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ABSTRACT
In this paper, we are comparing fuel consumption on a case

study hybrid marine power plant with diesel gensets and batter-
ies. Optimization methods are used to find an optimal operating
point for the gensets, under different power demands, with re-
gards to fuel consumption and NOx emissions. Three different
power system example configurations for an offshore construc-
tion vessel are explored in this study, and the simulations are
carried out to compare the resulting fuel consumption and NOx
emissions for these power system configurations.

Nomenclature
DP Dynamic positioning
ESS Energy storage system
FC Fuel consumption
Genset Generator set
MCR Maximum continuous rating
OCV Offshore construction vessel
ROV Remote operated vehicle
SFC Specific fuel consumption

∗Address all correspondence to this author.

INTRODUCTION

In the last century, diesel-electric propulsion systems have
been installed on many vessels such as supply vessels, drilling
ships, icebreakers, and other offshore installations. In diesel-
electric propulsion systems, the engine is first connected to a
generator that supplies a power distribution network and drives
the electric motors. Electric propulsion has become a prevailing
trend mainly due to increased demands for energy-efficient and
low emission vessels with high availability and reliability. A ves-
sel with diesel-electric propulsion often has between 2 to 10 pairs
of diesel engines and generators. The gensets can be started and
stopped as required in a configuration where there are more than
two gensets, while at the same time keeping redundancy [1, 2].

Due to operation cost and environmental concerns, there is
ongoing effort to reduce the fuel consumption and emissions in
all transportation sectors including marine transportation [3]. It
is usually desired to operate the engine at a loading rate between
60% and 80% to achieve the lowest fuel consumption per kilo-
watt produced. However, operating condition can vary a lot so
that the engines are not always operated within such load range.
When there exist varying load conditions, configuring the power
system with many low-power marine engine sets is beneficial,
due to the fact that higher loading percentage per engine can then
be achieved by shutting down unnecessary ones while at the same
time keeping redundancy.
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There are many benefits to install a modern hybrid diesel-
electric propulsion system with energy storage capacity instead
of a traditional diesel-electric system. Using enegry storage sys-
tems (ESS) in marine vessels is a new practice, and new rules
regulating ESS onboard ships have recently been published by
DNV GL [4]. During operations of offshore installation vessels,
there is a large range of average loading between 10% to 90%,
and this is also accompanied by fast varying load transients. In-
tegrating ESS in the power system can achieve higher flexibil-
ity and more degrees of freedom to optimize the operation of
the diesel engines. Combining gensets with ESS have shown
through different usage strategies to have a potential for improv-
ing the fuel economy as well as enhancing the genset dynamics
to reduce fuel consumption, emissions, wear and tear, and main-
tenance cost [5, 6].

Even if the investment cost is higher for a diesel-electric sys-
tem with ESS, it will often pay off in the end as it leads to less
operating cost. However, not all ships will benefit equally from
this system configuration, and the advantages will to a large ex-
tent be determined by the static and dynamic power requirements
related to the vessel’s operating profile.

Genset Sizing
The ships can have different types of engines from 2- or 4-

stroke diesel engines to turbines or just several gensets that power
thrusters or pods. The selection of components for the marine
power plant mainly depends on the type of operations for which
the ship is designed.

Power capacity (sizing) of gensets may have an important
effect on power efficiency. A genset of high capacity typically
has a better fuel efficiency and emission footprint at the optimal
loading condition. However, its fuel efficiency will in practice
often be low since the load per genset when operating in nice
weather with small environmental loads is typically far from the
optimal 60-80% loading, especially when redundancy require-
ments on online spinning reserve demands more online gensets
than the loading conditions imply. From a fuel efficiency point of
view, many smaller gensets may then be more beneficial, since
then it is easier to determine an online configuration of gensets
that ensures both optimal loading and redundancy to failure [7].

