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Abstract

Global warming and increasing pollution of the environment have forced the humanity
to take the necessary measures to address the ecological and environmental disaster, as
soon as possible. The emissions and pollutants of all means of energy production hold a
large amount of the total pollution and regulations are adopted to minimize the effect.
The marine industry, trying to comply with emission limits, makes significant efforts
to adopt different sources of energy than diesel fuels. Improved battery technologies,
as well as high fuel prices, led to investigations of full electric and hybrid propulsion

systems.

The purpose of this dissertation is to investigate the technical, environmental and fi-
nancial viability of retrofitting a conventional harbor boat into a battery powered one,

utilizing modern commercialized battery chemistries and technologies.

The boat under investigation is ” President”, which is an auxiliary fish farming, but no
specific duty is provided. The investigation will take place for short cruising time and
harbor duty, concerning recharge time at one port. The daily operational profile will

be 2 trips per day, 300 days per year, including a 70 minutes stay at port.

The results of the investigation are presented, and the corresponding outcome is ana-
lyzed. It is obvious that better battery technologies and lower costs of retrofit will make
such investments more efficient, with lower risks. The electricity production in Greece
is not the optimum, as significant pollution is observed, but hopefully in future elec-
tricity will be generated from renewable sources, claiming to be a 100% zero-emission

transportation mean.

Key words: Battery-ship, all-electric ship, shipping emissions, regulatory framework,
retrofit methodology, future vessel, investment analysis, health costs of air pollution,
DNV-GI, ABS, battery-powered, green ships
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Chapter 1

Introduction

1.1 Background of study

Maritime transport is the most environmentally friendly type of transport mode. How-
ever, greenhouse gases and air pollution from ship emissions are increasing due to the
growing maritime traffic. These exhaust emissions cause acid rain, global warming and

a reduction in air quality which has serious health effects on humans.

In many cities a large source of air pollution comes from both coastal and inland ports.
Container ships, switcher locomotives, tugboats, fishing boats, cargo-handling equip-
ment, and trucks collectively release vast amounts of pollution. Pollutant emissions
from shipping have continued to rise, while emissions from land-based sources have
gradually come down due to dedicated efforts to achieve green production. This situ-
ation led the International Maritime Organization to develop and settle rules for ship
emissions in ports and nearby coastlines (Emission Control Areas), all types of boats

need to comply with.

Humanity by necessity is being forced to reduce its carbon footprint and invest in
operations aimed at limiting emissions and improving resource efficiency in order to
achieve sustainable growth. The concept of the all-electric-ship seems an ideal clean
solution, despite the significant pollution observed by electricity production in Greece,
due to limited renewable sources. Future developments will lead to more green energy,
emerging the overall objective of battery-ship design, which is to apply an extremely

energy efficient design concept and demonstrate a 100% electric, emission free boat.
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Moreover, all-electric ships with energy storage in large batteries and optimized power
control can give significant reductions in fuel costs, maintenance and emissions, in ad-
dition to improved ship responsiveness, operational performance, absence of vibrations,
smaller starting times of the engines and safety in critical situations. Furthermore,
adopting autonomous electricity production may prove to be vital for the economic
feasibility of a boat, as socio-political instability can cause significant fluctuations on

diesel prices.

Nowadays, batteries have not been utilized on a large scale in maritime and offshore
applications. Main reason has been that the specific power and energy density of the
available batteries have not been able to meet the needs of such applications. Short life
time expectations have also been a challenge. Lead-acid and Nickel Cadmium batteries
with a very limited capacity compared to weight and size exist on many modern vessels
today in different uninterruptible power supply and clean power applications. These
are however not intended for continuous use in high power operation and are mostly
installed as auxiliary devices. The use of batteries is changing due to the emergence
and maturation of new technologies such as lithium-ion batteries with a much higher
energy density and cycle-ability than lead-acid or Nickel Cadmium batteries. It is clear
that further developments and better efficiency will apply in future, making battery

powered vessels really attractive projects.

1.2 Problem statement and objectives

The purpose of this thesis is to describe the design choices made in order to make
the vision of an electric boat concept possible and to evaluate these design choices in
a broader context as to the operational challenges of exploiting the new technology
and possibilities for battery driven ferries. From a design perspective the following

challenges need to be approached.

The required installed capacity on board in order to ensure safety for passengers and

the vessel and redundancy according to the ferry’s operational profile.

Compliance with national and international rules which state the prerequisites for hav-

ing certified a battery ship.

Design of a drive train layout with a battery management system and battery packs
sufficient to ensure a complete operational working day for the ferry and at the same

time a viable life-span of batteries in terms of recycles and shelf life.
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Design of a shore charging connection system and transformer stations to interconnect
with public electricity grid and the new accurate electrical infrastructure of the vessels,

to ensure appropriate function.
Evaluating social benefit from the reduction of ships’ emissions and pollution.

All the above have to be in accordance with project’s financial sustainability.

1.3 Structure of study

This study is structured as follows:

Chapter 2: Battery System

Chapter 2 describes battery’s functions and how to evaluate each battery’s technology
characteristics. In addition, the most important battery technologies are presented in
order to help us evaluate the appropriate battery chemistry for the allelectric ship.

Series/parallel configurations are described, as long as basic battery definitions.

Chapter 3: Legal and Regulatory Framework

Rules and regulations with whom we need to comply in order to launch the all-electric
ship are presented. The technical design of the battery system and its arrangement in
the vessel is described based on the “DNV-GL Guideline for Large Maritime Battery
Systems” and on ABS_Use Of Lithium Batteries in The Marine and Offshore Industries.
There has been a comparison between these regulations and the most important parts

are presented, as part of the case study, to ensure safe operation of the vessel.

Chapter 4: Emissions and Air Pollution

The environmental effects of conventionally powered shipping are analyzed. More
specifically, the most common and harmful types of pollutants found on the emis-
sions of diesel engines on ships are listed, while the effects that these pollutants have
on the climate, the eco-system and human health are described. ECAs and Tier I-1II

standards are explained, as well as green gas emissions aspects.

Chapter 5: Design Methodology

In this chapter, the retrofit design philosophy for the particular case study in which
the present dissertation focuses, as well as the methodology developed for the sizing
of the battery system are presented. Its inputs and equations are described and the

characteristics of battery model used are presented.
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Chapter 6: Electrical Infrastructure
Shore side and ship side network is presented. A recalculation of electric data sheet
and apparent power calculation is done, in addition to cables and bus-bars sizing and

the corresponding results are presented.

Chapter 7: Case Study

Results from the implementation of the methodology in case study are presented. Num-
ber of batteries installed according to operational profile are calculated. Available space
for batteries is discussed and annual consumption of diesel and electricity are presented

and compared.

Chapter 8: Economic Analysis
The economic investment is presented and the differences of conventional and full-

electric costs are compared. An economic feasibility study is developed.

Chapter 9: Conclusions and Recommendations
Conclusions on vessel’s retrofit and recommendations for future investigation are pre-

sented.



