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Electrified Vehicles (EVs), including Hybrid Electric Vehicles (HEVs) and Pure Electric
Vehicles (PEVs), can provide substantial improvements in energy efficiency, emission
reduction, and lifecycle cost over conventional vehicles solely powered by Internal
Combustion Engines (ICE). Progress on electrification of marine vessels has been made,
but the pace has been impacted by factors such as the different operational load profile of
vessels, relatively small production levels and longer or varied lifetimes. In this
dissertation, hybrid electric and pure electric propulsion system designs for fishing boats
and passenger ferries are studied based on in-field acquired operational data. A new
integrated marine propulsion system modeling and simulation method and a dedicated
mobile data acquisition system have been introduced to analyze the energy efficiency,
emission reduction, and lifecycle costs of new or retrofitted fishing boats and passenger
ferries with hybrid electric and pure electric powertrains. Following the automotive
industry Model Based Design (MBD) approach, modeling and simulation of electrified
vessels using the acquired operation profile have been carried out using backward and
forward-facing methods. Series hybrid electric and pure electric powertrain system designs
with powertrain component models and rule-based system control, including a properly
sized electric Energy Storage System (ESS) with a Supercapacitor (SC) or battery, have
been studied. The total CO> equivalent (CO2¢) or Greenhouse Gas (GHG) emissions and
lifecycle costs of various new, electrified vessel propulsion system designs have been

evaluated. Clean propulsion system solutions for fishing boats and passenger ferries with



1\
detailed powertrain system and control system designs are given which provide a

foundation for further research and development.

This dissertation also addresses the environmental impact of Natural Gas (NG) as a
transportation fuel, particularly for marine transportation use. A systematic evaluation of
GHG emissions is provided for the upstream fuel supply chain of natural gas fuel in British
Columbia (BC), Canada. The Liquefied Natural Gas (LNG) lifecycle GHG emissions
produced in both the upstream supply chain and the downstream vessel propulsion are
estimated quantitatively using manufacturer data and propulsion system models of marine
vessels. Extensive data have been collected from oil and gas companies that have active
operations in BC to determine the upstream supply chain GHG emissions of the NG fuel
under three scenarios. The energy efficiency and emissions of natural gas engines are
compared with traditional diesel fuel marine engines and generators. The results obtained
indicate that LNG fuel can lower CO2 by 10% to 28% with reduced local air pollutants
such as sulfur oxides and particulates, compared to conventional diesel fuel. However,
engine methane slip during combustion should be monitored as it can have a significant
impact on the GHG emissions and so offset the environmental benefits of LNG.
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1 Introduction

Maritime transport has a long history in human civilization. It has enabled humans to
discover new territories and expand trade to other continents using vessels. Vessels have
changed dramatically during the last 300 years from wind-powered sailing vessels to
steamships to diesel engine powered vessels and recently to fully electric vessels. The main
drivers of this transition in vessels are lower operational costs, increased reliability, safety,
and faster transportation.

Maritime transport accounts for about 80% of world global trade by volume and 70% of
global trade by value [1][2]. The shipping industry is continuously seeking new ways to
increase its overall efficiency. A promising approach is introducing Integrated Power
Systems (IPSs) and electric propulsion systems in commercial ships to replace
conventional mechanical propulsion. The potential reduction in GHG emissions due to IPS
architectures will help marine industry meet the strict and ever evolving environmental
regulations enforced by regional and national governments as well as the International
Maritime Organization (IMO) [3].

Despite the environmental friendliness of maritime transportation, ship emissions
contribute 2.2% of global CO> emission [4][5] and also 15% of global NOx and 13% of
global SO2 emissions [6]. To address these issues, IMO Tier I, 11 and 111 regulations have
been introduced to limit the allowable NOx, SOx and Particulate Matter (PM). The NOx
emission regulation of MARPOL Annex VI apply to all engines installed on vessels with
more than 130 kW power. The NOx emissions depend on engine maximum operating
speed. The NOy regulation limits are presented in Table 1 where Tier | and Tier Il are
global limits and Tier I11 applies only to Emission Control Areas (ECA).

Table 1: MARPOL Annex VI NOx emission limits

Ship NO, Limit, g/kWh
Tier C((’jr;ter;?tte'?” n <130 130<n<2000 | n>2000
Tier | Jan 1, 2000 17.0 45002 9.8
Tier 1l Jan 1, 2011 144 440023 77
Tier 1 Jan 1, 2016 3.4 9n—02 2.0

n is engine speed.
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The Annex VI regulation also include a limit on the sulfur content of fuel which indirectly

controls PM emissions. The sulfur limits and enforcement dates are presented in Table 3.
The current sulfur limit is about 3.5% and 0.1% for global and ECA respectively. The new
emission standards announced in 2018 by IMO will be enforced in 2020 and set a limit of
0.5% for global shipping which can be a challenging problem for the marine industry.
These new emission standards have prompted new research focused on the reduction of
SOx and NOx emissions. Moreover, many marine manufacturers are focused on the
implementation of new technologies such as Exhaust Gas Recirculation (EGR) and
Selective Catalytic Reduction (SCR) [7][8][9] to reduce emissions. To address the
environmental restrictions, IPS architectures and different fuel pathways are examined in

this dissertation.
Table 2: MARPOL Annex VI fuel sulfur limits

SOx Limit in Fuel (% m/m)
Date
ECA Global

st 0,
July 1 : 2000 1.5% 5%
July 1%, 2010

- 1.0%
Jan 1%, 2012 359
Jan 1%, 2015 0.19¢ 70
Jan 1%, 2020 70 0.5%

Electric propulsion for vessels is not a new concept and has been applied for more than 100
years in ship design (albeit in few vessels). The river tanker Vandal is an example of an
electrically propelled ship. It was the first vessel to be powered by a diesel generator,
whereas up to that point most vessels were powered by steam turbine generators [10]. In
the 1980s, a revolution in solid-state and semiconductor switching devices occurred which
made speed control of large electric motors possible and as a result, electric propulsion
became more feasible for ship designers. Initially, speed control of DC motors was
introduced and later replaced by precise control of AC motors using sophisticated control
mechanisms such as vector control. Synchronous and asynchronous motors are the most
common choices for propulsion and have dominated propulsion and thruster applications
for a long time. In general, asynchronous motors are used for applications below 5 MW
and synchronous motors are used for higher power applications along with VVoltage Source

Inverters (VSIs).
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An electric propulsion system provides high dynamic maneuverability for vessels. This is

particularly important for vessels such as icebreakers [11]. Because of the low-speed, high-
torque characteristics and fast response, maneuverability can dramatically increase due to
the capability of electric motors to respond rapidly to abrupt changes in power demand.
Figure 1 illustrates the recent trend in the number of electric propulsion vessels worldwide.

1,800
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1,400
1,200

1,000

Ma. Vessels

800
600
400

200

1978
1987
1986
1990
1998
0

1970
1974
1994
L
2006
2010

Figure 1: Development of the electric propulsion fleet [10]

The power for electric propulsion is usually provided by diesel generators on board the
vessels. Diesel electric propulsion systems are used in many vessels due to advances in
electric powertrain component technologies. The advantage of this system is the
mechanical link decoupling of the diesel engine and propeller. This allows the diesel engine
to operate at an efficient speed and torque range for both high and low speed propulsion
torque, and allows more flexible engine space arrangements in vessels.

A high efficiency can only be obtained if an electric ESS is added as an energy reservoir.
A hybrid electric system is particularly suitable for vessels with a dynamic load profile
when the engine has to work at different speeds. Depending on the vessel load profile, a
hybrid electric system can reduce the overall fuel consumption. The drawback of this
configuration is the unavoidable energy conversion loss from mechanical to electrical and
then from electrical to mechanical. It has been estimated that the losses are about 5% to
10% [12] of the total generated power. The approximate energy conversion losses for a

diesel electric AC power system are shown in Figure 2.



Total engine
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Figure 2: Approximate powertrain loss with an AC bus

The electrification of ship power has resulted in the concept of pure electric vessels. In a
pure electric system, all ship loads, i.e. propulsion, steering, navigation and hotel loads are
satisfied with electric power. All energy required for the vessel is provided by the ESS such
as a battery system or supercapacitor. The advantage of a pure electric vessel is high
efficiency at all speeds and power. Mechanical propulsion systems with diesel engines are
designed to operate at a rated power and rated speed which makes them inefficient in off-
design conditions. A pure electric propulsion system powered by an onboard ESS has lower
acoustic noise compared to traditional mechanical propulsion systems which make them
more environmentally friendly.

The power plants in electric vessels are similar to commercial land based power plants. It
consists of fixed or variable AC or DC generators. For AC fixed frequency power
generation the generators rotate at a constant speed and a 50 or 60 Hz voltage is created. In
variable AC generation, an AC-DC-AC converter is employed to create a constant output
voltage. In a variable DC power plant, a rectifier transfers the AC voltage to a constant DC
voltage using a voltage regulator. In all cases, the combination of power plant and electric
propulsion in vessels must satisfy many performance criteria such as fuel consumption,
maneuverability, redundancy, GHG emissions, acoustic noise, and capital and maintenance

costs.



1.1 Research Problem

Diesel engine propulsion has been a standard architecture for vessels over the last 50 years.
However, new emission regulations by the IMO and other organizations have forced
maritime industries to shift from purely mechanical or diesel electrical architectures to
newer powertrain architectures with higher efficiencies. The maritime industry is now
exploring opportunities such as the hybridization of mechanical and electric propulsion
systems, pure electric system, and NG fuel along with powertrain hybridization to achieve

lower GHG emissions.

With the addition of a Battery ESS (BESS), present diesel electric powertrain systems can
easily be converted to hybrid electric propulsion systems using a series powertrain
architecture similar to a series hybrid electric vehicles, as shown in Figure 3.

Mechanical Power

it

Electrical Power

G
S|
\

Generator

a

m
Engine Drive:
Generator

Propulsion or
Regeneration

|

Electric Motor

Battery ESS

Battery Buffers
Power Demand

Figure 3: Series hybrid electric powertrain for a vehicle or ship

Conversion with an added energy reservoir makes the design and control of a hybrid
electric propulsion system more challenging due to the added flexibility and possible
variations in powertrain layout and component sizes. Moreover, advanced series or parallel
hybrid electric propulsion systems will add other challenges. To address these issues, the
model based design and optimization developed by the automotive industry is used. This
dissertation is focused on the integrated modeling of hybrid electric marine propulsion

systems and their environmental impacts.
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At present, most vessels use an AC power distribution system to support electric

propulsion. AC distribution remains popular mainly due to the proven AC technology and
the availability of various AC electric drives and power electronics components. In recent
years, DC distribution has received significant attention from ship manufacturers and the
research community. DC distribution in vessels offers many advantages compared to AC
distribution systems. DC systems have lower overall losses and fewer synchronization and
harmonic distortion problems. A DC electric power distribution system also utilizes proven
AC generators and motors and opens new opportunities for improved performance and fuel
savings due to the fact that the diesel engine is no longer locked at s specific speed (for
example 60 Hz), and variable speed generation is possible. This new freedom of controlling
the diesel generator speed independent of other sources of power opens up numerous ways
of optimizing engine operation and reducing fuel consumption. One focus of this
dissertation is to explore and investigate different approaches for minimizing vessel fuel
consumption using a DC distribution power system.

For the design of electric and hybrid electric marine propulsion systems, it is essential to
have the speed and load profiles for the vessel, as well as accurate power and energy models
to account for the ship drag and propeller thrust under different operating conditions.
Unlike most passenger vehicles, there are no standardized drive cycle and vessel dynamic
power loss models that can be applied. In addition, the marine drive cycle can vary
significantly between vessels due to their applications. In this dissertation, actual ship
power load profiles representing different classes of vessels are used as inputs to the model.
At present no model exists that represents the interactions between all propulsion
components with sufficient detail. This dissertation presents hybrid electric and pure
electric powertrain models for marine vessels with sufficient details to evaluate their

energy efficiencies, lifecycle cost, and environmental impact.



1.2 Background
1.2.1 Present Marine Propulsion Systems

The shipping industry is under pressure to reduce fuel consumption and the environmental
impact of vessels. While this pressure has increased recently, the applicability of ships has
also increased rapidly and ships have been designed for different roles such as cargo ships
(for transportation of cargo), tankers (for transportation of liquids), passenger ships (ferries
and cruise ships) and container ships, which carry most of the manufactured goods and
products worldwide. Because of the diverse operating profiles, different propulsion and
power architectures are employed. The architectures need to have high performance in

areas such as

J Fuel consumption

. Emissions

. Noise

. Propulsion availability

. Maneuverability

o Comfort due to noise, vibrations, and smell
o Maintenance cost

o Purchase cost

The three popular architectures in maritime industries are mechanical, diesel electric and
battery electric. The mechanical powertrain architecture is illustrated in Figure 4. This is
an example of a conventional propulsion system consisting of diesel engine prime
mover(s), reduction gears, medium length shafts, and propeller(s). The number of prime
movers depends on the application of the vessel. A prime mover rotates the shaft with
medium speed and transfers torque through the shaft via reduction gears in order to drive
the propeller. The propeller converts torque to thrust at rotational speeds of about a few
hundred RPM. The separate diesel generator is designed to operate at a constant speed and
supplies electrical power at 60 Hz to the remaining ship loads.
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Figure 4: Mechanical propulsion architecture

Another type of propulsion architecture is the diesel electric. A diesel electric architecture
is very similar to a series hybrid architecture but it has no energy storage system. Thus, it
IS not as efficient as a series hybrid architecture. A parallel diesel electric architecture is
shown in Figure 5. In this architecture, diesel generator(s) produce three phase AC power
which is transferred to the electric motor(s). The electric motor(s) are in parallel with the

diesel engine in a parallel architecture.
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A battery electric (pure electric) architecture is widely used in submarines and has become

popular for smaller marine vessels in recent years. This design offers significant advantages
over other architectures such as higher energy efficiency, lower noise levels, and greater
reliability. However, factors such as limited range, high capital cost of the batteries, bulky
and expensive charging stations, and the cost of expanding the existing electrical grid have
prevented this design from growing quickly. Despite this, the first battery electric car ferry,
Norled AS MF Ampere, entered service in the Sognefjord, Norway, in 2015 [13]. It has
been estimated that the Ampere annually offsets one million litres of diesel as well as the
emission of 570 tonnes of carbon dioxide and 15 tonnes of nitrogen oxide when compared
to conventional ferries in service on the same route [14]. This is without considering the

well-to-pump fuel cost and GHG emissions.

In the battery electric architecture, the battery ESS is the only source of energy and it
services all ship loads (although a backup diesel generator is usually installed in order to
satisfy redundancy requirements). This makes the battery electric architecture similar to
the architecture of the PEVs. A typical battery electric architecture is illustrated in Figure
6. The BESS is coupled to a bidirectional DC/DC converter in order to charge the battery
and step up the voltage. Similar to the series hybrid architecture, the distribution system
can be either AC or DC. In the case of a DC distribution grid, electric power is transferred
to a DC/AC converter in order to provide the required power for large consumers like
propulsion loads. Smaller loads are connected to the grid by means of individual islanding
converters. The current trend in the shipping industry is moving towards DC distribution
systems because of the flexibility it offers in introducing energy storage, fuel cells, and

solar technologies [11].
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Figure 6: Battery electric architecture with DC bus

Currently, hybrid diesel electric architecture is the most promising architecture and it is the
focus of this work. In this architecture, multiple prime movers coupled with gensets are
electrically connected to a common busbar to share the power between the propulsion
system and service loads. Prime movers are often diesel engines fed by diesel and heavy
fuel oil or occasionally gas (LNG tanker) [10]. Other types of prime movers such as gas
turbines, steam turbines or combined cycle turbines are also used for high power, high
speed vessels. The hybrid electric architecture provides several advantages for vessels like
supplying the ship loads with fewer prime movers. This enhances the fuel efficiency
noticeably over low and medium speed ranges compared to conventional mechanical
power systems. This architecture also reduces the capital investment and improves
reliability due to the redundant structure.

The majority of generators installed in vessels are AC synchronous machines. These
machines are preferred over other generators mainly due to the excellent power control
(active and reactive power) and maturity of the technology. Modern synchronous
generators have brushless excitation that reduces maintenance and downtime. The output
generator voltage variation must always be kept at an acceptable level. An automatic
Voltage Regulator (AVR) controls the voltage and reactive power sharing. Protection

relays and circuit breakers are installed on the switchboards to make ensure electrical faults
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are detected and isolated from other zones. The design always includes different electrical

zones with associated switchboards to improve reliability and redundancy in the system.
In higher power application (usually greater than 5 MW), in order to reduce mechanical
and thermal stress on switchgears and busbars, the voltage level is increased to a medium
level. This results in lower stress and short circuit currents. The most common voltage
levels selected for the main distribution system [15] are 11 kV, 6.6 kV and 690 V. These
voltages are associated with total generator capacities of above 20 MW, 4-20 MW and
below 4 MW, respectively. In the US with ANSI standard, several additional voltage levels
are recognized such as 120 V, 208 V, 690 V, 2.4 kV, 3.3 kV, and 13.8 kV. The voltage
drop and future load prediction are important factors that must be taken into account when
selecting the main distribution voltage.