On the other hand, the optimal sizing of the gensets will
depend on a vessel’s operational profile and weather condition
in the operational area. Generally, a vessel has a typical op-
erational profile that represents the likely conditions the vessel
will encounter and for how long, based on the intended use of
the vessel. However, often the actual use of the vessel changes
from its originally planned operating profile - e.g. due to market
conditions, and then the ship owner is stuck with an inefficient
power plant configuration for this new operating regime. Again,
a hybrid power plant with more smaller capacity gensets offer
a greater flexibility to reconfigure the power plant according to

new operating conditions.
In conventional engine design, the reason to increase the

number of cylinders is to increase the torque and power with
the improved balancing of forces and momentum. These proper-
ties become less important in a diesel-electric propulsion design.
Less number of cylinders lead to simpler maintenance and higher
robustness, thereby increasing the availability.

In this study, low- and high-power engines that have the
same cylinder characteristics but different cylinder numbers are
considered. Due to the variations in manufacturing techniques
and designs, it is hard to compare small and large engines in a
wide range. Hence, low-power engines refer to engines with one
or several cylinders while high-power engines have more piston
cylinder pairs.

Genetic Algorithm for Optimization
A genetic algorithm (GA) is an optimization method based

on a natural selection process that mimics biological evolution. It
consists of a population of bit strings processed by three genetic
operators, which are selection, crossover, and mutation. Each
string represents a possible solution for the problem being opti-
mized, and each bit represents a value for a variable of the prob-
lem. To classify the solution of a given bit string, a fitness func-
tion must be established. Besides, other criteria can be set in
addition to achieving the desired optimum [8].

The advantage of GA is its use of stochastic operators in-
stead of deterministic rules to search for fitness solutions. The
search process jumps randomly from point to point, thus allow-
ing escape from a local optimum, in which other conventional
optimization algorithms might land. Therefore, GA is a promis-
ing method to solve complex, multi-variable optimization prob-
lems. On the other hand, the main drawback of GA is that it gives
no guarantee of finding the global optimum, and it is less suited
than other optimization methods for real-time computation.

In this study, we use the GA method to find an optimal op-
erating point for the gensets, under different power demands,
with regard to fuel consumption and NOx emission. Three power
system configurations for an offshore construction vessel are ex-
plored in this study:

1. Marine power plant with large capacity gensets.
2. Marine power plant with small capacity gensets of the same

cylinder characteristic as in 1.
3. Marine power plant with small capacity gensets of different

cylinder characteristic.

Mathematical formulations are developed for both single and
multiple objective optimization studies of direct current (DC) hy-
brid marine power system at static load, where the optimization
objective is to minimize the fuel consumption and NOx emis-
sion. For a given power demand, the variables in the optimiza-
tion problem are the engine speed, torque, and the connect sta-
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tus (on/off) with certain constraints. Typical power demand is
a stepwise profile from 3% to 100% of the total installed power
capacity.

The GA method has been applied to solve most of the opti-
mization problems, while an ESS usage method proposed by [6]
has been used and compared with the GA method in a case study
where the total fuel consumption during an operation is opti-
mized via optimal charging and discharging of an ESS. In or-
der to reduce the computational burden and time while ensuring
optimization quality, Monte Carlo simulations are applied to op-
timization results for verification.

The contributions of this paper are an optimization formu-
lation, a fuel consumption and NOx emission analysis of a case
study, and a comparison of results of the configurations with low-
power versus high-power engines.

The mentioned tasks and analysis are mainly limited to de-
signs for offshore construction vessels. Other types of vessel are
not in the scope of this research, due to different load profiles
and power management requirements. The optimization study
is based on static power requirement, and the extra fuel con-
sumption and emission caused by power transients and engine
start/stop are not considered. The ESS usage strategies in this
study are mainly start-and-stop and strategic loading [6], as the
focus is not placed on load transients. Besides, the results from
this study are case-specific, due to the assumption of certain op-
erational profile, load power requirements and specific engine
SFC maps.

