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Abstract

After a ship is delivered from a shipyard to a customer, its operational use
is not yet structurally compared to its expected use. This lack of structural
comparison results in limited verification and self-evaluation of the design pro-
cess. The objective of this research is therefore to develop a method to analyze
operational data and apply this operational data analysis method to the Royal
Netherlands Navy Holland class Oceangoing Patrol Vessels (OPVs). These ves-
sels use Combined Diesel Electric or Diesel (CODELOD) propulsion. The data
analysis focuses on the electrical energy distribution system, because this de-
termines a large portion of the total fuel consumption of the ships. Operational
data from these ships was collected from the Integrated Platform Management
System, which is installed on the OPVs.

By applying the operational data analysis on the Holland class OPVs, the gen-
erator plant setup is evaluated. Based on the results from this analysis, a
father-son generator setup is proposed, consisting of two 835 ekW gensets and
two 475 ekW gensets. This setup has better redundancy, less fuel consumption,
and a lower total installed power, compared to the three currently installed
920 ekW generators. The proposed father-son altenative setup reduces the to-
tal installed electric power by 5.1%, and saves 0.4% to 2.4% fuel consumption
for electricity generation. To obtain an accurate calculation of fuel consump-
tion for widely distributed power consumption profiles, a power consumption
distribution must be used instead of an average value.
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1 Introduction

1.1 Background

Figure 1: The typical process of building a transportation vehicle is one-way traffic. Arrows
indicate products, while blocks represent processes.

The process from requirements to operational use of any customly designed
transportation vehicle follows more or less the same route, regardless of its field
of application, see Figure 1. The customer decides the functional requirements
that the vehicle should have. These requirements reflect the customers expec-
taton of the operation of the platform. This includes various parameters, such
as maximum speed, environmental extremes that the vehicle can still operate
in, reliability and availability. A set of some of these requirements is called
the operational profile. The representation of the operational profile and its
practical use differs per mode of transportation.

For a road vehicle, the typical operational use of the system is given in the form
of a time-speed driving cycle and driving patterns, as seen in Figure 2a. Air-
plane designers commonly use Landing & Takeoff (LTO) Cycles to determine
the dominant part of gaseous emissions up to 3000 ft above ground, as seen in
Figure 2b. In ship design, a speed-time histogram representation is often used
together with a distribution of operational modes. An example of such a profile
is shown in Figure 2c.
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(a) The operational profile of a road vehicle is given as a speed-time curve with predetermined
driving patterns [1].

(b) The operational profile of an airplane is dominated by Landing and Take-off (LTO) cycles
[2].

(c) An important part of the operational profile of a ship is the speed-time distribution [3].

Figure 2: Operational profiles are represented in different ways for different types of vehicles.
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Operational profiles for a large part determine how the vehicle is designed. For
road vehicles and airplanes, research has been performed to determine realistic
operational profiles, based on measured data [1] [2]. For ships however, little
research has been performed. These profiles are in practice estimated based
on experience, not based on measured data. The United States Navy has per-
formed research on the Arleigh-Burke class destroyers, which concluded that the
speed profile used in the design process was outdated and should be updated
to more accurately represent the actual use of a warship in modern times [3].
This research is based on written ship logbooks, however, not based on digital
information. This results in a limited resolution of logging and the possibility
of human error. Higher resolution information may lead to better results.

Another part of the operational profile of a ship, along with the speed-time dis-
tribution, is the Electric Load Balance (ELB), usually represented on a spread-
sheet. In the ELB, all electric consumers are listed along with their service load
factor ks, which represents the long-term average operating power level as a
fraction of the component’s rated load. This fraction is dependent on the ships
operational mode, multiplication gives an estimate of the average power drawn
per consumer over a long period.

Figure 3: An example of a distribution of operational modes, which influences the electrical
load of a naval patrol vessel.

The operational modes are represented in a similar way as the speed-time distri-
bution, as seen in Figure 3. An operational mode is typically characterized by a
certain speed range and key electrical consumers. With the operational modes
and the corresponding service load factor values, the ELB gives a first estimate
of sizing of electric power generation machinery. Because of time limitations
and marginal influences of smaller consumers, only the largest consumers are
taken into consideration in the early design phases. Designers focus on the
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Figure 4: The Electric Load Balance gives an early estimate of the electrical load per
operational mode.

dominant users on a ship using the Pareto principle, which indicates that 20%
of the consumers use 80% of the total electrical power [4]. An example of a
simplified electric load balance is shown in Figure 4, the service load factor ks
is given per electric consumer per mode. The ELB results in an estimate of the
maximum expected power consumption while the ship is in a specified mode.
A more detailed description of the energy distribution system design of a ship
is given in chapter 2

Life Cycle Costs of the electric energy distribution system are calculated by
combining two pieces of information: the distribution of operational modes,
and the distribution of electrical power consumption per operational mode.
The electrical power consumption distribution is only used to calculate fuel
consumption, not maintenance costs, in this report.

1.2 Research motivation

The actual use of a ship and its equipment is rarely compared to design con-
siderations, assumptions and estimates made during the design process. An
obvious exception to this is when machinery is drastically lacking and requires
a modification. In the case of the energy distribution system, a modification is
usually performed only when for example a generator set can not handle the
load, and therefore a more powerful generator set is required. On the other
hand, when a generator is too large for its average load, there is always suffi-
cient power available for all of the electrical consumers on board, but the gensets
are running with partload. Even though low loaded diesel engines require more
maintenance, have an increased chance of failure, and have a higher specific fuel
consumption, these factors rarely financially justify a large modification such
as engine replacement. The ship operator will generally not report information
about the low loaded gensets to the ship designer. The ship designer therefore
misses out on valuable information that might be used to improve the design of
future ships. These possible improvements to ship design are the ultimate goal
of this research.

Additionally, detailed information about how a ships energy distribution sys-
tem is used, is rarely gathered. Low resolution information, such as average
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generator load, is sometimes used, but is limited in its applicability in the im-
provement of design of new ships. More information about the operational use
of ship systems leads to better ship design by enabling a better verification of
design considerations. Systematic design evaluation gives the opportunity to
obtain a better fit between vessel design and vessel operation of future ships.

1.3 Goal and scope

Figure 5: Feedback from operational use of a ship improves the design process. Arrows
indicate products, while blocks represent processes.

Damen Schelde Naval Shipbuilding (DSNS) recognizes the problem of limited
verification of design considerations and has the desire to tackle this. By imple-
menting feedback from operational use of ships, Damen aims to improve ship
design. The feedback from ship use to design is shown in Figure 5. Damen
has placed data collection means on board of all four Holland class Oceangoing
Patrol Vessels (OPVs), starting in May of 2014. However, neither a tool nor a
methodology of analysis have been developed yet.

The focus of this thesis is depicted as the grey area in Figure 5, and consists
of three parts. First, a data handling and analysis method must be developed.
Secondly, this analysis must be applied to the Holland class-OPVs. The analysis
must yield an energy and operational profile of the ship. The energy profile is
effectively a detailed ELB with service load factors of dominant consumers,
while the operational profile includes the ships operational mode distribution
and speed distribution. Thirdly, the results of this analysis must be used to give
advice to the ship designers. The main objective of this research is therefore:

Propose improvements to the design process of the energy
distribution system of a naval ship by comparing actual use of the
energy distribution system of the Holland class Oceangoing Patrol

Vessel to its expected use.

In order to achieve the main objective, a number of sub-questions are identified.
Question one and two concern the development of the data-analysis method.
Question three and four concern the application of the method to a set of avail-
able operational data. Question five concerns the interpretation and practical
consequences of the results.
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1. How is the energy distribution system of a ship designed in general and
of the Holland Class OPV is particular?

2. Which methods of analysis of operational data are available and what are
their advantages and disadvantages?

3. How were the dominant parts of the energy distribution system of the
Holland class Oceangoing Patrol Vessel used during the research period?

4. What are the differences and similarities between the actual use of the
energy distribution system compared to its expected use during the design
phase?

5. How should the design methodology of the energy distribution system be
improved, based on the observed differences and similarities?

The scope of this research is chosen such that only the most important con-
sumers are considered, in order to improve clarity of the research as a whole.
This research is therefore limited in the following ways:

� Only consider the dominant electrical consumers instead of all electrical
consumers, using the Pareto Principle

� Focus on data from the Holland class OPV only

1.4 Report structure

As the main objective of this report is to improve the design process of a ships
energy distribution system, chapter Two describes how the energy distribution
system on board of a ship is designed. This is described both in the general
case, as well as for the Holland class Oceangoing Patrol Vessel in particular.
From this description, a list of information required by the designer is presented.

Two methods of data anlysis are described in chapter Three. In order to ac-
quire the best possible results from the analysis, the choice of analysis method
is based on the available data and the desired results.

In chapter Four, the chosen method of data analysis is applied on the available
operational data. The produced results are compared to the estimates from the
design phase. Based on these results, an alternative generator plant setup is
described.

All available data is subject to uncertainties due to, for example, sensor imper-
fections, processing and conversion from analog to digital signals. Chapter Five
describes the sensitivity and uncertainty analysis of the results.

Lastly, chapter Six concludes the report with proposed improvements to the
design process of naval ships, and suggestions for further research.
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2 Design of the energy distribution
system

Figure 6: The typical process of designing a ship has several stages that determine the final
product. Arrows indicate products, while blocks represent processes.

