very high due to the high load while accelerating. While traveling at 

constant velocity in phase II fuel consumption is still high. In phase III only the auxiliaries 

have to be powered by the diesel engine resulting in low fuel consumption and in phase IV no 

fuel is consumed because the auxiliaries are powered through the drive train of the vehicle by 

its kinetic energy. 
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Figure 1: Example operational cycles of DMUs 
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The figure shows two operational cycles with the same travel time and distance between 

stations. The deceleration rate of the dotted operational cycle is smaller; therefore braking 

phase (IV) and cruising period (II) take longer and the time spent with coasting is shorter. 

Consequently higher deceleration rates in phase IV result in lower energy consumption. 

 

 

3. GENERAL RAMEWORK OF SIMULATIONS 

 

3.1. DMU Drive Train Concepts 

 

Conventional DMU 

Typical diesel-mechanic railcars include two or more similar drive trains also called power 

packs. Each drive train consists of a diesel engine, a transmission, an axle gear connecting 

transmission to the wheels and an interface to connect the auxiliaries such as a generator for 

the vehicle electric system, air conditioning and heating. The auxiliaries may be powered 

electrically and / or mechanically. The usage of auxiliaries within stations causes the diesel 

engines to run even when the railcar stops and no traction power is needed.  

In this paper a railcar with two hydro-mechanic drive trains is discussed. The six-speed 

transmission includes a hydrodynamic torque converter for start-up from still stand in first 

gear. A converter lockup clutch enables controlled bridging of the torque converter; if bridged 

the first gear operates like a mechanic gear. Gears two to five are mechanic gears. The 

simplified auxiliaries of the conventional railcar are modeled as a constant mechanic load 

directly connected to the diesel engine. 

 

Hybrid DMU - Concept 1 

This concept intends to avoid diesel idling while the railcar stops within stations. During 

braking energy is recuperated by an electric drive and stored in an energy storage. When the 

vehicle stops, the diesel engines are shut down; the electric auxiliaries are powered by energy 

from the storage system. The primary goals of this concept are to avoid noise and unhealthy 

pollutants while the vehicle stops at a station. The secondary goal is to reduce overall fuel 

consumption and CO2-emissions by avoiding inefficient operating points of the diesel engine 

and recuperating braking energy. 

The hybrid drive train (Figure 2) with energy storage and electric drive is based on the 

conventional drive train. Additional to the components of the conventional drive train energy 

storage and an electric drive have been added. Instead of mechanic auxiliaries electric 

auxiliaries are used. They are assumed to consume the same amount of electric power as the 

mechanic ones consumed mechanically, which means due to the losses in the electric drive 

the mechanic power exceeds the power consumed within the conventional system.  
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Figure 2: Schematic layout of drive train of hybrid railcar concept 1 with energy storage, 

electric drive and electric auxiliaries 

 

Hybrid DMU - Concept 2 

This concept intends to provide additional traction power. Basically the drive train layout 

(Figure 3) is similar to the conventional DMU, but additionally an electric drive with energy 

storage is mounted between diesel engine and transmission. When braking, braking energy is 

recuperated by this electric drive and the electric energy is stored in the storage. This concept 

uses mechanically driven auxiliaries. Similar to the conventional railcar, the auxiliaries are 

driven by the diesel engine when the vehicle stops.  
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Figure 3: Schematic layout of drive train of hybrid railcar concept 2 with energy storage, 

electric drive and mechanic auxiliaries 

When the vehicle starts moving, it uses solely the diesel engine as long as the torque 

converter is in operation. Starting with the gear shift to second gear, the electric drive 

supports the diesel engine and uses the stored energy to accelerate the railcar. When the state 

of charge of the energy storage decreases under a defined minimum value, the support of the 

electric drive ends and the diesel engine drives the railcar exclusively.  

 

Hybrid DMU - Concept 3 

This concept combines the functions of concept 1 and concept 2. The layout of the drive train 

is similar to the layout of concept 1. While braking, energy is recuperated and stored in the 

energy storage. During stops the diesel engine is switched off as long as stored energy is 

available. If storage energy depletes under a certain level the diesel engine is started; in this 

case the electric drive works as a generator, powers the auxiliaries and charges the storage. 

When the DMU accelerates while leaving the station and storage energy is available, the 

electric drive is used as motor to support traction. 