In recent years, there has been a strong interest in moving to DC distribution systems. DC
distribution has size and cost advantages that make it an attractive option for designers. In
DC distribution bulky transformers and large diameter wires are removed or replaced with
smaller ones. DC distribution enables the use of compact and lightweight high speed
permanent magnet generators and also make it easier to integrate new renewable sources
like fuel cells and solar panels. A significant advantage of DC distribution is the fact that
it allows generators to operate at different speeds where engines are at optimum fuel

consumption. By doing this, fuel consumption can be improved dramatically at low speeds.

1.2.2 Electrified Power and Propulsion Systems

The propulsion architectures of maritime vessels are very similar to terrestrial vehicles.
Thus, it is necessary to understand vehicular propulsion systems and the advantages and
disadvantages of each architecture. The technology of propulsion system in vehicles can

be classified into four different groups as given below

1.2.2.1 Internal Combustion Engine (ICE) Vehicles

Almost all conventional vehicles use ICE for propulsion. There are two types of ICE that
transform thermal energy into mechanical energy [16]. The first type is called the Otto
cycle and the second is the diesel cycle. The Otto cycle has spark-ignited combustion that
is powered by natural gas or gasoline. The diesel cycle has compression-ignited

combustion that is powered by diesel fuel. These two cycles have been improving in
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parallel, but diesel cycles have better efficiency due to its thermodynamic cycle. The

average efficiency of an ICE in practice is about 25% for the Otto cycle and 30% for the

diesel cycle considering the optimal operating point.

1.2.2.2 Battery Electric Vehicles (BEVS)

A battery electric vehicle is a pure electric car in which the battery is the only source of
energy. The battery provides all propulsion and auxiliary power and can be recharged at a
fast charging station or using a charger at home. There are different power system layouts
for BEVs and each layout has its own advantages and disadvantages as explained in [16]—
[18]. In recent years, multi-machine traction systems have been very popular due to their

various operating modes and power optimization.

1.2.2.3 Hydrogen Fuel Cell Vehicles (FCVs)

In this system fuel cell generates electricity and stores it in an energy storage system such
as batteries or ultra-capacitors. The most common fuel-cells technology is Polymer
Electrolyte Membrane (PEM) which uses stored hydrogen as a fuel and oxygen from the
air to produce electricity. Currently, the FCV and BEV are the only potential Zero
Emissions Vehicle (ZEV) replacements for the ICE.

1.2.2.4 Hybrid Electric Vehicles (HEVS)

The concept of an HEV uses the idea of optimizing the fuel consumption of internal
combustion engine at different loads and speeds by using an electric machine whenever
possible. Thus the main objective of hybridization is to keep the ICE operation close to the
maximum efficiency point for the longest time possible [19]. Depending on the level of
hybridization and electric machine, there are five types of propulsion systems for vehicles:
1) micro hybrid, 2) mild hybrid 3) fuel hybrid, 4) Plug-in Hybrid Electric Vehicle (PHEV)
and 5) Extender Range Electric Vehicle (EREV). Table 3 shows the characteristic of each

hybridization level. An explanation of these propulsion systems is presented in [19].

Table 3: Characteristics of hybridization levels [19]
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Start/Stop Pc_)wer Regener_ative Pure_
Type system assistant break_lr_lg electric Charger
capability capability mode
Micro hybrid 4 x x x x
Mild hybrid v x v x x
Fuel hybrid v v v v x
PHEV v v v v v
EREV v v v v v

There are only some HEV drivetrain architectures that are applicable to marine vessels.

The propulsion architectures in marine vessels can be split into two main categories, series,

and parallel-series hybrid or (power-split) powertrain architectures.

1.2.2.5 Series Hybrid Electric Powertrain Architecture

In a series hybrid architecture, diesel generators or gas turbines generate electricity and

provide power for electric motors connected to the propellers. This arrangement eliminates

the need for long shafts, clutches, and gearboxes and offers more flexibility for components

locations. However, this architecture has disadvantages such as higher energy loss due to

energy conversion and a high power rate electric motor. A critical component of this

architecture is the ESS which stores the excess energy and releases it whenever needed so

the diesel generator can operate at optimum efficiency. This architecture is shown in Figure

7.
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1.2.2.6 Parallel-series Hybrid Electric Powertrain Architecture

This architecture combines the features of both series and parallel system, but compared to
series it has an additional mechanical link and compared to a hybrid system, the diesel
engine can decouple from the propeller. The advantages of this architecture are: 1) both the
ICE and electric machine are directly connected to the propeller so less energy conversion
is needed so lower losses occur and a lower power rating electric motor is required. The
disadvantages of this architecture are the control complexity.

Figure 8 shows the parallel hybrid architecture. In this example, two diesel generators are
connected to a busbar with a constant voltage and frequency and a three phase synchronous
or asynchronous machine is mounted on a diesel shaft using reduction gears. The electric
machine can operate either as a motor or generator and an AC/AC converter provides a
connection between the busbar and electric machine. When the required propulsion power
is more than the diesel engine was designed for, the synchronous machine works as a motor
and provides the extra propulsion power (boost mode). On the other hand, when the diesel
engine is working in a lower power range which corresponds to higher Specific Fuel
Consumption (SFC), the diesel engine is shut off (pure electric) and the electric motor
provides the power. When the demand power is more than the what motor can provide and
less than the diesel efficiency point, the electric machine works as a generator and helps
the engine to work at its optimum point and excess power is stored in the ESS system
(mixed mode). This capability to adjust engine power to match the vessels power demand

can significantly reduce fuel consumption and GHG emissions.
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Figure 8: A parallel-series hybrid electric drivetrain

Pure electric vessels are very similar to large terrestrial electric vehicles but with a higher
power rating due to the higher power demand. The closest terrestrial applications are buses,
trucks, mining trucks and locomotives. The traditional distribution system in these vehicles
is a well-proven AC power system. The new emerging solution is DC distribution where
AC generators and motors allow for higher efficiency since the generator is no longer
locked to a specific frequency. This new freedom of controlling the generator speed opens
up numerous ways of optimizing fuel consumption.

Mining trucks are high power terrestrial vehicles that have adopted DC distribution. Mining
trucks must work in harsh conditions while providing maximum load. A diesel electric
mining truck with a DC distribution system is a new concept, which outperforms
mechanical trucks, especially on steep grades. DC distribution makes mining trucks more
compact, lighter and easier to repair and maintain, which is a great advantage in remote
locations where uptime is critical and work must be done on site. In a mining truck

powertrain, a diesel generator acts as a power plant, producing AC power by means of a
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traction alternator. A diode rectifier converts the AC power into DC. The DC electrical

power passes through the capacitors to two inverters which produce the AC power for the
induction motors. The voltage and frequency of the inverters are controlled to provide
precise motor torque and speed. Regenerative braking can effectively control the hauler so
it reaches 0.5 mph (0.8 km/h) without using hydraulic brakes. AC motor and drive
technology is a very efficient way of powering large vehicles. AC drives allow smoother
acceleration at low speeds and higher top speeds. AC drives also minimize routine
maintenance with their brushless design. Caterpillar 795F AC is an example of an electric
mining truck with DC bus, which is shown in Figure 9. This truck uses an 85 L, 3400 hp

Cat C175 diesel engine with an AC drive system and Insulated-Gate Bipolar Transistor
(IGBT) inverter technology [19].

1)C175-16 Engine

2) Control Power
Inverter Cabinet

3)Variable Speed
Blower

4} Generator
5)Radial Grid
&) Cooling Air Duct
7) Drive Shaft

8)Wheel Motors

Figure 9: A diesel electric Caterpillar mining truck [19].

1.2.3 Powertrain System Modeling and Model Based Design

Model based design is a method that allows rapid and cost-effective development of a
dynamic system like an electric ship. MBD can address problems associated with control
systems, signal processing, and communication systems in a common framework for
design process while supporting the development cycle. It also allows for the development
of the main supervisory controller, enabling integrated control deployment for advanced
energy management systems. The MBD in Matlab/Simulink also enables further research
on integrated ship power systems using techniques such as Software-in-the-Loop (SIL) and
Hardware-in-the-Loop (HIL).
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The automotive industry has achieved significant levels of integration using embedded

systems for improved performance. The MBD method is a state-of-the-art design technique
commonly employed in the automotive industry. Unfortunately, marine industries have
been slow to adopt the MBD method for propulsion system design. Therefore, the model
developed in Matlab not only provides a platform for further investigation and research on
powertrain models, but also enables the analysis of renewable technology integration and
control system model. The growing implementation of onboard energy storage systems
and renewable energy technologies into IPS requires a higher level of sophistication and
system integration. MBD allows these technologies to be evaluated through simulation,
and systematically implemented at lower risk. The two approaches used to implement

MDB are forward-facing models and backward-facing models.

1.2.3.1 Efficient Electric Power Systems and Drives

Development in electric power system plants can be divided into two parts, the propulsion
drive system, and power generation and distribution.

Variable speed electric motor drives provide new opportunities for the employment of
electric motor in propulsion drive systems. Semiconductor switches are now capable of
handling high voltages and power and they can smoothly control the output torque and
speed of motors. A frequency converter is the most common method for controlling the
speed of an AC motor. Different topologies can be used in the converter to achieve the
required power. The two most common types of converters are voltage source converters
and current source converters. These converters can be used in different systems depending
on the application.

The generation side of the system uses the same technologies as in the 1980s. However, it
has been optimized in design and manufacturing. Recently, a highly efficient distribution
system has been introduced for electric ships by merging the various DC links around the
vessel and distributing power through a single medium voltage DC main circuit. With this
configuration, main AC switchboards, distributed rectifiers, and transformers are
eliminated from the system. Moreover, unlike AC distribution, DC distribution has fewer
problems with harmonic distortion. Elimination of the harmonics from the AC distribution

system usually involves the installation of bulky harmonic filters which in turn introduces
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more loss in the system. DC distribution can eliminate a portion of losses in electric

propulsion, but this reduction is not sufficient to compensate the extra losses introduced by
electric propulsion. Thus besides requiring a highly efficient DC distribution system in
electric ships, the power system architecture and components such as converters,

controllers, electrical machines and batteries must be efficient.

1.3 Research Contribution

Over the past twenty years, significant research efforts have been devoted to the modeling,
simulation, optimization, and advanced control of hybrid electric powertrain systems for
terrestrial vehicles [20]-[22]. However, research in these areas for marine vessels is
lacking, or relatively superficial with imprecise system performance, cost, and emission
models overlooking component interactions and system operation control details.

This dissertation introduces a quantitative, electrified marine propulsion system model
with sufficient detail to capture the energy efficiency, emissions and cost of alternative
powertrain systems and components to facilitate design optimization, and support cost and
emission analysis using the actual operational load profile of a vessel.

Methods are introduced for examining various ship electrification solutions and optimizing
powertrain components to match various vessel operating profiles. The resulting
powertrain system and component models allow accurate evaluation of the power
performance and energy efficiency of traditional and alternative hybrid electric propulsion
solutions, supporting both control and system optimization. The developed model is tested
for a lobster fishing boat and the work in Chapter 3 was published in the Journal of Ocean
Technology [23].

For modeling powertrain systems, an advanced DC/DC converter power loss model and a
generic DC/DC modeling tool have been developed. The model can be used to predict the
behavior of a DC/DC converter in various hybrid electric powertrain system models to
reduce the simulation time without sacrificing accuracy. This work was published in
journal Energies [24].

In this work, considerable effort has been devoted to data collection, detailed modeling,
and analysis for the Well-to-Propeller (WTP) environmental assessment of NG as a

transportation fuel in BC, Canada. Extensive data was collected from active oil and gas
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companies in the upstream supply chain in BC and a comprehensive study using these data

was conducted. This research provides a better understanding of the quantities and sources
of WTP emissions of NG/LNG fuel for marine transportation applications with improved
accuracy and confidence. The results of this study have been submitted to a journal for

publication.

1.4 Dissertation Organization

In Chapter 2, an emission and cost model for various powertrains is developed. The
lifecycle costs of the competing powertrain systems including the investment costs,
operation/energy-consumption costs, and the replacement costs of key powertrain
components are given for ten-year operation life. The emission cost model uses the Global
Warming Potential (GWP) method for emission accounting. A study of the well-to-
propeller environmental impact of natural gas as a transportation fuel in BC is also
presented.

In Chapter 3, an emission and lifecycle cost analysis of hybrid and pure electric propulsion
systems for fishing boats is presented. A new integrated marine propulsion system
modeling and simulation method and software tools, and a dedicated mobile data
acquisition system are introduced to support the quantitative analysis of energy efficiency,
emission reductions, and lifecycle costs of a new or retrofitted fishing boat with hybrid
electric and pure electric powertrains, compared with the traditional ICE powered
benchmark. Following the automotive industry MBD approach, modeling and simulation
of electrified fishing ships using actual operation profiles are conducted. Series hybrid
electric and pure electric powertrain system designs with powertrain component models
and rule-based system control, including a properly sized electric ESS with an SC or
battery, are studied. The total CO2 or GHG emissions and lifecycle costs of various new,
electrified boat propulsion system designs are quantitatively evaluated against
conventional ICE powered boats with both gasoline and diesel engines.

In Chapter 4, series hybrid and battery electric powertrains are developed and investigated
for short-range car deck ferries using the Matlab Simscape™ library. Unlike the fishing
boat modeling, the forward-facing approach is used for this passenger ferry. Due to a lack

of standardized drive cycles for marine vessels, real operational profiles were collected
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from BC Ferries MV Kilitsa ferry and compared with the simulation results. An actual

diesel engine Fuel Consumption Map (FCM) is implemented in the model and efficient
engine and battery sizes are obtained using the optimization algorithm. In Chapter 5, the
main findings of this dissertation are summarized, the results are discussed, and

recommendations for future work are provided.
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2 Lifecycle Cost and Emission Estimation

2.1 Lifecycle Cost Model

The lifecycle costs of competing powertrain systems include the investment cost,
operation/energy-consumption costs, and replacement costs of key powertrain components
over a projected operation life. In this dissertation, a simple cost model is proposed for
different powertrain architectures. The cost model estimates the costs for a given Life
Cycle Period (LCP) associated with all components of various architectures such as
conventional ICE, hybrid electric and pure electric powertrain. Unlike the other cost
models, in this work, we only examined the powertrain cost and not the total cost of
building a new vessel. The cost model is based on the assumption that all examined vessels
are identical in design (tonnage, hull, propeller etc.) but only different in powertrain
architectures. By doing this, many non-necessary cost analyses such as overhaul costs,
crew salary, port charge, certification, depreciation and etc. can be removed from the
model. The cost model only includes the replacement cost of the battery system in the
powertrain over the given LCP of the vessel. A separate battery degradation model is
developed which is explained in the next chapter.

The total cost of the system consists of two components: investment costs and operational
costs. Investment costs are one-time purchase, installation and training costs of a particular
unit in the powertrain system. The operational cost is the cost of day to day running of the
system in LCP. The total cost of hybrid electric and conventional ICE powertrain is

ne ng
TChtybria sreceric = 1 X TTips X Z z FCy; x Fuel Cost X At; + OF (1)
j=1i=1
where n represent the total number of years in LCP, Trips represent the number of crossing
per day, FC represent the fuel consumption, n is the number of generators, n; is the time
in second, At is the simulations time step, and OE represents other expenses listed in Table
4. Similarly, the total cost of battery electric powertrain is
180

TCBattery Electric — 1 X EleCtTiCity Cost X Z BESSkWh—consumedd + OE (2)
d=1

where BESS represent consumed kWh of Battery Energy Storage System (BESS). A more

detailed description of some components and operation costs is presented next.



Table 4: System costs

22

i Con\iglélonal Hybrid Electric | Pure Electric
Variables . Powertrain Powertrain
Powertrain
Inverter cost i $0.21 /W-DC $0.21 /W-DC
[25] [25]

ESS cost with $5,500 /kKWh

supercapacitor ) [26] $5,500 /kwh [26]
§ ESS cost with battery - $700 /kWh [27] | $700 /kWh [27]
& | ESS installation labor - 0.15$/W [25] | $0.15/W [25]
= $17,662 $50,476@186
@D H _ 1 ’
S Electric motor @74kW [28] KW [28]
g Charger station - - $25,000
@ . $121,000@238 | $11,000 @ 15

Genset unit cost KW [29] KW [29] -

Genset installation
O | ESS operation and $20 /kW/year $20 /kW/year
© . -
@ | maintenance [25] [25]
QD
S Fuel cost $1.3 /L [30] $1.3 /L [30] -
© | Genset operation and
o | maintenance $30 /kW/year | $30 /kW/year -
& Electricity cost - - Varies [31]

2.1.1  Electric Motor and Genset Price

The price of the electric motor and genset varies for different power rating and this needs
to be included in the analysis. This has been reflected in our calculation using a linear
interpolation model developed by engine manufacturer data. The price of different rating

gensets and electric motors shown in Figure 10.
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Figure 10: Genset and electric motor prices

2.1.2 Carbon tax

In 2008, BC implemented the first North American carbon tax. After this, carbon taxes
gained momentum globally and have been applied in many jurisdictions. From April 2018,
the carbon tax is $35 per tonne translated based on the type of fuel consumed [32].
Therefore, the carbon tax is included in the price of fuel in BC and there is no need to

calculate it separately. The carbon tax rates for different fuels are given in Table 5.