As illustrated in Figure 6, there are four main stages from the specification of
functional requirements to an operational ship. This chapter focuses on the
design process of the energy distribution system. A definition of operational
modes by the ship designers represents expected typical power consumption con-
figurations. These operational modes are based on the functional requirements
and experiences with previous ships. Each operational mode has a number of
dominant consumers, which have their respective service load factors. Based on
the rated power and service load factor of the dominant consumers, an estima-
tion of the required power per operational mode is obtained. Different power
requirements have different optimal power plant setups, so tradeoff studies can
be facilitated with the operational power requirements. A common method of
making this calculation is the Electric Load Balance (ELB), which is a spread-
sheet containing operational modes, electrical consumers and their service load
factor ks. A goal of this spreadsheet is to make the choice of generator config-
uration, early in the design process.

This chapter describes the process from functional requirements to the generator
setup selection in the general case, as well as for the Holland class Oceangoing
Patrol Vessels specifically. This chapter finishes with a list of items that needs
to be produced by the operational data analysis, such that designers can use
this information to finetune their assumptions and considerations.

2.1 Energy distribution system design in gen-

eral

Figure 7: The main components of an electric power distribution system [6].

As seen in Figure 7, the prime mover is the machine that converts chemical
energy from fuel into mechanical energy. A diesel engine is commonly used
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to drive the generator. The generator converts mechanical energy to electric
energy. The combination of prime mover and generator is commonly referred
to as generator set (or genset for short). The distribution and conversion of
electric power to the electric users is done through switchboards and converters.
The main switchboards distributes electric energy either directly to electrical
systems, or via smaller switchboards. Large loads, such as the frequency drivers
of propulsion motors and bow thrusters, are usually fed directly from the main
switchboard [6]. The electrical consumers ultimately determine the load of the
electric power plant.

2.1.1 Functional requirements

The functional requirements of a ship are specified by the customer in consul-
tation with the ship designer. These requirements specify items such as speed,
robustness, emission levels, operational conditions, noise and vibration levels,
operational range, Dynamic Positioning class, etcetera. The design of the ship
as a whole must be such that the specified functional requirements are met.

Depending on the type of ship being designed, different operational modes are
identified that are used by the ship operator. For example, typical modes for an
offshore support vessel are dynamic positioning (DP), transit, shore connection
and maneuvering. Operational modes for a naval vessel on the other hand often
include maneuvering, shore connection, combat, transit, replenishment at sea
(RAS) and patrol.

2.1.2 Dominant consumers

Each operational mode has its dominant electrical consumers. For example,
when a ship is in “Maneuvering” mode, the bow thruster and steering pumps
will consume a large amount of power while the electric propulsion motors will
consume a relatively small amount of power. Similarly, during “Transit” mode
the bow thruster is not in use and therefore will consume little to no power,
while the electric propulsion motors will consume most of the ships power. In
most ships, the dominant users are propulsion electric motors (if installed),
heating, ventilation and air conditioning (HVAC), chillers, bow thruster, cool-
ing water pumps en fire fighting pumps [5].

The operational mode of the ship is only one of various operational conditions.
Others include climate, sea state and the type of mission of a ship. Firstly, if
a ship is in a warm or cold climate, HVAC will consume more power as the
incoming fresh air will require more heating or cooling than when the ship is
in a moderate climate. Some installations use sea water to provide a part of
the required machinery cooling, the rest being provided by chillers. Secondly,
if a ship has some form of active motion control, this installation will consume
more power as the sea gets rougher.
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2.1.3 Service load factor determination

To quickly get an indication of a ships electric power requirement in a speci-
fied operational mode, designers often use experience-based estimates. These
estimates are often split into two parts; a load fraction k1 and a simultaneity
fraction k2.

PE,total =

n∑
i=1

ks,i × Pnom,i (1)

ks = k1 × k2 (2)

k1 =
Average power consumption when switched on

Rated power consumption
(3)

k2 =
Time in operation

Total time
(4)

The average electrical power consumption per operational mode is the sum of
the average powers of all individual electrical consumers, see equation (1). The
service load factor ks is the product of the load factor k1 and the simultaneity
factor k2, see equation (2). The load factor k1 is the ratio between average con-
sumed power of an electrical consumer to its rated power, while the simultaneity
factor k2 indicates the fact that not all consumers are engaged simultaneously,
see equations (3) and (4). In this research, k2 is interpreted as the time fraction
of operation [3]. These factors are determined by the operational mode of a
ship, as described in section 2.1.2.

According to subject matter experts, the service load factors ks are mostly
based on experience with other ships and, effectively, estimates of the design-
ers. The maximum required power of consumer groups (such as HVAC and
pumps) is based on their models or ISO-norms applicable to these consumers.

The Electric Load Balance of similar vessels, of which the gensets were found
to be satisfactory, serve as reference material for the design of new ships. How-
ever, operational information is not systematically used to validate the ELB,
despite their use as reference material. Safety factors and conservative estima-
tion are precautions taken to reduce the possibility that undersized generators
are selected for new ships.

2.1.4 Generator setup selection

To operate a ships energy distribution system as energy efficient as possible, it
is important that the right power plant setup is chosen. As shown in Figure
8, the specific fuel oil consumption (SFOC) of a generator set reduces with
increasing load. The specific emissions have a similar characteristic as the spe-
cific fuel consumption [6]. This means that the energy generation is operated
with maximum efficiency when the chosen generator sets are such that they are
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Figure 8: Specific fuel oil consumption versus generator loading, as measured by DSNS. A
higher generator loading results in lower specific fuel oil consumption.

loaded above 70% of its rated load. Safety factors and conservative estimation
of load factors, as explained in section 2.1.3, can easily result in the selection of
an oversized generator set, which is operated at relatively low load most of the
time. The operational costs and the specific emissions, such as NOx and par-
ticulate matter, are therefore decreased when the power plant is chosen wisely.

The required electric power is dependent on the ships operational mode, as de-
scribed in section 2.1.2. This means that for every operational mode, there is
an optimal generator rated power. For example, if a ship spends 90% of its ope-
rational time in three modes with significantly different power requirements, it
might be worth applying a father-son type power plant setup. In contrast, when
a ship is in one operational mode with practically constant power requirement
most of the time, a father-son type configuration is likely not the best option.

For example, suppose a ship has three operational modes which require 350
kW, 900 kW or 1250 kW. A father-son type configuration or two gensets of
the same power are considered, as seen in Figure 9. Both configurations have
similar initial costs and spare parts, therefore the only factors that play a role
in the total lifecycle costs are the fuel consumption and maintenance require-
ments of the power plant. Lower loading of a genset usually results in higher
maintenance costs [7]. To get an indication of the fuel consumption per genset,
suppose that all gensets have a SFOC characteristic as seen in Figure 8.

The “Load” column in Table 1 indicates the portion of rated power, as supplied
by one or both of the gensets. As seen in Table 1, the father-son configuration
uses less fuel than the configuration with two identical gensets in the low and
medium power modes. The fuel savings depend on the mode distribution, as
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(a) A father-son configuration. (b) Two equal gensets.

Figure 9: Two power plant setups with the same total power, but different setups

the difference between the father-son configuration and the two identical gensets
is larger when the consumed power is lower. The more time spent in the 350
kW or 900 kW mode, the larger the fuel saving is. For example, if the mode
distribution is 50%, 25% and 25% for the 350 kW, 900 kW and 1250 kW modes
respectively, the father-son configuration will consume only 91% of the fuel
consumed by the two identical gensets. In contrast, if the mode distribution is
25%, 25% and 50%, then the father-son configuration will consume 96% of the
fuel consumed by the two identical gensets.

2.2 Particulars regarding the design of the

Holland class system

As this research has the Holland class Oceangoing Patrol Vessel as a case study,
it is important to know how this ship was designed and why it was designed in
this way. Certain functional requirements, political considerations or external
incluences can lead to the decision to make a sub-optimal, less fuel-efficient or
technically worse design.
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Table 1: Fuel consumption per configuration in different operational modes.

Power [kW] Config Load [%] SFOC [g/kWh] Fuel rate [kg/h]

350 Father-son 87.5 240 72

350 Identicals 50 300 105

900 Father-son 90 240 216

900 Identicals 64.3 260 234

1250 Father-son 89.3 240 300

1250 Identicals 89.3 240 300

The Holland class OPV is a Combined Diesel-Electric or Diesel (CODELOD)
ship, designed for a specific mission profile. According to the specifications and
conditions, three mission types are defined: Guard ship Netherlands, Station
ship Caribbean area and Expeditionary deployment. In the first two mission
types, the ship mainly performs coast guard duties and maritime safety tasks in
the Dutch or Caribbean waters, respectively. During expeditionary deployment,
the ship performs maritime safety tasks varying from maritime presence to
maritime interdiction operations. This type of ship is designed for the lower
end of the violence spectrum, as it only has light to medium armaments on
board. The largest weapon on board is a 76 mm cannon, which is relatively
small compared to missiles and the 127 mm cannon that are present on the
Royal Netherlands Navy frigates.

2.2.1 Functional requirements of the OPVs

Important functional requirements of the Holland class Oceangoing Patrol Ves-
sel include items such as a certain action radius at a certain propulsive power,
maximum speed, and the so-called N − 1 redundancy requirement for certain
key pieces of equipment. This requirement is one of the most important require-
ments for this type of ship. The N − 1 requirement has a strong influence on
ship design, as it specifies that a system must still be operable without reduced
performance if one of its components fails. This results in a 100% redundancy
of some important components and systems, such as two chiller compressors
where one might suffice for normal operation. This requirement comes from
the high level of reliability that the Royal Netherlands Navy demands from its
ships. Even though this requirement results in a high reliability of the ship as a
whole, it brings forth technical limits to the designer. For example, a father-son
type generator configuration will be more difficult to realise, as the system will
have drastically reduced performance if the father generator fails.

