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It is fair to say that the production of 
greenhouse gases, particularly CO2, 
has become a major design driver for 

naval architects. Regulation has mandated 
limitation of emissions, and we are also 
seeing owners voluntarily taking steps to 
reduce harmful CO2 and to reduce their ship’s 
carbon footprint. 

Recently, the owners of Blue Star Ferries 
put forth a challenge to Greek engineering 
company NAP Engineering P.A. and their 
subcontractors US-based HydroComp Inc. 
to do just that. The project was part of the 
EU co-funded Poseidon Med II Deliverable 
14.4, which called for a compact LNG-fuelled 
Ro-pax ferry design. The vessel was limited 
to 145m length overall and was to carry 
1,400 passengers and provide for 1,000 
lane-meters of automobile and truck capacity. 
Additionally, the vessel was to comply with 
SOLAS, ‘Safe Return to Port’, and IGF Code 
Rules and Regulations. The design has 
already received Approval in Principle (AIP) 
from Lloyds Register.

A ‘carbon footprint’ 
design objective
The measure of carbon footprint reduction 
was defined as the CO2 emissions before-
and-after hull form design optimisations and 
analysis of performance with different main 
engine options. In essence the study was to 
determine the overall total-voyage reduction 
in CO2 by optimisation of a given initial hull 
geometry and the use of a dual-fuel engine 
versus a conventional diesel engine – all as 
part of early-stage initial design.

Credible prediction of CO2 for the mission 
therefore required the following analytical 
capabilities for a complete hydrodynamic 
propulsion system simulation:
• Prediction of bare hull resistance plus 

added resistances, such as appendages, 
wind, and seas

• A Hull-Propulsor-Driveline-Engine 
system simulation model that could 

provide the equilibrium thrust and power 
requirements at each speed

• Controllable-pitch performance in a 
constant RPM condition (with RPM 
correction for low pitch operation)

• Accurate prediction of engine fuel rate for 
both single- and dual-fuel configurations

• Definition of multiple fuel carbon content 
for further prediction of CO2

• Duty-profile operating modes analysis 
to determine the unique propulsion and 
CO2 characteristics for each mode

Further, hull form optimisation at 
early-stage design called for a bare hull 
prediction method that allowed for local 
modification of hull form. HydroComp’s 
NavCad software (Premium Edition) 
was employed to provide this full 
simulation framework.

Duty-profile of the Ro-pax
The client specified a round-trip voyage of 
multiple segments, with three voyages per 
week and an annual service of 48 weeks. 
The multiple transits and movements were 

collected into three principal operating 
‘modes’ representing a one-way voyage of 
354.6 nautical miles (as shown above).

During early-stage design, use of 
‘parametric’ (or [1D]) prediction methods 
is very popular due to their limited data 
requirements and empirical foundation. 
Some 40 different predictions were 
available in NavCad that could be applied 
to the prediction of bare hull drag (only 
a few of which would be suitable for any 
particular vessel, of course). Correlation 
to prior trial or model test data could be 
applied if such test data were available. 
However, the one thing that makes 
these methods quantitatively strong and 
well-behaved – their characterisation 
of the immersed volume with discrete 
‘parameters’ and their statistical extraction 
of resistance data from empirical tests 
– also makes them less effective as a tool 
for qualitative optimisation of local hull 
shape. This requires a method with greater 
definition of the hull form geometry which 
can be manipulated and evaluated as part 
of an optimisation study.
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HydroComp’s technical director Don MacPherson explains the steps 
involved in the hullform optimisation for a LNG-fuelled Ro-pax project that 
forms part of the EU-backed Poseidon Med II initiative 

System analysis for design-side innovation 
to reduce a ship’s carbon footprint

Figure 1: Profile schematic of the initial design concept

Slow 8knots 7.1nm 0.9 hours MDO

Moderate 18knots 6.7nm 0.4 hours MDO

Cruise 22knots 340.8nm 15.5 hours MDO or LNG
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Some consideration was given to the use 
of CFD (a [3D] analysis) for the hull form 
resistance prediction and optimisation, and 
then to connect the CFD output back into 
NavCad for the total propulsion system 
simulation of engine load, fuel consumption, 
and CO2 production for the full operating 
modes duty profile. However, given the 
early stage of the design – where final hull 
geometry was still in question – it was 
determined that the cost, time, and resources 
of [3D] CFD did not match the order of the 
problem at that time. 