Table 5: Carbon tax rate for different fuels [32]

Fuel Tax Rate Based on $35/Tonne of Emissions
Gasoline 7.78 ¢/litre
Diesel (light fuel oil) 8.95 ¢/litre
Natural gas 6.65 ¢/cubic meter

The carbon tax applies to all fuels such as gasoline, diesel, natural gas, heating fuel,
propane and coal. This tax will increase yearly by $5 per tonne of COze until 2022. To
estimate the carbon tax after 2022, we assumed the same increase as shown in Figure 11.

In the cost analysis, the carbon tax is added to the fuel price for each year.
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Figure 11: Carbon tax in BC

2.1.3 Fuel price

The cost of fuel varies by region. The Vancouver fuel retail price is selected for use in this
study. Figure 12 illustrates the VVancouver average retail price for diesel fuel at self-service
filling station for the last four years. The average diesel fuel price in this analysis is 1.3
$/liter of fuel.
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Figure 12: Diesel fuel retail price in Vancouver [28].

2.1.4 Health Costs

One of the largest benefits of air pollution reduction by vessels is human health cost
reduction. According to the World Health Organization (WHQO), more than 4.2 million
deaths were a result of air pollution in 2016 [32]. It is estimated that 16% of lung cancer,
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25% of chronic obstructive pulmonary disease, 17% of ischaemic heart disease and stroke,

and about 26% of respiratory infection deaths are caused by air pollution worldwide.
Accurate estimation of the health cost due to air pollution is a very difficult task mainly
due to the range of parameters and lack of data. A more comprehensive presentation of
health cost benefit due to vessels air pollution is given in [33]. For the purpose of this

analysis, we have ignored the health cost benefits.

2.2 Emission Estimation Model

Emission accounting is a process of estimating emission quantities for different pollutants.
Emission accounting for vessels is normally calculated over a fixed period (20 or 100
years) and gives good information about whether goods and passengers are transported in
an environmentally friendly manner or not. Emission accounting enables intuitive
calculation of pollutions in a specific region; hence provide a powerful supervision tool
that can be used for comparison of different vessel powertrain design. In this section, the

related literature in marine vessel emissions is reviewed.

There are two types of emission accounting method in use nowadays: top-down method
and bottom-up method. Each method has some advantages and disadvantages that we will
address here. The top-down method provides information about emission of individual
vessel, route and shipping areas based on statistical analysis of vessel operation. On the
other hand, the bottom-up method estimates emissions based on individual vessel activity
and totals the energy consumption to provide the quantity of emissions. A comprehensive

study of these two methods is given in [33].

2.2.1 Top-down Method

Initially, a top-down method was developed based on the assumption of similar emission
pattern for different vessels on the same route. This was mainly caused by limited
information about vessels maximum engine power, design speed, tonnage or total installed
power. However, this was solved by technological advances and the use of information
from government and non-government organizations such as IMO and Lloyds Register of
Ships (LRS).



26
The top-down method uses vessels fuel consumption as an input to the model and this data

can be obtained by bunker sales data, vessel fuel consumption or simulation data [34] and
[35] used bunker sales data collected from local companies. In [34] a regression model was
used to relate the bunker consumption to gross tonnage of vessels and sample vessels were
allocated to each bin with specific fuel consumption. However, in [35], major shipping
routes and its traffic volume is used for calculation of energy consumption for each vessel.
After that, both studies used emission factors for calculation of emission. The emission
factor is a constant that represents the relationship between pollutants released to the
atmosphere with an activity associated with the release of that pollutant [36].

In recent years, advanced top-down emission counting models were developed using
individual vessels operation data. In [36], average vessels speed were used to categorize
engines operation in three different modes such as cruising mode (over 8 knots),
maneuvering mode (1-8 knots) and hoteling mode (below 1 knot). At each mode, the
engine has a different emission factor hence this increases the accuracy of emission
accounting. In a different study by [36] more advanced and complicated model developed
while the effect of other variables like wind direction, wave height, cargo load etc. were
included. The model introduced in [36] had a couple of problems. Firstly, all vessel
activities were collected by voyage record (voyage log) by captain or deck officer and it
was updated once a day which can be considered infrequent as wind direction and waves
change continuously. Secondly, the sample time in this model is small which may cause a
larger error rate [33]. In [36], a simulation model was developed to create a set of data for

emission analysis based on countries, goods types, and routes.
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Figure 13: Bottom-up approaches for emission accounting [33]

2.2.2 Bottom-up Method

The bottom-up research method was first used in [36]. This method used individual vessels
emission and estimated accumulated total emission with a high accuracy. Currently, there
are several types of bottom-up methods available, which all have a similar basic framework
developed in [36]. The inputs to these models are normally vessel specifications and its
location information. The vessel specification can be obtained from international
organizations like IMO or Lloyd's Register of ships (LRS) which provide necessary
information like installed engine power, design speed, vessel type etc. Using vessels
location data (GPS points), the sailing speed can be calculated for a given time interval.
The ratio of sailing speed over the maximum design speed to the power of three defines

the vessels load factor. The Load factor equation is presented below

3

@)

Load Fact B ( Cruise Speed [Knots] )
oaa FactoTeruise mode =\ 310 vimum Speed [Knots]
Load factor during each mode should be calculated by modifying the above equation and
multiplying the maximum cruise speed by a constant factor in order to reduce the error.

After obtaining Load Factor, total emission for each engine can be calculated as
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o hrs i
Emissionyoqe = (calls) x (Pengine) X (m) X (LFmode) X (EFengine,gases) X (10 ) (4)
mode

where Emission,, 4. 1S metric tonnes emitted from the engine in a specific mode, mode
is mode of engine othe peration in any following categories: hoteling, maneuvering,
reduced speed zone (RSZ), and cruise, calls is round-trip Visits, P gin. IS the total engine
power in kilowatts, hrs is hours per call for each mode, LF,,,4. is load factor for engine
in each mode (unitless), EF,,gine gases 1S €Mission factor for engine for the pollutant of

interest in g/kWhr, and 107 is conversion factor from grams to metric tonnes.

Ship Maovement Data Ship Specifications

I I
| | — Main Engine

Time in Each Sailing Design Installation | | Auxiliary Eneine
Operation Modes Speed Spead Engine Power ¥ Eng
l l | J — Boiler
Multiplied By .
—— Emission Factors Per H--L‘(!)II::Z?' PD:{E: los
Operation Modes y Loperation Modes

Emission Quantity
Per Ship

Figure 14: Top-down approaches for emission accounting [33]

Despite higher resolution and accuracy of the bottom-up method in comparison to top-
down method, there is a need to develop a technique to solve handling of large Automatic
Identification System (AIS) data points and better estimation of auxiliary engine and boiler
power. The top-down method requires less effort for data processing and it is faster than
the bottom-up method due to the rough estimation of fuel consumption. This method can

also include a comprehensive set of variables, such as wind, wave, and the cargo load.
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In this dissertation, the bottom-up method with a new approach is used for emission
accounting. Due to high variation of load power for selected vessels such as fishing boats,
the previous models cannot accurately estimate the actual emission. For this purpose, the
engine emission and fuel consumption map given in Advanced Vehicle Simulator
(ADVISOR) developed by national renewable energy laboratory for the United States
Department of Energy (DOE) written in the MATLAB/Simulink environment is used.
ADVISOR is a simulation program for analysis of the performance and fuel economy of
light and heavy-duty vehicles with conventional (gasoline/diesel), hybrid-electric, full
electric, and fuel cell powertrains. The engines information bank in this software is used
for a range of different engine technology and engine size. The collected vessel engine
speeds and torque were given as an input to the model and proper values were obtained
using a look-up table. The simulation block of the emission model is given in Figure 15.
The emission map for each gas is inserted into a two dimensional look-up table in Simulink.
When, engine emission data for a selected engine is not available, the total emissions are
calculated by multiplying the fuel consumption and the corresponding emission factor

given in [37].
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Figure 15: Simulink block diagram of emission model
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Natural gas (NG) is a potential transition fuel towards green energy systems. It produces

higher energy per combustion carbon dioxide (CO2) molecule compared to other fossil

fuels such as oil or coal [38][39]. It is expected that NG will play a significant role as a

cleaner and more economical transportation fuel in the future. Canada has abundant natural

gas resources as the fourth largest producer of NG in the world. The marketable natural gas

production in Canada was over 450 million cubic meters per day (mm?®/d) in 2017, with
BC and Alberta contributing 25% and 72% of the total production, respectively [40]. The

recently announced major investment in LNG production facilities in BC will boost

provincial NG production. In addition, improvements in drilling technology in recent years

have resulted in more cost-effective production of unconventional natural gas, leading to

increased Canadian production and likely lower NG fuel costs for consumers.
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Stricter environmental regulations and increased world energy demand have created an

opportunity for increased NG use in the transportation sector including marine applications
that represent substantial energy consumption. Lower NG costs in Canada will results in
higher adoption rates over the global average. Figure 16 illustrates the NG price trend in
Alberta NG which is the largest NG trading hub in Canada [41].
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Figure 16: Monthly natural gas prices for Alberta [41]

Most deep-sea shipping and a high percentage of coastal shipping operate on Heavy Fuel
Oil (HFO). HFO is a residual product of crude oil and contains a wide range of
contaminants such as sulfur, sodium, and ash that are particularly harmful to the
environment and human health. Marine Diesel Oil (MDO) and Marine Gas Oil (MGO)
are traditional marine fuels known as marine distillates. These fuels have a lower
concentration of sulfur compared to HFO and so are considered a cleaner fuel. The
evolving and increasingly stricter environmental regulations enforced by the International
Maritime Organization (IMO) have led to significant changes in marine fuels and engines.
Recent IMO emission regulations limit the sulfur content of fuel to 0.10% by weight in the
North America Emission Control Area (ECA) and below 0.5% in all other areas globally
[42]. For small and medium-size marine vessels, Ultra-Low Sulfur Diesel (ULSD) fuel

has been mandatory as of June 2012.
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In comparison to HFO and distillate fuels, NG is a cleaner fossil fuel and results in lower

COy, SOy, NOy, and Particulate Matter (PM). However, methane (CH.) is the primary
component of NG and is a significant GHG emission. The radiative force of methane is
30 times greater than CO- over a 100 year time period [43]. Thus, the potential benefits of
NG have been challenged considering upstream methane leakage [39], [44]-[49], as well
as during the low speed and low load operations of NG engine. Despite the fact that NG
is a cleaner fuel, high vent and leakage rates to the atmosphere between production wells
and the point of combustion can significantly reduce the environmental benefits.

Assessment of the environmental impact of NG is a very complex task and there is a lack
of reliable methods to estimate the associated emissions due to uncertainties. One
uncertainty is the amount of fugitive gas emitted into the atmosphere during operation,
leading to adjustments in the methane emissions reported by the U.S. Environmental
Protection Agency (EPA). The estimated national average production leak rate in EPA
reports has increased from 0.16% of production in 2010 to 1.36% in 2011, and 1.25% in
2012. This rate was increased to 1.36% in 2013 and then reduced to 1.33% in 2014
[50][51]. It is estimated that if more than 3.2% of the NG transported from wells to the
gas- fired power plants in the US leaks into the atmosphere, the environmental impact

would be greater than the equivalent coal-fired plants [52].

This work presents the first effort to systematically estimate the GHG emissions in the
upstream supply chain of NG in British Columbia (BC), Canada. BC is the second largest
producer of NG in Canada, and an accurate estimation of these emissions can improve the
understanding of the NG upstream supply chain emissions in Canada. Similar technologies
are used in Alberta, the largest NG producing province in Canada. The assessment covers
all areas of the NG supply chain where there are GHG emissions, including fugitive,
vented, flared and combustion emissions. Several scenarios are examined to estimate the
emission rates. At present, the lifecycle GHG emissions of various transportation fuels are
estimated using standard LCA models to assess the environmental impact of alternative
fuel paths, including GREET (Greenhouse gas, Regulated Emissions, and Energy use in
Transportation) developed and maintained by the Argonne National Laboratory (ANL) of
the US Department of Energy [53], and GHGenius [54] developed and maintained by
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Natural Resources of Canada (NRCan) with a primary focus on transportation fuels in

Canada. Many transportation studies employ these LCAs [55][56][18]. However, neither
incorporate detailed GHG emission data and operations from BC NG producers and they
do not include marine transportation specific considerations. For example, well completion
emissions are flared in Canadian shale gas facilities and venting of unloaded liquids is not
permitted in conventional gas production operations in Canada, whereas it is common
practice in the US. The LCA of marine transportation fuels in this work is called WTP
assessment and covers all stages of the fuel production and usage from feedstock recovery
(well) to vessel propellers. To date, the WTP GHG emissions of LNG fuel for marine
vessels based on actual fuel consumption has not yet been systematically evaluated, and
this study fills this gap. In this work, units of grams of carbon dioxide equivalent released
per megajoule of energy (gCO2/Mj) are considered based on the IPCC Fifth Assessment
Report (AR5). This report indicates that the 100-year GWP of methane and nitrous oxide
are 30 and 265 times greater than COg, respectively.

2.2.3.1 Natural Gas System Analysis

The upstream GHG emissions depend upon the geologic reserve formations and the
extraction, transportation, and fuel processing methods employed. ldentifying the fuel path
is essential for an accurate assessment of the GHG emissions in the upstream supply chain.
In BC, there are five main NG production areas located mainly in the northeast of the
province. Unconventional gas production accounts for 85% of the production in BC. The
largest NG production operation in BC is the Montney area, covering 130,000 km? between
BC and Alberta. This super condensate area contributed 73% of the total BC NG
production in 2016 [18]. With current drilling in Montney, this percentage is expected to
increase. Horizontal drilling and multi-stage hydraulic fracturing are common extraction
practices in this area. The extracted NG is transported by six main pipeline companies.
Enbridge, formerly known as Spectra, has the largest share of the pipeline system in BC
and transports NG from the northeast to the lower mainland as shown in Figure 17.
FortisBC is the second largest transporter and distributes NG to the lower mainland and
Vancouver Island. The pipeline length from Montney to Vancouver Island is
approximately 1,300 km.
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[[] TransCanada Pipline
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Figure 17: The natural gas pipeline system in BC [58]

2.2.3.1.1 Vessel Description

An accurate evaluation of energy efficiency and GHG emissions of marine vessels must be
based on the actual fuel consumption during vessel operation. For this purpose, the fuel
consumption of two vessels on the same route is used. One of these vessels operates on
diesel fuel while the other operates on LNG fuel. The approximate route is shown in Figure
18. The vessels travel several times per day between the Vancouver Island and VVancouver

terminal to transfer goods and passenger.
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Figure 18: The approximate vessel route

2.2.3.2 LNG Upstream COgze
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In this work, the upstream NG supply chain is divided into extraction and processing,

transportation, conversion and storage, and distribution/bunkering,

as shown in

Upstream Downstream
1 , | .
| Extraction & Processing | | Transportation | Conversion & Distribution
Storage / Bunkering
"y . ! SRR ! ! !
'P}U‘ ' s : AN ! ! e , |
1124 : ® : a.&’; » g =1 T S
Well Gas Processing i Pipelines i Liquefaction | Tank Truck | Ship Fuel
Plant ! ! i i

Storage Tank

Figure 19. With this division, the bunkering stage is included in the upstream chain rather

than in the downstream chain as in the related literature to better characterize the emission

sources of downstream consumption.
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Figure 19: The natural gas supply chain

It is essential for a comprehensive analysis of GHG emissions to consider all emissions
produced during the stages in the fuel production and use lifecycle, including fuel
consumption, flaring, venting and fugitive gases. In addition to the BC GHG emission data
published in [58], forty-seven oil and gas companies in BC were interviewed for this study
to have more accurate GHG emission estimates for these companies. The total upstream

NG GHG emissions were calculated by adding the carbon dioxide equivalent (COg)

Plant

emissions from each of the four segments shown in
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Figure 19, resulting in estimated total GHG emissions between 9.8 to 10.4 gCO2/M,;j.
Details of this analysis for each segment are given below. Note that the BC emission
inventory includes only facilities over the provincial reporting threshold of 10,000 tonnes
of COq¢ per year, so smaller facilities are not considered in this study. This will not have a
significant effect on the results given the low number of facilities with emission levels
below this threshold.

2.2.3.2.1 Extraction and Processing
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Horizontal drilling and multi-stage hydraulic fracturing are common methods of gas

extraction in Montney. Recent LCA studies have suggested that unconventional gas
extraction methods result in higher emissions than conventional methods [59] [60] [61].
This is mainly because of emissions during well completion. In [60], it was estimated that
shale gas has 1.8% to 2.4% higher lifecycle GHG emissions than conventional gas, mainly
due to higher methane release during well completion. Figure 20 illustrates the COq
emissions during extraction and processing for each segment in BC. This shows that fuel
combustion during operation contributes about 54% of the total emissions. The second
and the third highest emission are related to venting CO.. from fossil fuels and methane

venting, accounting for about 15% and 13% of the total emissions, respectively.