Chapter 2

Battery System

2.1 Getting to know the battery

One of the most common ways to store energy is a battery system, which can provide
fuel /emission free operation for a vessel, reduced noise and acceptable efficiency. The
basic principle of a battery is the Galvanic Cell. Galvanic Cells are devices that use a
chemical reaction to create electricity (oxidation reduction reaction). The electrochem-
ical reaction takes place between two metals of different affinities, called electrodes.
The electrode with a weaker pull for electrons releases electrons to the wire (oxidized)
and that electrode is called anode (more active). Thus, the solution of anode is getting
positively charged. The electrode with a strong pull for electrons gains electrons (re-
duced) and is the cathode (less active). The solution of cathode gets negatively charged.
The source of voltage is the electric potential difference between the positive electrode,
cathode, and the negative one, anode. Positive and negative electrodes are defined from
their standard potential difference (difference with reference electrode, hydrogen-porous
platinum), the more negative is the negative one and the less negative is the positive [1].
Upon discharge, a flow of electrons is initiated by chemical reactions from the anode to
the cathode, which produces an electric current in the external circuit, of the opposite
direction Figure 2.1 (b) [2]. Positive charges move from the anode to the cathode. The

separator makes it possible, without the passage of other molecules.

After discharge, if the reaction is reversible, the battery can be charged once again to
create the desired electric potential difference between the anode and the cathode, as

shown in Figure 2.1 (¢). The components that complete the cell are:
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current current
S <
load charger,
cathode (+) anode (-) ) ) (+) ()
S | |
container E: Slovtrolyte : -
3, | !
(a) (b) (©)

FIGURE 2.1: (a) Typical battery setup and its components and current flow direction
during (b) connection with load - discharge or (c) connection with charger - charge.

e The anode, which is the “negative” half of the battery cell. The chemical reaction
at the anode (oxidation) releases electrons that flow to the cathode through an
external circuit and is usually made up of a thin copper substrate that is coated

with the active anode material.

e The cathode, which is the “positive” half of the battery cell. The chemical reaction
at the cathode (reduction) absorbs electrons that flow from the anode. It is made

up of a substance that is coated with the active material.

e The separator acts as a means of insulation in this procedure, preventing the
electrodes from coming into physical contact and allows for positive charges to

move from the anode to the cathode in the electrolyte.

e The electrolyte can be liquid, water, alkalis, acids or solvents with dissolved salts

and its usage is to transport the ions between the anode and the cathode.

Each and every one of the above materials is part of the cell of a battery and is re-
sponsible for the good operation of the cell. The most beneficial combination of the
components makes a high quality battery, including high energy, power density, cycles
of life, safety and reliability and, inevitably, has an impact on the final price of the

battery.

Batteries are classified in two major categories:

e Primary batteries: The chemical reactions found on these batteries are irre-
versible and thus cannot be recharged. They can be used only in a single cycle
operation. When the supply of reactants in the battery is exhausted, the battery

stops producing current.
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e Secondary batteries: These batteries are rechargeable and require an external
electric current by a DC source to restore reactants to their fully charged state.
The current triggers the chemical reactions to operate in reverse bringing the
battery to state of high energy, so they can be used in multi cycle operation.

Batteries used in marine applications are primarily rechargeable.

2.2 Series and parallel battery configurations

In some applications, a single cell may be adequate to meet the energy and power
needs of a load, while for others, in order to achieve the desired voltage and current
requirements or power, multiple cells need to be organized into battery modules and
multiple battery modules into battery packs and strings. A typical connection is shown

in Figure 2.2.
CELL MODULE PACK Pack Controller, Voltage, Temperature,
Current Sensors

BMS, Voltage, Temperature Sensors

I

FIGURE 2.2: Battery basic figures.

As long as the power and capacity demands of the vessel are concerned, we design the
battery system so as to correspond to the desired use. Depending on the configuration
of the cells in the module, high voltage or high current modules can be achieved. If the
battery cells are connected in parallel, the battery module will have the same voltage
of one cell and the module can provide high current to the load (parallel impedance)
equal to the sum of currents of each cell (No of cells x I per cell), as well as increased
capacity equal to the sum of the capacities of each cell. Such modules are appropriate
for applications where fast charge or discharge is required and are often called “high

power modules”.

Parallel connection
Cell: T = current (A), V = voltage (V), C = capacity (Ah)
Module of 4 cells: i, =4 % 1,V,, =V,C,, =4 C

On the other hand if cells are connected in series, the battery module will have small

discharge rates (impedance in series) equal to the current of one cell and high voltages
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0

3400mAh | 6800mAh 13600mAh

3.6V 3400mAh
3.6V 3400mAh

!
(=)]
<

FIGURE 2.3: Parallel connection of four cells (4p).

can be provided to the load equal to the sum of the voltage of each cell but with
reduced capacity, equal to the capacity of one cell (connecting cells with same capacity).
Such modules are appropriate for applications where the battery system should provide
energy to the system for an extended period of time and are often called “high energy
modules”. The modules are connected into sub-packs. The sub-packs (or modules if
there are no sub-packs) are connected into strings (counting voltages, capacities and
currents in the same way) and a number of parallel strings makes the battery pack. A

battery system may consist of one or more packs.

Series connection
Cell: I = current (A), V = voltage (V), C = capacity (Ah)
Module of 4 cells: i, = 1,V,, =4xV,C,, =C

3.6V 3400mAR 3.6V 3400mAR 3.6V 3400mAh 3.6V 3400mAR

3.6V 7.2V 10.8V 14.4V
3400mAh

FIGURE 2.4: Series connection of four cells (4s).

Series/Parallel Connection

The series/parallel configuration shown in Figure 2.5 enables design flexibility and
achieves the desired voltage and current ratings with a standard cell size. The to-
tal power is the sum of voltage times current; a 3.6V (nominal) cell multiplied by
3,400mAh produces 12.24Wh. Four 18650 Energy Cells of 3,400mAh each can be con-
nected in series and parallel as shown to get 7.2V nominal and a total of 48.96Wh. A
combination with 8 cells would produce 97.92Wh [3].
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3.6V 3400mAh 3.6V 3400mAh

et g

3.6V 3400mAh 3.6V 3400mAh

6800mAh 6800mAh

FIGURE 2.5: Series/ Parallel connection of four cells (2s2p).

Depending on the marine application, high energy or high power battery modules and
packs are being used. In some applications the main focus is on high energy density
and low cost. For other applications a very stable chemistry and long life is the main
focus. Other applications can have a focus on power capabilities for charge or discharge
or the ability to accept high current pulses for charge and discharge. According to
battery manufacturer Kokam, high power battery systems are appropriate for propul-
sion purposes and high energy battery systems are appropriate for fully electric vessel
applications. Alternative energy - power combinations are required from the battery

system according to the use case and the application, see Figure 2.6.

Performance
T A T

I Fully Electric I Spinning Shore Stations. I Energy

Use Cases Reserve (Hybrid) {Fast recharge) Recapture

Fault Ridk

o  Leve P T
Through (Hybrid) I %03“‘ Leveling l eak Shaving/Transient I Propulsion

Hybrid) Load Management
L SR ™ T Y &‘ et ﬂ-‘é

FIGURE 2.6: Battery system performance needs relative to use cases and marine
applications.

Battery cells for maritime usage come in three main formats, cylindrical, large format
prismatic and soft pouch. Some important characteristics of these three cell types are

given on Table 2.1.



10 Chapter 2. Battery System

Property Cylindrical Soft pouch Prismatic
Enclosure Steel or aluminum Multi-layer laminate Aluminum

pouch Plastic

Steel
Cell vent mechanism Fixed direction Packaging failure vents Fixed direction
at specific pressure at low pressure at specific pressure

Mechanical current Can be included in Non existent Can be included in
interrupt device (CID) | header header

TABLE 2.1: Characteristics of cell types, or form factors, applicable for maritime use.