Fortunately, NavCad provided an alternative 
method of higher order for resistance 
prediction using its Analytical Distributed 
Volume Method (ADVM). Neither describing 
the immersed volume by parameters [1D] nor 
by its full surface envelope [3D], the ADVM 
is a [2D] method using the longitudinal 
distribution of the ship’s immersed volume 
(e.g., sectional area curve, immersion center 
of the section area, and beam distribution). 
This provides a much more detailed definition 
of the immersed volume and provides the 
qualitative means to investigate how changes 
in local geometry will affect ship resistance 
(the distributions for the initial Ro-pax hull 
form are shown in Figure 2).

Briefly, the ADVM method is based on 
calculation of the Kelvin wave system of 
diverging and transverse waves, using a 
nested integration of the above described 
longitudinal distribution of the immersed 
volume. While the basic methodology 
employed by the ADVM is inviscid, the 
influence of viscosity on the prediction 
of the wave-making system is considered 
with a variety of corrections, such as for 
hump-hollow oscillations, dynamic trim, and 
for the proper ‘hydrodynamically-effective’ 
length of the hull form to be represented.

A supplemental outcome of the 
method is the prediction of far-field 
wave-pattern elevations. This is often used 
to communicate before-and-after energy 
savings (by reduction of generated wave 
height) during hull form optimisation. 
A sample of an ADVM-generated wave 
pattern is shown in Figure 3.

The ‘whole-ship’ resistance is more than 
just wave-making, of course, so the method 
also considers scalable viscous properties 
through a contemporary assessment of 
frictional drag (using a line based on 
boundary layer analysis) and form factor. 

That said, the method is not suitable for all 
vessels – even with the described research 
and development efforts to properly model 
and predict all component of total bare hull 
resistance. For example, the method has 
shown limitations for ships with substantial 
buttock flow versus waterline flow, such as for 
barge forms and very shallow vessels.

Therefore, validation of the ADVM 
code – or any code, for that matter 
– is paramount.  Such validations 
can be conducted using a variety of 
different basis criteria, including model 
tests or other numerical calculations 
(such as CFD). Validation against 
other numerical methods, however, 
presumes that the calculations have 
been set up and conducted correctly, 
and that the methods are suitable for 
the characteristics of the hull form. Of 
course, the same can be said for model 

testing, but with a critical eye toward 
the preparation and peer-review of the 
model test program, suitable model 
tested hulls can generally be found. The 
basis for comparison must therefore be 
public and widely considered as a suitable 
benchmark for validation of analytical 
methods. The significant hydrodynamic 
parameters of the model and its test must 
also be similar, such as design Froude 
number, volumetric fineness coefficient, 
prismatic coefficient, bulb area ratio, and 
the shape of the sectional area curve.

After an extensive literature search, one 
benchmark stood out as a suitable proxy 
for the Ro-pax and a basis for validation 
of the analytical resistance prediction 
method. This was the well-known KRISO 
Container Ship (KCS). A comparison of 
the principal characteristics of the KCS 
and the Ro-pax vessel is shown above.

Figure 2: Longitudinal distribution of immersed volume, as represented by beam, sectional 
area, and center of area immersion

Figure 3: Example wave pattern elevation

Design FN CVOL CP AB/AX

Ro-pax 0.31 6.0 0.62 0.11

KCS 0.28 6.2 0.66 0.09
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The equivalent longitudinal distribution 
of the KCS hull is shown in Figure 4. 
Compare this distribution to the initial 
Ro-pax hull (in Figure 2), and it is easy 
to see that the KCS is a suitable validation 
proxy for the Ro-pax.

Resistance for the KCS model was 
predicted using the ADVM method and 
compared to results from the published 
model test reports. Figure 5 demonstrates 
the outcome of the validation, which 
captures very well the resistance curve 

shape of the model test, albeit with 
some small over-prediction of resistance 
(possibly due to slightly insufficient 
suppression of hump-hollow oscillation in 
the method). However, as the prediction 
was qualitatively faithful to the model test 
and quantitatively a bit conservative, the 
ADVM method was deemed a suitable 
prediction method for the Ro-pax study.
(With respect to computational load, the 
calculation time using the ADVM method 
was approximately two seconds per ship 

speed using a typical business-grade laptop 
computer. The least time found in the 
literature search for CFD analysis of one 
speed for the KCS was 1.7 hours using a 24 
core cluster. Using these reference computers 
and methods, calculation efficiency using 
the [2D] method is some 3000-to-1.)