B Stationary Fuel Combustion CO2 (fossil fuel)
N Stationary Fuel Combustion CH4
Stationary Fuel Combustion N20
® Flaring CO2 (fossil fuel)
B Flaring CH4
Flaring N20
B Venting CO2 (fossil fuel)
B Venting CH4
B Fugitive CO2 (fossil fuel)

B Fugitive CH4

Figure 20: Extraction and processing CO2. per segment

The BC GHG emission repository [58] was used to determine the company emissions
during NG extraction and processing shown in Table 6. The total emissions for each
company were calculated by adding the emissions from each stage. For example, the

emissions for the Alliance Pipeline Company are as follows

Stationary Combustion + Industrial Process + Flaring + Venting + Fugitive = Total
9,098 + 0 + 0 + 1632 + 1214 =12,508

tonnes COx
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The total extraction and processing emissions from all companies were obtained as

8,972,566 tonnes of COz. The total BC NG production in 2015 was 37,873,364 thousand
cubic meters [62]. Based on this information and the conversion factors given in Appendix
A, the total emissions for extraction and processing is estimated to be between 5.53 t0 6.10
gCO2/Mj. A recent study using mobile collected methane emissions data from oil and gas
infrastructure estimated that the Montney area contributes 111,800 tonnes of methane per
year to the atmosphere [47]. This is about 43% higher than the value given in the BC
emission inventory used in this analysis. Taking this into account, the estimated extraction
and processing emissions would be 6.40 to 6.82 gCO2¢/Mj. In another study using airborne
measurements of oil and gas infrastructure in the Red Deer region of Alberta, Canada,
methane emissions were estimated to be 25% to 50% greater than government estimates
[49].

Table 6: BC company GHG emissions in 2015

Pipeline Emissions
Type of GHG
Company (tonnes
Company (tonnes CO2e)
CO2e)

Aitken Creek Gas Storage ULC NG 0 47,070
Alliance Pipeline Ltd. NG 12,508 0
AltaGas Ltd. NG 0 85,157
ARC Resources oil 0 0
Black Swan Energy NG 0 47,416
Bonavista Energy Corporation NG 0 67,919
British _Columbla Hydro and Power N/A 0 0
Authority
Canadian Natural Resources Limited NG 0 1,264,479
Canbriam Energy Inc. NG 0 111,213
Cequence Energy Ltd. NG 0 11,325
Chevron Canada Resources NG 0 39,596
Chinook Energy Inc. NG/Oil 0 53,379
ConocoPhillips Canada Resources 331,118
Corp. NG 0
Crew Energy Inc. NG 0 92,850
Devon Canada Corporation NG 0 5,539
Direct Energy Marketing Ltd. Unknown 0 111,827
Encana Corporation NG 0 900,761
Endurance Energy Ltd. Unknown 0 602,952
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Enerplus Corporation Unknown 0 43,295
EOG Canada Oil & Gas Inc. Unknown 0 34,253
FortisBC Energy Inc. Transportation 136,382 0
Harvest Operations Corp. Oil 0 0
Husky Oil Operations Limited NG 0 114,045
Imperial Oil Resources Ltd. Unknown 0 0
Kelt Exploration Unknown 0 0
Keyera Corporation NG 0 40,091
Lightstream Resources Ltd. Unknown 0 9,953
Lone Pine Resources Canada Ltd. NG 0 6,748
Murphy Oil Company Ltd. NG 0 177,411
Nexen Energy ULC. NG 0 92,089
Pacific Northern Gas Ltd. Transportation 39,019 0
Painted Pony Petroleum Ltd. NG 0 46,566
Pengrowth Energy Corporation NG 0 34,732
Penn West Petroleum Ltd. NG/Qil 0 76,047
Polar Star Canadian Oil and Gas Inc. Unknown 0 23,815
Progress Energy Canada Ltd. NG 0 979,105
Quicksilver Resources Canada Inc. Unknown 0 15,151
Ramshorn Canada NG 0 23,157
Shell Canada Limited NG 0 362,850
Spectra Energy Midstream 250,873
Corporation NG 0

Spectra Energy Transmission Transportation | 1,500,642 2,800,790
Suncor Energy Inc. NG 0 20,937
Taga North Ltd. NG/Oil 0 48,058
Tourmaline Qil Corp. Unknown 0 0
TransCanada PipeLines Ltd. Transportation 234,513 0
Yeresen Midstream General Partner Oil 0 0

nc.
Whitecap Resources Inc. Qil 0 0
Total 1,923,063 8,972,566

2.2.3.2.2 Pipeline Transportation

The emissions from pipelines are mainly due to the burning of fossil fuels at the compressor

stations and methane leaks. Compressor methane losses account for about 46% of the total

methane emissions in the stations while compressor-packing vents contribute about 17%

of the total compressor methane losses [22]. The remaining emissions are due to pneumatic

actuators and controllers, engine crankcases, wet seal vents, and slop tanks. Stricter
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maintenance practices and more energy efficient compressors can reduce pipeline

emissions. The emissions of the five main pipeline companies in BC including FortisBC,
Pacific Northern, TransCanada, Enbridge, and Alliance, are considered in this study and
the total emissions were calculated by adding the pipeline emissions from these companies
given in Table 6. The emission contribution of each company is shown in Figure 21. The
total emissions related to NG management, pipelines, and transportation are estimated to
be 1.31 gCO2/Mj. NOVA Gas Transmission Ltd has a short pipeline with limited activity
in BC, and so is not included. The total pipeline emissions are 13% lower than that
obtained value for Canadian NG pipeline emissions using GHGenius [54]. This is due in

part to stricter environmental regulation in BC and newer facilities [63].

W Alliance Pipeline Ltd.

M FortisBC Energy Inc.

W Pacific Northern Gas Ltd.
B Enbridge

B TransCanada PipeLines Ltd.

Figure 21: Pipeline company emission contributions in BC

2.2.3.2.3 Conversion and Storage

The energy density of NG is less than that of diesel fuel, so a larger fuel tank is required
for vessels with NG engines. Natural gas is stored in liquid form at a temperature of
approximately -160° C with volume reduced by a factor of 600 [64]. Before liquefaction,
any impurities and contaminants are removed from the gas, and the liquefaction is done in
a coolant chilled by large refrigerators. Liquefied natural gas (LNG) is a clear, colorless,
and safe liquid that is easy to store and transport. It is kept in insulated tanks during
transportation and storage until it is ready for loading onto a ship or vehicle.
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There are five NG liquefaction processes in use today, propane pre-cooled mixed

refrigerant (C3MR), AP-X large train cycle, optimized cascade, Shell double-mixed
refrigerant (DMR), and mixed fluid cascade [64], and each of these processes have
different efficiencies and production capabilities. Liquefaction of NG is an expensive
process in terms of energy and cost, accounting for up to 50% of the total plant costs, while
refrigeration accounts for 30% to 40% of the costs.

Emissions and energy use at NG liquefaction facilities are a function of the leakage rate,
type of motors (electric or gas) and facility efficiency. Unfortunately, little data is available
on the emissions and the energy requirements of the liquefaction processes and facilities,
and further study is needed to obtain more accurate estimates of these emissions. LCAS
such as GREET and GHGenius combine liquefaction with pipeline transportation
emissions. Using the 3.38 gCO./Mj given by GHGenius 5.0 [54] for liquefaction and BC
pipeline transportation, emissions from the NG liquefaction process are estimated to be 2.1
gCO2/M;j.

2.2.3.2.4 Bunkering

Four different types of LNG bunkering systems are used, fixed shore facilities, portable
tank transfer, tanker trucks, and LNG barge carriers, as shown in Figure 22. LNG
bunkering systems depend on many factors, such as berth characteristics (turns, depth, and
hazards), vessel design, fuel demands, and availability. LNG bunkering using tanker trucks
is the most favorable method in terms of flexibility and capital investment. Tanker truck
bunkering is currently employed by BC Ferries. The main reason for not using other
systems are high tidal deviations on the west coast of Canada and limited berthing space.

In this work, it is assumed that the current LNG storage facility at Mt. Hayes, VVancouver
Island, provides the LNG fuel for the vessel. The emissions from tanker trucks used in
transporting LNG to the vessel are relatively small in comparison to the overall upstream
emissions and so are ignored. However, the methane leakage during bunkering is
significant and so must be included. There is a lack of methane emission data for marine
vessel bunkering, so the available LNG station leakage data for LNG powered ground
transportation given in Table 7 and obtained from [51], [65] are used in this work for
marine vessels. Unlike LNG fuel stations, the marine bunkering method employed does
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not produce boil-off gas because the Mt. Hayes facility is connected to the VVancouver

Island NG distribution grid so the boil-off gas is captured and fed into the grid. LNG
delivery, continuous station, fuel tank, and fuel nozzle leakage will occur, so the total
bunkering emissions are estimated to be 0.89 gCO2/M;j.

Terminal Tank
to Vessel

Alternative:
Portable Tank
Transfer

Figure 22: The four different bunkering methods [66]

Table 7: LNG station methane leakage (Chs g/Mj)

LNG Manual Ztell e continuous Fuel
. gas from . Fuel tank
delivery vent station nozzle
the tank

LNG station (Chs

. 0.015  0.013  0.011 0.002 0.011  0.002
9/Mj)

2.2.3.3 LNG Downstream COge

During the downstream use of NG as a marine vessel fuel, NG engines are the main
contributors to CO2e emissions. Therefore, accurate estimation of engine emissions is
essential for precise lifecycle assessment. An NG engine emits less CO> than a diesel
engine [56], mainly due to the gas composition with lower hydrocarbons. Although this
implies a lower environmental impact, the potential benefit can be compromised by
methane leakage or the release of unburned methane from the engine. The level of

emissions and methane leakage depend on the age and technology of the engine.
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NG engines can be classified into three basic types: spark-ignited, dual fuel, and direct

injection. A spark-ignited engine uses a spark plug to ignite a mixture of NG and air. This
type of engine has high thermal efficiency due to the high specific heats for lean fuel-air
mixtures [67]. These engines meet IMO Tier 1l standards but are sensitive to gas quality
and methane slip. Dual fuel engines operate on NG and/or a secondary fuel, such as a
distillate fuel. These engines use a pilot fuel to start the combustion process and this fuel
is less than 5% of the total consumed with modern technology. A dual fuel engine is an
attractive option for ship owners as it provides flexibility in fuel type, cost, and availability.
Dual fuel engines also meet IMO Tier 111 but are sensitive to gas quality and methane slip.
A direct injection engine operates on a diesel cycle with high pressure. Natural gas is
injected at the top of the compression stroke. The modifications required to convert a
regular diesel engine to direct injection NG engine are minimal, thus providing great
potential for retrofitting existing diesel engines to NG direct injection. However, direct
injection engines do not meet the IMO Tier 11l standard. Recently produced direct injection
engines use advanced combustion control technologies which have resulted in a 10%
performance increase over traditional direct injection engines [68]. A comprehensive study
of marine NG engines is given in [69].

The emissions and fuel consumption of diesel engines also depend on the engine load. The
powertrain architecture is one of the key factors in determining this load. The four main
powertrain architectures for marine vessels are shown in Figure 23. Figure 23-A illustrates
the conventional architecture in which the diesel engine is directly connected to the
propeller via a speed reduction gearbox. In this case, the engine provides all the propulsion
power required by the vessel with no power flow flexibility. In the series hybrid electric
powertrain architecture shown in Figure 23-B, the engine is coupled to a generator that
produces electricity, and an electric motor is coupled to the propeller with the speed
adjusted using a variable frequency drive. Multiple generators and motors can be used. An
ESS can provide additional energy for propulsion when needed, or can be charged using
excess engine power. This allows the engine to operate in its most efficient speed and
torque output zone. A series powertrain can better serve vessels with dynamically varying
loads such as tugboats. In the parallel hybrid electric powertrain architecture shown in

Figure 23-C, the engine and electric motor are both connected to the propeller through
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mechanical links, and the electric motor can operate either as a motor or a generator. A

bidirectional converter provides power from the bus-bar to the motor/generator, and an
electric ESS provides or stores energy. This powertrain system allows the engine size to
be reduced to an optimal value. A parallel hybrid powertrain architecture is suitable for
vessels dominated by static propulsion loads, such as ferries sailing on calm water, to avoid
mechanical-electric-mechanical energy conversion losses.

In a battery electric or pure electric powertrain architecture as shown in Figure 23-D, the
battery ESS is the only source of energy to meet the propulsion needs of the vessel. This is
similar to battery powered or Pure Electric Vehicles (PEV). In this system, the battery ESS
is coupled to a DC/DC converter to provide power for the electric motor(s). For small and
short-haul vessels, this design offers high energy efficiency, low noise, and good reliability,
but clean electric power and long battery life are essential for this architecture to be
beneficial. Factors such as limited traveling range, high battery cost, bulky and expensive
fast-charging stations, and the cost of expanding existing electrical grids have restricted the

adoption of pure electric vehicles and vessels.
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Figure 23: Four powertrain architectures

In this work, engines emission factors are obtained using the Total Energy and
Environmental Analysis for Marine Systems (TEAMS) model [70] and from [71], except
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for the spark-ignited NG engine. The factors for this engine have been adjusted to reflect

manufacturers observations and are given in Table 8. The fuel consumption of a new LNG
powered vessel and a diesel fuel vessel of similar size operating on the same route was
obtained. These values have been used in the model to calculate the emissions of the

different engine technologies and the results are given in Table 9.

Table 8: Engine emission factor in grams per Megajoule of fuel burned [71]

Diesel Compression-Ignited Spark-Ignited
Natural Gas Natural Gas
NOX 2.351 2.351 2.351
PMao 0.070 0.070 0.001
SO« 0.246 0.009 0.0003
CHa 0.004 0.004 0.087
N20 0.002 0.002 0.002
CO; 80 73 55

Table 9: Vessel emissions per crossing (kg)

Fuel Type NOx | PM1wo | SOx | CHs | N2O | CO2 | CO2”
Diesel 201 | 595 0.80 0.37 016 | 6257 6,519
Compression-Ignited NG | 201 | 0.06 0.02 7.42 016 | 4743 | 5210
Spark-Ignited NG 190 | 043 0.02 53.4 016 | 4,743 6,409

* CO2 is based on three main gasses: CHa, N20, CO2

2.2.3.4 Results and Discussion
2.2.3.4.1 Total Fuel-cycle Emissions Results

The total well to propeller CO2. emissions per vessel crossing for three scenarios and three
different types of engines for the NG pathway in BC were calculated and the results are
givenin Table 10. Scenario 1 represents the analysis given previously without any changes
in the amount of emissions, Scenario 2 includes an additional 43% in methane leakage
during extraction and processing of NG according to the approach recommended in [10],
and Scenario 3 represents the worst case which is the 43% increase in methane leakage
during extraction and processing and an additional 2.22 g/Mj of leakage during engine
combustion [30]. The total CO2. was obtained using the emissions produced at each stage

of the fuel pathway based on the energy consumed each crossing. The upstream COoe
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represents the emissions from the extraction, processing, transportation, conversion, and

distribution of the fuel, and the downstream CO»e includes emissions from the main and

auxiliary engines of the marine vessel.

Table 10: Total well to propeller CO2 per crossing for three scenarios

Downstream | Upstream COz | Total CO2e (kg/
Fuel Type CO2 (kg/crossing) crossing)
(kg/crossing) Lower Higher Lower Higher
bound bound bound bound
Diesel 6,519 1,369 | 1,571 | 7,889 8,091
Compression-
Scenario | Ignited Natural 5,210 838 887 6,048 6,097
1 Gas
Spark-lgnited 6,400 838 | 887 | 7,247 | 7,296
Natural Gas
Diesel 6,519 1,369 | 1,571 | 7,889 8,091
Compression-
Scenario | Ignited Natural 5,210 913 949 6,123 6,159
2 Gas
SEE IS 6,409 913 | 949 | 7,322 | 7,358
Natural Gas
Diesel 6,519 1,369 | 1,571 | 7,889 8,091
Compression-
Scenario | Ignited Natural 10,686 913 949 | 11,600 | 11,636
3 Gas
Spark-lgnited 10,505 013 | 949 | 11,419 | 11,455
Natural Gas

The upstream emissions for diesel fuel were obtained using the default setup for marine
diesel fuel using GHGenius 5.0 [54]. In all three scenarios, the largest contributor to
emissions is the marine engine. Thus, improvements in engine design and efficiency will
have a major effect on total emissions. With diesel fuel, upstream emissions account for
about 22% of the total emissions for all three scenarios. In the first scenario, the
compression-ignited NG engine has 27% lower emissions than the diesel engine, and 13%
lower than the spark-ignited NG engine. In the second scenario, the extra methane leakage
increased upstream emissions by 7% for the compression-ignited NG engine, resulting in
less than 1% increase in the total CO2e emissions per vessel crossing. These results indicate

that the compression-ignited NG engine is the best option for the first and second scenarios.
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However, the increased engine methane leakage in the third scenario leads to 39% higher

CO2¢ emissions compared to the diesel engine.
2.2.3.4.2  Air Quality Comparison

The emission details for each scenario are now examined.