Another important design consideration is the speed profile of the ship, as shown
in Figure 10. This is not so much a functional requirement as it is a prediction
of the operation of the ship, based on the mission profile for which the ship was
designed. The Propulsion Electric Motors (PEMs) are dimensioned, such that
they can provide enough propulsion power to attain a speed of up to 10 knots.
To attain speeds above 10 knots, the diesel engines are required. This means
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Figure 10: In the design phase of the Holland class OPV, 5 speed windows are identified
by the Royal Netherlands Navy. This information is taken from the (confidential) design
specifications.

that it is expected that the PEMs provide the ship propulsion power for 30%
of the time that the ship is sailing, while the diesel engines provide propulsion
power for 70% of the time, see Figure 10.

2.2.2 Operational modes of the OPVs

A number of operational modes have been identified based on the mission profile
of the ship and experience with previous vessels. To make a reliable estimation
of the range, endurance, required power and fuel consumption of the ship, it is
important to know the time distribution and the power consumption per mode.
The operational modes, as identified by the designers, are as follows:

� Shore connection

� Harbour (Own electric energy generation)

� Maneuvering

� Transit

� Interception
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� Patrol (E-propulsion)

� Patrol (Maximum E-propulsion)

Figure 11: The propulsion configuration of the OPVs in the defined operational modes. The
colors indicate which components are used in which operational mode.

As far as the ELB is concerned, the two modes “Transit” and “Interception” are
identified and use equal amounts of electric power. The only difference is in the
ship speed, but as the diesel engines provide propulsion power in both modes,
this has little to no influence on the electric power consumption. This report
focuses on the electric power consumption, so these modes are grouped and
referred to as “Diesel propulsion”. Figure 11 shows the propulsion and power
generation configuration in each operational mode, as indicated by different
colors.

2.2.3 Dominant consumers of the OPVs

During the design phase, a number of dominant consumers have been identified
per operational mode as described in section 2.2.2. In all defined operatio-
nal modes, dominant electrical consumers on the Oceangoing Patrol Vessels
include: Air Conditioning compressor plants, the Integrated Mast (I-MAST),
fresh water cooling pumps and the computer network. Together with the rest of
the dominant consumers, they consume 500 to 700 ekW. In the Patrol modes,
the propulsion electric motors consume a large fraction of the ships total elec-
tric power, which increases with ship speed. In Manoeuvering mode, the bow
thruster requires a large amount of available power. The Electric Load Balance
is included in Appendix A for reference.

14



2.2.4 Generator setup selection of the OPVs

According to subject matter experts, 3 options were considered during the
power plant selection process. The first option was using 3 equal gensets, the
second option was using 2 large gensets and 1 small genset, and the third option
was using 1 large genset and 2 smaller gensets. The first option was ultimately
chosen. Important determining factors in the decision process included: vul-
nerability characteristics, N − 1 or N philosophy, space requirements, ease of
maintainability and generator load during the identified operational modes.

Figure 12: A simplified Single Line Diagram of the Holland class OPVs. Three equal
generator sets are used to provide electric power.

When different options all comply to the functional requirements, the choice
only comes down to purchase and operational costs. Different brands and sizes
were considered to make the best selection. In order to realise the lowest ope-
rational costs, it is beneficial to have equal spare parts for all gensets and to
load the gensets as high as possible, as described in section 2.1.4.
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2.3 Designer requirements

To analyze the available data in a meaningful way, the deisred products must
first be known. Useful operational information, which provides feedback to the
designers of the ship, includes at least the following items:

� Power consumption distribution per operational mode

� Operational mode distribution

� Service load factors ks of dominant consumers [8]

� Variables that have a significant influence on ship power consumption

The power consumption and operational mode distributions are required to di-
mension the generator sets and to estimate the total lifecycle costs of a ship.
Fuel consumption and maintenance costs are both dependent on the load dis-
tribution of the generator sets.
The observed service load factors are used to verify design assumptions and
tune the ELB. Results from this research can also be used to better estimate
service load factors of future ships.
Identification of variables that have a significant impact of the total electric
power consumption are important because these determine the amount of vari-
ables that need to be taken into account during the early stages of ship design.
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3 Data analysis methods

In order to properly analyze a set of data, an understanding of the different
possibilities and their advantages and disadvantages is required. This chapter
therefore describes two possibilities of data analysis: one that requires know-
ledge of the originally conceived operational modes, and one that does not re-
quire such knowledge. The applicability of any analysis method depends on the
availability of operational data, therefore this chapter starts with a description
of the ideal data set. This description can act as a guideline for the installation
of shipboard sensors, if shipbuilders want to apply similar methods as presented
in this thesis to improve their own design strategy.

The second paragraph of this chapter then describes the choice for one of the
described analysis methods, based on the availability of operational data and
the desired result of this research.

3.1 Possibilities of data analysis

3.1.1 Ideal data set

Figure 13: The ideal set of data consists of power-time profiles of all consumers, similar to
this propulsion power-time profile.

The difficulty of determining the operational mode depends on the available
data set. In the simplest case, there is a signal that directly specifies when the
ship is in which mode. Additionally, the power consumed by each consumer
is available at all times, as illustrated in Figure 13. If these signals are avail-
able, the service load factors ks are easily determined per operational mode by
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calculating the average power consumed by each consumer. Depending on the
available data, it is possible to determine k1 and k2 individually, only one of
the two or only their product ks.

Table 2: Data availability of three types of signals, from best-case scenario to worst-case
scenario.

Operational mode Dominant consumers Other consumers

Direct Power-time Power-time

Indirect Power-time Power-time

Direct Power-time On/off

Indirect Power-time On/off

Indirect On/off On/off

If the mode signal is absent, the operational mode must be determined indi-
rectly, based on other signals. This increases the difficulty of the data-analysis
and decreases its accuracy, as it increases the number of assumptions that must
be made in the process. Another possibility of decreased utility of the data-
analysis is determined by the quality of the available signals. For example, if
only an on-off signal is available, only the simultaneity factor k2 can be deter-
mined. Some combinations of different kinds of signals are listed in Table 2,
from the most to the least useful combinations. “Other consumers” are con-
sumers that do not fall into the “dominating consumers” category, as described
in section 2.1.2. Power consumption is ideally specified per individual consumer,
but realistically consumers are often grouped to reduce the number of sensors.

3.1.2 A priori knowledge

Table 3: The operational mode of the Holland class patrol ship is identified by a yes-no
structure.

Operational
mode

Pshore > 1 DG PEMs
clutched

Main
Diesels
clutched

Maneu-
vering
switch

Shore con-
nection

Yes No Any Any Any

Harbour No Any No No Any

Maneu-
vering

No Yes No Yes Yes

Patrol No Yes Yes, P <
0.85Pmax

No Any

Patrol
(max)

No Yes Yes, P >
0.85Pmax

No Any

Diesel No Any No Yes No

In most cases, when a comparison is made between actual use of a ship and
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its design considerations, the Electric Load Balance as described in chapter
2 is available. Each operational mode has a number of defining properties,
such as ship speed and the use of certain pieces of equipment. In the case of
the Holland class OPV, Table 3 provides one of the possibilities to determine
the operational mode with a yes/no structure. This operational data analysis
method is referred to as A priori method in this report. A table such as Table
3 requires knowledge of how the ship designers defined the operational modes,
which is not always well-documented or unambiguous.
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3.1.3 Cluster analysis

Another possibility of determining ship operational modes is the use of cluster-
ing algorithms. Clustering algorithms are used to combine large collections of
data points into groups with similar properties. Data points are combined in
such a way that objects in the same group are more similar to each other than
to those in other groups. Different methods of clustering are possible, including
the k-means method and Self-Organizing Maps (SOM).

Figure 14: An example of concentrations of data points. The cluster centroids are found
differently using different clustering algorithms.

Figure 14 shows a custom data sample used to test clustering algorithms, as well
as centroids calculated by these algorithms. The blue points represent the data
sample, while the green circles show the geometric mean of the sample data,
and the red and black plus-signs show centroids calculated using batch and
sequential k-means algorithms, respectively. “Sequential” and “batch” refer to
the way in which the training vector is processed [9]. The sequential method
yields better results than the batch method, as all centroids calculated by the
sequential method are inside the blue clusters. Some centroids calculated by
the batch method lie outside of the blue clusters. However, the batch method
requires significantly less calculation time than the sequential method [10], see
Appendix B.
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The used freeware clustering algorithm can be applied in two ways. The first
way is to let the algorithm determine the optimal number of clusters, based on
the spreading of datapoints in the dataset. In this way, the algorithm operates
unbiased, possibly finding operational modes that were neglected or not con-
sidered in the design phase. The number of dimensions of the dataset plays a
role in the calculated optimal number of cluster centroids. The second way is to
manually specify the number of clusters, and let the algorithm determine only
the cluster centroids. Specifying the number of clusters allows for a more fair
comparison to the Electric Load Balance, because the number of clusters can be
forced to equal the number of predefined operational modes. Cluster analysis
is mainly useful to analyze data from a large number of ships, while having
reduced utility in analyzing operational data from a few ships. Additionally,
cluster analysis can be used exclusively on variables which have a continuous,
non-boolean domain.
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3.2 Available data

(a) Two types of signals are logged: “Switch” signals and “Value” signals.

(b) The signals are logged in Comma Separated Value (CSV) files with a logging frequency
of 1/3 Hz.

Figure 15: The available data come directly from the on-board Integrated Platform Man-
agement System (IPMS). No additional sensors are installed solely for the purpose of this
research.