VESSEL CONFIGURATION
The OCV is capable of performing subsea construction and

equipment installation as well as inspection, maintenance, and
ROV services. Important features of such vessels are sufficient
stability that allows station-keeping and roll damping, and good
sea-keeping performance that provides a safe platform for crew
and cargo during operation. It has high demands on the flexibil-
ity, efficiency, and reliability, and thus it is beneficial to have a
DC grid hybrid power system. Therefore, the OCV is chosen in
this case study.

Vessel Load and Power System Specification
The offshore construction vessel in this study is equipped

with two main propellers (2×3000 kW ), two bow thrusters
(2×1335 kW ), and two azimuth thrusters (2×850 kW ). Other
loads such as lifting and ventilation are considered to be up to 60
kW . Therefore, the maximum total load is 10.43 MW .

The propulsion system ensures the redundancy as what is
required by DP2, that is, the loss of position does not occur in
the event of a single failure in active components as specified
in Sec.2.6.1 [4]. A DP2 or DP3 system guarantees high uptime
to both FPSO and production platforms, for twenty-four hours a

TABLE 1. ENGINE CHARACTERISTICS [9, 10]

Minimum SFC Maximum SFC

g/kW ·h g/kW ·h

RR Bergen B32:40V12A 180 250

RR Bergen B32:40L3 180 250

Perkins 2506C 205 245

day, under challenging conditions. In this study, the requirement
of at least 2 engines for DP2/DP3 is made aware of, and this
could easily be included. However, we did not want to compli-
cate the study with this requirement, in order to assess optimality
also with very small loads and only one engine running.

The MCR of the power system can be calculated based on
the total load and typical efficiency from these loads to the diesel
engine shaft. The efficiency from thruster loads and other loads
to the engine shaft is assumed to be 90%, taking the efficiencies
of the motor, frequency converter, rectifier, and generator into
account. Hence, the maximum loading of the diesel engines is
10.43/0.9 = 11.59MW .

This could be provided by two or more engines. It should
be noted that a realistic design will typically choose to use 4-
6 engine sets to enhance the general performance of the vessel
while optimizing the total cost. In our case, we are interested in
comparing the configuration with large power-rating engines and
medium-small power-rating engines. On the other hand, there is
a limited accessible data for fuel consumption and NOx emission
mapping of the engines. Based on the data we have found, we
have therefore developed the following configurations:

1. Two medium speed engines (Rolls Royce (RR) Bergen
B32:40V12A) with ESS.

2. Eight medium speed engines (RR Bergen B32:40L3) with
ESS.

3. Thirty medium speed engines (Perkins 2506C) with ESS.

The characteristics of the engines involved in this study are
summed up in Table 1. It is clear that both Bergen engines have
better overall fuel efficiency than the Perkins 2506C engine, so
that the optimal specific fuel consumption in configuration 3 is
12.2% higher than in the other two configurations. It should be
noted that all engines are 4-stroke diesel engines. We do not pro-
pose these as actual configurations for this vessel, but use them
as cases to study FC and NOx emission with respect to small,
medium, and large capacity configurations. An actual optimal
power plant design should likely be a mix of these.
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OPTIMIZATION PROBLEM FORMULATION
Due to DC distribution in all configurations, individual en-

gine speed and torque can be adapted to achieve optimal perfor-
mance in regard to fuel consumption and/or NOx emission at a
certain load. Moreover, as a result of multiple gensets, engines
can be started or shut down so that the remaining online engines
can run optimally. Therefore, for each engine there are three
variables to optimize, being engine speed, engine torque, and en-
gine status (on/off). For a total of m engines, these optimization
variables are denoted by the vectors

ωi = [ω1,ω2, . . .ωm] (1)
Ti = [T1,T2, . . .Tm] (2)
si = [s1,s2, . . .sm] (3)

where ωi denotes speed, Ti denotes torque, and si denotes status
of engine i, respectively. The engine speed and engine torque are
continuous variables in the operational region of a engine, while
the running status is a discrete variable which is limited to be 0
(off) or 1 (on).

