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In this paper, an efficiency and emissions evaluation framework for marine DC hybrid power systems is
developed based on the physics- and data-based models of the power components. The proposed framework
is tested under the operational profile of a real-case semi-submersible drill rig with all-electric propulsion and
a suggetsed DC hybrid power system with batteries. The applied load profile, including propulsion, drilling,
auxiliary, and hotel loads, shows high fluctuations, indicating the need for battery hybridization. In addition
to the operational profile, the impact of the onboard power system configuration, sectionalized and common

bus, on the emissions and efficiency has been studied. The results include the total energy efficiency of the
ship powertrain from fuel to propulsion load and total CO, emissions. For the considered vessel power system
and operational profile, it is observed that the sectionalized bus configuration performs slightly better in terms
of energy efficiency, and consequently fuel consumption and CO, emissions.

1. Introduction

Energy efficiency improvement and emissions reduction have gained
significant attention in the maritime industry recently to comply with
the stringent regulations put forward by the authorities [1,2]. Thanks
to the rapid development of innovative and efficient technologies, the
maritime industry has mostly been able to cope with the rules and
regulations for both emissions and energy efficiency. Therefore, the
maritime industry is complying with already enforced regulations on
nitrogen oxides (NO,) and sulphur oxides (SO, ). However, meeting the
high ambitions in greenhouse gas (GHG) emissions reduction imposed
by the International Maritime Organization (IMO) remains challenging.
It aims to reduce GHG emissions by 50% by 2050 than 2008 and
increase the energy efficiency of the new ship builds by at least 30%
by 2025 than 2014 [3].

Different tools and measures are used to monitor efficiency and
emissions in the ship design and operational phases. The energy effi-
ciency in the new builds is monitored in terms of the energy efficiency
design index (EEDI), which is defined as a mass of CO, emissions per
capacity mile. Additionally, the energy efficiency existing ship index
(EEXI), adapted from EED]I, is proposed for the existing and operational
vessels, which is calculated based on the CO, emissions per cargo
ton and mile [4]. The actual operational CO, emissions of the vessels
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are measured using a carbon intensity indicator (CII). Ship energy
efficiency management plan (SEEMP) and energy efficiency operational
index (EEOI) are the operational measures and monitoring tools for CII,
which are applicable for some vessel types from 2023 [5].

To comply with the regulations, various solutions are being in-
vestigated and experimented such as alternative fuels, power system
advancement, hull optimization, and operational improvements [6].
DC onboard power systems, one of the aforementioned solutions, of-
fer various advantages over conventional AC onboard power systems.
For example, DC power systems enable the variable speed opera-
tion of engines in the low load regions, improving the energy effi-
ciency [7,8]. Moreover, the DC power system increases flexibility, such
as the easier inclusion of energy storage devices such as batteries and
supercapacitors [9].

Hybridizing the power system is another promising solution towards
efficiency improvement and emissions reduction, thanks to electric
propulsion and marine batteries [6,10-12]. However, the planning
and operation of batteries should be designed carefully to enhance
cost-efficiency in ship operation. In this regard, the dynamic system
performance of a marine vessel can be evaluated in terms of energy effi-
ciency, fuel consumption, and emissions. Therefore, it requires reliable
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energy efficiency component models and tools to be used in the system
and control design along with system performance evaluation [13].

The component efficiency models can vary from the simplified
polynomial-based [12] to physics-based analytical models [13]. Fur-
ther, the efficiency of each component and system as a whole depends
on the operating condition, for instance, the output power. Therefore,
it is necessary to consider the loading condition. Implementation of an
actual load profile from the operating vessel into the simulation frame-
work provides the efficiency evaluation in a realistic scenario such that
the results can be reliable. Thus, high-fidelity yet simple physics-based
component efficiency models and realistic load profiles are the key
factors in the system efficiency evaluation process. However, efficiency
and emissions evaluation in a full-scale marine vessel through reliable
mechanistic models and operational profile is not well represented in
the literature for a marine hybrid power system.