In order to determine which method of analysis is best for this research, it is
important to describe which data are available. There are two types of signals:
value signals and switch signals. Value signals are collected with a frequency
of 1/3 Hz and contain information regarding items such as shaft torque and
rotational speed, PEM power consumption and generator power production.
Switch signals are collected every hour and anytime they change and contain
information regarding the state (on, off, standby, etc.) of certain components,
such as pumps, compressors, breakers and valves. Figure 15 shows a sample of
the on-board IPMS and a sample of logged values. Figure 16 shows some of the
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Figure 16: The installed power per consumer (group) and the availability of data. Some
large users have no data available.

largest electric consumers and their data availability.

The operational use of an electric consumer is summarized in the service load
factor ks, as described in section 2.1.3. When the power consumption of a con-
sumer is known, as is the case with for example the PEMs, the service load factor
ks is determined per operational mode. When only an on-off signal is available,
as is the case with for example the Fuel Oil purifier, only the simultaneity factor
k2 is directly determined. The load factor k1 can be determined indirectly, by
observing the difference in total power consumption at the moment that the
consumer is switched on or off. However, this indirect determination of k1 can
be unreliable, because several consumers may be switched simultaneously and
therefore distort the power estimation of individual electric consumers.

To solve the problem of indirect determination of the power consumption of
certain consumers, additional measurements have been performed. Appendix
C describes the method and results of these additional measurements. Mea-
surements have been performed on the Zeeland while she was in the Carribean,
performing duties as Station Ship Caribbean. Measurements were performed
on four consumers: Chiller plant, Galley, Main firefighting pumps and Sea Wa-
ter cooling water pumps. Besides physical measurements, interaction with the
ships crew has given additional insights as to how the ship is used operationally.
This information was used to improve the used algorithms and helps interpret
results, which are discussed in Chapter 4.
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3.3 Selection of analysis method

The power-time data is available of some of the ships dominant consumers,
but not of some smaller but still dominant consumers, as shown in Figure 16.
Also, there is no signal that directly specifies the operational mode of the ship.
Therefore the operational mode of the ship will have to be determined based
on other signals, see section 3.1.2. This means that, in terms of Table 2, the
data is such that fourth-best row applies.

Figure 17: The data-analysis method used in this research consists of three steps.

Figure 17 shows the method of data-analysis used in this research. Firstly, the
large datasets are organized and structured such that the processing tool can
read the data properly. Then, the tool goes through its algorithms to read and
analyse the data. This produces relevant parameters, in this research those
parameters are the service load factors ks of dominant consumers. Thirdly, a
person must interpret the results to finetune the design of future ships. This
process allows a shipyard to better design ships for their operational use, or
design for service.

Considering the desired results, scope of this research and available dataset,
the A priori method of analysis is used extensively. The clustering method is
used in a small way, to demonstrate its use with a limited number of dataset
dimensions and to compare the results of the clustering method to the A prior
method.
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4 Observed operational profile

(a) Operational mode distribution of
HNLMS Holland.

(b) Operational mode distribution of
HNLMS Zeeland.

Figure 18: The operational mode distribution of two OPVs. HNLMS Holland was used
more outside of the harbour than the Zeeland in the analyzed research period.

This chapter describes the operational use of the Holland class Oceangoing
Patrol Vessel. Figure 18 shows the operational mode distribution of HNLMS
Holland and HNLMS Zeeland over the entire set of available data. During the
period outside of the harbor, HNLMS Holland sailed on its electric motors (Pa-
trol and Patrol (max) modes) for more than 50% of the time, while the Zeeland
sailed almost exclusively using its Diesel engines.

This chapter reviews five parts of the data-analysis. The first four parts concern
the analysis of the available data using the “A priori” (i.e. using logic) ana-
lysis method. Firstly, the generator load during a typical month is described.
Secondly, the operational use of selected large electric consumers, i.e. the dom-
inating consumers, is described. Thirdly, the use of propulsion machinery is
described. The propulsion machinery only has a significant influence on the
electric energy consumption when the propulsion electric motors (PEMs) are
used. Then, some variables that are expected to have a significant influence
on the ships electric power consumption are discussed. Finally, the same set of
operational data is analyzed using the “A posteriori” (i.e. using a clustering
algorithm) method of analysis.
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4.1 Generator load

4.1.1 Observation

Figure 19: Typical generator load in a month of sailing of HNLMS Holland. One genset is
often enough to handle the entire electric load, while sometimes two gensets are required.

Figure 19 shows the electric load on the different gensets during a typical month
of operation. This month includes some time spent in a harbour where a shore
connection was available. During the largest part of the time when the ship does
not use shore power, the entire electric load is covered with only one genset.
The observed maximum load on a generator is around 85% of its rated load,
while the observed average load during operation is around 50%. The fluctua-
tions result from what the ship is doing; for example, when the PEMs are used
or the chillers are heavily loaded, more electric power is required.

Figure 20a is comparable to Figure 19, only zoomed in when two generators are
required simultaneously, on day 18. Figure 20b shows the operational mode of
the ship during day 18. It can be seen that during the “Patrol” and “Patrol
(max)” modes, two generators are engaged simultaneously, because the PEMs
consume a large amount of electric power. Two generators are required during
the first four hours of the day, as both generators are loaded above 50% of their
rated load.

From hour 16 until hour 19, one genset would have sufficed to provide all re-
quired electric power. However, two gensets are engaged simultaneously and
are loaded between 30 and 40%. The reason for this is possibly that the captain
wanted to be able to quickly react to any situation. This situation seems to
arise at hour 19, where the load of the gensets rapidly increases to above 50%. If
a second genset would have to be started, the reaction time would significantly
increase.
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(a) Normalized generator load of HNLMS Holland on a day, when two gensest were simulta-
neously required.

(b) The operational modes of HNLMS Holland on a day when two generators were simulta-
neously required.

Figure 20: The operational mode of the ship influences the number of generators that are
engaged simultaneously.
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Where the decision for engaging two gensets simultaneously during “Patrol”
and “Patrol (max)” modes is quite straightforward, this decision is also made
elsewhere. Two gensets are also simultaneously engaged while the ship uses
diesel propulsion, intermittently between hours 5 and 8. Looking at Figure
20b, the ship is in “Maneuvering” operational mode some of this time. The
captain likely anticipated that the ships bow thruster, a significant electric con-
sumer, might be required during a longer period of time. This is a possible
explanation for the fact that the generators are loaded at around 30% of their
rated load for most of the time, while having peaks of 45% and 60% at hours 6
and 7 respectively.

The relatively low generator loading (between 30% and 60%) during a total
time of around 8 hours has a significant impact on the daily fuel consumption,
as described in section 2.1.4.
Most of the time when the ship is sailing, one generator set can handle the entire
electric load, as visible in Figure 21a. The total electric load is up to 60% of
the rated load of one of the installed generators for around 70% of the time.
As seen in Figure 21b, the individual generators are loaded mostly between
45% and 65% of their rated load. High generator loading, i.e. above 75%, is
uncommon but not unused. As described in section 2.1.4, this generator load
profile results in high specific fuel consumption and high specific emissions..

28



(a) The total generator load distribution of a ship, only considering the time that it is not in
harbour. More than 100% load means that more than one genset is required.

(b) The individual generator load distribution of a ship, only considering the time that it is
not in harbour.

Figure 21: The total and individual load of the gensets on board of a Holland class OPV
during August 2014.

4.1.2 Comparison to design

Figure 22 shows the electric power consumption time distribution in a typical
month of sailing, while the ship is in Patrol mode. This distribution is used to
determine mean and maximum electrical power, as well as fuel consumption.
For all other operational modes, similar figures are shown in Appendix D.
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Figure 22: The electrical power consumption distribution in the Patrol operational mode.

Table 4: The ratio of maximum consumed electric power to its design power in different
modes of three Holland class OPVs.

Operational mode Holland Zeeland Groningen

Shore connection 0.70 0.72 1.56

Harbour 1.07 0.99 0.83

Maneuvering 0.80 0.84 0.45

Patrol 0.90 0.80 0.87

Patrol (max) 0.86 0.75 0.77

Diesel propulsion 0.71 0.69 1.31

Table 4 shows the ratio of actual maximum power consumption to the expected
maximum power consumption, according to Equation (5).

rmax = Pmax/PELB (5)

These maximum powers are taken from the distributions per operational mode
as shown in Appendix D.1, such that less than this power is consumed at least
99% of the time. The closer the value in Table 4 is to 1, the better the estimate
was. Most values are fairly close to 1, so the designers did well in estimating
the maximum power consumption per mode. This results in an adequate sizing
of the power generation machinery, resulting in no generator overload or loss of
power during operation.
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Table 5: The ratio of average consumed electric power to its design power, raverage, in
different modes of three Holland class OPVs.

Operational mode Holland Zeeland Groningen

Shore connection 0.32 0.52 0.49

Harbour 0.78 0.64 0.55

Maneuvering 0.44 0.33 0.41

Patrol 0.64 0.52 0.72

Patrol (max) 0.77 0.68 0.73

Diesel propulsion 0.56 0.46 0.46

Table 5 shows the ratio of actual average power consumption to the expected
average power consumption, see Equation (6).

raverage = Paverage/PELB (6)

Results of only three of the four ships are listed, because there was not enough
data available of the Friesland. This table gives an insight in the performance of
the generator sets in terms of fuel consumpton, and can be used for Life Cycle
Cost calculations as well. The ratio of actual average power consumption to
expected power consumption varies between 0.3 and 0.8. There are significant
differences between ships, for example in Patrol mode the ratio varies between
0.521 and 0.723 for different ships.
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4.1.3 Alternative generator setup

Table 6: Mean and maximum electric power consumption as observed on HNLMS Holland.
Shore Connection mode is not relevant for generator setup selection, only for the dimensioning
of shore connection equipment.

