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INTRODUCTION
This paper outlines an approach to the analysis 
of vessel design alternatives where decisions are 
evaluated based on the time-weighted operating profi le 
of a vessel in a particular type of service. This multi-
mode design approach is then used to develop metrics 
for evaluating the energy effi ciency of vessels. This 
methodology allows for the comparison of different 
design alternatives for a vessel, enabling the designer 
to use a clear set of metrics to evaluate relative 
effi ciencies. The operating profi les for the vessels 
are based on composites of both published and in-
house vessel operating data to illustrate how detailed 
data from a vessel can be used to make analyses of 
operating effi ciencies that refl ect the real operations 
of the vessel and then allow for realistic estimates of 
potential fuel and fi nancial savings from alternative 
design options.

The confl uence of an increased focus on reducing 
fuel consumption and emissions, the greater ease 
of collecting vessel operating data with electronic 
engines, and the development of specifi c tools to make 
evaluations, means that this type of detailed analysis 
is becoming far more easily achievable. The authors 
present the case for a multi-mode design analysis for 
evaluation of energy effi ciency, and illustrate its use 
with two case studies for a harbour tug and an ocean 
towing tug.

MULTI-MODE VERSUS SINGLE-POINT 
DESIGN APPROACH
Many aspects of vessel design are traditionally based 
on selecting a single design point from a range of 
vessel operating modes, such as cruising speed; or on 
striking a balance between two competing objectives 
such as bollard pull and maximum free-running speed. 
This approach tries to make a rational selection in the 
absence of detailed information about the complete duty 
profi le for the vessel, and has been historically necessary 
because such detailed data has rarely been available 
to designers. In the absence of detailed knowledge 
about a vessel’s complete set of operating modes and 
the importance of each of these in that vessel’s overall 
operation, designers opt for rational choices based on 
limited data, operators’ estimates or simulations. 

However, there are clear advantages to being able 
to optimise a design for the complete duty profi le of 
the vessel. For the vessel designers, the insight into 
the actual demands on the vessel in operation can 
lead to different design possibilities that would not 
have been thought reasonable using only a single-
point design approach. The Foss/AKA hybrid tug1 was 
a clear breakthrough in how to approach the problem 
of optimising fuel use and minimising emissions in a 
harbour tug. This was made possible by a detailed study 
of the actual operations of a harbour tug, resulting in a 
clear understanding of the duty profi le of that vessel. 

Using Detailed Vessel Operating Data to Identify Energy-Saving Strategies

SYNOPSIS
Reducing fuel consumption and improving energy effi ciency on vessels is not a one-size-fi ts-
all proposition. In order to maximise benefi ts and produce acceptable fi nancial returns from any 
energy savings technology, it is fi rst necessary to understand in suffi cient detail how the vessel 
operates and consumes energy. It is clear that solutions that work well for a harbour tug with very 
low average engine loads will not produce the same value for ocean towing tugs that operate 
predominantly where diesel engines are most effi cient. This paper uses published data and vessel 
operating data to create operating profi les for tugs in different operational scenarios and examines 
how this data can be used to quantify energy effi ciency and identify fuel and energy savings 
solutions that fi t the specifi c needs of the vessel. Finally, the paper explains how that data can be 
used to develop fi nancial models to aid in design decisions.
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This knowledge enabled the designers to invent a new 
system around the demands of the vessel’s duty profile.

Historical design-point objective
Tugs: design for maximum thrust  
(bollard rating)
For harbour tugs, the bollard pull requirement can often 
dominate, as bollard pull is typically how these tugs 
are defined in the marketplace. The result can be tugs 
with large engines that are used at only a small fraction 
of their capacity for much of their operating life. They 
hybrid tug is a solution targeted at this specific problem, 
but tugs and workboats perform a large variety of tasks, 
with many different duty profiles. It would not make 
sense to apply the hybrid solution to, for example, an 
ocean towing tug, which operates much of the time at 
80 to 85 per cent  MCR. What does make sense is to 
follow the same line of data gathering and analysis to 
clearly understand and define the duty profile of the 
vessel and look for ways to optimise for that operation. 

While the ocean towing tug is more likely to be 
optimised more for towing speed and less for bollard 
pull, it is still typically designed around a single towing 
speed, and not optimised for its full duty profile. 
The single-point design approach does not include 
consideration of how often a vessel is likely to operate 
in each of the modes. A multi-mode design approach 
goes several steps further, incorporating an analysis of 
the amount of time the vessel operates in the different 
modes, and then using this information to design 
an operating system. Of course, in order to do this 
effectively, one needs a solid understanding of the 
real operating demands on the vessel, so that one can 
determine realistic load cases and operating hours for 
those load cases.

