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Presentation scheme

• Dual-mode traction and the italian
context

• A proposal for electric multiple 
units repowering with on-board 
turbogenerators and mixed
electric storage system

• Analysis of the investment project
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European railways statistics:
lines worked at end of 2005

Electrified lines in the EU Countries
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Secondary lines: in Italy, diesel traction

Minuetto

ALn 668/ALn663
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In France: dual-mode trains too

Railcar Bombardier B81500

n.4 asynchr. 
motors (1900 
kW)

Electric
traction

n. 2 diesel
MAN (1324 
kW ) 
+ 1500 V/DC

On-board
generation
+ overhead
contact sy.

123 tMass in 
service

160 km/hMax speed

Construction years:  2004-2007
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Exemplary mixed tracks (FS)

4.451 trainKm/g  (27%)16659165789-384Tot:

18%164412113-23Catania-Gela

5%184016109-6Palermo-Trapani

69%27501085-190Roma-Campobasso

12%18361890-12Grosseto-Siena

23%4001031-9Faenza-Lavezzola

21%24702675-20Verona-Rovigo

19%3721225-6Piacenza-Cremona

22%10051552-15Pavia-Vercelli

32%14302244-21Alessandria-Pavia

48%250265-60Torino-Arona

17%266222100 km-21kmTorino-Aosta

Km run under 
overheads c.s.  by
diesel trains (%)

trainKm/gtrains/gwithout / with
overhead
cont.sy. Tracks
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786  (- 19%)972Final CO2 emission factor (at wheels), in g/kWh

0,167 (- 46%)0,309Final energy cost (at wheels), in € /kWh 

75%27%Propulsion efficiency on-board (average) 

88%/Conversion/supplying efficiency AC/DC (3000 V)

519263in g/kWh

/3,15
CO2 emission factor

in kg/kg of diesel fuel

/0,08Cost of diesel oil in € /kWh

/1Cost of diesel oil in € /kg 

0,11/
Electricity cost in € /kWh, average (FS price is 

much lower, at the moment)

Electric
Traction

Diesel
Tract.

Comparison of energy cost and CO2 
emission factor for diesel and electric 
traction
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A low-cost solution for an italian
Dual-Mode Multiple Units, DMMU

TG generator 1 TG generator 2-3Electr.storag.1 Electr.stor.2-3

1,128,000Tot. repowering cost

325,000B.O.P. and installation

803,000Tot. components cost

600,000
SC + DC/DC

converters

3,000Fuel tanks

200,000
Turbogenerators + 

AC/DC converters

Cost (€)ComponentAle 582/Ale 642 Le 562/Le 682
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DMMU vs. Minuetto

8,759
Specific power 

[Kw/t]

B' 2' 2' BBo BoRunning gear

11201120Power [Kw]

128120Mass in service [t]

345314Total 

200200Standing places

145114Seats

MinuettoAldm582+Ldm562Main characteristics
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The proposed DMMU 
propulsion scheme

Traction motors

(4 x 288 kW)

DC

DC

DC

DC

Pantograph

S DC 
Busbar

Batteries

DC

DC

Super

Capacitors

Generation System 

(3 TG x 130 Kw, each)

Overhead
contact system

TG
A
C DC

TG
A
C DC

TG
A
C DC

Needed maximum power by EES : 1120 kW – 390 kW = 740 kW, 
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Mixed EES system: SC + lead-acid

Turbogenerators + lead–acid batteries
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Diesel/Gas Turbine : pro&cons

Diesel :

Pro
• Constant efficiency, whatever
the required power will be.

Cons
• Needs treatment of gas to reach
future regulations of pollution.
• Low frequency vibrations difficult
to solve and disturbing
passengers comfort.

Gas Turbines :

Pro
• Lightness, allowing to reach
requirements of high speed
trains
• Low pollution
• Low noise and vibration
level after treatment

Cons
Maximum efficiency at max
power needing to operate at
max power, therefore needing to
be hybridised if subjected to
frequent stop&start
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The turbo-trains history

1968: Sikorsky
TurboTrain

1972-2004: SNCF 
TGV001 & T1000/T2000

2004: Bombardier
JetTrain
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A turbo-train hybridisation example: 
the ALPS project

The objective of the ALPS (Advanced Locomotive 
Propulsion System ) project is to operate a 
hybrid propulsion system consisting of a gas 
turbine prime mover, high speed
alternator and energy storage flywheel
sustained speeds of 150 mph

• acceleration comparable to an electric
locomotive 

• improved efficiency
• reduced exhaust emissions, 
• $3,000,000 to $5,000,000 avoided per mile

rail infrastructure electrification cost 2 MW/100 kWh flywheel (P/E=20, tdsch=5’)
(Univ. of Texas at Austin Center for Electromech.)
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Turbomeca Microturbo S100F

Output Power 130 kW (electric)
Voltage 400 V  /  AC
Temperature -30 °C to + 50 °C
Altitude 0 to 3000 m
Noise Level 75 dbA at 5 meters
Weight                 1400 kg

Rendimento/Rendimento massimo 
vs. Potenza/Potenza max

y = -0.5279x 2 + 1.1658x + 0.362

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1
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Braking energy recovery: 
SC vs. Li Ion batteries

0.89

1.07

0.37

Weight
[kg]

25’700

664

1’811

Power
density
[W/kg ]
(match.)