Operational mode Shore Harbor Maneuv. Patrol Pat. (max) Diesel

Mean power [kW] 327 547 655 1040 1413 594

Maximum power
[kW]

420 745 1180 1420 1580 750

ELB Estimate
[kW]

657 698 1375 1620 1839 1045

Based on the observed maximum and mean powers as listed in Table 6, an
alternative generator plant setup is described. As described in Section 2.2.4,
the Holland class OPVs are equipped with 3 DG sets of 920 kW. Two of these
gensets are enough to provide all of the ships required electric power, one extra
genset is installed for redundancy purposes.

Figure 23: A simplified Single Line Diagram of the father-son configuration. This configu-
ration consumes less fuel and has better redundancy than the installed generator setup.

An alternative generator plant consists of two 835 kW “Father” DG sets (one is
for redundancy) and two 475 kW “Son” DG sets, as Figure 23 shows. According
to engineers involved in the design phase, these genset sizes are commercially
available and were considered as possibilities in the design phase. Choosing this
setup results in a total installed genset power of 2620 kW instead of 2760 kW.
Assuming the installation cost of a DG set scales with the power rating, this
5% reduction in installed power results in 5% lower installation costs.
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Table 7: DG loading of the actual generator configuration (3x 920 kW) and the proposed
alternative configuration (835 kW + 2x 475 kW). The largest difference is seen in the Patrol
operational mode, when the observed mean power is required.

Mean DG load [%] (#DGs
used [-])

Maximum DG load [%]
(#DGs used [-])

Operational mode Actual
setup

Father-son
setup

Actual
setup

Father-son
setup

Harbor 59.46 (1) 65.51 (1) 80.98 (1) 89.22 (1)

Maneuvering 71.20 (1) 78.44 (1) 64.13 (2) 90.08 (2)

Patrol 56.52 (2) 79.39 (2) 79.35 (2) 81.79 (3)

Patrol (max) 76.79 (2) 79.16 (3) 85.87 (2) 88.52 (3)

Diesel 64.57 (1) 69.88 (1) 71.14 (1) 89.82 (1)

Table 7 shows the genset loading of the actual configuration and the proposed
father-son configuration. Values in this table are based on load splitting between
gensets proportional to their maximum power. A higher loading results in a
lower specific fuel consumption, as described in Section 2.1.4. All operational
modes show an improvement in performance, with the largest difference in the
Patrol operational mode. One method of calcuating the fuel consumption is
using the average load and its associated specific fuel oil consumption:

Fuel consumption = Paverage × sfoc(Paverage) (7)

Assuming a specific fuel consumption as shown in Figure 8 and Equation (7),
the 23% higher loading in Patrol mode results in 12.7 g/kWh of fuel consump-
tion saved. Given the operational mode distribution in Figure 18a, this 6.1%
fuel saving is a significant improvement.

Fuel consumption =
∑

Pi × sfoc(Pi) (8)

Table 8: Fuel consumption of the gensets in the ships operational modes. If the load profile
has a strongly varying load profile, the fuel consumption must be calculated according to
Equation (8) to obtain accurate results.

Fuel consumption, using
Eq. (7) [kg/h]

Fuel consumption, using
Eq. (8) [kg/h]

Operational mode Actual
setup

Father-son
setup

Actual
setup

Father-son
setup

Harbor 113.0 110.8 112.4 110.2

Maneuvering 130.7 128.7 126.2 123.6

Patrol 217.2 204.0 181.3 177.0

Patrol (max) 278.5 277.3 279.9 278.7

Diesel 120.7 118.5 115.1 113.0

However, this method of calculating fuel consumption is inaccurate for strongly
varying load profiles, such as the one shown in Figure 22. Table 8 lists the
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fuel consumption of the gensets per mode, as calculated using the two differ-
ent methods. Using Equation (8) yields roughly the same fuel consumption as
Equation (7) for operational modes that have a narrow bandwidth of power
consumption. Using Equation (7) is always accurate, but requires more infor-
mation about the electrical load profile. The father-son configuration uses 0.4%
to 2.4% less fuel to generate electricity than the currently installed configura-
tion.

An added benefit of the father-son setup is an improvement to the ships power
generation redundancy. In the current setup, the three gensets are positioned
in two engine rooms. If, for whatever reason, one of the two engine rooms
becomes unavailable, one or two gensets are unavailable (depending on which
engine room is unavailable). In the worst case scenario, 2/3 of the electric power
is not available. Using the father-son setup, the power generation capacity can
be split evenly over two engine rooms. In this setup, only half of the power
generation capacity is lost when an engine room is lost.
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4.2 Use of dominant electric consumers

This section describes the operational use of a number of large consumers on
the Holland class OPV. The largest electric power consumers on the Holland
class Oceangoing Patrol Vessel, with available data, include:

� Chilled water AC compressor plants

� Fresh water and sea water cooling water pumps

� Engine room ventilation fans

� Fuel Oil purifier

� Propulsion electric motors (PEMs)

� Bow thruster

The PEMs consume power exclusively in the Patrol and Patrol (max) operatio-
nal modes, while the Bow Thruster only consumes power in the Maneuvering
operational mode. The operational data is available in two types: either a
power consumption signal, or an on-off signal. The type of available operatio-
nal data defines the quality of the analysis, as described in section 3.1.1.

Figure 24

Figure 24 shows the comparison of the PEM observed and expected service
load factor ks, and its observed distribution. The black cross indicates the es-
timate as given in the Electric Load Balance, while the blue circle indicate the
actual service load factors. The red dotted line shows the power consumption
distribution, the blue circle is the average value of this distribution. This distri-
bution is only available when a power-time signal is available for the consumer
in question, as described in Section 3.2.
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4.2.1 Observation

Figure 25: The observed service load factors in Patrol mode for some of the dominant
consumers. The dashed lines show that a large portion of the time is spent at the estimated
load factor by the PEMs and chillers.

Figure 25 shows the observed service load factors ks in the Patrol mode, sim-
ilar figures are shown for all other operational modes in Appendix D.2. The
Engine Room ventilation fans have two settings: High and Low. The service
load factor is a combination of the operational time in each setting and the
corresponding load fraction (0.3 for Low, and 0.9 for High): ks, ER fans =
0.3 × k2, low + 0.9 × k2, high. For the rest of the consumers, the shown value
is the product of the (observed) time fraction of operation and (measured or
observed) average power consumption when the consumer is switched on.

The PEMs are used primarily at two operational points, at ks = 0.15 and
ks = 0.7. This suggests that the definition of the Patrol operational mode is
not specific enough, and could be split into two operational modes. Another
possibility is to define the load of dominant consumers as a distribution, rather
than exclusively as an average value. The use of the PEMs is described in more
detail in Section 4.3.
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Figure 26: The time distribution of the Bow Thruster power absorption, only considering
the time it absorbs any power. Most of the time, the bow Thruster is loaded below 40% of its
rated power.

Another dominant consumer is the Bow Thruster, which is used exclusively
in the Maneuvering operational mode. Figure 26 shows the power-time distri-
bution of the Bow Thruster, only considering the time it is used. The Bow
Thruster rarely consumes more than 40% of its rated power, and very rarely
consumes between 60% and 85% of its rated power. The Bow Thruster con-
sumes close to its maximum power for approximately 2% of the time. No
correlation was found between Bow Thruster power and propulsion power.
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4.2.2 Comparison to design

Figure 27: The service load factors ks of the dominant consumers in all operational modes,
as expected in the Electric Load Balance versus their observed value.

Figure 25 shows that for some consumers, the estimated service load factor was
too low, while for others it was estimated too high. In other words, there is no
consistent sign of the direction of the difference between estimated and actual
values. Comparing Figure 25 with the Figures in Appendix D.2, and using
Figure 27, some observations are made:

� The Bow Thruster is used significantly less than expected in the Ma-
neuvering operational mode, as it uses a small amount of power for a
large portion of the time. Figure 26 shows the distribution of its power
consumption.

� The chiller plant estimation is consistently close to its actual value, with
the exception of the Harbor operational mode. In the Harbor operational
mode, the chiller service load factor ks was 0.48 instead of 0.3.

� The power consumption of the Fresh Water cooling water pumps is inde-
pendent on the ships operational mode. This is similar to the ELB, but
the power consumption is estimated too high in the ELB. The Sea Water
pumps show a similar result, except they are used significantly less than
expected in the Shore Connection and Harbor operational modes. Both
these differences are most likely due to the lower than expected continu-
ous power consumption of the pumps (in other words, the load fraction
k1 is lower than anticipated, while the time fraction k2 is as expected).
Testing equipment before implementing it on a vessel prevents this type
of mistake for future ships.

� The Engine Room ventilation fans are estimated too high when the Diesel
engines are used (in the Maneuvering and Diesel Propulsion operational
modes). Both modes have a similar service load factor of 0.63. They are
estimated too low in the Patrol and Patrol (max) modes. The largest
difference is seen in the Patrol (max) operational mode, where the service
load factor ks is 0.7352 instead of 0.4. The PEMs reduce speed by dis-
sipating heat in resistance brakes, which are located in the engine room.
To compensate for this heat dissipation, the ventilation fans must be used
more intensely.