Table 11 presents the upstream and downstream emissions per vessel
crossing based on the actual fuel consumption of the vessel. The N>O and COz emissions
mainly come from the downstream operation, and the methane emissions depend on the
engine technology employed. For instance, the CH4 emissions for a spark-ignited natural
gas engine in the downstream are significantly higher than in the upstream, while for a
compression-ignited NG engine, the upstream emissions are slightly higher than the
downstream emissions. A significant portion of the emitted NOx comes from the
downstream engine combustion which depends on the operating temperature of the engine.
Higher cylinder temperatures produce greater NOx emissions. For this reason, a diesel
engine with a high operating temperature produces more NOx emissions than an equivalent
Otto cycle engine. The use of NG fuel also reduces the sulfur oxide (SOx) emissions by

99% due to the very low NG sulfur content.

Table 11: Total fuel cycle emissions in Kg per crossing

Compression- Spark-
Gases Diesel Ignited Natural Ignited
Gas Natural Gas
NOx 201 201 19
5 SOx 0.80 0.02 0.02
E CHg4 0.37 7.4 53
g N20 0.16 0.16 0.16
3 CO2 6,258 4,743 4,743
COz 6,514 5,210 6,409
NOx 3.36 N/A
= SOx 1.87 N/A
8 CHa 15.39 5.2
‘g N20 0.019 0.010
- CO: 910 396
COz 1,382 556
8T |NOx 204 201 | 19
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SOx 3 0.02 0.02
CHy 16 12.7 59

N20 0.18 0.2 0.17
CO2 7,167 5,139 5,139
CO2 7,895 5,766 6,964

2.2.3.5 Discussion

The results in this study clearly demonstrate the advantages of LNG as a marine fuel
compared to diesel fuel. The use of other fuel pathways and bunkering methods may lead
to different results. For example, the upstream CO2 or GHG emissions with LNG fuel in
the first scenario can vary by about 6% depending on the pathways and bunkering methods,
ranging from a low of 9.81 gCO2¢/Mj to a high of 10.38 gCO2¢/Mj. These results are about
55% lower than the default value given by the GHGenius software for marine diesel fuel.
For the second scenario with 43% additional methane leakage, LNG is still a better option
with 50% lower total upstream emissions.

For the third scenario, the high methane slip from downstream engine operations can offset
the environmental benefits of NG as a marine fuel. It is thus important that the engine
technology employed minimizes the methane slip. Engine manufacturers have recently
reported improvements that lower methane slip during combustion [72]. Further, the
research team at the University of Victoria is developing integrated NG engine hybrid
electric propulsion technology with dedicated controls to address this issue. In the
upstream, the majority of emissions come from NG extraction and processing. The results
in [47] indicate that old NG infrastructure is more prone to leaks in comparison to younger
wells. Using low-bleed devices to reduce fugitive methane from pneumatic valve operation
can reduce emission in extraction and processing. The NG emission lifecycle can also be
improved by controlling direct methane leaks from fuel unloading operations during LNG
delivery and bunkering.

Another important environmental impact of NG fuel besides methane leakage and emission
is water consumption during the process of hydraulic fracturing, also known as fracking,
in which a large quantity of pressured fluid is used to create fractures in rocks. More than

90% of the fluid is water and the rest are proppants and chemical additives [73]. An
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analysis of water consumption and wastewater treatment for NG extraction is needed to

evaluate the impact and sustainability of NG as a marine fuel.

2.2.3.6 Conclusion

This work presented a new method to evaluate the lifecycle environmental impact of NG
as a marine fuel for British Columbia, Canada using data from NG producers and suppliers
in the province. Several scenarios were considered in evaluating the resulting emissions.
The results obtained indicate that NG is a desirable marine fuel in BC only if proper engine
technologies are used. NG generates less air pollution and has a lower environmental
impact than diesel fuel. British Columbia has strict environmental regulations, and the
majority (more than 97%) of the electricity used in the NG pathway comes from renewable
energy sources such as hydro. If NG fuel is considered as a bridge to future all-electric
powered vessels, then it must be used carefully. The results of this study showed that high
methane leakage during NG engine operations can offset the environmental benefits of NG

as a transportation fuel.



50
3 Electrified Propulsion for Fishing Boats

Maritime transportation emits about 961 million tonnes of CO> equivalent, accounting for
2.8% of global GHG emissions [6]. This is more than the total emissions produced by
Canada in 2013 [74] and this number is expected to increase to 5% by 2050 [75].
Depending upon future Gross Domestic Product (GDP) and socio-economic and energy
efficiency, the growth rate could be higher than this predicted value. To address this issue,
international maritime organization standards, referred to as Tier I, Tier 1l and Tier IlI,
were introduced to set limits on NOx and SOx emissions from marine vessels.

The strict and evolving environmental regulations enforced by regional and national
governments as well as the IMO has forced ship owners to seek alternative solutions to
meet these standards while trying to lower associated operational expenses at the same
time. Electric and hybrid-electric propulsions have been proven in a range of vessel types
over the last few decades as one of the most efficient powertrain architectures. The fuel
saving potential of electric propulsion in comparison with mechanical propulsion is a
strong driver for the adoption of electric propulsion for many of these vessels. The fuel
saving is largely due to the fact that many vessels usually have a very dynamic load profile
and seldom operate at the maximum power of the ICE with best energy efficiency. The
hybrid electric propulsion systems can use its ESS to store surplus energy from the ICE
when it is not needed and return it to the system when required. In these systems, the size
of the ICE can be reduced, and the ICE can operate at its maximum power and efficiency.
The maritime industry is also moving fast to maintain peace with current hybridization and
electrification demand.

Although hybridization and electrification of vessels is an appealing solution for different
vessel types, it may not be the best option for many vessels that spend most of their time
at a constant speed with a constant power load and long sailing distance. The optimum
powertrain architecture for vessels should be selected based on their specific designs and
operational load profiles. This means that naval architects need to consider a different
vessel classification type from those recognized by classification societies, i.e. the
International Association of Classification Societies (IACS). For electrification, naval
architects need to classify the ships and boats based on their load profiles and select a

proper powertrain architecture that best suits the power demand.
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Unlike the other publications that prescribe a powertrain for all vessels, the focus of this

work and the produced results are based on a specific type of fishing boats. These boats
have a very dynamic load profile and this makes them an excellent candidate for hybrid
and electric propulsion systems [4][5]. In this work, a specific load profile of two lobster
fishing boats has been introduced using their statistical operation data. Series hybrid
electric and battery electric powertrain architectures are modeled, and performance of these
design variations are examined based upon the obtained load profiles. The MBD
methodology employed in this work, however, is generically applicable to all different

types of marine vessels as long as their operation profiles are established.

3.1 Modeling of Fishing Boat Operation Patterns
3.1.1 Fishing Boats and Their Operation

Fishing boats have a dynamic load profile. Commercial fishing boats are capable of hauling
a catch of thousands of kilograms of fish per voyage. Larger fishing boats that operate in
higher depth have advanced equipment and facilities where the fish can be prepared and
stored for sale. These vessels are also equipped with amenities for workers for a long stay
on the ocean and they can do the job of several smaller boats. The location of fishing,
method of capture and duration of the trip can also vary significantly each trip. For this
purpose, two different lobster fishing boats, similar to the vessel shown in Figure 24, have
been selected for this study. These boats typically have a single diesel engine that provides
all power used aboard. The power is distributed via a direct mechanical link, as well as
hydraulic and electrical systems from the main engine to various appliances aboard the
vessel. These typically include propulsion, trap-haulers (winches), power steering, water

pumps, navigation electronics, and heaters.



Figure 24: A typical Canadian east coast lobster fishing boat [78]
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Each boat operates approximately 6 hours per day. The total operational hours of each

boat is estimated around

6 hours % 30 days months — 1080 hours

day month year year

Detailed information about the two fishing boats is given in Table 12.

Table 12: Detail information of the studied boats.

Boat 1 Boat 2
Length: 122m 13.7m
Beam: 52m 3.66 m
Displacement: 15 tonnes 15 tonnes
Engine: 300 kw 242 kW
Max speed: 14 kt 16 kt
Cruise Speed: 10 kt 13 kt
Engine RPM at cruise: 1,600 RPM 1,200 RPM
Propeller: 5 blades, 0.76mx0.66m 4 blades, 0.6 m/0.66 m
Daily operation time: 6 hrs 6 hrs
Yearly operation time: 1,080 hrs 1,080 hrs

3.1.2 Current Fishing Boat Powertrain Configurations

At present, smaller fishing boats have a conventional mechanical powertrain with a
gasoline or diesel engine connected to the mechanical drivetrain. Some larger vessels may
have a hydraulic drive system to improve the torque characteristics over mechanical drive
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and use an additional generator for hotel loads. The current mechanical powertrain of small

fishing boats is illustrated in Figure 25, and used as the benchmark in this study. This
powertrain architecture represents a conventional propulsion system, consisting of prime
mover(s), reduction gears, medium length shafts, and propeller(s). The prime mover drives
the shaft at medium speed and connects to the propeller through reduction gears to obtain
appropriate speed and higher torque. The propeller works at several hundred revolutions
per minute (RPM) and produces thrust. Meanwhile, the hydraulic pump attached to the
diesel engine provides power for the trap hauler and power steering. A representative trap-
hauler consumes an average of 8.7 kilowatt power based on the manufacturer
specifications. A small alternator attached to the engine meets the remaining electrical

loads in the boat.

Hotel loads
Installed sensors \ fixed pitch propeller
4
. . H
Trap-hauler : intermediate shaft
Reduction
Generator Gear
Stern tube

Figure 25: Pure mechanical propulsion system

3.1.3 Acquisition System Description and Data Collection

Evaluation of energy efficiency, GHG emissions, and operation costs of a marine vessel
needs to be based upon their actual operations. To accurately assess the engine
performance, speed and torque sensors have been mounted onto the propeller shaft of the

vessels under study for representative operation days, as shown in Figure 26.
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Figure 26: Strain gauge installations

Figure 27 through 32 illustrate the collected data from two fishing boats. The data
acquisition system was installed on both vessels and shaft torque and speed data were
collected for simulation and model validation. The collected data enable a direct
comparison between the current mechanical powertrain and the two proposed powertrain
architectures. Operational data was collected over the summer of 2017 and one
representative mission profile was identified as a good representation of the boats daily

operational variability.

Given that both boats are under operation as lobster fishing vessels, the similarity in the
load profile is expected. Figure 29 and Figure 32 illustrate the required vessel engine
power. Travelling to the fishing zone from the wharf accounts for the sustained peaks at
the beginning of the collected torque and rpm data. Upon arriving at the fishing zone the
Captain brings the boat to a stop to work on each trap, and moves to the next afterwards as
illustrated in Figure 29 andFigure 32. This process accounts for the intermittent peaks and
negative torques before each stop. After all traps have been serviced, the vessel returns to
the wharf. This process accounts for the sustained peak near the end of the collected torque
and rpm data. Finally, the vessel motors around the wharf unloading the catch, traps, and
gear before docking. This process accounts for the smaller peaks at the end of the collected
torque and rpm data.

In designing a traditional, mechanical marine propulsion system, the power spectrum
approach is commonly used for accessing the propulsion power and determining the engine

size of marine vessels. However, the addition of sizable battery ESS and the optimal energy
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management in a hybrid electric powertrain system have changed the needed design

approach and demand consideration on the “time series” of power consumption. This is
due to the fact that energy produced by the ICE can be stored in the ESS and used at a
different time. The time series data of power and energy demands allow optimal energy
management and power control to be developed through global optimization of energy use
during the complete trip using Dynamics Programming (DP). This is the foundation and
one of the principal advantages of hybrid electric propulsion technology, and the approach
is commonly used in the automotive industry for the development of hybrid and plug-in
hybrid electric vehicles. Using this approach, the power and torque pulses of a vessel over
a very short duration can be satisfied by borrowing the stored energy and power from the
ESS without oversizing the engine to accommodate these transient loads. The hybrid
electric powertrain system handles transient loads without oversizing the engine(s), and
ensuring properly sized engine(s) to operate mostly at the preferred speed and torque with
peak fuel efficiency. This is particularly the case for smaller vessels, such as the fishing

boats included in this study.
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Figure 27: Propeller speed for boat 1
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Figure 32: Engine power for boat 2

3.2 Hybrid Electric Power Systems
3.2.1 Advantages of Advanced Hybrid Electric Propulsion Systems

The proposed series hybrid electric powertrain system design is depicted in Figure 33.
Advantages of this powertrain system design include longer diesel engine lifetime,
flexibility in powertrain component layout, higher system energy efficiency, and the
possibility of using a smaller ICE. These would result in noticeably improved fuel
consumption over the low/medium speed ranges. The hybridization also increases the

dynamic response of the boat and reduces engine noise.
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The DC power system used in this powertrain has some obvious advantages over a

traditional AC system. The DC power system uses the same well-proven AC electrical
machine as a generator and motor while increasing the overall system efficiency. The DC
power system improves the diesel engines efficiency and reduces its fuel consumption due
to variable speed generation. The ICE can operate at optimal fuel consumption as ICE and
rotor are not mechanically coupled. More weight and space is saved in the DC power
system and the connection of generators in parallel is simpler in comparison to the AC
power system. The current trend in the shipping industry is towards DC distribution
systems because of the flexibility they offer in introducing energy storage, fuel cell, and

solar technologies [11].

3.2.2 Proposed Series Hybrid Architecture

Figure 33 illustrates a schematic of the series hybrid powertrain system with a DC bus. The
power from the synchronous generator is rectified to DC voltage. Other loads, including
hydraulic pumps and auxiliary (hotel) loads, are connected to the DC bus via DC/AC
inverters. The ESS is also connected to the DC bus by an internal DC/DC converter. A
three-phase electrical motor is fed through the DC bus via an electric driver and rotates the
propeller at the desired speed. The battery and supercapacitor have been selected to be used
in the ESS. The supercapacitor was studied because a supercapacitor ESS, unlike a battery
system, has none or very little degradation over a high rate of charge and discharge with
dynamic load changes of the type of boats studied in this work. More discussion on

supercapacitor ESS is given in the following section.

Rectifier 3ph, Electrical Motor

Diesel Generator

Hotel loads

Figure 33: Series hybrid electric propulsion system
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3.3 Battery Electric Powertrain
3.3.1 Advantages of Battery Electric Fishing Boats

Pure battery electric powertrain systems offer unique advantages over other architectures
such as higher energy efficiency, lower noise levels, and greater reliability. Factors such
as high capital cost, the need for proper battery cooling mechanisms, bulky and expensive
fast charging stations, and the high cost of expanding existing electrical grid infrastructure
in some cases have limited the widespread adoption of this design. The number of battery
electric vessels are increasing rapidly. The first battery electric car ferry, the Norled AS
MF Ampere, entered service in Sognefjord, Norway, in 2015 [13]. It has been estimated
that it annually offsets the use of one million litres of diesel which translate to the emissions
of 2,680 tonnes of carbon dioxide and 37 tonnes of nitrogen oxide [79].

3.3.2 Pure Battery Powered Powertrain System

The proposed battery powered powertrain architecture is illustrated in Figure 34. The
Battery Energy Storage System (BESS) is coupled to a DC/AC converter to step up the
voltage and provide power for the rest of the system. Similar to the series hybrid electric
powertrain architecture, the power distribution system can be either AC or DC. In the case
of a DC distribution grid, electrical power is transferred to a DC/AC converter to provide
power for propulsion. Auxiliary loads can also be connected to the AC or DC bus. In the
case of the DC bus, extra DC/AC inverter(s) is needed to provide power for the AC loads

aboard.

DC/AC Converter

3ph, Electrical Motor

Hotel loads

Figure 34: Pure battery electric propulsion system
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3.4 Key Component Modeling

The core of this study is to develop a powertrain system model with sufficient resolution
to capture the dynamic behaviour of all critical powertrain components to optimize the size
of the ICE and ESS. The developed model must be computationally efficient so that it can
be used in the system design optimization. For this purpose, according to [80], many high
frequency dynamics related to the converter models can be replaced with a more
straightforward power loss model and little impact on modeling and simulation results.
The Model Based Design (MBD) approach that is widely used in the automotive industry
has been using in this work to form the powertrain system model of the marine propulsion
system, and implemented in MATLAB/Simulink. The complete powertrain system model
consists of blocks of powertrain system component models as illustrated in Figure 35.
These components are connected to form the complete powertrain system of different
powertrain system architectures, such as the hybrid electric powertrain system architecture
detailed in Figure 35 to capture power flow or power loss of the system. Methods for

constructing MATLAB/Simulink models are explained in various reference books.

8

Electric Motor

Boat Load

DC/DC Converter

Figure 35: Different components of a hybrid electric architecture.