In concept 2 the complete energy recuperated by the electric drive is stored in the storage; an 

additional amount of braking energy is used to power the auxiliaries mechanically. In concept 

3 less energy than in concept 2 is stored in the storage. This is a consequence of the electric 
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auxiliaries. During braking the electric energy recuperated by the electric drives is partly used 

to power the auxiliaries. Therefore the amount of energy stored in the storage is smaller than 

in concept 2. 

 

3.2. Characteristic Data of simulated DMUs 

 

For the simulations a generic DMU is modeled as a two car unit with two hydro-mechanic 

drive trains. Figure 4 displays the structure of the conventional DMU model with two diesel 

engines each connected to a hydro-mechanic transmission. The transmissions are connected to 

the axle gear which is named lossyGear. Each axle gear drives on bogie, the non-driven 

Jacobs-bogie is not illustrated in the model. In the conventional drive train each diesel engine 

drives its own set of mechanical auxiliaries represented by the component AuxMech. In the 

component body_WeightTransfer the parameters for vehicle mass and driving resistance are 

defined. Table 1 summarizes the characteristic parameters of the conventional DMU. 

   

 

Figure 4: Simulation model of conventional railcar 

 

Table 1: Simulation parameters 

 Railcar   

 DMU curb weight 90 t  

 Passenger Capacity 150 á 80 kg = 12 t  

 Maximum total mass 102 t  

 Maximum velocity 140 km/h  

 Diesel engine   

 Rated Power 560 kW at 2000 rpm  

 Rated Torque 3200 Nm at 1200 rpm  

 Fuel consumption (best point) 195 g/kWh  

 Transmission   

 6-speed mechanic transmission with hydrodynamic torque converter   

 Axle Gear   

 ratio 2,59  
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3.3. Electric Drive Modeling 

 

Electric drives and the attached electronic power converter are modeled with a constant 

efficiency of 90 %. Although the speed and load dependency of the efficiency is not 

considered this approach is sufficient because the electric drives are used near their maximum 

torque. Figure 5 shows the characteristics used for generator and motor operation. The low 

speed range is characterized by constant maximum torque. With increasing speed the power 

increases until the rated power is reached at the intersection to the constant power curve. Here 

the so called field weakening range begins, where maximum power is constant and torque 

decreases. 

to
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Figure 5: Torque and power characteristic of electric drive 

Electric drive power has a great influence on the amount of energy recuperated during 

braking. The drawback of high drive power is an increase of the masses of electric drive and 

energy storage. Therefore three different power ratings (Table 3) of the electric drive are 

simulated to determine the dependence of fuel consumption and stored energy on electric 

drive power. 

 

Table 2: Characteristic data of electric drives  

   ED1: 150 kW ED2: 300 kW ED3: 450 kW  

 Max. generator torque  Nm 1000 2000 3000  

 Max. generator power  kW 150 300 450  

 Max. motor torque  Nm 500 1000 1500  

 Max. motor power  kW 150 300 450  

 Field weakening speed  rpm 1432 1432 1432  

 Mass assumption (estimated) kg 150 300 450  

 

3.4. Energy Storage Modeling 

 

Energy storages of the hybrid DMUs are modeled as double layer capacitors. The model takes 

into account inner resistance Ri, capacity C and leakage resistance RL as shown in Figure 6.  
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Figure 6: Schematic of double layer capacitor model 

The double layer capacitor model parameters are based on the datasheet of the double layer 

capacitor module Maxwell BMOD0063 P125 (Maxwell 2009) displayed in Table 3. The 

modules are scaled to meet capacity and power requirements of the energy storage system in 

the hybrid DMUs. The scaling is realized by parallel and serial combination of the modules.  

 

Table 3: Characteristic data of double layer capacitor modules 

 Maxwell BMOD0063 P125 (HTM125)   

 Capacitance C 63 F  

 Nominal Voltage 125 V  

 Inner Resistance 180 mOhm  

 Leakage Resistance 120 kOhm  

 Mass 59,5 kg  

 

In the simulations the voltage range between vMax and ½ vMax is used. The energy stored in 

the double layer capacitors is calculated by EStorage = ½ * C * V² with capacitance C and 

voltage V. The share of usable energy compared to the maximum stored energy is 75 %. 

Unless otherwise noted all simulations start with the voltage set to ½ vMax (empty storage).  

 

3.5. Diesel Engine Modeling and Emission Calculation 

 

The diesel engine model uses a static speed and torque dependent table to determine fuel 

consumption. The data used is based on an existing diesel engine. CO2-Emissions are 

calculated on basis of the fuel consumption. It is assumed that one kg diesel is equivalent to 

3.17 kg of CO2 (Edwards, 2007). The density of diesel is assumed to be 830 g/liter. 