2.3 Battery definitions and what they mean

Batteries are described or evaluated using a set of parameters that reflect their perfor-
mance. The key parameters will help in understanding the fundamental terminology
used to describe, classify and compare different types of batteries used in hybrid and /or

electric power operations [4] [5]:

Cell:

A battery cell is a single electrochemical unit in its simplest form, typically packaged
in: a) metal cylinders, b) flat, rectangular metal or plastic cases, or c) heat sealed
foil pouches. Secondary Cells: The battery cells which are rechargeable are called

secondary, whereas the ones that cannot be recharged, primary.

Cell Drift:
The condition where two or more cells are in the state of imbalance. If not corrected

by a Battery Management system this effect can lead to a potential safety hazard.

Battery Module and Battery Pack:
A module consists of several cells generally connected in either series or parallel. A
battery pack is then assembled by connecting modules together, again either in series

or parallel.

Thermal Runaway:
The condition in which a cell enters a self-heating state where the heat generated is

greater than the heat dissipated.

C- and E- rates:

In describing batteries, discharge current is often expressed as a C rate in order to
normalize against battery capacity, which is often very different between batteries. A
C-rate is a measure of the rate at which a battery is discharged relative to its maximum

capacity. A 1C rate means that the discharge current will discharge the entire battery
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in 1 hour. For a battery with a capacity of 100 Amp-hrs, this equates to a discharge
current of 100 Amps. A 5C rate for this battery would be 500 Amps, and a C/2 rate
would be 50 Amps. Similarly, an E-rate describes the discharge power. A 1E rate is

the discharge power to discharge the entire battery in 1 hour.

Battery Classifications:

Not all batteries are created equal, even batteries of the same chemistry. The main
trade-off in battery development is between power and energy: batteries can be either
high-power or high-energy, but not both. Often manufacturers will classify batteries
using these categories. Other common classifications are High Durability, meaning that
the chemistry has been modified to provide higher battery life at the expense of power

and energy.

Nominal Voltage (V):
The reported or reference voltage of the battery, also sometimes thought of as the

normal voltage of the battery.

Cut-off Voltage (V):
The minimum allowable voltage. It is this voltage that generally defines the empty
state of the battery.

Capacity or Nominal capacity (Ah for a specific C-rate):

The coulometric capacity, the total Amp-hours available when the battery is discharge
at a certain current (specified as a C-rate) from 100 percent state- of-charge to the
cut-off voltage. Capacity is calculated by multiplying the discharge current (in Amps)

by the discharge time (in hours) and decreases with increasing C-rate.

Capacity Fade:

Carbonaceous materials used in all Li-Ton batteries, are known to have dominant effects
in the capacity loss at high discharge rates. Among the various carbonaceous materials,
natural graphite is the most attractive choice as it has a high theoretical capacity,
abundance and low cost. During the cell operation, non- reversible chemical reactions
on the surface of graphite happen among Lithium ions, solvents and electrons. The by-
products of these reactions accumulate and form a surface film on the carbon electrode
known as Solid Electrolyte Interface (SEI). A Battery can stop performing when the
Lithium ions can no longer pass the SEI layer due to its thickness. Therefore, lifetime
and cyclability of a cell depends on its SEI layer. Capacity fade of batteries depends
on the various factors such as average discharge current and temperature of the cell.

Capacity fade has two components (Moshirvaziri, 2013):
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e Calendar fade:
The reduction of capacity with the passage of time firstly due to the extension
of direct interface between electrode and electrolyte and secondly because of the

loss of active material.

e Cycling fade:
The reduction of capacity due to successive charge/discharge cycles which result

in the alternation of electrode’s structure and mechanical fatigue.

Degradation due to both cycling and calendar effects is highly dependent on tempera-
ture. The higher the temperature the more rapidly the cell will degrade, with additional
risks presented at low temperatures. Exposure to temperatures outside of the rated op-

erating range poses significant risk of reduced lifespan.

Energy or Nominal Energy (for a specific C-rate),(Wh):

The energy capacity of the battery, the total Watt-hours available when the battery
is discharged at a certain discharge current (specified as a C-rate) from 100 percent
state-of-charge to the cut-off voltage. Energy is calculated by multiplying the discharge
power (in Watts) by the discharge time (in hours). Like capacity, energy decreases with

increasing C-rate.

Cycle Life (number for a specific DOD):

The number of discharge-charge cycles the battery can experience before it fails to meet
specific performance criteria. Cycle life is estimated for specific charge and discharge
conditions. The actual operating life of the battery is affected by the rate and depth
of cycles and by other conditions such as temperature and humidity. The higher the
DOD, the lower the cycle life.

Specific energy (Wh/kg):

The nominal battery energy per unit mass, sometimes referred to as the gravimetric
energy density. Specific energy is a characteristic of the battery chemistry and pack-
aging. Along with the energy consumption of the vehicle, it determines the battery

weight required to achieve a given electric range.

Specific power (W /kg):
The maximum available power per unit mass. Specific power is a characteristic of the
battery chemistry and packaging. It determines the battery weight required to achieve

a given performance target.
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Energy density (Wh/L):

The nominal battery energy per unit volume, sometimes referred to as the volumetric
energy density. Specific energy is a characteristic of the battery chemistry and packag-
ing. Along with the energy consumption of the vehicle, it determines the battery size

required to achieve a given electric range.

Power Density (W/L):
The maximum available power per unit volume. Specific power is a characteristic of
the battery chemistry and packaging. It determines the battery size required to achieve

a given performance target.

Maximum Continuous Discharge Current (A):

The maximum current at which the battery can be discharged continuously. This limit
is usually defined by the battery manufacturer in order to prevent excessive discharge
rates that would damage the battery or reduce its capacity. Along with the maximum
continuous power of the motor, this defines the top sustainable speed and acceleration

of the vessel.

Maximum 30-sec Discharge Pulse Current (A):
The maximum current at which the battery can be discharged for pulses of up to 30
seconds. This limit is usually defined by the battery manufacturer in order to prevent

excessive discharge rates that would damage the battery or reduce its capacity.

Charge Voltage (V):

The voltage that the battery is charged to when charged to full capacity. Charg-
ing schemes generally consist of a constant current charging until the battery voltage
reaching the charge voltage, then constant voltage charging, allowing the charge current

to taper until it is very small.

Float Voltage (V):
The voltage at which the battery is maintained after being charge to 100 percent SoC

to maintain that capacity by compensating for self-discharge of the battery.

(Recommended) Charge Current:
The ideal current at which the battery is initially charged (to roughly 70 percent SOC)

under constant charging scheme before transitioning into constant voltage charging.

(Maximum) Internal Resistance:

The resistance within the battery, generally different for charging and discharging.
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State of Charge (SOC) (%):

An expression of the present battery capacity as a percentage of maximum capacity.
A fully charged battery system has a SOC of 100%, while a fully discharged battery
system has a SOC of 0%. SOC is generally calculated using current integration to
determine the change in battery capacity over time. More specifically, determination
of SOC is a complex calculation that depends on closely monitoring power in and out
of the battery as well as voltage and temperature. However, these calculations must be
calibrated specifically for a given battery cell type, are highly temperature dependent
and must also factor in non-linear effects of different power levels and voltage or SOC
ranges. The complicated nature of this calculation thus points to the need for a highly

developed Battery Management System.

State of Health (SOH):

As the cell is charged and discharged repeatedly, the ability to accumulate ions at
the negative electrode will gradually decrease. The State of Health (SOH) reflects the
general condition of the battery and the ability to deliver the specified performance
compared to a new battery. This primarily refers to a reduction in the total amount of

energy that the battery can store or release, a reduced capacity.