This paper aims to establish a load profile-based efficiency and
emissions evaluation tool to evaluate and monitor the efficiency and
emissions in operational conditions. The load profile is classified and
applied to specific load side components. A battery hybrid system is
proposed for a semi-submersible drilling rig as a use case, where one
dedicated battery bank is proposed for each bus. The energy efficiency
and emissions evaluation are carried out for two simulation cases; one
with a common bus and the other with a sectionalized bus. It also
investigates the effect of high-level control systems such as the power
and energy management system (PEMS) on the battery hybrid system.
The rule-based PEMS is used to operate the energy carriers in the hybrid
power system in an optimal manner. This work assesses the whole
powertrain efficiency using reliable and full-scale component energy
efficiency models. For the used vessel power system, operational pro-
file, and the high-level control, it is observed that the sectionalized bus
performs slightly better in terms of energy efficiency, fuel consumption,
and CO, emissions.

The paper is divided into six sections. The studied hybrid power
system and the actual load profile of the power system are discussed
and analyzed in Section 2 along with efficiency evaluation method-
ology. Section 3 presents the component loss models and their uti-
lization in the estimation of system energy efficiency and emissions.
Section 4 presents the results and discussions on the simulation-based
case studies. Finally, the work is concluded in Section 5.

2. Proposed hybrid power system configuration

This work selected the semi-submersible drilling rig as the case
study vessel. Such a vessel needs station-keeping capability, espe-
cially during the drilling operations. Station keeping in such vessels is
performed using a dynamic positioning system along with the diesel-
electric power generation and distribution system [14]. The radial or
ring is the usual main bus topology in the sem-submersible rigs [14].
Further, a battery hybrid power system with a radial-main bus in a DC
system is proposed for the studied vessel, as depicted in Fig. 1.

The vessel power system is divided into three main buses by the bus-
tie breakers. The power in each main bus is supplied by two main diesel
generators, with the nominal main bus voltage of 1 kV DC. In addition,
each bus supplies power to two thrusters and the auxiliary machinery,
including drilling and hotel loads. A Li-ion battery bank is incorporated
into each as an energy storage device. The primary parameters for
the components in each main bus are presented in Table 1, where a
total number of each component used in the studied power system is
indicated under the Number column.

The semi-submersible drilling rig load is mainly due to the drilling
activity and the dynamic positioning. In general, the operational modes
in such vessels can be identified as transit, drilling, and back ream-
ing [15]. The dynamic positioning system remains active in all these
operating modes. Based on the requirement of position keeping and
environmental conditions, the propulsion loads may vary. Therefore,
the actual load profile from the operating vessel, as shown in Fig. 2,
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Fig. 1. Power system overview of the studied offshore vessel.

Table 1
Rated parameters and number of components used.
Components Parameters Number
Diesel engine 6.1 MW 9
Generator 5.6 MW, 690 V 6
Generator rectifier 5.88 MW 6
Battery 3.36 kAh, 1 kV 3
Battery DC-DC Conv. 3.8 MW 3
Main bus 1 kv DC 1
Thruster inverter 4.2 MW 6
Thruster motor 4.0 MW 6
Auxiliary inverter 7.14 MW 3
Auxiliary load 6.8 MW 3

is used in this study. As implemented load profile represents all three
operating modes of a semi-submersible rig, the results and conclusion
drawn from this study can be generalized for this specific vessel type.

Based on the main objective of the work, the methodology is devel-
oped to improve the performance of the marine hybrid power system
with the actual load profiles and physics-based efficiency models, as
shown in Fig. 3. The single bus and the interlinked components are
used to describe the methodology. The physical component symbols
represent their efficiency models. The load profiles measured during the
vessel operation are used as the power of propulsion units and auxiliary
machinery, including drilling and hotel loads.