� The Fuel Oil Purifier is used differently than expected. In almost all ope-
rational modes, the actual service load factor ks is higher than expected,
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and in the Shore Connection operational mode the actual value is lower
than expected. In all sailing modes (Patrol, Patrol (max), Maneuvering
and Diesel modes), the actual value is around the same value: 0.97 to 1.

� Multiplying the observed service load factors of the dominating consumers
(or, in the case of the PEMs, the maximum observed ks) with their respec-
tive installed power accounts for 65% to 85% of the observed maximum
power per operational mode. The lower value of 65% suggests more large
power consumers should have been taken into consideration, such as the
IMM or Computer Network. Unfortunately, no operational data is avail-
able of these consumers, as described in Section 3.2.

� In general, most service load factors are estimated too high in the Electric
Load Balance in most operational modes. This results in a lower total
power consumption than expected, as described in Section 4.1. This re-
sults in a ship that (almost) never loses electrical power, but has too large
generator sets.
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4.3 Use of propulsion machinery

4.3.1 Observation

(a) The operational envelope of the starboard Propulsion Electric Motor ofHNLMSthe Hol-
land.

(b) The load distribution of the Propulsion Electric Motors of HNLMS Holland, while they
are engaged.

Figure 28: The operational envelope and load distribution of the Propulsion Electric Motors
of HNLMS Holland in June 2014.

As this report focuses on the electric energy distribution system, only the use of
the Propulsion Electric Motors, not the use of the Diesel engines, is described
in this paragraph. Figure 28a shows the measured operational envelope of the
starboard PEM. A number of data point clusters are visible, around 900 rpm,
1180 rpm, 1260 rpm and 1520 rpm. Limits of the motor, such as minimum ro-
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tational speed, maximum torque and maximum power, are clearly visible. The
minimum rotational speed is not so much a limit of the motor as it is a limit
of the propeller shaft, as the shaft needs to have a certain minimal rotational
speed to ensure proper lubrication in all of the bearings. The PEMs are limited
in torque by the maximum armature current, to prevent overheating of the ro-
tor windings [6].

Figure 28b shows the load distribution of the PEMs during a typical month of
sailing, ignoring the time that the PEMs are not engaged. It shows four peaks
in the use of the PEMs; low, medium, high and maximum load are the most
common in the operational load distribution. The loads between these four
peaks are used less frequently.

4.3.2 Comparison to design

Figure 29: The time distribution of sailing speed intervals. The OPVs sail slowly more often
than expected.

Figure 29 shows the difference between the expected and observed speed distri-
bution of the OPVs. The ships sail slowly more often than expected during the
design phase. The maximum sailing speed was very rarely used in the research
period. This results in a significantly lower fuel consumption than expected.

The deviation from the expeced speed profile is due to the type of operations of
the ships. The observed ships mostly sailed patrol missions, where presence in
an area is required for extended periods of time. The ship sails around in the
area, responding to intelligence from third parties or own observations. Rapid
action is undertaken using small interception crafts or a helicopter. The ship
therefore does not need to sail fast for a large portion of the time.
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4.4 Variables influencing the electric power

consumption

During the design phase, designers often assume a relation between power con-
sumption of a ship and certain operational or environmental variables. Two
variables with an expected relation to the ship electrical power consumption
are ship speed and outside air temperature.

4.4.1 Ship speed

Figure 30: Ship speed only influences the electric power consumption in certain operational
modes.

Figure 30 shows the relation between ship speed and the total power electrical
power consumption of the Holland class OPV. Firstly, in the Patrol and Patrol
(max) operational modes, there is a clear relation between ship speed and power
consumption. In these modes, all propulsion power is provided by electric
motors, so the speed-dependency is to be expected. While the ship uses Diesel
propulsion, there appears to be no relation between ship speed and total electric
power consumption. Secondly, there seem to be some mode misidentifications
by the algorithm. The high power consumption in maneuvering mode is due to
the use of an electrically-powered bow thruster.
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4.4.2 Outside air temperature

Figure 31: Schematic representation of the ships air conditioning system. People and com-
puters are a heat source inside the ship, while there is also heat flow across the ship hull.

Figure 31 schematically shows the air conditioning system, with two types of
heat fluxes that influence the load on the Air handling Units (AHUs). The first
is the heat flux through the ship hull, which should be as close to zero as pos-
sible because of proper insulation. Any heat flux through the ships hull results
in either a required cooling or heating of the recirculation air, both of which are
negative effects. The second, and more significant, heat flux is the production
of heat by equipment and personnel in the ship. This heat flux is dependent
on the ambient (in-ship) temperature, which is approximately constant. This
constant ambient temperature results in a constant heat production in the ship,
and therefore a constant load on the chillers.

Figure 32 shows the chiller plant load as a function of the outside air temper-
ature. To improve readability, only measurements from the Diesel operational
mode are shown. The constant chiller load, resulting from in-ship heat produc-
tion, is visible in the chiller load below approximately 16 ◦C. The chiller plant
load increases from 25% to 48% approximately linearly (as is to be expected
[11]) with increasing temperature from 16 ◦C to 30 ◦C. This translates to an
increase in power consumption of around 80 kW.

Pchiller = ṁ× (hincoming − houtgoing) (9)

The power consumption of the chiller plant depends on two parameters: the
mass flux and the specific enthalpy difference over the plant, see equation (9).
The specific enthalpy of a gas depends on its composition and temperature.
Assuming a constant temperature and humidity setpoint, houtgoing is constant.
The required mass flux through the chiller plant ṁ depends on the number
of people on board, as the produced carbon dioxide and water vapour must
be ventilated properly. For practical reasons, the mass flux through the chiller
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Figure 32: The outside air temperature influences the chiller load, as is to be expected. The
chiller plant provides the cooling capacity for the HVAC system.

plant is often set to a constant value. Assuming a constant amount of people on
board, the mass flux is constant. The only remaining parameter that influences
the power consumption of the chiller plant is therefore the specific enthalpy of
the outside air, hincoming. This results in the visible linear temperature depen-
dency of chiller load on outside air temperature.

Figure 33 shows the total electric power consumption of the ship as function of
the outside air temperature, in Diesel operational mode. The power consump-
tion increases approximately linearly with temperature, from around 520 kW
at 16◦C to around 600 kW at 30 ◦C. This power consumption increase and the
general trend in the graph exactly follow the characteristic of the chiller load
as shown in Figure 32. The temperature-related increase in power is therefore
assumed to depend exclusively on the chiller plant. The Engine Room ven-
tilation fans are not found to consume more electric power as the outside air
temperature rises.
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Figure 33: The power consumption increases with the outside air temperature, due to
increased power consumption of the chiller plant.

4.5 Cluster analysis

In contrast to the “A priori” (logic) method of analysis, “A posteriori” (clus-
tering) analysis is an alternative method. The data has been clustered based
on one variable: the total electric power consumption. Manual selection of
six clusters results in Figure 34 for an arbitrary month of data. The cluster-
ing algorithm yields three clusters that have similar average power consumption
as the average power consumption of the “A priori” method: clusters 1, 2 and 6.

A difference between the results from the “A priori” and Clustering analysis
is the number of PEM-propulsion modes. The clustering analysis yields three
modes with different PEM power consumption means, while the logic method
only has two modes. This result is to be expected from the results shown in
the ks-distribution in Figure 25, where two typical PEM power consumption
modes are found within the Patrol operational mode.

The limited results obtained from this cluster analysis give a first insight into
the differences in results when using different methods of analysis. However, as
one of the main objectives of this research is to compare the operational use of a
ship to its design considerations, cluster analysis will not be further used. The
overlap between the clustering results and the modes as defined in the ELB is
too small to make a proper comparison between the two.
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Figure 34: The used clustering algorithm finds three modes where the diesel engines are
used, and three modes where the PEMs are used. Operational mode 2, 3 and 4 have similar
mean total electric power consumption.
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5 Sensitivity and uncertainty

Uncertainty analysis is defined as the study of how uncertainty in the output
of a model can be apportioned to different sources of uncertainty of the model
input [13]. This analysis consists of two parts: firstly a study of how the out-
put z of a model changes with a change in its input x (∂z/∂x), and secondly
how the uncertainty of an input x influences the uncertainty of the output z
(σx →z). To improve clarity, the first portion of the analysis is referred to as
“Sensitivity analysis”, while the second portion of the analysis is referred to as
“Uncertainty analysis”.

The inputs in this analysis are the service load factors ks per operational mode
of the dominant electrical consumers. The output is the total electric power
consumption per operational mode. These inputs and outputs are chosen, be-
cause they determine the choice of the power generation plant.

5.1 Sensitivity analysis

The goal of the sensitivity analysis is to determine how a change in an input
affects the outputs of the system or model in question. There are various ways
to perform sensitivity analysis, such as the Linearization method [14], using
scatter plots or using Variance-based methods. In this report, the Linearization
method is chosen because it best suits the output function.

PE, total =

n∑
i=1

ks, i × Pmax, i (10)

PE, total = ks, PEM × Pmax, PEM + ks, chillers × Pmax, chillers+

ks, FW pump × Pmax, FW pump + ...
(11)

As described in Section 2.1.2, the average electricla power consumption per ope-
rational mode is the sum of average powers of all individual electrical consumers,
see equation (10). Equation (11) shows three terms for the Holland class Ocean-
going Patrol Vessel. This makes the sensitivity analysis fairly straightforward:
all ∂z/∂x are qual to the rated power of the electrical consumer in question.
So for the service load factor of the Propulsion Electric motors, input ks, PEM ,
∂z/∂x = Pmax, PEM . Similarly, for the service load factor of the chillers, in-
put ks, chillers, ∂z/∂x = Pmax, chillers. These sensitivities are the same for each
operational mode, as the rated power of each consumer is independent of the
operational mode of the ship.
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5.2 Uncertainty analysis

The goal of the uncertainty analysis is to determine the uncertainty of the
output (total electric power consumption), based on a given uncertainty of input
variables (service load factors ks of dominant consumers). This uncertainty
dependency is directly linked to the sensitivity analysis. The sum of N normally
distributed independent variables is also normally distributed, with the mean of
the sum µsum being the sum of the means µi. The variance of the sum σ2sum is
then equal to the sum of the variances σ2i [15]. Suppose the service load factors
ks of the dominant electric consumers are normally distributed.