 

3.6. Track Characteristics and Driving Cycles 

 

For the simulation runs synthetic driving cycles on a level track are used. They are defined by 

the distance between stations and the maximum velocity allowed during driving. The 

distances considered are 5 and 10 km, maximum velocities are 100, 120 and 140 km/h. Unless 

otherwise noted the distance between stations is set to 5 km and the velocity to 120 km/h. 

Travel time between stations is fixed for each combination of distance and maximum 

velocity. The appropriate travel times are determined by simulating the fastest possible run 

fully loaded conventional DMU weighing 102 t and adding a time reserve. At the end of each 

driving cycle the DMUs stop for 60 seconds in the station. During this time the auxiliaries are 

powered either by the diesel engine or by energy taken from the energy storage. The 
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simulations of the hybrid DMUs repeat the same driving cycle at least 5 times to reduce the 

influence of energy storage state of charge at the beginning of the simulation. 

 

 

4. SIMULATION RESULTS 

 

4.1 Energy Efficient Driving Style 

 

Conventional DMU 

The theoretic approach to energy efficient driving was already discussed. Figure 7 displays 

the energy consumption of the conventional DMU calculated on a level track with a distance 

between stations of 5 and 10 kilometers and maximum velocities of 100, 120 and 140 km/h. 

For each combination of distance and velocity three runs with fixed travel time but different 

deceleration rates (0.6, 0.8 and 1.0 m/s²) are displayed. 
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Figure 7: Effect of different decelerations on fuel consumption of conventional DMU at 

different speeds and distances. Travel times in each group are equal. 

As expected the results show decreasing fuel consumption with increased deceleration rate. 

Depending on top speed and distance up to 9 % of fuel savings are achieved when extending 

the coasting phase by increasing deceleration rate. 

 

Hybrid DMU concept 2 

In case of the hybrid DMUs deceleration rate strongly influences the amount of braking 

energy stored in the energy storage. Figure 8 displays the normalized energy charged to the 

energy storage at different deceleration rates of the hybrid DMU concept 2 (5 km distance, 

102 t, 450 kW electric drive power, 10 cycles) where charge energy at a deceleration rate of 

0.6 m/s² is set to 100 %.  
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Figure 8: Normalized cumulated charge energy at storage terminal and normalized fuel 

consumption of DMU concept 2 for different deceleration rates.  

Although brake power at the wheel is higher when decelerating at higher rates the electric 

drive is not able to recuperate braking energy due to its limited power. Therefore the share of 

brake energy converted to heat in the mechanic brakes is increased compared to the share of 

energy recuperated by the electric drives. Also the amount of recuperated energy is influenced 

by the time period in which braking is applied. With higher deceleration rates the amount of 

energy stored decreases as a result of the reduced time span in which braking energy is 

recuperated. 

The comparison of fuel consumption for the different deceleration rates is displayed in Figure 

8 on the right. Compared to the fuel consumption at a deceleration rate of 0.6 m/s² higher 

deceleration rates result in a consumption reduction of more than 3 %. Although less energy is 

stored in the energy storage at 0.8 respectively 1.0 m/s² less fuel is consumed at these 

deceleration rates. Obviously the effect of energy efficient driving with preferably high 

deceleration rates overrides the influence of the smaller amounts of recuperated braking 

energy. But the effect of the deceleration rate is smaller than in case of the conventional 

vehicle (Figure 7). The greater amount of stored energy at small decelerations rates allows 

additional traction power for a longer time in the acceleration phase which leads to shorter 

time to reach the maximum speed. Therefore the coasting phase starts earlier which partly 

compensates the effect of the shorter coasting phase resulting from the smaller deceleration 

rate. Concerning the energy efficient driving strategy this implies that additional studies have 

to be conducted to determine how the strategy has to be adapted to the special characteristics 

of hybrid applications. 

 

4.2. Hybrid DMU Concept 2 - Effect of Electric Drive Power 

 

Assuming a given velocity profile the braking energy recuperated and stored in the energy 

storage depends on maximum power of the electric drive. At high speeds brake power 

exceeds the maximum generator power; at low speeds the maximum generator torque limits 

the storable share of braking energy. Figure 9 displays the energy charged to the storage on 

basis of two example driving cycles with variation of electric drive power and torque.  
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Figure 9: Charge energy of hybrid DMU concept 2 depending on maximum power of electric 

drive. With higher drive power the amount of stored energy increases. 