Depth of Discharge (DOD) (%):
The percentage of battery capacity that has been discharged expressed as a percentage
of maximum capacity. A discharge to at least 80 % DOD is referred to as a deep

discharge.

Terminal Voltage (V):
The voltage between the battery terminals with load applied. Terminal voltage varies

with SOC and discharge/charge current.

Open-circuit voltage (V):

The voltage between the battery terminals with no load applied. The open- circuit
voltage depends on the battery state of charge, increasing with state of charge. The
resistance within the battery, generally different for charging and discharging, also
dependent on the battery’s state of charge. As internal resistance increases, the battery
efficiency decreases and thermal stability is reduced as more of the charging energy is

converted into heat.

Watts and Volt-Amps (VA):
Watt is real power that is being metered; VA is the apparent power that is affected by
a reactive load. On a purely resistive load, watt and VA readings are alike; a reactive

load such as an inductive motor or fluorescent light causes a phase shift between voltage
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and current that lowers the power factor (pf) from the ideal one (1) to 0.7 or lower.

The sizing of electrical wiring and the circuit breakers must be based on VA power.

Cold cranking amps (CCA):
Starter batteries, also known as SLI (starter light ignition) are marked with CCA. The

number indicates the current in ampere that the battery can deliver at -18°C(0°F) .

Thermal Management:

High power batteries for electric ships are prone to rapid heating, which could ultimately
lead to an explosive discharge of energy. This thermal runaway occurs during uncon-
trolled charging or from electrical of physical abuse of cell. These risks are currently

addressed by designing an enclosure that serves as a physical barrier.

Ragone Chart:

A Ragone chart is a chart used for performance comparison of various energy-storing
devices. On such a chart the values of specific energy (in W-h/kg) are plotted versus
specific power (in W /kg). Both axes are logarithmic, which allows comparing perfor-
mance of very different devices (for example, extremely high and extremely low power).
The Ragone chart was first used to compare performance of batteries, however, it is
suitable to compare any energy-storing devices, Figure 2.7. Conceptually, the horizontal
axis describes how much energy is available, while the vertical axis shows how quickly
that energy can be delivered, otherwise known as power, per unit mass. A point in a
Ragone chart thus represents the amount of time during which the energy (per mass)
on the X-axis can be delivered at the power (per mass) on the Y-axis, and that time (in
hours) is given as the ratio between the energy and the power densities. Consequently,

the iso curves in a Ragone chart are straight lines with unity slope.

2.4 Lead acid batteries

Invented by the French physician Gaston Planté in 1859, lead acid was the first recharge-
able battery for commercial use. Despite its advanced age, the lead chemistry continues
to be in wide use today. There are good reasons for its popularity; lead acid is depend-
able and inexpensive on a cost-per-watt base. There are few other batteries that deliver
bulk power as cheaply as lead acid, and this makes the battery cost-effective for auto-

mobiles, golf cars, forklifts, marine and uninterruptible power supplies (UPS) [6].

The grid structure of the lead acid battery is made from a lead alloy. Pure lead is

too soft and would not support itself, so small quantities of other metals are added
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FIGURE 2.7: Specific power and specific energy of different battery chemistries
(source Johnson Controls).

to get the mechanical strength and improve electrical properties. The most common
additives are antimony, calcium, tin and selenium. These batteries are often known as

“lead-antimony” and “lead-calcium.”

Adding antimony and tin improves deep cycling but this increases water consumption
and escalates the need to equalize. Calcium reduces self-discharge, but the positive
lead-calcium plate has the side effect of growing due to grid oxidation when being over-
charged. Modern lead acid batteries also make use of doping agents such as selenium,

cadmium, tin and arsenic to lower the antimony and calcium content.

Lead acid is heavy and is less durable than nickel- and lithium-based systems when deep
cycled. A full discharge causes strain and each discharge/charge cycle permanently robs
the battery of a small amount of capacity. This loss is small while the battery is in
good operating condition, but the fading increases once the performance drops to half
the nominal capacity. This wear-down characteristic applies to all batteries in various

degrees.

Depending on the depth of discharge, lead acid for deep-cycle applications provides
200 to 300 discharge/charge cycles. The primary reasons for its relatively short cycle
life are grid corrosion on the positive electrode, depletion of the active material and
expansion of the positive plates. This aging phenomenon is accelerated at elevated

operating temperatures and when drawing high discharge currents.
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Charging a lead acid battery is simple, but the correct voltage limits must be observed.
Choosing a low voltage limit shelters the battery, but this produces poor performance
and causes a buildup of sulfation on the negative plate. A high voltage limit improves
performance but forms grid corrosion on the positive plate. While sulfation can be
reversed if serviced in time, corrosion is permanent. Lead acid does not lend itself to
fast charging and with most types, a full charge takes 14-16 hours. The battery must
always be stored at full state-of-charge. Low charge causes sulfation, a condition that
robs the battery of performance. Adding carbon on the negative electrode reduces this

problem but this lowers the specific energy.

Lead acid has a moderate life span, but it is not subject to memory effect as nickel-
based systems are. While NiCd loses approximately 40 percent of their stored energy
in three months, lead acid self-discharges the same amount in one year. The lead acid
battery works well at cold temperatures and is superior to lithium-ion when operating

in subzero conditions.

Inexpensive and simple to manufacture; low cost per watt-hour
Low seli-discharge; lowest among rechargeable baiteries

Advantages
High specific power, capable of high discharge currents

Good low and high temperature performance

Low specific energy; poor weight-to-energy raftio

Slow charge; fully saturated charge takes 14-16 hours
Must be stored in charged condition to prevent sulfation
Limitations Limited cycle life; repeated deep-cycling reduces battery lifie
Flooded version reguires watering

Transportation restrictions on the flooded type

Mot environmentally friendly

TABLE 2.2: Advantages and limitations of lead acid batteries.

2.5 Nickel based batteries

For 50 years, portable devices relied almost exclusively on nickel-cadmium (NiCd). This
generated a large amount of data, but in the 1990s, nickel-metal-hydride (NiMH) took
over the reign to solve the toxicity problem of the otherwise robust NiCd. Many of the
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characteristics of NiCd were transferred to the NiMH, offering a quasi-replacement as
these two systems are similar. Because of environmental regulations, NiCd is limited

to specialty applications today|7].

2.5.1 Nickel-Cadmium (NiCd)

Invented by Waldemar Jungner in 1899, the nickel-cadmium battery offered several
advantages over lead acid, then the only other rechargeable battery; however, the ma-
terials for NiCd were expensive. Developments were slow, but in 1932, advancements
were made to deposit the active materials inside a porous nickel-plated electrode. Fur-
ther improvements occurred in 1947 by absorbing the gases generated during charge,
which led to the modern sealed NiCd battery.

For many years, NiCd was the preferred battery choice for two-way radios, emergency
medical equipment, professional video cameras and power tools. In the late 1980s,
ultra-high capacity NiCd with capacities that were up to 60 percent higher than the
standard NiCd emerged. Packing more active material into the cell achieved this, but

the gain was shadowed by higher internal resistance and reduced cycle count.

The standard NiCd remains one of the most rugged and forgiving batteries, but it needs
proper care to attain longevity. NiCd, and in part also NIMH, have memory effect that
causes a loss of capacity if not given a periodic full discharge cycle. The battery appears
to remember the previous energy delivered and once a routine has been established, it

does not want to give more.