The input power can be calculated using loss models for the com-
ponents for the known output power. Therefore, the terminal variables
for the blocks are usually the power input and output. The power
system configuration for a drilling rig is established using the developed
component efficiency models. The measurement signals, such as bus
voltage, and load currents from the main bus, are inputs to the high-
level control (PEMS). Based on the power demand and available power,
PEMS decides the operation of the generators and battery by providing
the power references for battery 1, generator 1, and generator 2 as
B1_Pref, G1_Pref, and G2 Pref, respectively. As low-level controls for
the components are not modeled, it is assumed that the energy carriers
always deliver the requested power.

The amount of fuel required to provide the requested power can be
evaluated based on the lower calorific heat value of the fuel and engine
efficiency. Using the burned fuel quantity, ship emissions, specially
CO,, can be calculated. Besides, the system model presents the instanta-
neous (power) and time average (energy) efficiencies. By keeping track
of the efficiency and emissions of a vessel, one can develop better high-
level control algorithms to improve the system’s performance. Further,
different operational strategies such as sectionalized and common buses
can be tested and utilized to reduce fuel consumption and emissions.
Similarly, the developed system model can be used to find a nearly
optimal size of battery that can enhance system performance.
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Fig. 2. The total load profile of a drilling rig used in this study.
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Fig. 3. Efficiency and emissions-based performance improvement methodology.

3. Efficiency modeling
3.1. System efficiency and emissions models

The efficiency of a component (#) is defined as ratio of an output
power (P,,) to input power (P,). When the power loss (P,,) in
the component can be measured or estimated, it can also be used to
calculate the component efficiency.

— Paut — Pin — P[o:: — Pout @
Py, P, Pout + Pross

The actual output and input power in the system are necessary to
calculate the system efficiency. However, in the battery hybrid power
system, the battery works both as the power consumer and generator.
Therefore, battery power is considered input power to the system
when it is in discharging mode and output power from the system
during charging mode. The power-based efficiency (#,(1)) for a hybrid
power system is expressed in (2), where P; ., is the total load power
consisting of propulsion and auxiliary load and Pp,,; is the power due
to the amount of fuel consumed.

Paut(t) _ PLaad (t) + PBart,ch(t)
Pin(t) PFuel(t) + PBatt,disch(t)

The energy efficiency of the system can then be estimated as a ratio of
time integrals of the system input and output power as in (3).
P, (t)dt
Vlg(t) — / out (3)
[P, (ndt
The CO, emissions (Ecp,) can be estimated using the total fuel
consumed (m f) and the carbon content (C) in the used fuel [16] as
in (4). The carbon content in the marine diesel oil usually varies from
0.862 to 0.867 [17].

44
Eco, = 13-C my @

ny(0) = @)

3.2. 12-pulse diode rectifier

A 12-pulse diode rectifier consists of one three-winding phase shift
transformer and two three-phase diode rectifiers, as shown in Fig. 4(a).
The power loss components generated in a power transformer are a
no-load power loss depending on the voltage (P,,;,.s) and copper
loss dependent on the load (P,,). Thus, by extracting the no-load and
copper power loss of a transformer, the transformer power loss may be
calculated by the following expression where P, ,,, is rated transformer
power and P, is the power drawn through the transformer.

Pioad \2
PTr,Ioss = PnoLoad + Pcu( P = ) (5)

rated

Regarding the diode rectifier power loss, diodes are modeled as a
constant voltage source and a resistance. Further, since the frequency
is 50 or 60 Hz turning off power loss is negligible. The following
expression calculates the averaged conduction power loss for a diode
rectifier where Vry, and rp are the forward voltage and resistance of
the diode, respectively.

2
Peoss =Viwolravy + 'rlrpys (6)

I,y and Ipgys are the average and root mean square (RMS) of the
current passing through a diode. For a 120-degree operation of a diode
rectifier, the approximated power loss can be calculated as follows [13].