One disadvantage of using a multi-mode design 
approach is that it is more complex and involves a more 
detailed level of analysis. Also, in order to develop 
duty cycles based on real information, it is necessary 
to have access to a vessel with a suitably similar duty 
profile, to collect and analyse the data, and to process 
it to develop useful predictive tools to guide the vessel 
design. However, collection of vessel operating data is 
becoming simpler and less expensive very quickly. New 
engines now include complete data logging capabilities, 
and logging, storing and transmitting data are now much 
easier than just a few years ago, making it realistic to 
routinely collect operating data on board a vessel as 
part of normal operations. This data is not only useful 
for monitoring operations or customising maintenance 
routines, it is also a valuable data source for optimising 
investments in the operating efficiency of these vessels.

Focus on fuel efficiency and emissions
In recent years it has become more common to see 
bids for towing services evaluated not just on bollard 
pull, but also on vessel fuel consumption. The fuel costs 
are becoming increasingly important to customers, and 
this focus naturally helps to increase the focus on fuel 
efficiency in vessel design. Vessels in the design stage 

are evaluated for fuel consumption as part of the overall 
life-cycle cost analysis, and this focus can drive new 
innovations in vessel design.

This increasing focus on fuel is now being followed by 
a greater focus on emissions. Even where there is no 
direct cost to the vessel owners, more attention is  
being paid to designing and operating vessels to 
minimise emissions.

These changes in customer focus drive changes in 
the needs of vessel owners and operators, and need 
to be met with design approaches that optimise for the 
vessel operation over its full range of operating modes, 
rather than optimising for a single design point. Vessel 
owners and operators have access to a wealth of data 
on actual vessel operations, from vessel logs, operating 
experience, and now from electronic engines that, when 
captured and fed into the design cycle, offers great 
opportunities for improvements in efficiency and life-
cycle costs.

Vessel data increasingly accessible
Fortunately, at the same time that fuel prices have 
been climbing, the cost and difficulty of collecting 
vessel operating data from vessels during their normal 
operations has been declining steeply. Electronic 
engines, digital navigation equipment, and inexpensive 
data storage, processing and transmission make 
data collection on board a vessel far simpler and less 
expensive than just a few years ago. The focus on fuel-
efficient operation, together with the significantly easier 
access to operating data that is possible with today’s 
electronic engines, data collection and transmission 
systems, opens up new possibilities in understanding 
vessel operations and using this understanding to 
improve design and operations.

Financial performance
Deciding on the best configuration for a vessel with a 
multi-mode approach is a process that involves many 
variables, including different equipment configurations 
with differing capital and maintenance costs, trade-
offs between flexibility for future possible operating 
requirements and maximising the efficiency of the 
primary vessel mission profile, and balancing capital 
outlay with future fuel and maintenance savings. In 
order to get to an answer with this model, one needs to 
keep in mind that the real objective is financial – vessel 
owners are in business. Therefore, with design criteria 
to ensure that safety and reliability are paramount, after 
that the objective is financial.

For the vessel owners, presentation of actual operating 
data removes some of the ambiguity around financial 
calculations that can make decision-making on potential 
capital investments difficult. Trying to quantify the 
potential fuel savings for one design option versus 
another involves not just calculating the capital costs, but 
also making assumptions about future fuel prices, cost 
of capital and other financial factors. When in addition 
to these uncertainties one has limited information or 
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unvalidated estimates of vessel operating loads, then 
the resulting overall level of uncertainty in the financial 
projections can be an impediment to making investment 
decisions. A multi-mode design approach reduces 
this level of uncertainty, and where the duty profile is 
developed from a sufficiently large set of actual operating 
data, the level of confidence is much higher.

Efficiency calculation with multi-mode  
design approach
The current work illustrates a methodology for 
developing some easily comparable measures of 
operating efficiency for specific duty profiles. Firstly, 
some operating modes are defined and used to 
build a time-weighted duty profile for a vessel. 
The vessel is defined, including hull, engine and 
propeller characteristics, such that a calculation of 
operating efficiency can be made for a particular duty 
profile. From this base case, alteration in the vessel 
configuration can be made to get a rapid assessment in 
the change in operating efficiency for that duty profile. 

It should be noted that the current study is limited 
to an analysis of propulsion. This is applicable for 
most vessel types and operations, where efficiency 
losses due to manoeuvring are small compared to 
the efficiency of the propulsion system. In addition, 
the analysis does not currently include multi-engine 
configurations, such as the hybrid tug. The authors 
will also not address operator behaviour as a factor 
in vessel operating costs, although this is an area of 
potential savings as well.