Steady State Engine Map
The energy production efficiency of a diesel engine are typ-

ically expressed by SFC, calculated by

SFC =
FC
P

(4)

P = T ·ω, (5)

where FC is the fuel consumption rate in grams per second; P is
the engine power produced in kilowatts. Similarly, the specific
NOx emission is calculated by

SNOx =
NOx

P
. (6)

The SFC and SNOx emission generally depends on many vari-
ables such as engine mean effective pressure, engine angular
speed, engine power, etc. An engine’s SFC and SNOx curves
against cylinder power and speed are generally obtained by run-
ning experiments at different operating points. In this study, the
applied engine SFC and SNOx maps are by courtesy of the Hy-
brid Power Lab at NTNU, Trondheim, as a resource from [11].
Linear interpolation is used on these maps to find optimum oper-
ating points. The maps are given in the appendix .

Single Objective Optimization Problem Formulation
From the above information, the optimization problem to

minimize fuel consumption can be formulated mathematically

by

min
ω,T,s

F(ω,T,s) =
m

∑
i=1

si ·ωi ·Ti ·SFC(ωi,Ti)

s.t. PL ≤
m

∑
i=1

si ·ωi ·Ti ≤ PH

Ti ≤ a ·ωi +b, i = 1, . . . ,m
Ti,min ≤ Ti ≤ Ti,max

ωi,min ≤ ωi ≤ ωi,max

si ∈ {0,1}

(7)

where we will describe the parameters later. Similarly, we for-
mulate the NOx optimization by

min
ω,T,s

N(ω,T,s) =
m

∑
i=1

si ·ωi ·Ti ·SNOx(ωi,Ti)

s.t. PL ≤
m

∑
i=1

si ·ωi ·Ti ≤ PH

Ti ≤ a ·ωi +b, i = 1, . . . ,m
Ti,min ≤ Ti ≤ Ti,max

ωi,min ≤ ωi ≤ ωi,max

si ∈ {0,1}

(8)

Multi-Objective Optimization Problem
From the above information, the final formulation of the op-

timization problem can be mathematically represented by

min
ω,T,s

[F(ω,T,s),N(ω,T,s)]

s.t. PL ≤
m

∑
i=1

si ·ωi ·Ti ≤ PH

Ti ≤ a ·ωi +b, i = 1, . . . ,m
Ti,min ≤ Ti ≤ Ti,max

ωi,min ≤ ωi ≤ ωi,max

si ∈ {0,1}

This is a general multi-objective optimization problem, and
weights can be selected and applied to the objective function in
a more specific case.

Constraints
The constraints in this problem are mainly on the power de-

mand, that is, the power produced by all engines should be equiv-
alent to the power required from load. In a strict way, this power
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TABLE 2. SIMULATION SETTING FOR OPTIMIZATION OF FC
AT STATIC LOAD

Variables Population size Iterations Function tolerance

Config. 1 4 50 100 10−3

Config. 2 24 100 150 10−5

Config. 3 90 200 200 10−5

constraint is an equality constraint. In practice, however, we can
regard this as an inequality constraint to account for same power
demand fluctuations, as well as letting an ESS can supply the
power difference. Therefore, the power constraint can be set be-
tween a high power demand PH and low power demand PL for
each load setpoint. It should be noted that the differences be-
tween P and PL, PH should not exceed the charging/discharging
capacity of the ESS. Another constraint is due to the limited op-
erating area of each engine. That is to say, an engine can only
produce a limited range of power for a given speed, and a higher
power demand may require a higher speed. Besides, a and b
are indexes which are obtained from the engine SFC map; while
ωi,min, ωi,max, and Ti,min, Ti,max are lower and upper limits on
speed and torque within which the engine operates.