2.5.2 Nickel-Metal-Hydride (NiMH)

Research on nickel-metal-hydride started in 1967; however, instabilities with the metal-
hydride led to the development of the nickel-hydrogen (NiH) instead. New hydride
alloys discovered in the 1980s eventually improved the stability issues and today NiMH
provides 40 percent higher specific energy than the standard NiCd.

Nickel-metal-hydride is not without drawbacks. The battery is more delicate and trick-
ier to charge than NiCd. With 20 percent self-discharge in the first 24 hours after
charge and 10 percent per month thereafter, NIMH ranks among the highest in the
class. Modifying the hydride materials lowers the self- discharge and reduces corrosion
of the alloy, but this decreases the specific energy. Batteries for the electric power train

make use of this modification to achieve the needed robustness and long lifespan.
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Rugged. high cycle count with proper maintenance

Only battery that can be ultra-fast charged with little stress

Good load performance; forgiving if abused

Long shelf life; can be stored in a discharged state, needs priming before use
Advantages
Simple storage and transportation; not subject to regulatory control
Good low-temperature performance

Economically priced: NiCd is the lowest in terms of cost per cycle

Awvailable in a wide range of sizes and performance options

Relatively low specific energy compared with newer systems

Memory effect; needs periodic full discharges and can be rejuvenated

Limitations
Cadmium is a toxic metal. Cannot be disposed of in landfills

High self-discharge; neaeds recharging after storage

Low cell voltage of 1.20V requires many cells to achieve high voltage

TABLE 2.3: Advantages and limitations of NiCd batteries.

2.6 Lithium based batteries

Pioneering work of the lithium battery began in 1912 under G.N. Lewis, but it was
not until the early 1970s that the first non-rechargeable lithium batteries became com-
mercially available. Attempts to develop rechargeable lithium batteries followed in the
1980s but failed because of instabilities in the metallic lithium used as anode material
(The metal-lithium battery uses lithium as anode; Li-ion uses graphite as anode and

active materials in the cathode.) [8].

Lithium is the lightest of all metals, has the greatest electrochemical potential and
provides the largest specific energy per weight. Rechargeable batteries with lithium
metal on the anode could provide extraordinarily high energy densities; however, it was
discovered in the mid-1980s that cycling produced unwanted dendrites on the anode.
These growth particles penetrate the separator and cause an electrical short. The cell
temperature would rise quickly and approach the melting point of lithium, causing

thermal runaway, also known as “venting with flame.”

The inherent instability of lithium metal, especially during charging, shifted research
to a non-metallic solution using lithium ions. The key to the superior specific energy
is the high cell voltage of 3.60V. Improvements in the active materials and electrolytes

have the potential to further boost the energy density. Load characteristics are good
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30—40 parcant higher capacity than a standard NiCd

Less prons to memaory than NiCd, can be rejuvenated
Advantages Simple storage and transportation; not subject to regulatory control
Environmentally friendly; contains only mild toxins

MNickel content makes recycling profitable

Wide temperaturs range

Limited service life; deep discharge reduces service life

Requires complex charge algorithm. Sensitive to overcharge
Limitations Does not absorb overcharge well; trickle charge must be kept low
Generates heat during fast charge and high-load discharge

High self-dischargs
Coulombic efficiency only about 65% (99% with Li-ion})

TABLE 2.4: Advantages and limitations of NiMH batteries.

and the flat discharge curve offers effective utilization of the stored energy in a desirable
and flat voltage spectrum of 3.70-2.80V /cell.

Li-ion is a low-maintenance battery, an advantage that most other chemistries cannot
claim. The battery has no memory and does not need exercising (deliberate full dis-
charge) to keep it in good shape. Self-discharge is less than half that of nickel-based
systems and this helps the fuel gauge applications. The nominal cell voltage of 3.60V
can directly power mobile phones, tablets and digital cameras, offering simplifications
and cost reductions over multi-cell designs. The drawbacks are the need for protection
circuits to prevent abuse, as well as high price. Lithium-ion uses a cathode (positive
electrode), an anode (negative electrode) and electrolyte as conductor. (The anode of
a discharging battery is negative and the cathode positive). The cathode is metal oxide
and the anode consists of porous carbon. During discharge, the ions flow from the
anode to the cathode through the electrolyte and separator; charge reverses the direc-
tion and the ions flow from the cathode to the anode. Li ion batteries come in many
varieties but all have one thing in common — the “lithium-ion” catchword. Although
strikingly similar at first glance, these batteries vary in performance and the choice of

active materials gives them unique personalities.

Lithium-ion batteries will unavoidably degrade with use. As the cell is charged and

discharged repeatedly, the ability to accumulate ions at the negative electrode will
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FiGURE 2.8: Basic principles and components of a lithium-ion battery.

gradually decrease. The State of Health (SOH) reflects the general condition of the
battery and the ability to deliver the specified performance compared to a new battery.
This primarily refers to a reduction in the total amount of energy that the battery
can store or release, a reduced capacity; but for some applications reduction in power

capability (due to increasing internal resistance) may be equally or even more important.

The traits of a battery, such as how much energy it can store or how fast it can charge
or discharge, are dependent on the cell composition, which includes design parameters
as well as chemistry. A battery can be based on a variety of commonly used lithium-ion
chemistries which represent different battery characteristics. Maritime battery systems
will typically be built of several thousands of cells, and as such it is vital that each cell
operates consistently with all other cells. This requires both that the battery BMS is
able to successfully control and operate each cell in a balanced manner, and equally that
cells are manufactured of good and equal quality. Lesser quality batteries are available
on the market as the result of cheaper production methods, but are associated with
greater risk — of unwanted failures like shorter lifespan, inconsistent voltage, inconsis-
tent capacity or in worst cases internal failures that can lead to fire. Advantages and

limitations of Li-ion batteries are presented, Table 2.5.

2.6.1 Lithium-Cobalt-Oxide (LiCo00O5)

Its high specific energy makes Li-cobalt the popular choice for mobile phones, laptops
and digital cameras. The battery consists of a cobalt oxide cathode and a graphite

carbon anode. The cathode has a layered structure and during discharge, lithium ions
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Advantages High specific energy and high load capabilities with Power Cells

Long cycle and extend sheli-life; maintenance-free

High capacity, low internal resistance, good coulombic efficiency

Simple charge algorithm and reasonably short charge times

Low seli-discharge (less than half that of NiCd and MilMH)

Limitations Requires protection circuit to prevent thermal runaway if stressed

Degrades at high temperature and when stored at high voltage

Mo rapid charge possible at freezing temperatures (=0°C, =32°F)

Transportation regulations reguired when shipping in larger quantities

TABLE 2.5: Advantages and limitations of Li-ion batteries.

move from the anode to the cathode. The flow reverses on charge. The drawback of Li-
cobalt is a relatively short life span, low thermal stability and limited load capabilities

(specific power).

The drawback of Li-cobalt is a relatively short life span, low thermal stability and
limited load capabilities (specific power). Like other cobalt-blended Li-ion, Li-cobalt
has a graphite anode that limits the cycle life by a changing solid electrolyte interface
(SEI), thickening on the anode and lithium plating while fast charging and charging
at low temperature. Newer systems include nickel, manganese and/or aluminum to
improve longevity, loading capabilities and cost. Li-cobalt should not be charged and

discharged at a current higher than its C-rating.