MODAL ANALYSIS
The description of a vessel’s complete duty profile is 
built from a collection of different operating modes. Duty 
profiles reflect the overall mission of the vessel, where 
each operating mode is a snapshot of a representative 
task within that mission. Over its life, a vessel will have 
many operating modes, but it also can have different 
duty profiles or missions. For example, a tugboat can 
have many different duties, from ship assist to harbour 
duty to long-haul ocean towing.

Time-weighted operating modes
Each operating mode will be defined by a number 
of representative mission characteristics, as shown 
below in Table 1. The propulsion performance, fuel 
consumption, and key indicators will be calculated for 
this set of mode characteristics.

The influence or significance of each mode is 
determined by a time-based weighting. The duration of 

the mode operation is normalised into a percentage, 
which is used to calculate summary figures of overall 
performance. As opposed to single design-point 
comparisons of performance, it will be these time-
weighted summary parameters that are used to 
qualitatively compare the relative effectiveness of 
different configurations for the complete duty profile.

Service types
Each mode is characterised by a service type, whose 
definition includes the particular equilibrium propulsion 
condition. Calculation of the propulsion analysis in the 
NavCad software requires definition of the particular 
analysis type (eg free-run, towing), and the service 
definition points the mode to the proper option.

Transit
A transit service type describes the typical operation 
of ferries or cargo-carrying vessels, for example. The 
engine’s responsibility is to drive the propulsor so 
that it produces just the right amount of thrust to meet 
a steady-state speed. The equilibrium is principally 
between the hull and the propulsor. To find the proper 
thrust-based equilibrium, the analysis needs the total 
resistance at that speed. The NavCad calculation 
will predict the total resistance using the defined hull 
and added-drag information, and then run a free-run 
analysis to find the proper engine rev/min (and CPP 
pitch, if applicable) where total resistance and delivered 
thrust are equal. 

An example of how the engine relates to a free-
run analysis transit service is shown in Figure 1. A 
collection of steady-state speeds (eg 7-10 knots) is 
evaluated for the rev/min needed to match thrust, 
and the power is derived at that rev/min. The mode’s 

Figure 1: Service-type engine function points.

TASK  Description of the mode task.
SERVICE  The operational service for the mode: transit, 

idle, tow pull (in various power levels) 
SPEED  Vessel speed (for transit and tow pull services).
TIME  The duration time of the mode.
DISTANCE  The distance travelled during the mode task.

  Table 1: Operating mode characteristics.
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developed power is not related to the engine’s rated 
power and rev/min, or to its maximum power curve. It is 
solely related to the amount required by the propeller.

Idle
The idle service is simply one where the engine is doing 
no work for the mission, but is in a standby setting. The 
engines are using fuel to keep themselves running, but 
none of the power is being delivered to the propulsor 
for any useful purpose. The definition of the rev/min 
and power at idle are defined in the NavCad engine 
definition. Figures for idle rev/min are often defined by 
the manufacturer (such as how Cummins states the 
‘minimum idle speed setting’ on its product brochures. 

The range of idle rev/min typically varies between  
25 and 35 per cent of rated rev/min for fixed-pitch 
propeller and waterjet applications, and as high as 
50 per cent rated rev/min for CPP systems. No such 
figures for idle power are offered in manufacturer’s 
product literature, but measurements suggest that  
the idle power for a conventional marine diesel  
engine power plant is 5 to 7 per cent rated power2.  
A representative idle point is shown in Figure 1  
(on previous page).

Tow pull
Many working vessels, such as trawlers, tugs, and 
supply craft, are required to push or pull at various 
levels of intensity as part of their working duty profile. 
These are tow pull services, where the propulsion 
equilibrium is not between the hull and propulsor, but 
between the engine and the propulsor. Once the power 
equilibrium has been met, the amount of tow pull (total 
delivered thrust less the vessel’s resistance) can  
be calculated.

A full power ‘bollard’ condition (or tow pull [max])  
will find that point where the propulsor’s power- 
rev/min curve intersects the engine’s power curve. 
The developed power is a function of the propeller’s 
requirement and the engine’s potential, and it may 
not be the full rated power, but it will always be the 
full power available at that rev/min (ie always on the 
maximum power curve).

Selected tow pull (partial) options (ie tow pull 80 per 
cent, tow pull 40 per cent) are for cases where a towing 
analysis is required, but not at full available power. The 
analysis limits the power used for towing to a proportion 
of rated power. Figure 1 shows a tow pull of 60 per  
cent limit. 

It is very important to remember that the weighting 
of a tow pull mode may need to be altered when 
comparing different propulsion systems. The important 
comparative figure is the tow pull thrust and not the 
power used. For example, a ducted propeller would be 
expected to generate more thrust per unit of power than 
an open propeller. So, it may be perfectly appropriate to 
shift the weighting of a tow pull mode to a lower power 
percentage for a comparable tow pull thrust.