3.4.1 ICE Model

In this work, the gasoline and diesel engine performance and emission models are based
on the models in the Advanced Vehicle Simulator (ADVISOR), developed by the US
DOE’s National Renewable Energy Laboratory [81]. As a MATLAB/Simulink based
simulation program for rapid analysis of the performance and fuel economy of light and
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heavy-duty vehicles, the engine powertrain component models in ADVISOR fit the engine

specifications of the fishing boats well. The engine Fuel Consumption (FC) was calculated
for every step of the simulation for given power and torque demands from the powertrain
control system. To capture the dynamics of the engine model, a linear first order transfer
function was employed [82]-[86]. Similarly, an engine actuator and controller transfer
function along with a feedback loop were implemented and parameters tuned up within the
range given in [83]. The simulated engine model in MATLAB/Simulink is shown in Figure
36.

Pin —»{-
> K > 01 ! Pout
s 0.55+2 0.08s+0.9
Controller Engine governor Engine Dynamics

K1 |-
Figure 36: Engine model transfer functions.

3.4.2 DC/DC Converter Power Loss Map

DC/DC converters have taken much attention in recent years, mostly because of their
applications in hybrid electric vehicles and renewable energy systems. In these systems,
power constantly flows between the ESS (usually a battery) and the rest of the system. This
converter is an essential component for power management in an electrified boat. A hybrid
electric powertrain uses DC/DC converters to transfer the excess power from the genset to
the ESS and the reverse. In general, power converters can be divided into four types as

shown in Table 13.

Table 13: Types of converter systems

Type of conversion Converter system
Rectifiers (Uncontrolled) Fixed AC to Fixed DC (Line
(Diodes) Commutation)
AC-to-DC Rectifiers (Controlled) Fixed '\A‘/grit;b';xe‘j or
(SCRs, IGBTs, MOSFETS, .
DC (Line or Forced
GTOs) )
Commutation)
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Fixed (or variable) DC to
DC-to-DC Variable (or fixed) DC

Fixed voltage DC to Fixed
AC

Fixed (or variable) DC to
Variable ac

AC Voltage Controllers Fixed to variable AC

Fixed AC to variable voltage
AC-to-AC and

Cyclo Converters frequency (usually less than
input frequency)

Inverters (Uncontrolled)
DC-to-AC

Inverters (Controlled)

The voltage doubler boost converter shown in Figure 37 is modeled and simulated to
produce an accurate power loss model for the DC/DC converter, to account its power use
and to remain computationally efficient. In simulating its power loss, the voltage and
current across each element of the circuit are calculated. The simulated chief waveforms

this circuit are presented in Figure 38.
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Figure 37: A generic voltage doubler boost converter
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Figure 38: Gate signals and primary waveforms

For this converter, switch turn on/off loss, switch conduction loss and diode conduction
loss are considered. The total switching loss of the converter can be calculated by using
the fall (¢;) and rise (t,) time available on the data sheet [87]. In this work, we assumed

that switch voltage and current have a linear behavior shown in Figure 39.
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Figure 39: Switch voltage and current

Therefore, the losses can be calculated as follows

1 Vil (tr + t¢) f) X N, )

Pswitching loss = Ptr + Ptf = (6

where V;,, and I,,, are maximum voltage and current across the switch and f is the switching
frequency. The conduction loss is determined by the on-resistances of the switch (Rys on)
and the transistor RMS current (1)

Pswitch cond = (Rds ON X 172"(rms)) X Ng (6)

The antiparallel diode loss is equal to

Paiode toss = (VF IF(w + RFIFimS) XMNp (7

In addition, a high frequency transformer is used between the switches and capacitor for
isolation and voltage translation requirements. The main transformer losses consist of
copper losses, eddy current losses and hysteresis loss in the core of the transformer. In this
work, it is assumed that the total transformer loss is 1% of the net output power. Moreover,
power losses in inductor and capacitors are ignored and ideal components are considered.
When the voltage across the diode is negative and the diode is in reverse-bias mode, it is

assumed that the diode is open circuit and no power loss during this mode is considered.

The converter efficiency map is shown in Figure 40. The input voltage has changed from
22V t0 42 V and the output power varied from 500W to 1000W. The converter power loss
IS

Pconverter loss = Pdiode loss + Pswitch cond + Pswitching loss (8)
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Figure 40: Efficiency map of the DC/DC converter

3.4.3 Battery ESS Model

A lithium-ion battery is a typical choice over standard nickel-cadmium and offers largest
energy density for weight. Lithium-ion has a very low maintenance; an advantage that most
other battery chemistries cannot claim. Lithium-ion batteries are being used in increasingly
complex configurations with very challenging duty cycles and usually selected as the
desired battery chemistry. Due to the large amount of energy required in vessels, BESS in
vessels are enormous and consequently costly. That is why it is important to predict the
battery capacity fade using battery degradation model. Yet, developing such a model for
practical applications is a new concept and a challenging task for industry. In this section,
two models are developed to estimate the battery degradation. Each approach are explained

and results are presented.
Model 1

A BESS is an essential part of the hybrid electric and pure electric powertrains. A lithium-
ion (Li-ion) battery was selected as a suitable candidate due to high energy density, low
self-discharge rates, and wide applications in maritime industry [79]. The battery
performance model has been extensively discussed in the literature. A comprehensive
review of the battery system is given in [88]. A more simplified model, which is required

for system modeling is given in [89]. In [90] the equivalent circuit parameters of a battery
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is optimized and using experimental data, an equivalent circuit model is developed. By

using an equivalent circuit model and passive elements such as a capacitor, a resistor and
an inductor, the approximate behaviour of the battery can be estimated. The Thevenin
equivalent circuit model was selected to represent the battery dynamics since it can
simulate battery performance for various chemistries, including valve-regulated lead-acid
(VRLA) [91], nickel metal hydride (Ni-MH) [92], and LiB [93]. The battery Thevenin

equivalent circuit is shown in Figure 41.

e
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O —

Figure 41: Thevenin equivalent circuit for the battery system

Since the introduction of Li-ion battery in the 1990s, the performance, lifecycles and costs
have improved significantly. A comprehensive cost analysis of Li-ion battery technology
for a BEV is given in [94]. The cost of Li-ion battery has dropped from CDN$655 per kWh
in 2008 to about CDN$394 per kWh in 2014. It is also predicted that battery cost may drop
to CDN$264 per kWh in 2020 and CDN$197 per kWh in 2025 [94]. In this work,
CDN$700/kWh is used for battery pack cost based on harsh marine conditions and the data
from a leading marine battery ESS manufacturer.

The lifecycle costs of the hybridized and electrified propulsion system consist of various
costs of all powertrain components, including their investment costs, the costs of fuel
and/or electric energy, and the replacement costs of key powertrain components within the
projected lifetime. Among those, the batteries have a shorter life and need to be replaced
within the lifecycle of the system. The hybrid electric boat has a smaller BESS and a
shallow depth of discharge (DOD), thus last for longer time. For shallow DOD, a lithium-
ion phosphate battery can last for about ten years, before its charging capacity drops by
20%. With proper battery sizing at 30 kWh to work with a 40kW diesel engine, the battery

pack in this study is expected to cover the ten-year lifetime of the hybrid electric
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powertrain. The proper use of the BESS is controlled by the energy management system

of the hybrid electric powertrain. The battery pack of representative HEV, Toyota Prius,
has been reported to have an average of thirteen years of operation life [95].

The BESS of the pure electric powertrain provides all propulsion energy that can be
calculated from the measured power load of the boat, leading to a much larger battery and
a deep DOD. During the six hours of boat operation under the obtained load profile and
total energy consumption, the State of Charge (SOC) of the BESS is controlled between
15% and 95% between each deep charge at night. For six hours of operation, the BESS
needs to have a capability of 97 kwWh. At 80% deep DOD of each operating day, the battery
will last about 1,000 cycles [96], equal to five years under the more demanding working
condition. In this work, the battery life of pure electric boat was based upon similar studies
on pure electric vehicle (PEV) [96], and more accurate battery life and lifecycle cost
predictions can be made using the accurate battery performance degradation model and

given load profiles, forming our future work.

Model 2

Over the past years, several models have been introduced for lithium-ion battery capacity
fade [97]-[100]. These models are based on different methods, such as parasitic side
reactions [100], solid-electrolyte interface formation [99], and resistance increase [98]. All
these models require extensive data collection to assess the battery capacity fading process.
Moreover, the majority of these models require calibration and complex calculation. In
Wang et al. a semi-empirical life model is proposed considering the impacts of four
parameters such as time, temperature, depth of charge, and discharge [97]. The semi-
empirical model can adequately estimate the battery degradation using the Arrhenius
equation. This equation can also be used in battery dynamic degradation

€a+B.Crate

_(atB.Crate )
Qioss = Ae ( RTpar )(Ah)z

where Q,,s IS the battery capacity loss (the initial capacity of the battery is normalized to
1), A is the pre-exponential factor, e, is the activation energy (J), R is the gas constant

(J/(mol. K)), T is the absolute temperature (K), A; is the Ah-throughput, C,,:. is the
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discharge rate, and B is the compensation factor of C-rate. Based on the cumulative damage

(Fatigue) theory [101].

The pre-exponential factor and other constant variables in the above equation must be
determined by experiment. In [102], an experiment was performed using a lithium iron
phosphate (LiFePOs) battery cell to calibrate the unknown parameters and verify the
accuracy of the model. The battery was charged and discharged at 0.3C and 1.5C rates,
respectively, from zero to 100% SOC. To calculate the parameters, the above equations are

modified as follows

Juy

Ea+BCTate E
Qosse RTBat

Ap = 1 (10)
and
Ons = zhe” T (4, Y21 (12)
loss h
Adding these gives
1 ea+B-Crate) z-1 (12)

_ — Ze © ZRT
Qloss,p+1 Qloss,p - AAhZAZe Z87Bat Q z loss,p

where Qossp+1 aNd Qs are the accumulated battery capacity loss at times t and ¢ + 1,

and AAj, is the Ah output during ¢, to t,,,; which is defined as

tp+1

AA

Experimental data were used to obtain the unknown parameters using a least squares fit
method which gives

15162+1516.Crqte

- (14)
Qi0ss = 0.0032¢ ( RTRqat )(Ah)0.824
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Then the predicted capacity fade from the simulations was checked against the

experimental results and accuracy of the model proven for different C rates. This result is
illustrated in Figure 42.
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Figure 42: Verification of the battery degradation model [102]

The explained model is implemented in MATLAB/SIMULINK environment and two
different power loads fed to the model in order to estimate power capacity loss in the battery
system. Simulated model is shown in Figure 43.
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Powerdemand (W)  Converterloss  Transmission loss
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Figure 43: Simulated battery degradation model

The results obtained for this model using load profile given in [102], confirmed the
accuracy of the model. However, when the model was tested for two different vessels load
profiles and adjusted battery size, the results were not acceptable. First, thr passenger ferry
load profile explained in the next chapter (MV Kilitsa) was input to the model and then a

fishing boat load profile was input to the model. In each case, the results were not realistic.
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3.4.4 Supercapacitor ESS Model
In-depth reviews on supercapacitors and their modeling can be found in [25][26].
Conventional capacitors have features similar to supercapacitors, but their volumetric
energy density is about two orders of magnitude lower and the cycle life is only half that
of the supercapacitors [105]-[107]. The cycle life of a supercapacitor is also slightly
affected by its operating temperature and voltage [108]. In this work, the operating
temperature and voltage of the supercapacitor are assumed to be constant. This is a
reasonable approximation as cooling seawater at about 12°C can be used for the thermal
management of ESS and a controller can keep the voltage constant. Supercapacitors have
low internal resistance, long cycle life, and high power density, and these advantages make
supercapacitors an excellent candidate for the fishing vessels with dynamically changing
power loads. A supercapacitor block in MATLAB/Simulink was implemented to capture
the dynamic behaviour of the supercapacitor and its interaction with other powertrain
components. This computationally efficient model can provide acceptable supercapacitor

behaviour accuracy.

3.4.5 Electric Motor Transfer Function

Using motors governing differential equations, the transfer function of an electric motor

can be derived [109]. The motor torque equation can be written as

d? d
T, (t) =jae(t) +BE6® (15)

where j is the moment of inertia, B is the friction constant, and 6(t) is the motors angular

position. The motors back Electromotive Force (EMF) voltage equations is given by
(t) = K, d 0(t (16)
ep\l) = Ry dt ®)
where K, is the EMF constant. Motor input voltage can be written as

eq(t) =Ry i (t) + L, % ig(t) + e, (t) (17)
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where K, is the EMF constant and R, is the armature resistance, L, is the armature

inductance and i, is the armature current. By assuming a zero initial condition and then

using a Laplace transform we have:

w(s) _ K, (18)
E,(s) (Lgs+Ry)(s+B) +K,K,
The electric motor parameters are given in Table 14.
Table 14: Motor parameters
Arrpature 'Armature Moment of Friction Torque EMF
resistance inductance inertia U) constant (B) constant constant
(Ra) La (Kt) (Kb)
2Q 05H 0.02 Kgm? 0.2 Nms 0.015 Nm/A | 0.01Vs/rad

3.5 Optimal Sizing of the Generator and Battery ESS

The aim of powertrain component optimization is to find the optimal sizes of the genset
and battery ESS for proper powertrain system design. The optimization of any maritime
vessels powertrain system should provide a design that meets all vessel performance and
regulatory requirements while minimizing the cost and fuel consumption of the vessel. The
fishing boat powertrain system optimization problem is formulated as a Multi-Objective
Optimization (MOO) problem with conflicting design objectives of minimizing the overall
lifecycle costs (both capital and operational) and minimizing GHG emissions at the same

time. The design constraints of the formulated MOO problem include

Ppc + Pess = Paemana (19)
0 < Ppg = Ppgg, (20)
Pessyin < Pess < Pesspay (21)

where Py is the power generated by the diesel generator, Pggs is the power provided by

the ESS, and P;.mqna 1S the given vessels power demand.
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3.5.1 Emission Reduction Objective
The global warming potential method for calculating the impact of all released gases at a
future time (e.g. 100 years) is been used to calculate the total equivalent CO, emissions of

the vessel. The total equivalent CO; formulated as
COy, 1ora, = FC Xy Xtrips X Kp Xn (22)

where n is the number of vessel operating days, FC is the engine fuel consumption per trip,
y is the number of years, trips is the number of vessel trip per day and K is the emission
factor for marine diesel given in [37]. The total CO2¢ is calculated based on the GWP
values of different gases given in the fourth assessment report of Intergovernthe mental
Panel on Climate Change (IPCC) [110]. The GWP values of CO, and two other related
gases are given in Table 15.

Table 15: Global warming potential of three gasses

GHG emissions CO; CH4 NO,
GWP 1 25 298

3.5.2 Overall Lifecycle Cost Objective

The total cost of the hybrid electric and battery electric powertrains are

ng Nng

TChybrid Blectric = N X days X trips X Z Z FCi; X Fuel Cost X At; + OE  (23)
j=1i=1

180
TCgattery Electric = N X Electricity Cost X z BESSkwn—consumea,; + OF (24)

d=1
where At is the simulations time step, n; is the number of installed gensets, n; is the
simulation time, trips is the number of crossing per day, z is the number of years, daysis
the number of operating days in a year, FC is the fuel consumption, and OF represents

other expenses listed in
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Table 16.

3.6 Results and Analysis
3.6.1 Component Interactions

The proposed hybrid electric and pure electric propulsion system models are
computationally efficient for estimating the energy efficiency and emissions of different
design options, thus supporting the propulsion system design optimization. The model
could capture the component interactions and interdependencies with a sufficient level of
detail. The powers derived from the generator and ESS for the hybrid electric system are
shown in Figure 44. Initially, the ESS and genset provide power for travelling to the fishing
zone from the wharf at full power of about 60 kW. When the vessel reaches a lobster trap,
the propulsion power drops to zero but the genset continuously works at its maximum
power (13 kW) to charge the ESS. When the ESS reaches its maximum SOC, the charging
stops and the genset follows the power demand (black solid curve). The supercapacitor
SOC, current and voltages are shown in Figure 45. At present, the duration of the
simulation spans more than six hours of operation, due to the need for the genset to fully
charge the ESS at the start or end of the trip. A better and more preferred alternative is to
obtain this full charge using “plug-in” charge capability from the electric power grid at the

shore. The present setting is used to facilitate a fair energy use comparison.

Figure 46 illustrates the response of the engine and supercapacitor to abrupt changes in the
vessels power requirements. As the vessels power increases, the engine tends to increase
power output, however, due to engine inertia and engine time lag, this response is slow.

At this moment, the ESS responds first and provides power until the engine power catches

up.
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Figure 44: Generator power, ESS power, and vessel demand power.