The hexagonal spider graphic , Figure 2.9, summarizes the performance of Li-cobalt
in terms of specific energy or capacity that relates to runtime; specific power or the
ability to deliver high current; safety; performance at hot and cold temperatures; life
span reflecting cycle life and longevity; and cost. Other characteristics of interest not
shown in the spider webs are toxicity, fast-charge capabilities, self-discharge and shelf
life.
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Lithium Cobalt Oxide: LiCoO- cathode (~50% Co), graphite anode

Short form: LCO or Li-cobalt. Since
1991

Voltages 3.60V nominal; typical operating range 3.0—4 . 2V/cell
Specific energy (capacity) 150—-200Whikg. Specialty cells provide up to 2400Whikg.

0.7—1C._ charges to 4 20V (most cells); 3h charge typical. Charge

Charge (C-rate
oe ) current abowve 1C shoriens battery life.

Discharge (C-rate) 1C; 250V cut off. Discharge current above 1C shortens battery life.
Cycle life 500—1000, related to depth of discharge, load, temperature
Thermal runaway 150°C {(302°F). Full charge promotes thermal runaway
Applications Mobile phones, tablets, laptops, cameras

Very high specific energy, limited specific power. Cobalt is expensive.

Comments
Serves as Energy Cell. Market share has stabilized.

TABLE 2.6: Characteristics of lithium cobalt oxide.

Specific energy
Cost Specific
power
Life span Safety
Performance

FIGURE 2.9: Snapshot of an average Li-cobalt battery.
2.6.2 Lithium-Manganese-Oxide (LiMn,0Oy,)

Li-ion with manganese spinel was first published in the Materials Research Bulletin
in 1983. In 1996, Moli Energy commercialized a Li-ion cell with lithium manganese
oxide as cathode material. The architecture forms a three-dimensional spinel structure
that improves ion flow on the electrode, which results in lower internal resistance and
improved current handling. A further advantage of spinel is high thermal stability and

enhanced safety, but the cycle and calendar life are limited.
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Low internal cell resistance enables fast charging and high-current discharging. Li-
manganese has a capacity that is roughly one-third lower than Li-cobalt. Design flexi-
bility allows engineers to maximize the battery for either optimal longevity (life span),
maximum load current (specific power) or high capacity (specific energy). For example,
the long-life version in the 18650 cell has a moderate capacity of only 1,100mAh; the
high-capacity version is 1,500mAh.

Li-ion research gravitates heavily towards combining Li-manganese with cobalt, nickel,
manganese and /or aluminum as active cathode material. In some architecture, a small
amount of silicon is added to the anode. These three active metals, as well as the
silicon enhancement can conveniently be chosen to enhance the specific energy (ca-
pacity), specific power (load capability) or longevity. While consumer batteries go for
high capacity, industrial applications require battery systems that have good loading

capabilities, deliver a long life and provide safe and dependable service.

Lithium Manganese Oxide: LiMn;C4 cathode. graphite anode

Short form: LMO or Li-manganese (spinel structure) Since
1996
Voltages 3. 70V (3.80V) nominal; typical operating range 3.0—4_2W/cell

Specific energy {capacity) 100—150Wh'kg

Charge {C-rate) 0.7—1C typical, 3C maximum, charges to 4 20V (most cells})
Discharge (C-rate) 1C; 10C possible with some cells, 30C pulse (5s). 2 50V cuf-off
Cycle life 300-700 (related to depth of discharge, temperature)

Thermal runaway 250°C (482°F) typical. High charge promotes thermal runaway
Applications FPower tools, medical devices, electric powertrains

High power but less capacity; safer than Li-cobalt, commonly mixed

Comments
with NMC to improve performance.

TABLE 2.7: Characteristics of lithium manganese oxide.

Figure 2.10 shows the spider web of a typical Li-manganese battery. The characteristics
appear marginal but newer designs have improved in terms of specific power, safety and
life span. Pure Li-manganese batteries are no longer common today; they may only be

used for special applications.
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Specific energy

Cost 1 Specific
power
Life span 1l Safety

Performance

FI1GURE 2.10: Snapshot of a pure Li-manganese battery.

2.6.3 Lithium-Nickel-Manganese-Cobalt-Oxide (LiNiMnCoO,
or NMC)

One of the most successful Li-ion systems is a cathode combination of nickel-manganese-
cobalt (NMC). Similar to Li-manganese, these systems can be tailored to serve as
Energy Cells or Power Cells. For example, NMC in an 18650 cell for moderate load
condition has a capacity of about 2,800mAh and can deliver 4A to 5A; NMC in the same
cell optimized for specific power has a capacity of only about 2,000mAh but delivers a
continuous discharge current of 20A. A silicon-based anode will go to 4,000mAh and
higher but at reduced loading capability and shorter cycle life. Silicon added to graphite
has the drawback that the anode grows and shrinks with charge and discharge, making

the cell mechanically unstable.

The secret of NMC lies in combining nickel and manganese. An analogy of this is
table salt in which the main ingredients, sodium and chloride, are toxic on their own
but mixing them serves as seasoning salt and food preserver. Nickel is known for its
high specific energy but poor stability; manganese has the benefit of forming a spinel
structure to achieve low internal resistance but offers a low specific energy. Combining

the metals enhances each other strengths.

NMC is the battery of choice for power tools, e-bikes and other electric powertrains.
The cathode combination is typically one-third nickel, one-third manganese and one-
third cobalt, also known as 1-1-1. This offers a unique blend that also lowers the raw
material cost due to reduced cobalt content. Another successful combination is NCM
with 5 parts nickel, 3 parts cobalt and 2 parts manganese (5-3-2). Other combinations

using various amounts of cathode materials are possible.
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Lithium Nickel Manganese Cobalt Oxide: LINIMnCoO.. cathode, graphite anode
Short form: NMC (NCM, CMN, CNM, MNC, MCHN similar with different metal combinations) Since 2008

Voltages 360V, 3. 70V nominal; typical operating range 3.0—4.2V/cell, or higher

Specific energy (capacity) 150—-220Whikg

0.7—1C. charges to 4.20V, some go to 4.30V; 3h charge typical. Charge

Charge (C-rate’
ue ) current abowve 1C shortens battery life.

Discharge (C-rate) 1C; 2C possible on some cells; 2.50V cut-off

Cycle life 1000—2000 (related to depth of discharge, temperature)
Thermal runaway 210°C (410°F) typical. High charge promotes thermal runaway
Cost ~5420 per KWWh {(Source: RWTH, Aachemn)

Applications E-bikes, medical devices, EVs, industrial

Frovides high capacity and high power. Serves as Hybrid Cell. Favorite

Comments ) o .
chemistry for many uses; market share is increasing.

TABLE 2.8: Characteristics of lithium nickel manganese cobalt oxide (NMC).
Battery manufacturers move away from cobalt systems toward nickel cathodes because

of the high cost of cobalt. Nickel-based systems have higher energy density, lower cost,
and longer cycle life than the cobalt-based cells but they have a slightly lower voltage.

New electrolytes and additives enable charging to 4.4V /cell and higher to boost capacity.
Figure 2.11 demonstrates the characteristics of the NMC.

Specific energy
Cost Specific
power
Life span Safety

Performance

FIGURE 2.11: Snapshot of NMC.
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2.6.4 Lithium-Iron-Phosphate (LiFePO,)

In 1996, the University of Texas (and other contributors) discovered phosphate as cath-
ode material for rechargeable lithium batteries. Li-phosphate offers good electrochem-
ical performance with low resistance. This is made possible with nano-scale phosphate
cathode material. The key benefits are high current rating and long cycle life, besides
good thermal stability, enhanced safety and tolerance if abused. Another dominant
benefit of this is the lack of an oxygen source at the cathode, thus posing a potentially
reduced risk magnitude during thermal runaway. These cells are additionally more re-
silient to temperature fluctuations. The specific energy of LiFePO4 is relatively low,
and the electrochemical potential (voltage) is lower, reducing the cell’s driving force.
Power capabilities of a LiFePO4 based battery cell are inherently low; however, doping
the LiFePO4 material with small amounts of other materials, conductive coatings and
nanostructured active material particles have enabled typically high power battery cells
using LiFePOA4.