Prediction of fuel consumption
Once a power and rev/min pairing has been found, 
it is a relatively simple matter to predict fuel rate and 
consumption using the engine manufacturer’s published 
data. The fuel rate data for the maximum power curve is 
typically provided. For most contemporary marine diesel 
engines, another intermediate ‘defined load curve’ – 
sometimes called a ‘prop curve’ or ‘cubic curve’ (for the 
frequently-used rev/min-cubed power function of these 
curves) – is also shown. In rare cases, a full ‘fuel map’ 
is given. Accurate interpolation is possible with the full 
fuel map or with special manipulation of the fuel rate 
figures for the maximum power curve with a defined 
load curve.

Fuel consumption (fuel rate) is provided by engine 
manufacturers as a volumetric rate (eg l/hr) or a mass 
specific rate (eg g/kW-hr). The data should also list 
corresponding heating value (HV) – a measure of 
the ‘energy’ in the fuel, typically identified by a ‘lower’ 
heating value (LHV) – and density figures.

The manufacturers determine fuel rate for their 
engines via empirical engine tests and publish this 
data on their product specification sheets. However, 
the published data is based on a particular fuel density 
and heating value specification, as noted above. 
Unfortunately, not all fuel is created equal and can 
vary in density and heating value depending on its 
composition (such as for sulphur content). If the fuel 
that is actually burned is significantly different from 
the fuel used for the engine tests, then an equivalent 
energy conversion may be necessary to calculate the 
proper magnitude of volumetric and mass fuel rate 
during the mode task.

This study is limited to marine diesel engines using 
marine diesel oil (MDO). Operation with other fuels, 
such as heavy fuel oil (HFO) will also require a proper 
conversion to correctly determine actual fuel rates.

Duty profile examples
Of course, properly identifying the real mission duty 
profile is important to an operating modes analysis. 
This can be a challenge and requires disciplined 
measurement over time. For the purpose of this paper, 
the authors have developed two duty profiles for a 
contemporary diesel-driven 26m tug (as represented 
by the RAmparts 2800 design from Robert Allan Ltd)3. 
These profiles for harbour tug operation and ocean 
towing service are composites constructed from  
in-house data and multiple published sources2,3,4.  
(See Tables 2 & 3 on opposite page).

KEY PERFORMANCE INDICATORS (KPI)
The purpose of a modal analysis, of course, is to get an 
idea of the effectiveness of the system over the range 
of tasks for a vessel’s mission(s). Shore-side strategic 
planning, and even onboard tactical decision-making, 
requires useful and consistent metrics that can be 
used to qualitatively compare different design options 



5

(eg propeller vs waterjets), power plants (conventional 
diesel vs hybrid), or propulsors (open vs ducted). 
Qualitative metrics can even be used for comparing 
entire vessels to investigate any benefits of proportional 
deadweight load sharing between vessels. We refer to 
these metrics as key performance indicators (KPI).

General form for KPIs
KPI merit figures are principally used for qualitative 
comparisons of different ‘delivery’ scenarios. They are 
ratios of ‘cost’ to ‘capability’. The big question is the way 
the ratio is to be handled: cost/capability or capability/
cost? Examples of the treatment of this are widely varied:

• Miles per gallon/kilometres per litre for automobiles 
(capability/cost);

• Fuel rate gallons/litres per hour travelled  
(cost/capability);

• True definitions of efficiency are generally 
capability/cost (eg thrust/power)

It may seem practical to use cost/capability ratio for 
transport vessels, where the problem being considered 
is one of the ‘costs’ of fuel (whether that is financial 
cost or emissions cost), and to use capability/cost 
for tow pull craft where the demand on the system 
varies and maximising thrust/power or thrust/fuel is 
the design objective. However, it is to be expected 
that towing vessels with multiple operating modes 
may require transport-equivalent services (ie transit to 
get on station), or conversely, for transport craft (eg 
coastguard vessels) to have significant tow pull modes. 

It is the opinion of the authors that one form of the ‘cost’ 
and ‘capability’ ratio be followed for all modes.

A variety of KPI examples are available in the 
technical literature5, but one of the oldest KPI metrics 
is the Gabrielli and von Karman plot6 which compares 
vessels using a ratio called ‘specific resistance’. This 
is a cost/capability factor of: power/(weight*speed). 
In recognition of the significant early contribution of 
this form to performance metrics, it was decided that 
the ‘cost/capability’ form be used for the operating 
mode analysis module in the NavCad software as 
‘consumption indices’.