4 2
Pe toss = §(VFW0 Loy +rply,) %)

1,,, is the averaged output current.
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Fig. 4. Power converters. (a) Diode rectifier. (b) Voltage source converter. (c) Buck-boost converter.

3.3. Two-level voltage source converter

Two-level voltage source converters (VSCs) offer a bidirectional DC-
AC conversion allowing for power and voltage control. In this work, for
interfacing the propulsion motor to the DC bus, three-phase sinusoidal
pulse width modulation (SPWM) inverter with six insulated-gate bipo-
lar transistors (IGBTs) and anti-parallel diodes is considered, as shown
in Fig. 4(b). Power loss associated with this converter is categorized
into a conduction loss and a switching power loss. The conduction loss
of an IGBT can be calculated as the following expression [18].

Werolc + (é + m;(:[se
m, I., o, and § are modulation factor, a peak value of the output
current, the frequency of output signal, and the phase shift of the output
current and fundamental harmonic of output AC voltage. Moreover,
Vceos reg are the equivalent voltage and resistance characteristic of
the IGBT. For diodes, similar to the calculation of conduction loss for
IGBTs, the on-state power dissipation of a diode is calculated by the
following expression [18].

1 mcosf
—+

PC.IDSS,T = (2” ]

)rCEIé ®

1 mcos6

)VFWOID+(§— o Yreld 9)

Based on the switching loss characteristics of IGBTs provided in their
datasheet, turning on and turning off switching losses are linearly
and nonlinearly dependent on the collector current and the blocking
voltage, respectively. In this regard, the approximated expression for
IGBT switching loss is in the following [19].

P _ \/Efsw(Eon"'Eoff)(
S,loss, T — e Iref Vref

1 mcos6
—+

PC,Ioss,D = (27[ )

Iout Vcc 13

(10)

E,, and E,, are turning on, turning off energy loss with respect to a
reference voltage and current, V,,, and I/, in the datasheet. Further,
V,. is the blocking voltage over an IGBT. For diodes, only the turning
off power loss, E,,, caused by the reverse recovery current, is taken into
account [19].

% Tour 0.6 Vee (06

(7--) an

P on =
S.loss,D e Iref Vref

3.4. Bidirectional DC-DC converter

In this paper, a buck/boost converter, as shown in Fig. 4(c), is used
for the battery energy storage systems. It acts as a buck when the
battery is charging and as a boost when discharging. The power loss
components are a conduction loss and a switching loss. The averaged
conduction loss is calculated by the linear approximation of output
characteristics of the IGBT and the diode [20], as shown below in (12)
—(14).

Petossm = DWepolpp + rCEIib) 12)

Pe jossp = (1 = DYViyolpy +rpl7,) 13)
PRioss.is =117, 14)

ri, and I;, are the measured resistance and the current of the boost
inductor, respectively. D is the converter’s duty cycle, which is the ratio
of the battery voltage over DC bus voltage. The switching loss of the
transistor and the diode [19] are calculated, as presented in (10) and
(11), respectively.

3.5. Li-ion battery

The internal power loss of Li-ion batteries generated in the charging,
standby, and discharging stages results in the difference between the
energy required for charging a battery from x% SoC to y% SoC and
the energy released of discharging it from y% SoC to x% SoC (note
that y > x). Since the efficiency of a Li-ion battery is dependent on its
current, temperature, and SoC, the constant-valued energy efficiency
for the battery is not an accurate modeling approach. In this work, the
model proposed in [21] for calculation of internal power loss of Li-ion
battery energy storage systems based on the voltage drop model [22] is
used. In addition, the impact of temperature on power loss is neglected
based on the assumption of a perfectly controlled temperature during
the operation. The internal power loss generated during the discharging
and charging process for Li-ion batteries is shown in the following.

q k D\2 1-SoC\ ,p
PP == — (P kS(————)P 15
B.loss vS (r+ SOC)( ) + ( SoC ) ( )
q k co 1-S0C\ ¢
PS, == — (P kS(———)P 16
sioss = 55 " F Tos00) P + kS (Tg6) a6

g, v, and r are the maximum ampere-hours, nominal voltage, and
internal resistance of a battery cell. Further, S, PP, and PC are the
energy capacity, discharging, and charging DC power of the battery
system. Finally, the parameter k is calculated according to the 1C
discharge characteristic V-Ah curve of the battery cell as it is described
in [21].