Hull form modification 
for drag reduction
Once that the ADVM method was 
considered suitable for the Ro-pax, the 
resistance prediction was prepared and 
compared to a NavCad ‘Confidence Plot’ 
(i.e., an ‘optimistic lower-limit’ design guide) 
as shown in Figure 6.

The qualitative curve shapes matched 
the ‘lower-limit’ confidence line very well, 
but the magnitude of drag was higher 
than expected. This suggested to the 
project investigators that the hull was not 
optimal. A critical review of the initial hull 
form was performed to try and identify 
obvious shape characteristics that might be 
improved. The inflection of the sectional 
area curve at the stern was deemed to be a 
candidate for modification.

An innovative new corollary recently 
developed within the ADVM framework 
is the ability to produce a plot of the 
‘longitudinal wave source’.  This provides 
a visualisation of the position source of 
the wave-making energy (resistance). 
As you can see in Figure 7, the region of 
significant wave-making energy is centered 
just upstream of the severe inflection in the 
sectional area curve at the stern. 

It will sometimes be necessary to look 
downstream of any wave source peak 
for locations that may require attention.  

Feature 2 | CAD/CAM/CAE

Figure 6 – Ro/
Pax initial hull 
form prediction 
‘Confidence Plot’

Figure 7: 
Longitudinal wave 
source for initial hull

Figure 5: Prediction results for the KCS validation

Figure 4: KCS validation model distributions
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It is the nature of fluid flow that changes 
in body geometry can affect pressure 
upstream – and thus wave-making 
resistance. For example, consider a 
simple 2D foil (of NACA 16 thickness 
distribution; Figure 8a). The original 
thickness was modified at the tail from the 

80% chord position aft with an inflection 
similar to that of the initial Ro-pax hull. 
You can see in Figure 8b a peak pressure 
change upstream of the shape change.

This confirmed that the downstream 
stern inflection was indeed a good 
candidate for optimisation. A slight 

modification of the stern to smooth 
the distribution (making it more flow –
friendly, as described in Figure 9) provides 
a substantial reduction in the generated 
energy and resistance. Given the major 
contribution of wave-making to the total 
drag, the stern modification reduced total 
bare hull resistance by nearly 10%.

Steady-state propulsion 
simulation, fuel rate,and 
CO2 production
The vessel was initially designed to be 
powered by a pair of diesel main engines, 
through a single-stage non-reversing 
gearbox, to controllable-pitch propellers 
(CPPs). The mode of CPP operation was 
specified for constant RPM, with pitch varied 
to meet the equilibrium thrust requirement.

The propulsion system simulation 
included prediction of hull-propulsor 
interaction, the equilibrium pitch 
(for steady-state thrust matching at 
each speed and engine RPM), and all 
corresponding propulsion metrics such 
as power, efficiency, cavitation, fuel rate, 
and CO2 production. Definition of fuel 
properties (MDO and LNG, in this case) 
were prescribed by the IMO MEPC 
281(70) reference, including density, 
heating value, and carbon content.

Two competing engine models were 
specified for the initial and proposed 
opt imised des ign –  one  MD O 
(Wärtsilä 12V46F) and one dual-fuel 
MDO-LNG (Wärtsi lä  12V46DF). 
The init ia l  versus  f inal  design 
configurations were both evaluated 
in a duty-profile operating modes 
analysis in NavCad, where the total 
fuel use and CO2 production could 
be calculated for each mode. Each 
unique mode operation was defined 
for engine engagement (such as for 
idle or compound engine operation), 
particular fuel type for the mode, and 
the mode service (transit or towing, 
for example). The overall comparative 
performance is shown in the table at 
the top of the page.

The ship makes 288 of these trips 
each year (144 round-trip voyages). 
The optimised vessel with the dual-fuel 
engine option is therefore projected to 
reduce its annual CO2 production by 
approximately 3,100tonnes. NA

Figure 8a: Foil 
shape modification

Figure 8b: 
Corresponding 
pressure change

Figure 9:  Longitudinal wave source for modified hull (with smoothed stern)

Condition Initial Proposed Change

Fuel MDO MDO/LNG

Total fuel energy 3.10 MJ 2.66 MJ -14%

Total fuel mass 72.5 t 55.5 t -23%

Total fuel volume 80.5 m3 122.2 m3 +52%

Total CO2 31.7 t 20.9 t -34%