CASE STUDY
All the simulations have been carried out using MATLAB.

The average computation time for a single objective optimization
problem is around 100 seconds, and around 3000 seconds for the
multi-objective optimization problem.

Fuel Consumption at Static Load
The first case is a single objective optimization problem

when the gensets operate at static load demand, which are loads
from 3%, 6%, 10%, 15%, and 20% to 100% MCR with an inter-
val of 10%. The reason for a denser interval in low-power set-
ting is that many OCVs experienced a fuel-consumption prob-
lem in that range. The simulation setting is shown in Table 2.
The results from the simulations are shown in Figures 1, 2, and
3. At low loading rate upto 15%, the configuration consists of
30 Perkins gensets (configuration 3) has slightly better perfor-
mance in fuel consumption than the configuration that consists of
2 higher power-rating Bergen gensets (configuration 1). The fuel
consumption resulted from 8 low power-rating Bergen gensets
(configuration 2) is lower than in the other two configurations by
approximately 50 000 g/h. At low loading, the online gensets
in configuration 3 have percentage loading higher than the opti-
mal loading and the online gensets in configuration 1 have low
loading resulting in higher fuel consumption.

As the static load increases, the fuel consumption increases
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FIGURE 1. FUEL CONSUMPTION AT STATIC LOAD
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FIGURE 2. ZOOM VIEW OF FIGURE 1

faster for configuration 3 than for the other two configurations.
At static load around 15% MCR, configuration 1 and 3 have al-
most equal fuel consumption. After this point, the performance
of configuration 3 deteriorates and ends up with a larger fuel con-
sumption of around 300 000 g/h compared to configurations 1
and 2 at 100% MCR. This makes sense since the optimal SFC
of Perkins genset is 25 g/kWh higher than the other two Bergen
gensets, which is 12.2% percent higher than its optimum. Thus,
the Perkins diesels have their main advantage at low loading con-
ditions due to their smaller capacity. On the other hand, as the
two different Bergen engines have the same fuel consumption
characteristics and the only difference is their cylinder number,
the fuel consumption at high load for these two configurations
are almost the same. However, with the improved ability to stop
unnecessary engines, configuration 2 outperforms configuration
1 at loads lower than 50% of the maximum installed capacity.
Figure 3 illustrates the number of running engines in different

configurations. It is clear that both engines in the configuration 1
must work at the mid-high load range, while single engine work
at low load range. For the configurations 2 and 3, the number of
online engines increases fast up to approximately 60% and then
flattens out. The reason for this is that fewer engines sharing
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FIGURE 3. ONLINE ENGINES AT STATIC LOAD.

the same load lead to more optimal operating condition for every
single engine and hence reduced fuel consumption.

Efficiency Degradation
The power efficiency of the generator is usually considered

to be around 96%, where power efficiency is defined to be its
output power dividing by its input power. However from engine
shaft to load, there exists transmission losses. The power loss is
typically assumed to be negligible when it comes to the switch-
board, while power efficiency of the power converter is assumed
to be around 98%-99.5%. Meanwhile, the power efficiency of
the electric motor is around 96%. However, all these values are
specified on the product’s data sheet at rated condition by manu-
facturers. As a result, power supply efficiency is usually specified
based on the operating conditions that are most favourable to the
figure concerned, for example, at maximum rated load. However,
for the rest of the time, it will be operating below full load, and
efficiency is likely to be much lower.