6

150

67

Energy
density
[Wh/kg]

60.6853NESS 
2.7V/5000F

565.64.4
Li Ion 
Energy

60667
Li Ion 
Power

Loss @ 
100A 
[W]

ESR 
[mOhm]

P/E ratio
Type of 
cell

5120

1.811

0.6

5.6

6

6

56

60
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NESS supercapacitors

The SC Pack is composed of 15 parallel connection of 230 Cells (1 Module)
Each module (21.7F/575V/285 kg) is composed by 230 Cells 5000F/2.7V

Each module is able to supply/recover 50 kW for 1’ (total: 750 kW)
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Genesis lead-acid batteries

The battery pack is composed of 6 parallel connection of 50 modules (12V/42 Ah/15kg)

600V/42 Ah 600V/42 Ah 600V/42 Ah 600V/42 Ah 600V/42 Ah 600V/42 Ah

Each module is able to supply: 2000 W for 6’ / 600 W for 30’ (total: 600kW-180kW)
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Control strategy priorities

11stLvLv

Batt.Prot.Batt.Prot.

22ndLvLv

EnerEner. . RecRec. . 

44thLvLv

TG TG EfficEffic..

33rdLvLv

TG LifeTG Life

Second by second, the control system, on the basis of the 
prorities shown below, allocates the necessary power 
between each system component, TG, batteries, SC, and 
refreshes the state of system control variables.
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Weight analysis 
Motorised unit, total mass:
57t + 1.5t (130 kW TG) + 1.4t (1xSC pack)= 
59.9 t  (15 t/ax.)

Coach, total mass:
34t+ 2.8t (260 kW TG set) +4,5t (batteries)+ 2.8t 
(2xSC packs) +3t (fuel storage) = 
46.3 t

Train, total mass:
106.2 t (+12% vs. Ale582/Le562)
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An example of cost/benefit analisys: 
the Roma-Campobasso track 

Electrified track                           190 km
Non-electrified 85 km
Daily covered dinstance 550 km
Annually covered dinstance 201.000 km
trainKm/year > 1.000.000 

(69% on diesel traction, running on a electrified l ine)
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Requested continuous power
(only non electrified part, A/R) 

300 kW + auxilaries (30%) = 400 kW = turbogenset power
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Supercapacitors SOC 
during the mission
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Batteries SOC during the mission
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Electrified track, estimated costs

€, on diesel 
€, under overhead contact

180.500
26.800

Total cost

€/kWh, on diesel 

€/kWh, with elect.net supply
0,309     

0,046*
Final energy cost (at wheels), in € /kWh 

kWh582.500
Energy consumption, at the wheels, per 

year

KWhmecc /(t*100km)3,5

If fuel is used with a 27% efficiency, the 
requested energy, at the wheel, is 
only 27% of the above reported 
figure, therefore it is:  

kWh/(t*100km)15

kg/(t*100km)1,26

L/(t*100km)1,5

Specific consumption of the diesel train 
(from statistic data)

km138.700Annual covered dinstance

*Average price paid by FS is 30 €/MWh
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Non-electrified track, calculated cost

€33.500

kg33.500Annual saving

kg78.185Per year

Kg (- 30%)214 
Hybrid train consumption, per 

day

Kg111.690Per year

Kg306
Diesel train consumption, per 
day

km62.000Annual covered dinstance
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Economic analisys

1.403.363 €NPV

3%Discount rate

10Years

33.500 €non-electrified

153.700 €electrified part

Annual saving

1.128.000 €Investment cost
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Conclusions
• A dual-mode train operating in hybrid mode can 

effectively substitute diesel trains on a number of 
lines, with advantages in terms of fuel consumption, 
emissions and noise; moreover these trains are able 
to cross large urban areas in zero-emission (pure-
electric) mode.

• The economic advantage of such trains is strictly 
dependent on the difference between E.E. and diesel 
oil cost.

• Use of turbogenset is possible if associated to a mixed 
(battery and supercapacitors) electric storage system
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