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2.2.-- IntroductionIntroduction : : proyectosproyectos I+DI+D

Dic. 2008

2009 2010 2011 2012

1.-Diseño-simulación 
preliminar

•SAIOTEK  08
•Infraestructura 09

5.278 €
21.463 €

18.500 €2.- Simulación e ingeniería detalle
Validación de modelos

3.- Prototipo



0

20

40

60

80

100

120

140

160

06
/0

1/
78

06
/0

1/
80

06
/0

1/
82

06
/0

1/
84

06
/0

1/
86

06
/0

1/
88

06
/0

1/
90

06
/0

1/
92

06
/0

1/
94

06
/0

1/
96

06
/0

1/
98

06
/0

1/
00

06
/0

1/
02

06
/0

1/
04

06
/0

1/
06

06
/0

1/
08

06
/0

1/
10

IntroductionIntroduction

ENVIRONMENTAL SUSTAINABILITY and SHIPSENVIRONMENTAL SUSTAINABILITY and SHIPS

jul 04, 2008
137,11 $ petrol barrel

Fuel price restrictions:
best motor performance

Weekly All Countries Spot Price FOB Weighted by Estimated Export Volume  
(Dollars per Barrel)
Source: US Energy Information Administration, www.eia.doe.com
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Restriction in gas emission :  laws

IMO MARPOL 73/78 annex VI regulation 13, in force since 2005

Future regulation will be more restrictive.  
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FOSSIL 
FUELS

Flywheel

BATTERIES

Hybrid propulsion: uses 2 or more distinct energy sources to thrust the ship

Hydrogen

Supercapacitor

Superconducting 
magnetic

Compressed air

Many others

+=THRUST

Energy Buffer



IntroductionIntroduction

ENVIRONMENTAL SUSTAINABILITY and SHIPSENVIRONMENTAL SUSTAINABILITY and SHIPS

Source: http://en.wikipedia.org/wiki/Energy_density

Petrol: 12500 Wh/kg
Lead acid battery: 25 Wh/kg
Litio-ion: 180 Wh/kg
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Energy EquivalencyEnergy Equivalency

135 MJ 
of energy

21 Li-ion batteries
(Car battery size)

2.7 kg
340
kg

Gas
3.79 litres

Batteries

205 litres

(Smart cdi 40)

Bilbao-Cartagena
56 l (875 km)

5000 kg 3014 l
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Motor Loss
67%

ICE
Motor

Driveline
Losses

4%

Driveline
Fuel tank

100%

33% 29%

Diesel-mechanical

POWERTRAIN

Carnot affected

Frictional

Residual

Aero

SHIP- Related 
Resistance

Propeller
Losses

40%
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Motor Loss
10%

Electric
Motor

Driveline
Losses

14%

Driveline
Batteries

100%

90% 76%

ELECTRIC 
POWERTRAIN

Frictional

Residual

Aero

SHIP- Related 
Resistance

Propeller
Losses

40%
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FUEL

ICE

GEAR BOX

ELECTRIC 
MACHINE

POWER 
ELECTRONICS

BUFFER

Shore Electric 
power grid

Parallel Hybrid FUEL

ICE

POWER 
ELECTRONICS

ELECTRIC 
MACHINE

ELECTRIC 
MACHINE

GEAR BOX

BUFFER

Shore Electric 
power grid

series Hybrid
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IntroductionIntroduction

FUEL

ICE

GEAR BOX

ELECTRIC 
MACHINE

POWER 
ELECTRONICS

BUFFER

Shore Electric 
power grid

Series/parallel Hybrid

Power
split

ELECTRIC 
MACHINE
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Smoke (FSN) MapSpecific fuel consumption (SFC) Map

1500 rpm

1500 rp
m

ICE

EM

ICE
EM



ObjectivesObjectives

1.1. To model mathematically: hull, propeller and interaction betweenTo model mathematically: hull, propeller and interaction between them. Integrate all them. Integrate all 
components by software for feedcomponents by software for feed--forward simulations.forward simulations.

2.2. To evaluate available power to use in energy generation.To evaluate available power to use in energy generation.

3.3. To calculate optimal propeller operation set point.To calculate optimal propeller operation set point.

4.4. To determine ship speed variations due energy generation.To determine ship speed variations due energy generation.

5.5. To compute generated energy at different thruster speeds with evTo compute generated energy at different thruster speeds with every apparent wind ery apparent wind 
angle.angle.

ENVIRONMENTAL SUSTAINABILITY and SHIPSENVIRONMENTAL SUSTAINABILITY and SHIPS
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Motor 
thrust

Sail 
thrust



Materials and MethodsMaterials and Methods

ENVIRONMENTAL SUSTAINABILITY and SHIPSENVIRONMENTAL SUSTAINABILITY and SHIPS

Close ridged 
60º to true 
wind. 5 kt.

Initial and final 
point for battery 
charge. Only sail 

was used.

Sailing beam 
reached to true 

wind. 5.8 kt.

True wind direction. 15 kt

Sailing broad 
reached (150º)  to 
true wind. 6.8 kt.

External radius. 2 
nautical miles.

Buoy
.

90º
.

60º
.

(WP2)(WP3)

(WP1)
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3.- Energy 
storage

1.- Wind 
thrust

2.- Propeller 
rotation

PE
G

Model: training ship “Saltillo”. Scheme of considered energy flow.
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Ae/Ao

β

P/D=0.80
P/D=0.65
P/D=0.60

-10C*Q    
B4-70

P/D=0.80
P/D=0.65
P/D=0.60

C*T
B4-70

B-series propellers with 4 quadrants
result

Propeller model: B4-70 P/D-0.65
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Sail ship model
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Hull model

Lekuona
Oortmerssen
Holtrop
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Pmin=-375 W 
at 112 rpm

Pmin=-590 W 
at 124 rpm 

Pmin=-909 W 
at 151 rpm 

Simulation results of Propeller power and rpm sailing

Ceñida

Través

Aleta

Wind speed 15 kn
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Simulation results of ship speed, hull resistance and propeller thrust

 

1 2 3 4 5 

WP1 WP2 WP3 WP1 

Ceñida Través Aleta Vela+motorMotor

Wind speed 15 kn
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Simulation results of ship speed sailing with and without generation

Wind speed 15 kn

1 2
3

4 5

WP 1 WP 2 WP 3 WP 1

Ceñida Través Aleta Vela+motorMotor
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Generated energy (kWh) sailing between WP7-WP8-WP9-WP7 for different propeller speed set points.

1 2
3

4 5

WP7 WP8 WP9 WP7



ConclusionConclusion

1. The available power to use in energy generation is significant and useful to 
energy generation, incremented in longer tracks sailing under sail 
exclusively. This power was highly dependent of the propeller rpm 
operation set point. An advanced control algorithm is necessary to 
maximize energy generation.

2. The ship speed variations due energy generation were not significant.

3. Presented energy recovery strategy, helps to reduce hybrid sailboat fuel 
consumption and emissions, without compromise navigation speed and 
can be used in “Vehicle to grid” (V2G) operations.

4. The positive results obtained from these simulations will be continued 
capturing navigational data by means of instrumentation already installed 
on board training ship “Saltillo”. Tests at sea are going to be carried out on 
2010.
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