Variables Conventional Series hybrid Pure battery
ICE powertrain with SC ESS powered
Inverter cost ) $0.21 /W-DC $0.21 /W-DC
[25] [25]
ESS cost - $5,500 /kWh[26]  $700 /kWh [27]
> | ESS installation labor - $0.15 /W [25] $0.15 /W [25]
& | Electric motor - $8,000 $8,000
3 | Charger station - - $20,000
= | Charger station
Q| Transformer i i $5,000
(%]
w Diesel generator unit cost @%gi\’;\)/o[%g] $1t\(l)\(l) ?2%@] 15 -
Diesel generator
Installation labor cost $50 fkw $50 fkw i
Total 132,900% $226,150 $56,250
O | ESS operation and $20 /kW/year $20 /kW/year
€ | maintenance i [25] [25]
= | Fuel cost $1.121/L $1.121/L -
3 | Diesel generator
g Operation and $30 /kW/year $30 /kW/year -
= maintenance
Electricity cost - - Varies [31]
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Figure 45: Supercapacitor voltage, current and SOC (%) during a trip
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Figure 46: Response of the diesel generator and ESS to abrupt changes in vessels power

requirements

3.6.2 Optimal Engine and ESS Size

The Pareto optimal solutions of the multi-objective optimization can provide various
optimized engine sizes under different design trade-offs on the overall lifecycle costs
(investment and operation) and the equivalent CO2 emissions over a ten-year period. For
a given design preference with a proper weight on the lifecycle costs and equivalent CO>
emissions, the optimized engine and ESS sizes can be determined. The proposed approach
provides a set of solutions for the series hybrid electric powertrain system design, referred
to as the Pareto optimum [111], as shown in Figure 47. Pareto optimization was performed
to maximize the COgze reduction and minimize the system cost. As the size of the ESS

increases, the cost of the system increases. A larger ESS results in a smaller engine and
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lower CO2 emissions. Different levels of hybridization are possible, and each Pareto

optimum point represents an optimal solution of the hybrid powertrain system for a given

design trade-off decision.
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Figure 47: Pareto optimum solutions for two systems.

The total CO- equivalent emissions and the lifecycle costs of the conventional ICE powered
boat with gasoline and diesel engines, the series hybrid electric boat with gasoline and
diesel engines and battery/SC ESS, and the pure electric boat with battery ESS have been
projected, using the collected vessel operation data and the newly-developed powertrain
system models. Figure 48 illustrates the simulation results of lifecycle costs and emissions

under different powertrain systems.
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Figure 48: Emission comparison of different architectures over a ten year period.

The new hybrid electric boat design and the battery powered pure electric boat design
showed considerable GHG emissions reduction and favorable lifecycle cost savings. The
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pure battery powered powertrain has the lowest CO2. emissions and the highest overall

costs in comparison to other powertrain systems. The hybrid electric powertrain system
with supercapacitor ESS emits the same amount of CO2e as a hybrid powertrain with
battery ESS and diesel engine, and has a higher overall cost due to the higher cost of the

supercapacitors.

Similarly, the gasoline engine hybrid electric powertrain system with a battery ESS is less
expensive than the same system with a supercapacitor ESS. The lifecycle cost of the hybrid
electric powertrain system with a gasoline engine is slightly higher than the same system
with a diesel engine due to the higher efficiency of diesel engines. The pure electric
powertrain system with a battery ESS presents the lowest CO2 emissions among all
alternative powertrain systems due to the low emissions of the North American electric
power generation that blends at about 0.3794 Kg/kWh [40][41]. In contrast, the
conventional powertrain system of the fishing boat has the highest lifecycle cost and COxe

among all powertrain architectures.

3.7 Conclusions

In this work, the hybrid electric and pure electric powertrain system designs for a specific
class of fishing boats are proposed, and their performance, energy efficiency, and lifecycle
cost are modeled and quantitatively analyzed. Dedicated data acquisition systems have
been installed on two representative fishing boats to collect their daily operational data for
accurate powertrain system performance, energy efficiency and lifecycle cost prediction
and comparison, against the conventional fish boat powertrain system to reveal the benefits
of fishing boat powertrain system hybridization and electrification. The lifecycle cost and
GHG emissions of hybrid electric, pure electric and conventional mechanical powertrain

systems are quantitatively compared using the simulation results.

Moreover, the engine and ESS size are optimized for different powertrain architectures
under existing technical and operational constraints of fishing vessels. Simulation results
indicated that the hybrid electric powertrain architecture with BESS can ensure lower
lifecycle cost and reduced GHG emissions in comparison with the conventional mechanical

powertrain. Simulation results also showed that significant reduction in GHG emissions
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can be achieved using the pure electric powertrain with a battery ESS, although the

lifecycle cost of this system was higher than the hybrid electric powertrain system with a
battery ESS due to battery performance degradation under heavy use and large depth of
charge/discharge.
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4 Electrified Propulsion for a Passenger Ferry

While there has been significant research on the simulation, optimization, and analysis of
different hybrid electric terrestrial vehicle architectures [20]-[22], similar research for
marine vessels is lacking. Moreover, relevant studies in this area either focus on overall
system optimization and ignore component interactions or offer detailed (albeit isolated)
analyses of different subsystems. This chapter introduces a system level model of sufficient
detail to capture all component dynamics, facilitate design optimization, and support cost
analyses. Moreover, due to a lack of standardized drive cycles for marine vessels, real data
has been collected for small car-deck ferries. In the next section, a description of BC Ferries
MV Kilitsa, including its mechanical propulsion architecture, is given. In Section 4.3, series
hybrid powertrain and battery electric powertrain architectures are proposed as
replacements for the traditional mechanical architecture. These new architectures are
modelled using MATLAB-Simscape library and the results are validated using the data
collected from the MV Kilitsa. In Section 4.4, key components modeling is described and
in Section 4.5 optimization problem and constraints are represented. The discussion of the
results, overall cost, and GHG emissions are compared with current mechanical systems in

Section 4.6.

4.1 System Description and Data Collection

Ferries, unlike other marine vessels such as tugboats, have a very predictable load profile.
They usually have a routine schedule and this makes them an attractive case study for
modeling and investigation. In addition to having a predictable load profile, the MV Kilitsa
has other advantages such as available space for battery installation and the fact that it

operates in sheltered waters. Lower environmental variability also makes the MV Klitsa an
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ideal choice for research on ship hydrodynamics. The MV Kilitsa is a car-deck ferry that

was built in 1972 and operates between Brentwood Bay and Mill Bay on southern
Vancouver Island [114]. It has a total installed power of 700 hp with a maximum speed of
10 knots. The passenger capacity of the ferry is about 150 people and it can carry 19 cars
per voyage.

In terms of daily routine, the vessel makes 18 crossings of 5.7 km each, 8 in the forenoon
and 10 in the afternoon. In addition, between the forenoon and afternoon crossings there is
a one-hour mid-day layover during which the vessel is secured in Brentwood Bay. More
information about the ship is given in Table 17.

Table 17: MV Kilitsa information [114]

Built: 1972, Vancouver

Overall Length: 47.55 metres (156"
Maximum Displacement: 450 tonnes

Car Capacity: 19

Passenger & Crew Capacity: 150

Maximum Speed: 10.0 knots

Horsepower: 700

Amenities: Accessible car deck lounge

The MV Kilitsa is currently equipped with two 14 litre Detroit Series 60 diesel engines,
each coupled to an azimuthing thruster system. A separate 50 kW diesel generator provides
electrical power for all other ship loads. After finishing its daily routine the ship is secured
in Brentwood Bay, connected to shore power (cold ironing), and all engines are shut down
[115].

The current powertrain architecture of the MV Kilitsa is illustrated in Figure 49. This
architecture is an example of a conventional propulsion system consisting of prime
mover(s), reduction gears, medium length shafts, and propeller(s). The prime mover rotates

the shaft with medium speed and transfers torque through the shaft via reduction gears in
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order to drive the propeller. The propeller converts torque to thrust at rotational speeds on

the order of a few hundred RPM [116]. The 50 kW diesel generator is designed to operate
at constant speed and supplies electrical power at 60 Hz to the remaining ship loads. The

location of each diesel engines is shown in vessel layout in Figure 50.
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Figure 49: Current powertrain architecture for MV Klitsa
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Figure 50: MV Klitsa design layout
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A data acquisition system has been installed onboard the MV Kilitsa in order to obtain the

data required for simulation and model validation. The input torque, power, and speed of
each propeller, ship velocity during transit, angle of the azimuthing thrusters, and output
power of the 50 kW diesel generator have all been collected. These measurements enable
a direct comparison between the current mechanical powertrain and the proposed
powertrain architectures.

The data was collected over a two-month period and three representative mission profiles
were identified as a good representation of the ship operational variability. Figure 51 shows
the low, medium and high load profile for vessel engine. The engine maximum power
varies between 170kW to 90kW for steady state condition. In the case of MV Kilitsa, the
engine power variation is mainly due to the time schedule and less by environmental factors
due to its operation in sheltered water. Figure 52 illustrates the ship velocity corresponding
to ship power shown in Figure 51. As expected, higher engine power corresponds to higher

vessel speed and lower travel time.
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Figure 51: Diesel engine output power for low, medium and high load profile.
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Figure 53: Diesel engine output torque for low, medium and high torque profile.

Engine torque pulses can be observed in Figure 53 when the MV Klitsa nears either Mill
Bay or Brentwood Bay. These pulses represent the short bursts of power required to
maneuver the ship into alignment with the jetty at either terminal. While the MV Kilitsa is
pushing into the jetty during loading and unloading, the engines are working at slightly
more than their idle speed. The torque pulses that are characteristic of a vessel maneuvering
into a jetty are of major significance since they often require oversizing the engines to

accommodate for this transient load. This is one of the major advantages of hybrid electric
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propulsion since the plant can better tolerate transient loads without oversizing the engine

and increasing fuel consumption. The three navigational trajectories taken by the vessel
for each respective load profile are shown in Figure 54. Two of the three load profiles run
from Mill Bay to Brentwood Bay, illustrated with red and green arrows respectively. The

third profile runs in the reverse direction with its course plotted with blue arrows.

Figure 54: Course and heading data for the three load profiles [115]

4.2 Proposed Powertrain Architectures

The choice of a powertrain architecture depends on vessel types and the operational profile
of the vessel. Finding the optimal architecture for a particular vessel, however, is generally
not an easy task. Designers must take into account many factors like availability of
technologies at the time of construction and design flexibility. In this work, series hybrid
and battery electric architectures are investigated for application onboard the MV Klitsa

while keeping the existing hull and propeller system.
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4.2.1 Series Hybrid Architecture

The proposed series hybrid architecture is depicted in Figure 55. One of the great
advantages of series hybrid architectures is flexibility in the location of equipment. The
lack of need for a long shaft line allows the diesel generators to be placed wherever is ideal.
The common electrical grid would provide several advantages for the MV Kilitsa such as
servicing ship loads with a smaller number of prime movers; which would result in
noticeably improved fuel efficiencies over the low and medium speed ranges. Moreover,
this design can maintain the level of redundancy, which is an important design factor,
especially in passenger vessels which are required to always have a redundancy of 50% of
the total propulsion demand [117].

The series hybrid architecture has higher efficiency especially at the low speed range when
compared to tradition mechanical propulsion. This happens when the diesel engines are
working in a lower power range which is corresponded to a higher fuel consumption. As
mentioned before, any electric propulsion designs introduce extra electrical losses due to
electrical components such as electric motors, converters, generators, and transformers
[118]. Depending on the vessel operating profile, these losses at full power can outweigh
the benefits of switching to a series hybrid architecture. Therefore, extra care must be taken
before selecting a series hybrid architecture for a given ship design. However, there are
still several other arguments in favour of a series hybrid architecture such as lower noise

and better dynamic response.
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Figure 55: The proposed series hybrid architecture.

4.2.2 Pure Battery Electric Architecture

Pure battery electric architectures have become quite popular for passenger ferries in recent
years. They offer significant advantages over other architectures such as higher energy
efficiency, lower noise levels, and greater reliability. However, factors such as high capital
cost, the need for proper cooling mechanisms, bulky and expensive fast charging stations,
and (in some cases) the cost of expanding the existing electrical grid have limited the
implementation of this design. Despite this, the first battery electric car ferry, the Norled
AS MF Ampere, entered service in Sognefjord, Norway, in 2015 [13]. It has been estimated
that it annually offsets the use of one million litres of diesel fuel which translate to the
emission of 570 tonnes of carbon dioxide and 15 tonnes of nitrogen oxide when compared
to conventional ferries in service on the same route [14].

In a battery electric architecture, the BESS is the only primary source of energy and it
services all ship loads, although a backup diesel generator is usually installed to satisfy
redundancy requirements. This makes the battery electric architecture very similar to the

architecture of the EREV currently available on the market. The BESS is the main source
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of energy like a diesel generator in a series hybrid architecture. However, a BESS has a

very high efficiency over its entire operating range when compared to a diesel generator.
The proposed battery electric architecture for the MV Klitsa is illustrated in Figure 56. The
BESS is coupled to a bidirectional DC/DC converter in order to charge the battery and step
up the voltage. Similar to the series hybrid architecture, the distribution system can be
either AC or DC. In the case of a DC distribution grid, electrical power is transferred to a
DC/AC converter to provide power for big loads like propulsion. Smaller loads are
connected to the grid by means of individual converters. The current trend in the shipping
industry is moving towards DC distribution systems because of the flexibility they offer in
introducing energy storage, fuel cell, and solar technologies [11].
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Motor Driver
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Battery Bank bidirectional

DC/DC converter
Isolated
DC/AC converter
Hotel loads

Figure 56: The proposed battery electric architecture

4.3 Key Component Modeling Using Simscape

In this section, the developed powertrain model for the MV Kilitsa is explained. A different

approach of modeling using Simscape library is used to expedite the modeling time for
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different powertrain architectures. Simscape block libraries contain a range of prebuilt

blocks that represent engineering components. These blocks are also expandable to
represent the unique engineering needs using Simscape language to define customized
components. The developed model in MATLAB/Simulink is shown in Figure 57. The

detail description of this model is explained next.
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Figure 57: Simulink model in MATLAB

4.3.1 ICE Model

The generic engine model block available in the library is used to represent the diesel
engine. For higher accuracy in the engine model, we have used an actual fuel consumption
map of Detroit diesel engine [13] shown in Figure 58. The range of speed and torque from
fuel consumption map is placed in the model and tabulated power data and linear
interpolation are used to calculate the engine output torque. A discrete PI controller as
shown in Figure 59 provides required throttle for the engine and controls the output power

with respect to the reference power (collected data). A simple gear block model with
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constant efficiency also is attached between the diesel engine and generator to represent

the gears between these two components.
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Figure 58: Fuel consumption map, [Ibm/bhp-h] [13]
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Figure 59: Engine model and parameters
4.3.2 Battery Model
BESS is a key component of the hybrid and pure electric powertrain in marine vessels.
lithium-ion is a typical choice over standard nickel-cadmium and offers largest energy

density for weight. In addition, Lithium-ion has a very low maintenance, an advantage that
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most other battery chemistries cannot claim. Lithium-ion batteries are being used in

increasingly complex configurations with very challenging duty cycles and are usually
selected as the desired battery chemistry. A simple prebuilt battery model in Simscape
shown in Figure 60 is used to represent the battery ESS. Finite mode for battery charge
capacity parameter is selected to represent the battery as a series resistor and a charge-
dependent voltage source. In this mode, the battery voltage is a function of charge and is

defined as

SocC )

V=" (1 —B(1-S00)

(25)

where SOC is the state-of-charge, V, is no load voltage at full charge and g is a constant
that is calculated so that the battery voltage is V1 when the charge is AH1. Above equation
relates the output voltage to SOC. Since SOC is defined as a ratio of current charge over
rated battery capacity, the output voltage is also related to the remaining charge in the

battery. The SOC equation defined as follow [119]

Qo — fIp(®) dr
Qo

SOC%(t) = x 100 (26)

where Q, is the battery charge capacity, I, (t) is the battery current, and | tto I,(t) dtis the

battery charge delivered over the time interval [t,, t] with the battery assumed to be at full
charge at time t,. One advantage of using this model is the small number of parameters in
the battery model.

The energy holding capacity, or cycle life, of the Li-ion battery is affected by its operating
temperature, depth of discharge (DOD), and charge/discharge currents. The performance

degradation and capacity fade of the battery under different use patterns needs to be taken
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into account for lifecycle costs of the BESS. In this work, for hybrid electric propulsion,

as in automotive applications, it is assumed that the BESS needs to be replaced after a 20%
reduction on its energy holding capacity or capacity fade. During vessel operation under
the obtained load profile and total energy consumption, the SOC of the BESS is between
40% and 95%. For 40% DOD, a Lithium-ion battery is expected to cover the ten-year
lifetime of the hybrid electric powertrain.

For Pure electric powertrain architecture, BESS needs to provide all power required by the
vessel and have a deeper DOD. The BESS is charged using a fast charger facility installed
onshore which is assumed to be located in Brentwood Bay. The battery size in this
architecture should provide power for nine consecutive transits. During vessel operation
under the obtained load profile and total energy consumption, the SOC of the BESS is
between 20% and 100% between each deep charge. During the one-hour noon layover, the
batteries have a chance to fully charge using the fast charger station. For five hours of
operation in the morning, the BESS needs to have a capability of 1538 kWh. At 80% deep
DOD of each operation twice per day, the battery will last about 500 cycles [96], equal to
one and a half years under the more demanding working condition. By doubling the BESS

size and reducing the DOD, it is assumed that the battery can last for three years.
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Figure 60: Battery model and parameters

The weight of the battery ESS is an important design factor in the automobile industry, but
it can be ignored in marine transportation mainly due to the heavy weight of the vessels.
For example, the MV Kilitsa ferry has a maximum displacement of 450 tonnes and a
maximum ESS battery weight considering 12.4 kg per kWh of energy of 18,800 kg, which

is about 4% of the total weight.