3.6. Diesel engine

The specific fuel oil consumption (SFOC) data for implemented
variable speed diesel engine W10V31, obtained from Wartsila engine-
configurator [23], is used to develop the SFOC and efficiency curve as
shown in Fig. 5.

The SFOC curve is represented by a second-order polynomial equa-
tion as in (17). At 87% load power, SFOC is minimum, and 7 is
maximum for the considered engine. The SFOC curve can be used to
calculate the required fuel flow rate (ni,, kg/s) to produce engine
output power (P,, W) as in (18). The total fuel consumption (m > kg)
can then be estimated by integrating the fuel flow rate over the time as
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Fig. 5. Typical SFOC and efficiency curves for a diesel engine.

in (19). Further, efficiency of the engine can be evaluated using SFOC
and lower calorific heat value h, as in (20).

SFOC = 0.0051x% — 0.8787x + 207.0270 17

wi, = SFOC - P, as)

ny= [ y-ar (19)
1

n= SFOC -k, (20)

4. Results and discussions

The developed models are used for the efficiency and emissions
analysis. At the component level, the power converters are assumed
to be constructed by identical power electronics switches such as IGBT
modules FF1500R17IP5P [24] and diodes VS-SD3000C [25]. For the
system-level analysis, two separate case studies are developed based on
two diffreent load scenarios such as a fixed power load and a real-case
load profile.

4.1. Efficiency analysis for fixed-power loads

In the fisrt case, the power output of the thrusters and auxiliary
loads are kept constant at 25 MW, 20 MW, 15 MW and 5 MW,
respectively to investigate the effect of load-sharing on efficiency.
The load power is shared by the battery (Pg,) and generator (Pg,,)
using a discrete load factor (a) as shown in (21) and (22), where i is
the number of batteries (ie[l,2,3]) and j is the number of generators
(je[l,2,3,4,5,6]), n and m are total number of operational batteries and
generators, respectively.

P

Py = =2 @1
P

Pgen; =(1—a)- TT” (22)

When « is 0, the total power demand is supplied only by the generator,
whereas it is supplied only by the battery when « is 1. Based on the
value of a (@e[0,0.1,0.2,...,0.9,1.0]), the load is shared between the
batteries and the generators. The obtained energy efficiency for the
fixed loads is presented in Fig. 6, which shows that the higher the usage
of the battery, the higher the efficiency. Moreover, for the lower fixed
load, the fuel consumption in the diesel generator increases, as shown
by the SFOC curve in Fig. 5. Therefore, efficiency in the lower load
condition is less compared to the higher load condition.

4.2. Efficiency analysis for real-case load profile and rule-based load-
sharing

In the second case, the simulation is extended to a rael vessel profile
and the operating time of almost 120 h for the complete power system

Electric Power Systems Research 212 (2022) 108530
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Fig. 6. The energy efficiency variation against time for the fixed load and variable
load sharing.

as shown in Fig. 1. Here, again the case study is divided into two power
system configuration scenarios which are common in marine operation,
namely "common bus" and "sectionalized buses". These scenarios are
formed based on the status of the bus-tie breakers that are located
between the DC bus sections (see Fig. 1) such as closed bus-tie and
open bus-tie, respectively. Here, they are referred to as scenario-1 and
scenario-2. It also requires two different high-level control algorithms
in the PEMS, as the way of operation of energy carriers varies from
common bus to sectionalized buses.