One popular KPI worth referencing is the transport 
factor (also called ‘transport efficiency’, ‘transport 
effectiveness’, or ‘specific power’)7. This is calculated 
and displayed in the NavCad propulsion analysis, but 
is not used in the operating mode analysis as it is a 
‘capability/cost’ metric.

Consumption indices
Three different consumption index (CI) forms are used for 
the analyses – fuel (FCI), energy (ECI), and power (PCI). 

Load
Each index requires a ‘load’ variable, which will be 
the mass of ship displacement or deadweight, or by 
a tow pull force. The choice for using displacement or 
deadweight should reflect the role of the vessel. For a 
commercial cargo-carrying service, where the business 
model depends on a cargo charge rate, then DWT 

would make sense. 

In all other circumstances 
such as cruise ships or ferries, 
displacement would be used. The 
index acronym (FCI, for example) 
will be prefaced by ‘S’ for ship 
displacement variant (SFCI), ‘D’ 
for deadweight (DFCI), or ‘T’ for 
tow pull (TFCI).

Fuel Consumption Index 
(FCI)
FCI is a measure of the ‘cost’ 
of fuel for a given action, as 
described by the fuel quantity 
needed to overcome a mass or 
force at a particular speed. This 
is not a true non-dimensional 
coefficient. The dimensional form 
of the index was established in 
NavCad to use volumetric fuel 
rate, with units consistent with 
those chosen for the operating 
mode analysis calculations  
(eg L/t-nm, gal/lbf-mi).

FCI = fuel volume consumed / 
(load [displacement, deadweight 
or tow pull] * distance travelled).

Mode ID  TASK  SERVICE SPEED (knots) TIME (%) 
1  Stand by  Idle 0 15% 
2  Transit low  Transit 6.6 30% 
3  Transit high Transit 10 7% 
4  Assist 80%  Tow pull [80%] 1 1% 
5  Assist 60%  Tow pull [60%] 1 1% 
6  Assist 40%  Tow pull [40%] 1 9% 
7  Assist 20%  Tow pull [20%] 1 26% 
8  Barge move 60% Tow pull [60%] 5 1% 
9  Barge move 40% Tow pull [40%] 5 1% 
10  Barge move 20% Tow pull [20%] 5 9% 

  Table 2: Harbour duty operating modes  
(Note: ‘Pushing’ includes ship assist and barge moves).

Mode ID  TASK  SERVICE SPEED (knots) TIME (%) 
1  10 kts  Transit 10 12% 
2  8 kts  Transit 8 30% 
3  6 kts  Transit 6 18% 
4  4 kts  Transit 4 15% 
5  2 kts  Transit 2 3% 
6  Stand by  Idle 0 22% 

  Table 3: Ocean towing operating modes.
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Energy consumption index (ECI)
ECI is a measure of the ‘cost’ of energy for the mode. It 
further refines FCI to allow for differences in fuel energy 
delivery to move a load over a given distance. This 
provides for analysis with any particular fuel mix given 
the fuel’s documented density and heating value. It is a 
non-dimensional factor, where the load is a true force 
(either the displacement or deadweight mass multiplied 
by gravity; or by the tow pull force). 
ECI = mass fuel rate* heating value/(load force* speed).

Power consumption index (PCI)
PCI offers the ‘cost’ of total power delivery by 
incorporating the efficiency of an engine’s conversion of 
fuel energy to developed power, as well as power train 
efficiency. However, PCI removes the engine’s fuel use 
from the overall consumption assessment, so its principal 
value is in the qualitative evaluation of the hull-propulsor 
system. PCI is equivalent to a non-dimensional form of 
the Gabrielli & von Karman ‘specific resistance’. For the 
greatest system model fidelity, engine brake power 
should be used. However, given that shafts can be 
driven from a number of different configurations (eg 
diesel engine, electric motor), shaft power is often used.
PCI = power/(load force* speed).

CASE STUDIES
The case studies presented herein are intended to 
show how operating mode analysis can be a necessary 
part of the intelligent selection of propulsion system 
components for new construction or repower. The 
example tug and duty profiles referred to in the ‘Modal 
Analysis’ section, over a 1,000-hr duration, are used for 
the studies. The initial form of the tug is a conventional 
shaft-drive system for general purpose usage. 

Initial basis – general-purpose tug
The basis for the operating mode analyses and 
comparisons is the example tug with shaft-driven, 
open-wheel, fixed-pitch propellers. The sizing is based 

on the traditional strategy of balancing the competing 
objectives of maximum bollard pull and highest free-
running speed8. As we know, increasing one will 
decrease the other, so some ‘compromise’ design point 
is needed. We will establish this point as full (100 per 
cent) rated rev/min; 85 per cent rated power (ie 85 per 
cent MCR), at a ‘compromise speed’ of 6 knots.