5.2.1 Quatization of specific uncertainties

Three types of specific uncertainties are identified: sensor uncertainty, mea-
surement uncertainty, and dataset size-related uncertainty. Sensor uncertainty
refers to noise and other disturbances in the values in the used dataset. Mea-
surement uncertainty refers to the errors in measured load factors on board
of the Zeeland as described in Appendix C. Dataset-size related uncertainty
results from the limited amount of available operational data.

Sensor uncertainty
All sensors used on board of the Holland class Oceangoing Patrol Vessel are of
commercial quality, resulting in a low uncertainty. No concrete values are read-
ily available of the on-board sensors, but most commercially available sensors
have a measurement error of less than 5%. The sensor error is therefore as-
sumed to be normally distributed with a 95%-interval of (0:95µ; 1:05µ), where
µ is the logged sensor value. As the inputs (service load factors ks) are mean
values over a period of time, any zero-mean noise will filter out eventually.

Measurement uncertainty
Some additional measurements have been performed on board of HNLMS Zee-
land, as described in Appendix C. These measurements were performed over a
varying timespan, ranging from several minutes to several hours, depending on
the consumer. The measured pump components were measured for a shorter
time than the galley, as the pumps were observed to consume approximately
constant power while the galley consumes varying power. The measurements
are assumed to be normally distributed, with a standard deviation of 5% of the
measured value.

Dataset size uncertainty
Of the four OPVs, the Holland has operational data available for the longest
period of time, approximately six months of data is available. In this time, all
operational modes were observed for a significant portion, see Figure 18. This
results in an adequate amount of data points for each operational mode. More
data results in lower uncentainty, but no more workable data was available at
the time of writing of this research. The uncertainty related to the observa-
tion time differs significantly between consumers. For example, a comparison is
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made between results in the Patrol operational mode from individual months
worth of data and the total dataset. The service load factor ks for the PEMs
varies between 0.33 and 0.75 in individual months, while the Fresh Water cooling
pumps consistently have a service load factor ks of 0.67 in each observed month.

(a) The mean total electric power consump-
tion versus observation time.

(b) The total electric power σ versus obser-
vation time.

(c) The mean power consumption of the
PEMs versus observation time.

(d) The PEM power consumption σ versus
observation time.

(e) The mean chiller power consumption ver-
sus observation time.

(f) The chiller power consumption σ versus
observation time.

Figure 35: The change of µ and σ of total electric power consumption, PEM power con-
sumption and chiller power consumption flattens out with enough observation time

Figure 35 shows the influence of observation time on mean and standard de-
viation of three observed variables in the Patrol operational mode. The blue
lines indicate the parameters in question, while the green dashed lines show the
change in the parameter. Figures 35a and 35b show less than 1% change in
total electric power µ and σ after an observation time of 60 days. Figures 35c
and 35d show a similar development of µ and σ of the PEMS, albeit with a
slightly larger change in µ. Figure 35e shows a change of less than 1% of chiller
power consumption over the entire observation period. Figure 35f shows that
after 30 days of observation, the chiller power σ barely changes. An observation
period of 60 days is therefore the minimum time required to obtain a reliable
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assessment of these parameters.

Figure 36 shows the distribution of the output (the total electric power con-
sumption per operational mode), as measured by the sensors on board. The dis-
tributions both span a relatively narrow bandwidth, with the maximum power
consumption close to the average power consumption. For the dimensioning of
future similar ships, it is recommended to take the maximum power consump-
tion per operational mode as Pmax = µ+ 3σ. This results in a smaller overall
safety factor, and a less oversized generator set. Take, for example, the Patrol
operational mode with a power consumption distribution as shown in Figure
36b. The maximum power would be 1420 kW, as opposed to the estimated
power of 1620 kW during the design phase. As the typical price of a DG set is
around $300 per kW cite:DGprice, this 200 kW difference results in savings of
up to $60 000 in installation costs.
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(a) A representative distribution of the total electric power consumption in the Diesel opera-
tional mode during a one-month period. It is approximately normally distributed, with σ =
42.88 kW, µ= 572 kW.

(b) A distribution of the total electric power consumption in the Patrol operational mode
during a one-month period. It is approximately normally distributed with σ = 53.14 kW, µ
= 1260 kW.

Figure 36: Total electric power consumption distributions in the Diesel and Patrol opera-
tional modes during a one-month period.
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6 Conclusions and recommendations

6.1 Conclusions

In all defined operational modes, the analyzed Holland class OPVs used sig-
nificantly less electrical power than expected by the designers in all but one
operational modes. HNLMS Holland used between 70.0% and 90.1% of the
estimated power per operational mode, while HNLMS Zeeland used between
69.4% and 84.2% of the estimated power per operational mode. The exception
is the Harbour operational mode, where HNLMS Holland and HNLMS Zeeland
used 106.7% and 98.9% of the estimated power, respectively. Due to this fact,
the generator sets were overdimensioned. This overdimensioning of the gensets
leads to mcuh part-load operation. In the analyzed period, the gensets are
loaded mostly at loads between 50% and 70% of their maximum load, which
results in a high specific fuel consumption.

An alternative genset setup is described, which uses a father-son configuration
instead of the installed equally-sized gensets. The alternative configuration
consists of two 835 ekW ”father” gensets and two 475 ekW ”son” gensets, as
opposed to the three equally-sized 920 ekW gensets currently installed. Based
on the observed power consumption distribution, this alternative setup saves
0.4% to 2.4% fuel. The father-son configuration also has better redundancy
than the three equal gensets.

The service load factor ks of some dominant individual consumers was estimated
very well by the designers, while others were estimated poorly. For example,
the estimated ks of the chiller plant is very close to its observed actual value,
while the estimated ks of the Fuel Oil Purifier was much too low (0.1 instead
of 1 in some modes). The cooling water pumps are loaded significantly lower
than expected in all operational modes.

The ships sail considerably slower than expected. This is due to the type of op-
erations of the ships. In the analyzed period, patrol missions are most common,
where only presence in an area is required instead of frequent fast sailing. Ship
speed is found to affect the total electric energy consumption exclusively when
the Patrol Electric Motors are used, i.e. only in the Patrol and Patrol (max)
operational modes. In the Harbour and Diesel operational modes, the ships use
between 500 and 700 kW of electric power. In the Maneuvering mode, the Bow
Thruster power consumption is added. The Bow Thruster uses less than 60%
of its installed power most of the time, while it is loaded between 90% to 100%
of its installed power for 2% of the time.

The total electric power consumption increases with outside air temperature
above 16◦C. This increased power is consumed by the chiller plant, no other
consumers show a temperature-dependent power consumption. It was expected
that the Engine Room ventilation fans consume more power as the outside air
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temperature increases, but this is not the case.

6.2 Recommendations

Based on the observed generator load and PEM usage in the Patrol operational
mode, define an extra operational mode with low PEM load. This results in a
less strongly varying genset load profile in the Patrol modes. Cluster analysis
also finds three PEM-propulsion modes with distinctly different PEM loads.

Use a load distribution to calculate the fuel consumption of the ship, instead of
an average value per operational mode. Using a distribution instead of an aver-
age value gives a significantly better estimate of the actual fuel consumption of
the ship, especially if the power consumption strongly varies. This distribution
of genset loading might also be used to estimate maintenance requirements and
costs in future studies, though this application is not persued in this research.

As this report describes results from a single case study, it cannot be carried over
to different ships. Operational data analysis methods similar to this research
should be applied to different ship types to obtain better reference material for
these ship types. A large database of reference ships could be a result of a
number of operational data analyses, to improve the design of future ships of
all types.
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A Electric Load Balance

This appendix shows the Electric Load Balance as used by the designers of
the Holland Class Oceangoing Patrol Vessels, to dimension the generator sets.
Each consumer is listed with its respective installed power, and its service load
factor in each specified operational mode.

This appendix is omitted due to confidentiality
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B K-means cluster tests

This appendix briefly describes the time-dependency of different methods of
clustering in Matlab. Two methods were tested, with different results. The
Sequential method yields better results, but takes more calculation time than
the Batch method.

Table B.1: The time in seconds it takes to calculate cluster centroids using different methods
for various dataset sizes.

Dataset size Batch Sequential

150x3 0.0131 0.0844

1500x3 0.0074 0.7844

15000x3 0.0093 7.8704

150000x3 0.0266 80.3490

150x6 0.0065 0.0788

1500x6 0.0070 0.7948

15000x6 0.0109 7.9109

150000x6 0.0297 80.4414

Table B.1 shows the time it takes to calculate cluster centroids for differ-
ent methods available in the free, online available clustering software Self-
Organizing Maps. Different dataset sizes are used to determine the dependency
of calculation time on dataset size. This is important because this research uses
large datasets. The number of rows in a dataset indicate the number of samples
per variable, while the number of columns indicate the number of variables in
the dataset.