In scenario-1, both bus-tie breakers are closed, shaping a common
busbar for the whole vessel power system. The PEMS decides the
number of operating engines based on the total load in the system. In
this case, the batteries are designed to operate equally, meaning that all
three batteries discharge or charge equally. In scenario-2, both bus-tie
breakers are opened, resulting in three main individual buses. Each bus
is then operating in an isolated mode. The load in each bus is supplied
by the battery and generators connected in that bus. The results are
given and compared for the two scenarios in the following figures.

The instantaneous efficiency due to the variation in the load profile
and the power supplied by the diesel generators and the batteries is
shown in Fig. 7(a). Further, the total energy efficiency variation during
the simulation period for the common and sectionalized buses is shown
in Fig. 7(b). Similarly, the total fuel consumption and corresponding
CO, emissions using the battery as energy storage is presented in
Fig. 7(c).

The average energy efficiency obtained during this operation is
46.7% and 48.8% for the common and sectionalized buses, respec-
tively. However, the fuel consumptions and CO, emissions for both
cases are similar. It indicates that the battery in the sectionalized bus
supplies more energy compared to the one in the common bus. It is
also shown by the final battery SoCs, which are 62.1% and 46.2%,
respectively, for the common and sectionalized buses. The mentioned
SoCs are the average of all batteries. Further, all the batteries were
initialized at 60% SoC.

Further, the operational conditions are investigated based on the
total running time and energy supplied to the bus, as shown in Fig. 8.
The running time is expressed in the percentage of total simulation
time, where energy carries supplied power to the bus. Therefore, for
the batteries, the operational time when they are in discharging mode
is only considered. Fig. 8(a) shows that the running time among the
generators is uneven, where generator 1 is mainly operating, generator
2 is operating for almost 50% of the time, whereas generator 3 is briefly
operating in the common bus. In contrast, generators are more evenly
operational in the sectionalized buses. Therefore, it shows that the com-
mon bus has the potential to reduce the active number of generators
connected to the bus. Furthermore, the batteries in the common bus
are discharging for a longer duration than in the sectionalized buses.

Fig. 8(b) shows that generator 1 is the primary energy supplier in
the common bus, whereas all three active generators supply evenly
in the sectionalized bus. Further, batteries in the common bus supply
less energy than the sectionalized buses. It is the main reason why the
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energy efficiency during the operation with the sectionalized buses was
higher than the common bus.

Although the batteries are operational for a longer duration in
the common bus, they are not supplying as much energy as in the
sectionalized bus. Therefore, to analyze the case, the load distribution
among the energy carriers is performed and presented in Fig. 9. It shows
that the batteries loading in the common bus are within 0 to 2 MW,
whereas 0 to 3.5 MW in the sectionalized buses. It is due to the load-
sharing strategies implemented in the PEMS, as the main principle in
both cases is to operate a minimum number of diesel generators at the
fuel-optimal region.

5. Conclusion

In this paper, an efficiency model has been developed for the marine
hybrid power systems based on the physics- and data-based component
models. The component models are integrated into a unified system
model that can be applied to study the fuel efficiency of marine vessels.
A semi-submersible drilling rig with all-electric propulsion and hybrid
DC power system is used for the case studies. The simulation of the
system model enabled the evaluation of the total fuel consumption,
thereby CO, emissions from the vessel while supplying the vessel load
demand. The energy efficiency and emissions are estimated in the
sectionalized and common bus configurations on the studied vessel.
Further, the total energy supplied by the generators and batteries along
with their operational time and load distribution, are investigated.
The results show that the energy efficiency in the sectionalized bus is
slightly higher than the common bus for the studied vessel, which can
be due to the load profile and the implemented load-sharing strategies
in the PEMS. In addition, the sectionalized bus offers redundancy to the
power system in case of worst-case failures. The proposed framework
can further be used to evaluate and perform sensitivity analysis of the
high-level control algorithms such as PEMS. This enables to design
the future ship power and propulsion systems to comply with the
environmental regulations.
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