In this simulation study, we modified the engine power in
the constraints to include converter efficiency degradation. The
converter efficiency curve is shown in Figure 4. The set up of
simulation is the same as what has shown in Table 2. The re-
sults is displayed in Table 3 and Figure 5. The total shape and
trend of the curves in Figure 5 is very similar as in Figure 1.
However, we observe some differences if we take a close look at
low to middle load. At 10% MCR, configuration 1 used to have
higher (approximately 16.6%) fuel consumption than configura-
tion 3. The situation changes when converter efficiency degrad-
ing is considered, where fuel consumption in configuration 3 is
around 6% less than in configuration 1. The cross-point where
fuel consumption in configuration 1 and 2 approximately equals
used to be 60% MCR without considering converter efficiency
change, which now increases to 80%. This indicates the advan-
tage that high-power engines have at high load is weaken when
efficiency degradation is taken into account. Comparing before
and after considering ηc, fuel consumption increased at highest
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FIGURE 4. CONVERTER EFFICIENCY AGAINST LOAD PER-
CENTAGE [12]

TABLE 3. FUEL CONSUMPTION COMPARISON (in kg/h) BE-
FORE AND AFTER INCLUDING ηc

Load
Config. 1 Config.2 Config. 3

w/o ηc w ηc w/o ηc w ηc w/o ηc w ηc

3% 83 119 72 79 74 82

6% 170 176 135 141 153 160

10% 253 268 214 238 250 256

15% 383 392 329 343 381 389

20% 490 507 442 465 506 518

30% 706 735 659 688 761 779

40% 901 955 872 913 1015 1038

50% 1122 1179 1088 1155 1270 1295

60% 1320 1378 1304 1362 1524 1560

70% 1523 1593 1520 1586 1727 1814

80% 1730 1805 1726 1803 2013 2062

90% 1955 2030 1955 2030 2250 2351

30% in configuration 1, 10% in configuration 2 and only 2.3%
in configuration 3; Besides, fuel consumption increased 4.2%,
4.3% and 2.4% in configuration 1, 2, and 3 respectively when
delivering 80% MCR power. Comparing Figure 6 with Figure 3,
one can tell that the number of the engines in operation in con-
figuration 1 and 2 are exactly the same. However, the number of
running engines in configuration 3 increases, particularly at low
load. For example, the engine number increased from 8 to 9 at
20% MCR. This may be caused by more optimal fuel efficiency
to start another engine when engine load increases by a small
step.
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FIGURE 5. FUEL CONSUMPTION OF 3 CONFIGURATIONS AT
STATIC LOAD (CONSIDERING EFFICIENCY DEGRADATION).
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FIGURE 6. ONLINE ENGINES AT STATIC LOAD (CONSIDER-
ING EFFICIENCY DEGRADATION).

TABLE 4. SIMULATION SETTING FOR MULTI-OBJECTIVE OP-
TIMIZATION

Variables Population size Iterations Function tolerance

Config. 3 90 200 200 10−5

Multi-Objective Optimization
The multi-objective optimization was carried out for con-

figuration 3 at 3 different load conditions (10%, 20% and 50%
MCR). The setting of this simulation is indicated in Table 4. A
typical offshore construction vessel operates at load lower than
60% MCR during around 80% of its operating time [11]. There-
fore, we chose three load points to study in multi-objective opti-
mization, which are 10%, 20% and 50%. Figure 7 depicts the re-
sulting pareto front in this case, and it provides possible optimal
candidates, which can be chosen according to different criteria.
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FIGURE 7. MULTI-OBJECTIVE OPTIMIZATION RESULT AT
10% MCR