Li-phosphate is more tolerant to full charge conditions and is less stressed than other
lithium-ion systems if kept at high voltage for a prolonged time. As a trade-off, its
lower nominal voltage of 3.2V /cell reduces the specific energy below that of cobalt-
blended lithium-ion. With most batteries, cold temperature reduces performance and
elevated storage temperature shortens the service life, and Li-phosphate is no exception.
Li-phosphate has a higher self-discharge than other Li-ion batteries, which can cause
balancing issues with aging. This can be mitigated by buying high quality cells and/or
using sophisticated control electronics, both of which increase the cost of the pack.
Cleanliness in manufacturing is of importance for longevity. There is no tolerance for

moisture, lest the battery will only deliver 50 cycles.

Li-phosphate is often used to replace the lead acid starter battery. Four cells in series
produce 12.80V, a similar voltage to six 2V lead acid cells in series. Vehicles charge lead
acid to 14.40V (2.40V /cell) and maintain a topping charge. Topping charge is applied

to maintain full charge level and prevent sulfation on lead acid batteries.

With four Li-phosphate cells in series, each cell tops at 3.60V, which is the correct
full-charge voltage. At this point, the charge should be disconnected but the topping
charge continues while driving. Li-phosphate is tolerant to some overcharge; however,
keeping the voltage at 14.40V for a prolonged time, as most vehicles do on a long road
trip, could stress Li-phosphate. Cold temperature also reduces performance of Li-ion
and this could affect the cranking ability in extreme cases. Figure 2.12 summarizes the

attributes of Li-phosphate.
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Lithium Iron Phosphate: LiFePO,4 cathode. graphite anode

Short form: LFP or Li-phosphate Since
1996

Voltages 3.20, 3.30V nominal; typical operating range 2_5-3.65V/cell

Specific energy (capacity) 90—-120Whikg

Charge (C-rate) 1C typical, charges to 3.65V; 3h charge time typical

1C, 25C on some cells; 40A pulse (2s); 2 .50V cut-off (lower that 2V

Discharge (C-rate) LElEE CEriEE

Cycle life 1000—-2000 (related to depth of discharge, temperature)

Thermal runaway 270°C (518°F) Very safe battery ewven if fully charged

Cost ~$580 per kWh (Source: RWTH, Aachen)

Applications Portable and stationary needing high load currents and endurance

Very flat voltage discharge curve but low capacity. One of safest

c t
emments Li-ions. Used for special markets. Elevated self-discharge.

TABLE 2.9: Characteristics of lithium iron phosphate.

Specific energy
Cost Specific
power
Life span Safety
Performance

FIGURE 2.12: Snapshot of a typical Li-phosphate battery.
2.6.5 Lithium-Nickel-Cobalt-Aluminum-Oxide (LiNiCoAlO,)

Lithium nickel cobalt aluminum oxide battery, or NCA, has been around since 1999 for
special applications. It shares similarities with NMC by offering high specific energy,
reasonably good specific power and a long life span. Less flattering are safety and cost.
Figure 2.13 summarizes the six key characteristics. NCA is a further development of

lithium nickel oxide; adding aluminum gives the chemistry greater stability.

High energy and power densities, as well as good life span, make NCA a candidate for

EV powertrains. High cost and marginal safety are negatives.
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Lithium Nickel Cobalt Aluminum Oxide: LINICoAIO; cathode (~9% Co), graphite anode

Short form: NCA or Li-aluminum. Since
1999

Voltages 360V nominal; typical operating range 3.0—4 2V/cell

Specific energy (capacity) 200-260Wh/kg; 300Wh/kg predictable

0.7C, charges to 4.20V (most cells), 3h charge typical, fast charge

Ch C-rat
arge (C-rate) possible with some cells

Discharge (C-rate) 1C typical, 3.00W cut-off; high discharge rate shortens battery life
Cycle life 500 (related to depth of discharge, temperature)

Thermal runaway 150°C (302°F) typical, High charge promotes thermal runaway
Cost ~%350 per kWh (Source: RWTH, Aachen)

Applications Medical devices, industrial, electric powertrain (Tesla)
Comments Shares similarities with Li-cobalt. Serves as Energy Cell.

TABLE 2.10: Characteristics of lithium nickel cobalt aluminum oxide .

Specific energy
Cost Specific
power
Life span Safety
Performance

FIGURE 2.13: Snapshot of NCA.
2.6.6 Lithium-Titanate (LiyTi5O15)

Batteries with lithium titanate anodes have been known since the 1980s. Li-titanate
replaces the graphite in the anode of a typical lithium-ion battery and the material
forms into a spinel structure. The cathode can be lithium manganese oxide or NMC.
Li-titanate has a nominal cell voltage of 2.40V, can be fast charged and delivers a high
discharge current of 10C, or 10 times the rated capacity. The cycle count is said to be
higher than that of a regular Li-ion. Li-titanate is safe, has excellent low-temperature

discharge characteristics and obtains a capacity of 80 percent at —30°C' (—22°F).
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Lithium Titanate: Can be lithium manganese oxide or NMC; LigyTigO 45 (titanate) ancde

Short form: LTO or Li-titanate Commercially available since about 20085

Voltages 2 40V nominal; typical operating range 1.8—2 85V/cell

Specific energy (capacity) 50—-80Wh/kg

Charge (C-rate) 1C typical, 5C maximum, charges to 2.85V

Discharge (C-rate) 10C possible, 30C 5s pulse; 1.80V cut-off on LCO/TO
Cycle life 3,000—7,000

Thermal runaway One of safest Li-ion batteries

Cost ~%1,005 per kKWh (Source: RWTH, Aachen)

UPS, electric powertrain (Mitsubishi i-MIEV, Honda Fit EV),

Applications
— solar-powered street lighting

Long life, fast charge, wide temperature range but low specific energy
Comments . .. .
and expensive. Among safest Li-ion batteries.

TABLE 2.11: Characteristics of lithium titanate.

LTO (commonly Li4Ti5012) has advantages over the conventional cobalt-blended Li-
ion with graphite anode by attaining zero-strain property, no SEI film formation and
no lithium plating when fast charging and charging at low temperature. Thermal
stability under high temperature is also better than other Li-ion systems; however,
the battery is expensive. At only 65Wh/kg, the specific energy is low, rivalling that
of NiCd. Li-titanate charges to 2.80V/cell, and the end of discharge is 1.80V /cell.
Figure 2.14 illustrates the characteristics of the Li-titanate battery. Typical uses are

electric powertrains, UPS and solar-powered street lighting.

Li-titanate excels in safety, low-temperature performance and life span. Efforts are

being made to improve the specific energy and lower cost.

2.6.7 Lithium-Polymer (LiPo)

The term polymer is commonly used to describe certain type of lithium-based battery
that may or may not be polymer based. These typically include pouch and prismatic
cells. Lithium-polymer differs from other battery systems in the type of electrolyte
used. The original polymer used a solid (dry) polymer electrolyte that resembles a
plastic-like film. This insulator allows the exchange of ions (electrically charged atoms)

and replaces the traditional porous separator that is soaked with electrolyte.
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Specific energy
Cost Specific
power
Life span Safety
Performance

FIGURE 2.14: Snapshot of Li-titanate.