The propeller has a maximum diameter of 2,500mm, 
and is of a blade form representative of a typical 
‘workboat’ style. The twin-screw vessel has a pair of 
1,800 kW/1,000 rev/min engines, whose specifications 
are a composite of a number of contemporary marine 
diesel engines. The propeller (2,500 mm D x 1,800mm 
P x 4.88) and gear ratio (4.0:1) were sized for this 
compromise design point.

Proposed alternative – propeller and  
gear ratio
A proposed alternative system replaces the open 
propeller with a contemporary high-efficiency ducted 
propeller of the same diameter (2,500mm) and 
increases the reduction ratio (4.75:1) to shift the 
propulsor curve to slightly higher engine rev/min.

Harbour duty profile
For  harbour duty service, the ducted propeller is able 
to generate substantially higher thrust per unit of power 
than the open propeller, so a few of the tow pull mode 
time figures were shifted to a lower power loading 
so that the tow pull thrust was compatible between 
configurations. In all modes, the proposed option met 
or exceeded the tow pull levels of the open propeller 
(leading to a conservative indication of the improvement 
using the proposed system).

The complete operating mode analysis calculation 
reports are shown in Appendix A (harbour duty) at end 
of paper. The following plots (Figures 2 & 3), taken from 
the reports, show the comparative engine loading for 
the basis and proposed configurations. 

Figures 2 & 3: Basis and proposed configurations (harbour duty).
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The important fuel consumption metrics from the 
analyses are shown in Table 4. The overall conclusion is 
that the new proposed system offers some 12 per cent 
overall fuel reduction – for the duty profile defined.  
While the free-run transit fuel use is substantially larger 
with the new system, its fuel use in tow pull operations 
offsets this. The smaller fraction of duration at transit  
(37 per cent of the total time) means the tow pull benefits 
dominate. Of course, for a different duty profile, the 
conclusions might be completely different.

Ocean towing duty profile
The duty profile for ocean towing modelled the added 
drag of a generic 400ft towed barge. The proposed 
ducted propeller is the same as for the previous 
example, except the pitch was sized for high-speed/
high-load operation. Since the functional modes were 
all transit (where the analysis is at the equilibrium 
condition at the towing speed), no alteration of the 
mode duration figures were needed. As with the 
prior duty profile, the complete operating mode 
analysis calculation reports are shown in Appendix 
B (ocean towing). The plots in Figures 4 & 5 show 
the comparative engine loading for the basis and 
proposed configurations. 

It is remarkable how much better the proposed 
ducted system is than the conventional open 
propeller, but given the significantly higher thrust 
loading requirement when towing, the benefits of a 
high-efficiency nozzle becomes less surprising. The 

  FUELVOL 
[L] 

FUELMASS
[t] 

SHIP FUEL CI
[L/t‐nm] 

TOW FUEL CI 
[L/kN‐nm] 

BASIS  140925  118.38 0.007217 1.315 
PROPOSED 124051  104.20 0.009506 0.8648 
CHANGE  ‐12%  ‐12% +32% ‐34% 

 

Table 4: Operating mode analysis 
comparison (harbour duty).

Figures 4 & 5 (above): Basis and proposed configurations (ocean towing).

  FUELVOL
(L) 

FUELMASS
(t) 

SHIP FUEL CI 
(L/t‐nm) 

BASIS  230498 193.62 0.05533
PROPOSED  186154 156.37 0.04432
CHANGE  ‐19% ‐19% ‐19%

  Table 5: Operating mode analysis comparison (ocean towing).

fuel consumption merit figures are shown in Table 5. We 
can see that even in a duty that is traditionally popular 
for open-wheel applications, efficient ducted propeller 
design can offer significant savings.

FINANCIAL DECISION MAKING
When looking at design choices in financial terms, it is 
necessary to look only at the differences between the 
options, not the overall financial case. So, the overall 
financial performance of the vessel does not need to 
be known in order to develop useful financial results 
comparing design options, as long as one can clearly 
identify the differences in capital and operating costs 
between the two. Here, design choices are being 
analysed to optimise the overall financial performance 
from an existing base case, and since this, by definition, 
is unchanging, it does not need to be calculated. In order 
to compare options with differing costs over a number 
of years, it is necessary to bring all of that data back 
to a single result that quantifies how efficiently capital 
is being employed. Any future operational savings that 
are achieved by a higher capital investment will need to 
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meet some criteria for return on investment. This can be 
described well by a net present value (NPV) calculation, 
or internal rate of return (IRR). 