The first / second driving cycle is characterized by a top speed of 120 / 140 km/h, distance 

5 / 10 km and a deceleration of 0.8 / 1.0 m/s² in the braking phase. The energy displayed 

represents the integrated charge power at the terminals of both energy storages of the vehicle 

after 10 driving cycles. For each example the maximum energy is set to 100 %. The amount 

of stored energy increases with increasing power of the electric drive. The dependency of 

stored energy and drive power is not linear, the amount of additionally stored energy declines 

with greater drive powers. 

Figure 10 shows the normalized fuel consumptions for both driving cycles; obviously fuel 

consumption decreases when the maximum power of the electric drive is increased due to the 

greater amount of energy recuperated while braking. 
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Figure 10: Normalized fuel consumption of hybrid DMU concept 2. Both examples show a 

decrease of fuel consumption with increasing electric drive power. 

The comparison of drive cycles with different electric drive power (Figure 11) illustrates the 

mechanism leading to reduced fuel consumption. The driving cycle simulated with two 

150 kW drives per DMU needs more time to achieve the requested top speed of 120 km/h. 
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Figure 11: Drive cycles of hybrid DMU concept 2 with different power ratings of electric 

drive. The figure shows that the stored energy is used to accelerate faster.  

The additional drive power and the greater amount of stored energy allow the DMUs with 300 

and 450 kW electric drives to accelerate at higher rates. The time needed to reach top speed is 

shorter than with 150 kW, in fact both DMUs don’t even reach the top speed. The time gained 

during the acceleration is sufficient to start the coasting phase before reaching top speed. The 

figure shows that the energy storage allows shifting the distribution of the different phases of 

the drive cycle. With greater drive power the longest coasting phase is achieved; acceleration 

phase, constant velocity phase and braking phase durations are reduced.  

 

4.3. Hybrid DMU Concept 1 - Diesel Engine Stop in Stations 

 

The efficiency of the diesel engine strongly depends on the operating point characterized by 

speed and torque; in general engine efficiency increases with increasing torque and is worst 

when idling without load.  

Figure 12 (left) displays the distribution of speed/load points for the conventional railcar 

(120 km/h, 102 t, deceleration rate 0.8 m/s²). Engine speed and load were detected every 0.1 

seconds.  
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Figure 12: Speed/load  point distribution of diesel engine in conventional railcar (left) and 

diesel engine in hybrid DMU concept 1 with two 450 kW electric drives (right) 

The diagram shows that the speed/load points are not equally distributed. Between 1000 and 

2100 rpm the torque of most of the speed/load points is in the range between 2000 and 
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3200 Nm. This is the maximum torque of the diesel engine within this speed range, and the 

operating points result from high load while accelerating the railcar with maximum available 

power. In this regime engine efficiency is near its best point.  

The speed/load points with negative torque in the speed range between 1000 and 1500 rpm 

represent the drag torque of the engine. They originate from the braking phase of the driving 

cycle. Concerning fuel consumption these operating points are not relevant because the 

engine is driven via the drive train by the kinetic energy of the railcar and no fuel is injected. 

The operating points in the speed range between 1300 and 2100 rpm and the torque range 

between 500 and 2000 Nm represent traveling with constant velocity in phase II. The engine 

efficiency in this phase is lower than in the accelerating phase, but still not bad.  

The greatest share of speed/load point is in the speed range between 800 and 1000 rpm with 

torque from 0 to 500 Nm. They originate from coasting and station stops, when no traction 

power is demanded and the engine load is defined by auxiliaries’ power. The figure shows 

that the diesel engine is operated more than 50 % of the time in this regime. The problem is 

that the efficiency of the engine is low in these operating points; although the total mechanic 

energy requested in these phases is low compared to the energy needed for traction their 

contribution to overall fuel consumption is disproportionately high. 

The diagram in the right of Figure 12 shows the distribution of speed/load points for the 

hybrid railcar concept 1. While the operating points during accelerating and braking are 

similar to the conventional railcar, the difference in the range between 800 and 1000 rpm with 

torque from 0 to 500 Nm is significant. As a result of shut-down during stops more than 20 % 

of the operating points of this low-efficient operating range could be avoided. The peak at 

zero rpm and zero Nm represents these operating points when the diesel engine is switched 

off during station stops.  