The fuel consumption at 10% load only minimizing specific
fuel consumption is 210 g/kWh while NOx is approximately 9.7
g/kWh. After taking NOx emission into consideration, SFC in-
creases and varies from 210 to 225 g/kWh, as can be seen from
Figure 7. Besides, NOx emission varies from 6.25 to slightly
over 9.5 g/kWh, which is roughly within the NOx limit range
of Tier II (global) [13], whose lower limit is slightly over 10
g/kWh depending on engine speed. The Figure 7 shows a pareto
front which consists of non-dominating result datasets. All the
marked points in the pareto front are optimal candidates con-
sidering different weight placed on reduction of NOx emission
and a decrease of SFC. For example, when only considering to
minimize the NOx emission, it will lead to SFC of 225 g/kWh
and NOx emission of 6.25 g/kWh; when considering minimize
SFC, it gives fuel consumption of around 210 g/kWh and NOx
emission of 9.7 g/kWh. Therefore, improvement of one objec-
tive function will accompany the deterioration of the other. Be-
sides, it can be noticed that NOx emission decreases rapidly when
SFC increases from 213 g/kWh to 215 g/kWh, after which the
compromise on specific fuel consumption is required to be much
larger to achieve the same amount of NOx reduction. Therefore,
it may be very beneficial to choose the turning point around (214
g/kWh, 7.75 g/kWh) as an operational point, as fuel consump-
tion does not compromise much to achieve the low NOx emis-
sion. Smaller specific fuel consumption range appears in results
at 20% load compared to 10% load, which ranges from 211.3
g/kWh to slightly higher than 212.8 g/kWh. Similarly, smaller
range of NOx emission occurs in this case than 10% load, result-
ing in approximately 8.5 to 8.9 g/kWh. Unlike Figure 7, there
is not many turning points in Figure 8. In other words, the de-
terioration of the NOx emission for improving specific fuel con-
sumption is very similar through the whole range. Therefore,
it will be more difficult to choose an optimal point if there is no
clear idea about how to distribute weight on the two optimization
objectives.
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FIGURE 8. MULTI-OBJECTIVE OPTIMIZATION RESULT AT
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FIGURE 9. MULTI-OBJECTIVE OPTIMIZATION RESULT AT
50% MCR

When the power plant operates to deliver 50% of the maxi-
mum load, it conducts higher specific fuel consumption (seen in
Figure 9). To achieve the minimum SFC, which is 214.8 g/kWh
in this case, the NOx emission will be 9.5 g/kWh. On the other
hand, the fuel consumption will be around 220.8 g/kWh in or-
der to achieve the minimum NOx emission, which is around 7
g/kWh. The NOx emission is also within the limit of Tier II.

Optimization of Total Fuel Consumption with ESS
One promising alternative to reduce fuel consumption and

emissions is to use the newest technologies in ESS, which is a de-
vice that stores energy and is able to consume and deliver power
on demand. Hybridization of ESS in marine systems has many
usages, which were summed up and described in [5].

In this part, optimization is undertaken to estimate optimal
specific fuel consumption at steady-state power demand with
charging and discharging an ESS. The ESS is considered in

TABLE 5. COMPARISON OF RESULTS FOR CONFIGURATION
1 WITHOUT AND WITH ESS (INDEX 1 INDICATES THE RE-
SULTS WITHOUT ESS, AND INDEX 2 INDICATES THE RESULTS
WITH ESS.)

Load FC1 FC2 SFC1 SFC2 Number1 Number2

3% 82.8 162.3 230 213.7 1 1

6% 170.4 230 237 206.1 1 1

10% 253.4 318 211.2 198.7 1 1

15% 382.3 425.6 213 193.47 1 1

20% 490 526 205 188 1 1

30% 706 726.4 196 182 1 1

40% 901 861.9 188 180 1 1

50% 1122 1096 187 182.8 2 2

60% 1327 1320 184 183 2 2

70% 1535 1530 183 182 2 2

80% 1748 1734 182 180 2 2

90% 1954 1948 182 182 2 2

all three configurations. The ESS maximum charge/discharge
power is assumed to be 400 kW, which means that the prime
mover can deliver power at more flexible range. It should be
noted that in real operation state of charge of the ESS has to be
taken into account, so that charging or discharging can only be
done for a limited period. Besides, the optimization objective is
modified to be the specific fuel consumption.

It is clear from Table 5 that FC1 and FC2 at different loads
are different due to the battery charging/discharging. Besides,
the improvements are large at low loads when it comes to SFC,
among which the highest reduction of specific fuel consumption
is 30.9 g/kWh, or around 13%. Fuel saving potential is low at
the high load due to high fuel economy before the ESS was con-
nected.