The NPV and IRR values for the ocean towing case 
study are shown in Table 6, for periods of five, 10 and 
20 years, with an investment hurdle rate of 12 per cent. 
The capital expenditure is assumed to be US$750,000 
and the results show that the fuel savings would pay for 
the investment in just over five years at that hurdle rate 
and fuel cost. These calculations give a fast evaluation 
of the relative values of the options and provide an 
indication of the total value of the design alternative. 

CONTINUING WORK
The current work demonstrates how vessel performance 
can be evaluated from the point of view of energy 
efficiency, using a multi-mode design approach that 
evaluates efficiency over a vessel’s full duty profile. 
The current study is limited to an analysis of propulsive 

Annual Operating Hours 5500 hours
Est Capital Expenditure $750,000 USD
Fuel Consumption ‐ Option A 0.194 tonnes/hr 
Fuel Consumption ‐ Option B 0.156 tonnes/hr 
Fuel Cost ‐ Year 1  $922.30  USD
Fuel Cost Escalation  3%
Hurdle Rate  12%
Analysis Period  5 Years
NPV $732,912  USD
IRR  11%
 
Analysis Period  10 Years
NPV $1,215,024  USD
IRR  25%
 
Analysis Period  20 Years
NPV $1,740,771  USD
IRR  28%

  Table 6: Financial analysis for ocean towing case study.

efficiency. This is applicable to most vessel types and 
operations, where efficiency losses due to manoeuvring 
are small compared to the efficiency of the propulsion 
system. However, there are several areas where the 
authors plan to incorporate new analysis and capabilities 
in future work. 
• Emissions;
• Cumulative engine load for maintenance;
• Multi-engine drives;
• Effect of currents;
• Heavy manoeuvring operations (rivers).
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See pages 9 and 10 for Apendix A – Harbour towing 
and Appendix B – Ocean towing.
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Operating Mode Analysis Project ID 26 m multi- duty tug
30 Mar 2014 11:56 AM Description Basis open-wheel; Harbor duty
HydroComp NavCad 2014 File name HarborDuty_Basis.hcnc

Vessel data
Hull Engine
  Configuration: Monohull   Engine data: Engine 1800 

kW 10  Length on WL: 26.100 m     Rated RPM: 1000 RPM
  Max beam on WL:[LWL/BWL 2.270] 11.500 m     Rated power: 1800.0 kW
  Max molded draft:[BWL/T 3.067] 3.750 m Fuel basis
  Displacement:[CB 0.537] 620.00 t   Density: 840.00 kg/m3
  Deadweight:     Heating value: 42800 J/g
Water properties Propulsor
  Water type: Salt   Propulsor count: 2
       Propulsor type: Propeller 

i
Prediction results

  DESCRIPTION DUTY 

MODE ID TASK SPEED
[kt] 

TIME 
[hr] SERVICE TIME% 

[%] 
DISTANCE 

[nm] 
1 Stand by 0.00 150.0 Idle 15.0 0.0
2 Transit low 6.60 300.0 Transit 30.0 1980.0
3 Transit high 10.00 70.0 Transit 7.0 700.0
4 Assist 80% 1.00 10.0 Towpull-80% 1.0 10.0
5 Assist 60% 1.00 10.0 Towpull-60% 1.0 10.0
6 Assist 40% 1.00 90.0 Towpull-40% 9.0 90.0
7 Assist 20% 1.00 260.0 Towpull-20% 26.0 260.0
8 BargeMv 60% 5.00 10.0 Towpull-60% 1.0 50.0
9 BargeMv 40% 5.00 10.0 Towpull-40% 1.0 50.0

10 BargeMv 20% 5.00 90.0 Towpull-20% 9.0 450.0
SUMMARY --- --- 1000.0 --- 100.0 3600.0

  FUEL CONSUMPTION PROPULSION PERFORMANCE 

MODE ID VOLRATE
[L/h] 

MASSRATE
[t/h] 

FUELVOL
[L] 

FUELMASS
[t] 

RPMENG
[RPM] 

PBTOTAL
[kW] 

LOADENG 
[%] 

TOWPULL 
[kN] 

1 50.52 0.042 7578 6.37 300 180.0 5.0 0.00
2 22.62 0.019 6787 5.70 417 86.8 2.4 0.00
3 89.59 0.075 6271 5.27 652 360.2 10.0 0.00
4 712.57 0.599 7126 5.99 883 2879.9 80.0 325.76
5 533.49 0.448 5335 4.48 804 2158.8 60.0 268.15
6 363.23 0.305 32691 27.46 704 1439.8 40.0 203.88
7 189.07 0.159 49158 41.29 561 719.8 20.0 127.35
8 533.59 0.448 5336 4.48 864 2159.3 60.0 232.01
9 363.13 0.305 3631 3.05 766 1439.3 40.0 170.92