4.3.3 DC/DC Converter Power Loss Model

The DC/DC power loss model used in this model is the same as in the previous chapter.

4.3.4 Electric Machine Model

Two high performance permanent magnet motors (PMM) drive the MV Klitsa azimuthing
thrusters at reference (i.e. data) speeds and torques. The prebuilt Simscape permanent
magnet electric machine shown in Figure 61 is used as a motor and generator in this work.
This block has an inherent closed loop system which facilitates the simulation. The PMM
output torque and power illustrated in Figure 62. Output torque and power are in a close
approximation with actual data. This ensures that the PMM can provide enough power and

torque for MV Kiitsa to reach its desired speed.
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Figure 62: PMSM output power and torque
4.3.5 Vessel Speed
The simulated vessel speed requires to follow the reference vessel speed to make sure
that vessel can arrive in the terminal on time. Vessel speed can be calculated using the

following equation
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Pprop =F n,= Rship 4 (27)

where P,,.,, is actual propeller power, P; is the shaft power, 7, is shaft efficiency, V is
vessel velocity and Ry, is the total resistance of the vessel [120]. The total resistance of
a vessel in calm waters can be expressed as the summation of four main resistance
components: fractional resistance, wave making resistance, eddy resistance, and air
resistance. The wave making and eddy components can then be combined into a single
component called residuary resistance. A simple way to express the total resistance is given

in ITTC-78 and [120] and expressed as

1
Rs = Crs 5p V25 (28)
where Cr is the total MV Kilitsa resistance coefficient, p is the water density, and S is the

wetted surface. Cr¢ for the MV Klitsa was calculated using vessel data provided by

manufactuthe rer and computational fluid dynamics (CFD) software [121].

4.4 Diesel Generator and Optimal Battery Sizing
441 The Optimization Problem

The general problem of optimizing component sizes can be expressed as a minimization
problem in which cost (both capital and operational) and COze emissions are the objectives.

The constraints on this problem are
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Min Obj, = Cost (P, P,,R))
Obj, =CO, (P, P,,R,)
St. {PReZ|0,[65:15:370]} (29)
{P,€20,[65:15:370]}
P+P,+PR =370
P, €[0,370]

where P;and P, are engine one and two rating powers and P, is the BESS power. It is clear
that the optimization problem has two computationally expensive black-box objectives,
three mixed design variables and a linear constrain which is difficult to solve with
conventional optimization methods. Therefore, in order to simplify this problem, a

transformed optimization formula is presented and shown as follows

P, =370-P -PR, (30)
—=0<370-P,—P, <370
P, €[0,370]
Min Obj, = Cost (P, P,)
Obj, =CO, (R, P,)
(31)

St.{R eZ|0,[65:15:370]}
{P,€Z2]0,[65:15:370]}
P +P, <370

This optimization problem is transformed into simpler equations with a two-dimensional
bi-objective integer solution including a simple inequality constraint and two complex
objectives that need to be analyzed by Simulink. After removing the infeasible solution
from the results, there are 92 feasible cases with a simulation time of eight minutes each.
In the post processing stage, a non-domination sort is used to capture the Pareto frontier as

follows
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. rawfy, —rawf " (32)
bji — max min
o rawf ™ —rawf
Gi = 1— mJaX (OTJPZ( f()ibjl - fog)jl! foibjz - fOéjZ )) (33)

where rawf,, ; is the original objective value and f,,,; is the normalized value. The pseudo

code is summarized below.

Enumeration of the Pareto frontier
Begin
Input P1 and P2 and assign the integer values between 0 and 370.
Generate the grid sample points in the range [0, 370].
fori=1to0371X371
Delete the infeasible points based on the true integer ranges of P and Po.
Delete the infeasible points based on the inequality constraint.
end
Save the feasible 92 points in the database.
Run the simulation on the 92 cases and get the objective values.
Save and normalize the objective values based on (32).
Carry out the non-dominated sorting process based on (33).
Select the G values that are bigger than 1.
Return the Pareto set and the corresponding solutions.
End

Additional constraints and formulation of the optimization problem are given next.

4.4.2 Constraints for MV Klitsa
The simulation model and optimization problem for the MV Kilitsa requires the following
additional limitations to satisfy physical laws and safe operating requirements.

e Mechanical power balance: The motor output torque and speed must follow the

reference (collected data) propeller torque and speed.
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e The variation in vessel speed during steady state operation should stay within the

limit (3 km/h). This ensures that the MV Klitsa can complete a given transit in the
prescribed time.

e The diesel generator output power should not exceed its maximum rating power.

e The CO2 emission should not exceed the CO2e emissions of the current mechanical
architecture.

e The battery power rating must be sufficient to provide enough power for each case

including pure battery system and follows the following equation

NBESS

Z PBESSj =
j=1

e The BESS state of charge should not exceed its minimum limits of 50% for a hybrid

ng
34
Pgi — max [Pyemandl (34)
1 t

i=

powertrain and 20% for a pure battery architecture, respectively.

4.4.3 Total Cost Function

The total hybrid series architecture cost is the sum of the fuel costs of all generators and

other expenses

ng ng

TChybria series = M X days X trips X 2 Z FC;j X Fuel Cost X At; + OE (35)

j=1i=1

Information about the symbols can be found in the nomenclature. The fuel cost, component
cost and other expenses (OE) are calculated using the values given in Chapter 2 for the cost
model. The total pure battery architecture cost is obtained as the sum of the total energy

consumed by the battery per day multiplied by the electricity cost so that
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365
TCpattery powerea = N X Electricity Cost X Z BESSiwh-consumeay, + OE  (36)
d=1
4.4.4 Thermal Efficiency
The thermal efficiency of a heat engine is
_ Wout
7’] =
Qin (37)

where W,,,; is the work done by the engine on its surroundings, and Q;,, is the heat put into

the engine. W,,,; is given by

n
Wour = z P; At; (38)
i=1
and Q;, is
n
Qin = dcomb Z m; (39)
i=1

where P; is the engine power output during time step i, m; is the mass of fuel consumed
during time step i, and q.omp IS the specific heat of combustion for a particular fuel which

for marine diesel oil is 41003.2 kJ/kg [122].

4.45 Equivalent CO2 Emission

GHG emissions can be calculated directly from the mass of fuel consumed by each engine.
However, GHGs have different radiative forcing, which means that they have a different
ability to absorb heat in the atmosphere; therefore, a different metric is required to take this
effect into account. As explained in Chapter 2, the GWP measures the ability of these gases

and is expressed as the ratio of each gas heat trapping capacity relative to that for CO». The
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GWP values given in the emission model is used for emission estimation. In the case of a

battery electric architecture, the emission factor is calculated as follows. Since more than
90% of the electricity generated in BC is produced by hydroelectric generation, the
emission factor for a battery electric architecture is considerably lower than for series
hybrid architecture. Based on the information provided in [123], the emission factor for
BC Hydro and North American power plants is, on average, about 15 g/kWh and 0.3794

Kg/kWh [31], respectively.

4.5 Results and Analysis

45.1 Component Interactions

One of the reasons for conducting a study on the MV Kilitsa was to create a forward-facing
powertrain model to explore the component interactions and interdependencies. Then, the
behaviour of each component can be cross-checked against real system results. The
forward-facing model also gives more information about the system limitation and
drivability of the powertrain. Figure 63 gives the simulation results and power profiles for
different powertrain components where the demand power consists of the two propulsion
loads and the hotel load. Moreover, a 10% electrical loss is introduced into the model to
represent the losses associated with the electric propulsion system. The sum of the BESS
power, total losses, and diesel generator power is equal to the total demand power. Figure
65 gives the battery usage during a transit as determined by a rule based energy
management strategy shown in Figure 64. Initially, the battery is charged at 100% of its
capacity and then when the diesel generator reaches its maximum output power, it
gradually discharges and provides the rest of the power required by the vessel. At about

1200 seconds the vessel power drops and the generated power exceeds the demand power,
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so the excess power flows back into the BESS and charges the battery. This follows from

the formulation of the objective function that tries to minimize the SFC of the diesel engine
during its operation by running the diesel generator at its rating power. Figure 66 illustrates
the MV Kilitsa velocity during steady state condition calculated by (28). The accuracy of
the ship velocity depends on the calculated resistance coefficient (Crs) value of the ship.

For the MV Kilitsa, this coefficient was calculated using the CFD software.
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Figure 63: The output power of different components during a transit.
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4.5.2 Cost and Emission Analysis

The emission analysis results for all three architectures are presented in Table 18. The
conventional mechanical architecture has the highest CO2e emissions compared to the other
architectures. The series hybrid architecture with one genset installed at 370 kW produces
14% lower emissions than the conventional architecture. Interestingly, the emission
analysis indicates that the pure battery system has emissions similar to a series hybrid
architecture when using the North American electricity emission factor. However,
emission in this architecture can be reduced significantly if the electricity is generated by
renewable energy systems like hydro energy. For the MV Kilitsa, emissions can be further
reduced to 140 tonnes when the BC Hydro emission factor is used in the analysis. This is

about a 98% reduction in emission compared to a conventional architecture.

Table 18: COz emission per crossing for different architectures

Various Powertrain Various .. CO2e
. CO». Emissions (Tonnes) .
architectures Fuels Reduction
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Genl+Gen2 BESS Total
Mechanical system Diesel 11,195 0 11,195 0
Series hybrid system Diesel 9,604 0 9,604 -14%
Pure-Battery system Varies 0.0 7,516 7,516 -33%

Figure 67 shows the cost and emission analysis results for all architectures. It is clear that
the series hybrid electric architecture has the lowest cost over the ten years period because
one genset provides all the required power for the vessel at full power. The conventional
architecture cost is 13% higher than the hybrid electric architecture and 28% lower than
the pure battery system. The higher cost of the pure battery architecture is mainly due to

battery degradation and the BESS replacement cost.
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Figure 67: Cost analysis for various architectures over ten years period

Selecting a proper powertrain architecture for the MV Klitsa is a Multi-Objective Problem
(MOP) since more than one objective function, such as cost and CO.e, are of interest. In
these problems, the objectives are in conflict with each other. Therefore, reaching a
solution that optimizes each objective function without deteriorating the other is

impossible. The answer to such problems is a set of solutions referred to as the Pareto
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optimum or frontier [111]. The Pareto frontier points for the series hybrid architecture are

shown in Figure 68. It is clear that neither of the Pareto frontier points is superior to the

other points.
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Figure 68: Pareto frontier points for a series hybrid architecture

Figure 68 shows that the lowest cost corresponds to the series hybrid architecture with one
generator rated at 370 kW. However, this point is associated with the highest COae
emissions. On the other hand, as the BESS size increases, the CO2. decreases but the cost
increase. In the series hybrid architecture, one diesel generator normally works at its
maximum rating power and extra power is provided by the BESS instead of another diesel

generator. This combination of diesel generator and BESS is also able to provide enough
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power for power pulses required to maneuver the ship into alignment with the jetty. These

pulses often require oversizing the engines to accommodate for this transient load.

4.6 Conclusion

This chapter presented various propulsion architectures for a car-deck ferry. BC Ferries
MV Klitsa was selected for this case study and real vessel performance data was collected
for comparison purposes. Hybrid series and pure battery electric architecture models were
developed and the results were compared with current mechanical systems. The
optimization algorithm considered different sizes and combinations of generators and
BESS in the series hybrid architecture. The results based on Pareto optimal theory indicate
that the most cost effective series hybrid architecture is one generator providing all the
power for the vessel. The pure battery electric architecture provides a considerable CO2
reduction if the electricity is only from renewable energy sources. This architecture has a
28% higher cost compared to a mechanical system mainly due to the BESS and the need

for BESS replacement.
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5 Conclusions and Recommendations

The primary objective of this dissertation was to develop an accurate and time efficient
model that can examine the performance of different propulsion system architectures. The
architectures were assessed in terms of the system efficiency and CO2e emissions. As an
example, two different powertrain architectures, series hybrid and pure electric, were
modeled for two classes of vessels. For fishing boats, the backward facing modeling
approach was used and for the MV Kilitsa ferry the forward facing approach was used. The
powertrain was modeled using a blended modeling approach that utilized both a power loss
model and prebuilt Simulink blocks for accuracy and ease of development.

A performance comparison and validation of the vessel models were achieved using
experimental data collected from both vessels while in operation. A dedicated data
acquisition system was installed onboard each vessel to record the operational load profiles
including engine torque, speed, and vessel velocity. Using the collected data, representative
load profiles were created for each vessel and simulation results were compared with actual
data. The model error was found to be between 5% to 10% depending on the simulation
time and control parameters. More accurate result can be obtained at the cost of higher
simulation times.

In comparison to the collected operational data, the simulation results for both vessels were
satisfactory. However, in the case of the passenger ferry, improvements in the vessels speed
model, especially during transient conditions while maneuvering can increase the model
accuracy. The vessel speed model depends significantly on CFD simulations to obtain the

reduced-order hull resistance and propeller thrust model parameters.
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The model results from the passenger ferry and fishing boats provided an excellent

illustration of how this platform can be used in the design and analysis of alternative
propulsion systems for a marine vessel. For fishing boats, a series hybrid electric
architecture is a possible solution for future cost and emission reductions for the given load
profile. For passenger ferries, considering BC Hydro electricity emissions, significant
emission reductions can be achieved by deploying a pure battery architecture.

Another important objective of this dissertation was an environmental assessment of
alternative fuels, especially NG, as a transportation fuel in BC. A comprehensive lifecycle
environmental assessment of NG as a transportation fuel using data from NG producers
and suppliers was presented. The results obtained indicate that NG is a desirable marine
fuel in BC only if proper engine technologies are used. NG generates less air pollution and
has a lower environmental impact than diesel fuel. If NG fuel is considered as a bridge to
future all electric powered vessels, then it must be used carefully. The results given in this
dissertation showed that high methane leakage during NG engine operations can offset the
environmental benefits of NG as a transportation fuel.

The simulation time is also an important factor which needs to be considered. For a fishing
boat with the backward facing modeling method, the simulation time was eight minutes for
six hours of operation. For the MV Klitsa with the forward facing modeling method, the
simulation time was about thirty minutes for thirty minutes of operation. This time can be
reduced to about ten minutes at a cost of lower resolution for some components.

The models developed in this dissertation serve as an excellent starting point for further

studies. Recommendations for future improvement of the model are the following.
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The performance degradation and capacity fade of the BESS under different use

patterns can be modeled more accurately in order to predict the life and lifecycle
costs of the BESS.

Optimal energy management control and operation modeling using techniques such
as dynamic programming and machine learning can be used to increase the
accuracy of the model.

Implementation of 3-DOF vessel motion into the model to replace the current 1-
DOF model will reduce model errors during the free maneuvering of the vessel.
Incorporation of the Marine System Simulator (MSS) toolbox into the model will

provide additional functionality with its prebuilt blocks.
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Appendix

Table Appendix A - 1: Units and Conversion Factors.

124

Unit

Equivalent to

1.0 Cubic metres (m?3)

6.2898 Barrels (bbl)

1.0 Cubic metres (m3)

1,000 Litres (1)

1.0 Cubic metres (m3)

35.3147 Cubic feet (cf) natural gas

1.0 Cubic feet (cf) natural gas

0.028317 Cubic metres (m?)

1.0 US Gallons 3.7854 Litres (I)
1.0 US Gallons 3.7854 x 10-3 Cubic metres (m3)
1.0 Litres (1) 1 x 10-3 Cubic metres (m?)

1.0 Gigajoules (GJ)

0.9478 Million British thermal units
(MMBtu)

1.0 Gigajoules (GJ)

947.8171 Cubic feet (cf) natural gas

1.0 Gigajoules (GJ)

26.853 Cubic metres (m?) natural gas

1.0 Million British thermal units
(MMBtu)

1.0551 x 109 Joules (J)

1.0 Million British thermal units
(MMBtu)

1.0551 Gigajoules (GJ)

1.0 Million British thermal units
(MMBtu)

1,000 Cubic feet (cf) natural gas

1.0 Gigawatt-hours (GW.h)

3.6 x 1012 Joules (J)

1.0 Cubic feet (cf) natural gas

0.0388 Gigajoules (GJ)

1.0 Cubic feet (cf) natural gas

1 x 10-3 Million British thermal units
(MMBtu)

Diesel fuel energy

0.0358745 Gigajoules per liter (GJ/L)

FortisBC natural gas energy

0.055058 Gigajoules per kilogram
(GJ/IKg)

1.0 Cubic metres (m3) LNG

0.4049 Tonnes (t) LNG

1.0 Tonnes (t) LNG

1,379.549 Cubic metres (m3) natural
gas

1.0 Billion cubic feet (Bcf) natural gas

4.8471 x 104 Cubic metres (m3) LNG