From Table 6, it can be seen that the specific fuel consump-
tion decreases and achieves an optimum when fewer engines are
running. When the engines are running at low load, it is very
beneficial to integrate an ESS as spinning reserve, as the load
per genset is increased and thus leading to better fuel efficiency
and less emission. At high loads such as 80% and 90% MCR,
the fuel consumption is slightly higher when gensets operate to-
gether with ESS, where the ESS mode is strategic loading; and
at low loads, it is the opposite.

In configuration 3, more engines can be stopped at condi-
tions where there is low fuel efficiency. It can be observed in
Table 7 that 6 engines stopped at 60% MCR load to achieve the
optimal SFC with the assistance of ESS, which results in a poten-
tial SFC decrease of 5 g/kWh. Besides, by analyzing the engine
number, one can tell that the configuration with low-power en-
gines is very flexible and there exists frequent start and stop of
the gensets. This is an advantage in terms of achieving better
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TABLE 6. COMPARISON OF RESULTS FOR CONFIGURATION
2 WITHOUT AND WITH ESS (INDEX 1 INDICATES THE RE-
SULTS WITHOUT ESS, AND INDEX 2 INDICATES THE RESULTS
WITH ESS.)

Load FC1 FC2 SFC1 SFC2 Number1 Number2

3% 71.8 141.7 199 186.4 1 1

6% 135 202 187 180.4 1 1

10% 214.2 218 180 180 1 1

15% 329 396 182.5 180.6 2 2

20% 442 430 184 180 3 2

30% 658 648 183 180 4 3

40% 876 857 182.5 180 5 4

50% 1101 1093 183.5 180 7 5

60% 1318 1292 183 180 8 6

70% 1522 1512 181 180 8 7

80% 1732 1728 180 180 8 8

90% 1954 1944 181 180 8 8

TABLE 7. COMPARISON OF RESULTS FOR CONFIGURATION
3 WITHOUT AND WITH ESS (INDEX 1 INDICATES THE RE-
SULTS WITHOUT ESS, AND INDEX 2 INDICATES THE RESULTS
WITH ESS.)

Load FC1 FC2 SFC1 SFC2 Number1 Number2

3% 74 57 208 205 2 1

6% 153 152.4 213 205.7 3 3

10% 250 152.4 208 205.7 4 3

15% 381 368 211.7 205.4 7 6

20% 506 489 210 205 8 7

30% 761 734 211 205 13 10

40% 1015 980 211 205 17 13

50% 1260 1228 210 205 22 18

60% 1512 1474 210 205 27 21

70% 1739 1721 207 205 28 25

80% 1987 1965 207 205 29 28

90% 2225 2214 206 205 29 29

fuel economy. However, it requires a better power management
system to govern and control the gensets and avoiding stops and
starts that give insignificant fuel saving.

CONCLUSION
The simulation results shows that by integrating ESS in the

power plant configurations, allowed gensets to run at more opti-
mal specific fuel consumption, especially in configuration 2 and
3 where there are a higher number of gensets available in the

power system than without integrating ESS in the system. The
optimization based on a genetic algorithm to find an optimal op-
erating point for gensets under different power demands for an
offshore construction vessel has been explored for three differ-
ent power system configuration. Single and multi-objective op-
timization with regard to minimizing fuel consumption and NOx
emission has been carried out and the results are compared for
the power plant with and without energy storage systems.
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Appendix A: Single Line Diagram of Configurations
Proposed system configurations are illustrated as single line

diagrams in Figures 10, 11, and 12.
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FIGURE 12. Configuration 3

Appendix B: Engine Specific Fuel Map
Figures 13 and 14 depicts the SFC and SNOx curve of

Perkins 2506C against engine power and speed. Figure 15 shows
the SFC curve of Rolls Royce Bergen B32:40 against cylinder
power and speed.
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FIGURE 13. SFC map of Perkins 2506C.
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