10 189.03 0.159 17012 14.29 628 719.7 20.0 99.10
SUMMARY 140.93 0.118 140925 118.38 --- --- --- 0.00

  SHIP CONSUMPTION INDICES DWT CONSUMPTION INDICES TOWPULL CONSUMPTION INDICES 

MODE ID FUELCI 
[L/t-nm] ENERGYCI POWERCI FUELCI 

[L/t-nm] ENERGYCI POWERCI FUELCI 
[L/kN-nm] ENERGYCI POWERCI 

1 --- --- --- --- --- --- --- --- ---
2 0.005529 0.01094 0.004206 --- --- --- --- --- ---
3 0.014450 0.02860 0.011517 --- --- --- --- --- ---
4 --- --- --- --- --- --- 2.187 42.46 17.185
5 --- --- --- --- --- --- 1.990 38.62 15.649
6 --- --- --- --- --- --- 1.782 34.59 13.727
7 --- --- --- --- --- --- 1.485 28.82 10.987
8 --- --- --- --- --- --- 0.460 8.93 3.618
9 --- --- --- --- --- --- 0.425 8.25 3.274

10 --- --- --- --- --- --- 0.381 7.41 2.823
SUMMARY 0.007217 0.01429 0.005589 --- --- --- 1.315 25.53 9.882

   

Appendix A – Harbour duty
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Appendix B – Ocean towing

          

Operating Mode Analysis Project ID 26 m multi- duty tug
30 Mar 2014 02:59 PM Description Basis open-wheel; Ocean towing
HydroComp NavCad 2014 File name OceanTowing_Basis.hcnc

Vessel data
Hull Engine
  Configuration: Monohull   Engine data: Engine 1800 

kW 10  Length on WL: 26.100 m     Rated RPM: 1000 RPM
  Max beam on WL:[LWL/BWL 2.270] 11.500 m     Rated power: 1800.0 kW
  Max molded draft:[BWL/T 3.067] 3.750 m Fuel basis
  Displacement:[CB 0.537] 620.00 t   Density: 840.00 kg/m3
  Deadweight:     Heating value: 42800 J/g
Water properties Propulsor
  Water type: Salt   Propulsor count: 2
       Propulsor type: Propeller 

i
Prediction results

  DESCRIPTION DUTY 

MODE ID TASK SPEED
[kt] 

TIME 
[hr] SERVICE TIME% 

[%] 
DISTANCE 

[nm] 
1 10 kts 10.00 120.0 Transit 12.0 1200.0
2 8 kts 8.00 300.0 Transit 30.0 2400.0
3 6 kts 6.00 180.0 Transit 18.0 1080.0
4 4 kts 4.00 150.0 Transit 15.0 600.0
5 2 kts 2.00 30.0 Transit 3.0 60.0
6 Stand by 0.00 220.0 Idle 22.0 0.0

SUMMARY --- --- 1000.0 --- 100.0 5340.0
  FUEL CONSUMPTION PROPULSION PERFORMANCE 

MODE ID VOLRATE
[L/h] 

MASSRATE
[t/h] 

FUELVOL
[L] 

FUELMASS
[t] 

RPMENG
[RPM] 

PBTOTAL
[kW] 

LOADENG 
[%] 

1 737.05 0.619 88446 74.29 1050 2973.7 82.6
2 342.79 0.288 102838 86.38 814 1353.3 37.6
3 138.06 0.116 24851 20.87 596 518.7 14.4
4 23.33 0.020 3499 2.94 343 85.2 2.4
5 2.82 0.002 84 0.07 170 10.2 0.3
6 49.00 0.041 10780 9.06 300 180.0 5.0

SUMMARY 230.50 0.194 230498 193.62 --- --- ---
  SHIP CONSUMPTION INDICES DWT CONSUMPTION INDICES TOWPULL CONSUMPTION INDICES 

MODE ID FUELCI 
[L/t-nm] ENERGYCI POWERCI FUELCI 

[L/t-nm] ENERGYCI POWERCI FUELCI 
[L/kN-nm] ENERGYCI POWERCI 

1 0.11888 0.2353 0.09507 --- --- --- --- --- ---
2 0.06911 0.1368 0.05408 --- --- --- --- --- ---
3 0.03711 0.0735 0.02764 --- --- --- --- --- ---
4 0.00941 0.0186 0.00681 --- --- --- --- --- ---
5 0.00227 0.0045 0.00163 --- --- --- --- --- ---
6 --- --- --- --- --- --- --- --- ---

SUMMARY 0.05533 0.1095 0.04318 --- --- --- --- --- ---

   