The table shows that the Batch method yields significantly faster results for all
tested dataset sizes. Furthermore, it shows little to no significant dependency
on the dataset size. Contrastingly, the Sequential method shows a seemingly
linear dependency of the calculation time on the number of rows in the dataset.
Both methods show no significant dependency on number of columns in the
dataset.
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C Measurements on board of HNLMS
Zeeland

However useful a large set of operational digital data might be, some things are
not available in a dataset. For instance, not every single system is equipped
with power or even switch sensors, which is the case for the Galley and for the
Integrated Mast Module, amongst others. However, these components have a
significant maximum power consumption, so an a more in depth investigation
was required for more insight. Another important missing piece of information
is the human factor or the operational conditions. Therefore additional mea-
surements were performed on board of the Zeeland OPV, in the context of this
research. This appendix describes this measurement period, both the electrical
measurements as well as insights gained from conversations with the ships crew.

C.1 Goal and timeframe of measurements

The main reason to perform measurements on board of one of the Holland class
Oceangoing Patrol Vessels (OPVs) was to obtain additional information that is
not present in the available dataset. Experiences of the ships crew and informa-
tion from the logbooks are also very useful sources of insight and information.
Actual use of the ship is influenced by the crew, captain and mission of a ship,
not only by the implemented systems. Also, some information is not logged in
the Integrated Platform Management System (IPMS), as described in Section
3.2. Some of this information was obtained by sailing with the Zeeland OPV
from 20 to 30 March of 2015, while the ship was performing duties as Station
Ship Caribbean.

The list of components (with installed power in brackets) to be measured, in
decreasing order of importance, is as follows:

� Engine room ventilation fans

� Integrated mast module

� Chiller plant

� Main fire fighting (fifi) pump

� Galley

� Fresh water cooling water pump

� Sea water cooling water pump

� Fuel oil purifier

� Rotating crane hydraulic unit

� Water monitor

61



C.2 Measurement device

(a) Three red rings are placed around the
three phases and measure current, while
clamps are connected to the conductors and
used to measure voltage (not shown here).

(b) The clamps and rings are connected as
shown here. I and V indicate current and volt-
age measurements, respectively.

Figure C.1: A Fluke 435 Power Quality Analyzer and its connection scheme.

To perform the electrical power measurements, a Fluke 435 Power Quality Ana-
lyzed was used, as shown in Figure C.1a. This device measures voltage, current
and power factor of each cable. These measurements are used to calculate
apparent, active, and reactive power. As the OPVs have a floating electrical
grid, three current rings and four voltage clamps are used, as shown in Figure
C.1b. The Fluke is rated up to 1000Vrms/20 kArms systems [18], which is well
above the 440V voltage used by the measured components. Different options
are available to assess various quantities, but for this research only the active
power and the power factor were deemed important. The active power and
power factor were recorded manually at set time intervals.

C.3 Performed measurements

Table C.1: Four components were measured on board of the Zeeland. Low power factors are
the result of partial loading. Values omitted due to confidentiality.

Component Ppeak [kW] Pavg [kW] cos(φ) tobserved [hr]

Chiller plant 8 *

Main fifi pump

SW cooling water
pump

Galley
*The average power was not the objective of this measurement; the objective was to establish
the relation between the power as indicated by the IPMS and the actual power consumption
by the component.

Table C.1 shows the four components that were measured. The chiller plant
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was found to have a linear relation between IPMS indicated power (as indicated
by a percentage) and the actual power consumption. If x is the power fraction
as indicated on the IPMS system, then the power consumed by the chiller plant
was found to be:

Pchiller = ax+ b (12)

The offset of bkW in Equation 12 is a result of the control signal that is supplied
to the compressor controller.

The two pump components were found to be constant-power components. The
main fire fighting pump switches on automatically when fire fighting actually
takes place, it is switched off the rest of the time. A pressure-water installation
keeps the fire fighting system at a constant pressure when there is no take-off of
fire extinguishing water. The measurements on this component were performed
while bilge water was pumped off the ship. According to the system specifica-
tion, the pump is rated at confidential kW. This means that the load factor k1
is confidential /confidential = 0.314.

The SW cooling water pump operates on near-constant power. Power spikes
were observed during the measurement period, but these were too short to
record. These power spikes are likely the result of the opening of a valve, which
results in a pressure drop. The cooling water pump then shortly consumes
more power than its average power, up to confidential kW. Observed power
consumption spikes lasted for less than a second per spike. According to the
system specification, this pump is rated at confidential kW. The load factor k1s
is confidential /confidential = 0.480.

The galley was measured between 0800 hours and 1300 hours, during which
the kitchen crew prepares the meal for the day. There is no information in the
IPMS system at all about the galley, so this observation period provides some
insight, even though the observed period is effectively only one day. Power
consumption likely fluctuates, depending on the meal that is cooked. Therefore
it is advisable to measure for a longer period of time - at least a week - if a
deeper insight in this consumer group is desired. When the galley is used, its
load factor k1 is confidential / confidential = 0.0946.

Initially, ten types of components were selected to measure on board. Unfor-
tunately, during the available operational measurement period between confi-
dential and confidential, only the previously described four components were
measured, due to operational and physical limitarions. The operational limi-
tation refers to the fact that the ship is sailing in an operational theatre while
measurements are to be performed. A component must be switched off and
made tension-free to safely attach the power analyzer to the component. This
is not always possible in an operational environment; for example the Integrated
Mast Module and the Fuel Oil Purifier were not measured due to this limitation.

Another limitation is the physical attachment of the power analyzer to the mea-
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Figure C.2: It is not always possible to physically connect the power analyzer to a compo-
nent. Here, at one of the Engine Room Ventilation Fans, connecting the meter results in an
unsafe situation.

sured component. This is not always possible due to the arrangement of the
cables in the ship. For example, the power supply cables that deliver power to
the Integrated Mast Module are shielded behind plates in the ship. Another
example of a component with a physical connection limitation is the Engine
Room Ventilation Fan, as shown in Figure C.2. With this component, connect-
ing the cables causes an inability to operate the component safely. The fan
would suck in the power analyzer or disconnect the cables, if it were switched
on while the meter is connected.

C.4 Crew insights

For the Zeeland in particular, the Diesel operational mode was used for a rela-
tively large period of time. Conversations with the crew and reading the ships
logbooks explain that this is due to the mission of the ship. During diesel-heavy
operational periods, the ship was being used in various training exercises, from
submarine training to NATO-confidential training. During some of these train-
ing programs, the ship is required to reduce and increase speed relatively often.
As the Propulsion Electric Motors have a limitation in their allowed decreases
of power per hour, the Diesel engines were used during most of these exercises.
The PEM-limitation is a result of the way that the PEM-brakes works: the
PEM uses a resistor brake, which dissipates electrical energy in the form of
heat. Reducing PEM power often results in a tremendous heat release in these
resistor brakes.
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Another new observation is the under-dimensioning of the installed Air Heat-
ing Units (AHU). These installations play an important role in the HVAC of
the ship, cooling or heating fresh air intake and spreading this conditioned
air through the ship. During the measurement period, the ship was in the
Caribbean Sea, which is one of the most heavily taxing places for the HVAC
installation. This is due to high outside air temperature and humidity. The
AHU’s heat exchange units work perfectly, as the air that exits the AHU is a
comfortable 17 to 18 degrees Celcius. The problem was however, that the flow
of fresh air to the ship was insufficient. This resulted in a sometimes warm and
clammy atmosphere in manned parts of the ship. The AHU manufacturer has
since performed a modification to handle this problem.

A final insight has to do with the ship operation, and thereby improved the
mode identification algorithm as described in Section 3.1.2. There is a switch
on the brigde that indicates and controls how many gensets are in operation. It
is required for the use of Patrol and Maneuvering mode that at least two gensets
are switched on. This requirement is the result of the large power consumption
of the Bow Thruster and the Propulsion Electric Motors. The crew does not
directly use the operational modes as specified in the ship design, but there are
some restrictions and rules to ensure the gensets and diesel engines to avoid
overloading.
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D Additional pictures

This appendix contains figures that are omitted from the main report, to im-
prove readability.

D.1 Detailed generator load distribution per

operational mode

Figure D.1: The power consumption in Harbor operational mode in a typical month. A
large portion of the time, one DG set is loaded between 45 to 70 %.
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Figure D.2: The power consumption in Maneuvering operational mode in a typical month.
Two typical power consumption centers are present.

Figure D.3: The power consumption in Patrol operational mode in a typical month. Two
power distributions are seen within one operational mode.
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Figure D.4: The power consumption in Patrol (max) operational mode in a typical month.
The power consumption is centered around a high power consumption.

Figure D.5: The power consumption in Diesel operational mode in a typical month. The
electricla power consumption has a narrow distribution.
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D.2 Service load factors per operational mode

Figure D.6: The observed service load factors in Shore connection operational mode for
some of the dominant consumers. The fresh water cooling water pumps are loaded more than
expected, while other consumers are loaded less than expected.
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Figure D.7: The observed service load factors in Harbor mode for some of the dominant
consumers. The cooling water pumps are used less than expected while the chiller plant and
the engine room fans are used more than expected.
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Figure D.8: The observed service load factors in Maneuvering mode for some of the dominant
consumers. The cooling water pumps are used less than expected while the chiller plant, engine
room fans and fuel oil purifiers are used more than expected.

Figure D.9: The observed service load factors in Patrol (max) mode for some of the dominant
consumers. The dashed lines show that a large portion of the time is spent at the estimated
load factor by the PEMs and chillers.
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Figure D.10: The observed service load factors in Diesel propulsion operational mode for
some of the dominant consumers.
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