 

4.4. Comparison of Conventional and Hybrid DMUs 

 

In this chapter a comparison of the three hybrid concepts to the conventional vehicle is 

discussed. The results presented are based on simulation runs with a maximum velocity of 

120 km/h, a distance of 5 km and a deceleration rate of 0.8 m/s². In the simulation runs of the 

hybrid DMUs electric drive power ratings of 150, 300 and 450 kW are regarded.  

Figure 13 displays the fuel consumptions of the hybrid DMU concepts with a mass of 102 t 

compared to the conventional vehicle with a mass of 96 t. When assuming the same passenger 

load the additional mass of the hybrid system would be 3 t per power pack. The results of the 

simulation runs with an electric drive power of 150 kW show that a reduction of fuel 

consumption is only possible with hybrid concept 2. In concept 2 the recuperated energy is 

used to support traction power, therefore even small amounts of energy allow reductions 

through extending the coasting phase. In concept 1 and 3 the energy recuperated is not 

sufficient to power the auxiliaries during the complete stop time in the station. The diesel 



Session 13 - Transport Environment 

 

14 

 

engine has to power the auxiliaries and provide additional energy to the storage resulting in a 

greater amount of fuel consumed by the diesel engine.  
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Figure 13: Fuel consumption of 96t conventional DMU compared to 102t hybrid DMUs, 

variation of mechanic power of electric drive 

When using electric drives with 300 and 450 kW the recuperated energy in each drive cycle 

exceeds the energy needed to power the auxiliaries during stops. No reloading by the diesel 

engine is required.  For concept 1 an increase of electric drive power from 300 to 450 kW 

does not have any additional effect on fuel consumption. During stops only a certain amount 

of energy is needed to power the auxiliaries. Although a greater amount of energy is 

recuperated with 450 kW drive power this energy is not used and storage state of charge 

increases with each drive cycle. In contrast concept 3 uses this additional energy to support 

traction while accelerating. Therefore concept 3 consumes less fuel than concept 1 and 

additional drive power effects fuel consumption positively.  

The best results in terms of reducing fuel consumption and CO2-emissions are achieved with 

concept 2 which only supports traction. Regarding the location where the emissions take place 

concept 1 and 3 are worth considering anyway. Concept 2 reduces emissions during driving, 

but when standing at the station the diesel engine is idling. The emissions of CO2 and 

particles within the station area are identical to the conventional vehicle. In contrast concept 1 

and 3 completely avoid any of these emissions within the station area if the energy 

recuperated is sufficient to bridge this time period. 

 

 

5. CONCLUSIONS AND OUTLOOK  

 

This paper discusses different strategies to reduce fuel consumption and CO2 emissions of 

diesel multiple units with electric energy storages. The best results in terms of fuel 

consumption and reduction of CO2 emissions are achieved when using the recuperated energy 

to support traction (concept 2). Under the given conditions reductions of more than 12 % are 

calculated. Although the fuel and CO2 savings of concept 1 and concept 3 are smaller than of 

concept 2 their main advantage is to switch off the diesel engine within station areas. As a 

result the exposure of passengers to noise and emissions is avoided.  
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Power rating of the electric drives strongly influences the amount of recuperated braking 

energy and the effect on fuel consumption and emissions. If recuperated energy is only used 

to power the auxiliaries during station stops (concept 1), the maximum CO2 and fuel savings 

are defined by stop duration and auxiliary load. The amount of energy available at the 

beginning of the station stop can be influenced by modifying the deceleration rate of the 

DMUs. With a deceleration rate of 1.0 m/s² 35 % less energy is storable than with 0.6 m/s². 

Concept 3 offers a better solution than concept 1. It helps avoiding emissions in the station 

area and enhances energy efficiency by better utilization of the storage. Concerning the 

concepts that switch off the diesel engine during station stops the auxiliary load has to be 

discussed more detailed in additional studies as the simplification of purely mechanical or 

purely electrical auxiliaries results in quite high loads during station stops. A detailed analysis 

should determine which auxiliaries have to be available during stops and which loads may be 

switched off. 

The simulation runs with pure traction support (concept 2) showed that the actual strategy of 

energy efficient driving style needs to be updated to meet the special characteristics of hybrid 

DMUs. In conventional DMUs high deceleration rates are recommended to increase fuel 

efficiency by maximizing the coasting phase of the railcar. In contrast hybrid DMUs are able 

to provide additional power in the acceleration phase, but it has to be ensured that enough 

energy is available in the storage. Additional research has to be done on this topic to find an 

optimum balance of recuperated energy during the braking phase and additional traction 

support while accelerating. 
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