A solid polymer has poor conductivity at room temperature, and the battery must be
heated to 60°C' (140°F) and higher to enable current flow. Large polymer batteries
for stationary applications were 45 installed that needed heating, but these have since
disappeared. To make the modern Li-polymer battery conductive at room temperature,
gelled electrolyte has been added. Most Li-ion polymer cells today incorporate a micro
porous separator with some moisture. Li-polymer can be built on many systems, the
likes of Li-cobalt, NMC, Li phosphate and Li-manganese, and is not considered a unique
battery chemistry. The majority of Li-polymer packs are cobalt based; other active

material may also be added.

Both systems use identical cathode and anode material and contain a similar amount
of electrolyte. Li-polymer is unique in that a micro porous electrolyte replaces the
traditional porous separator. Li-polymer offers slightly higher specific energy and can
be made thinner than conventional Li-ion, but the manufacturing cost is said to be
higher than cylindrical design. While a standard Li-ion needs a rigid case to press the
electrodes together, Li-polymer uses laminated sheets that do not need compression.

A foil-type enclosure reduces the weight by more than 20 percent over the classic hard

shell.

Charge and discharge characteristics of Li-polymer are identical to other Li-ion systems
and do not require a dedicated charger. Safety issues are also similar in that protection
circuits are needed. Gas buildup during charge can cause some prismatic and pouch
cells to swell, and equipment manufacturers must make allowances for expansion. Li-

polymer in a foil package may be less durable than Li-ion in the cylindrical package.
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2.7 Summary

Maritime battery systems are mostly based on the same or very similar large-format
cells as those used for EVs and hybrid cars. However, the maritime battery system
design is more related to the MWh systems designed for grid installations. The size,
voltage and power requirements of such systems are quite similar to those for hybrid
installations in ships whereas safety related requirements may differ. The cost level for
energy-optimized maritime battery systems is expected to reach the 500 USD/ kWh

level, where the grid systems are today, within a few years.

Battery systems can be optimized for high energy storage capacity, as is often required
for all-electric applications, or for high power applications, as in hybrids, where the
purpose of the battery system is to cover peak loads and even out the generator loads.

Some applications will require a combination of both energy and power.

The characteristics of the four commonly used rechargeable battery systems are being
compared on Table 2.12, showing average performance ratings at time of publication.
Li-ion is divided into different types, named by their active materials, which are cobalt,

manganese, phosphate and titanate.

Missing from in the list is the popular lithium-ion-polymer that gets its name from
the unique separator and electrolyte system. Most are a hybrid version that shares

performance with other Li-ion.

Amongst all of these batteries, lead-acid batteries are the oldest and most mature
technology on the market. They are the most economical for larger power applications
where weight is of little concern. Nickel Cadmium (NiCd) batteries are also matured and
well understood technology but relatively low in energy density. They are used where
long life, high discharge and economical price are most important. Although NiCd
and lead-acid batteries can supply excellent pulse power, they are not environmentally
friendly as they contain toxic heavy metals. Nickel Metal Hydrite (NiMH) batteries
have a higher energy density to that of NiCd at the expense of reduced cycle life.
However, this type of battery does not contain toxic metals. Another drawback of both
Nickel based batteries analyzed on the present dissertation is the severe self-discharge
effect.

Despite all these characteristics, there is a huge development in lithium-ion batteries
over the past few years and adoption of high-quality batteries at electric and hybrid
vehicles and large-scale grid systems, which makes li-ion battery systems the most viable

and promising option for maritime applications.
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Specifications | Lead Acid | NiCd NiMH Li-ion'
Cobalt  Manganese Phosphate
Specific energy 30-50 45-80 60-120 | 150-250 | 100-130 90-120
(Whikg)
Internal resistance Very Low | Very low Low | Moderate Low Very low
Cycle life’ (80%DoD)| 200-300 1.000% 300-500° |500-1,000{ 500-1,000 |1,000-2,000
Charge time* 8-16h 1-2h 2-4h 2-4h 1-2h 1-2h
Overcharge High Moderate Low Low. No trickle charge
tolerance
Self-discharge/ 5% 20%° 30%* <5%
month (roomtemp) Protection circuit consumes 3%/month
Cell voltage (nominal) 2V 1.2v¢ 1.2v8 36V v 3233
Charge cutoff 240 Full charge detection 420 typical 360
voltage (Vicell) Float 225 | by voltage signature Some go 10 higher V
Discharge cutoff 1.75V 1.00V 2.50-3.00v 2.50v
voltage (V/cell, 1C)
Peak load current 5Ce 20C aC 2C >30C *30C
Best result 0.2C ic 0.5C <1C <10C <10C
Charge temperature | -20 to 50°C 0to 45C 0 to 45+C%
(-4 to 122°F) (32 to 113°F) (32 to 113°F)
Discharge =20 to 50°C =20 to 65°C =20 to 60°C
temperature (-4 to 122°F) (-4 to 49°F) (=4 to 140°F)
Maintenance 3-6 months'| Full discharge every 90 Maintenance-free
requirement (toping chg.) | days when in full use
Safety requirements | Thermally | Thermally stable, fuse Protection circuit mandatory™
stable protection
In use since Late 1800s 1950 1930 1991 1996 1999
Toxicity Very high | Very high Low Low
Coulombic ~30% =T0% slow charge 9%
efficiency ~80% fast charge
Cost Low Moderate High'?

TABLE 2.12: Characteristics of commonly used rechargeable batteries.
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Different types of li-ion batteries offer different features, with trade-offs between specific
power, specific energy, safety, cost, lifespan and performance. For example, a chemistry
that optimizes safety compromises other features such as specific energy and power.
This fact makes some of them more appealing for different type of applications. An im-
portant tool in finding the optimal battery for each application is a spider web diagram

[9] in which all these factors are taken into consideration, Figure 2.15.

e | thium Cobalt Oxide s | jthium Manganise Oxide
Lithium Nickel Manganese Cobalt Oxide Lithium Iron Phosphate
| ithium Nickel Cobalt Aluminum Oxide ===|ithium Titanate

Specific Energy

Cost Specific Power

Life Span Safety

Performance

FIGURE 2.15: Qualitative spider web diagram describing key features of LI-ion bat-
teries.

While Li-aluminum (NCA), Li-cobalt-oxide (LiCoO,) and Li-Nickel-Manganese-Cobalt-
Oxide (NMC) are the clear winners by storing more capacity than other systems, this
only applies to specific energy for Li-aluminum, providing low level of safety and in-
creased cost. In terms of specific power, Li-phosphate (LFP) is superior with lower
specific energy but really good lifespan and good performance. Li-manganese (LMO)
is one of the most affordable choices, but the short lifespan counterbalances this advan-
tage. Li-titanate (LTO) may have low capacity but this chemistry outlives most other
batteries in terms of life span and also has the best cold temperature performance. Ma-
jor disadvantage of Li-titanate (LTO) is the low specific energy and the extremely high
cost. Lithium Cobalt Oxide (LCO) has a high specific energy, low cost and a moderate
performance. However, it is highly unfavorable in all the other aspects as it has a low

specific power, low safety, and a low lifespan.
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Lithium-ion batteries offer significant advantages over other traditional battery chemistries
such as lead acid, NiCd and NiMH:

e Specific Energy (watt-hours/kg): Lithium-ion batteries offer a much higher
specific energy and capacity compared to other traditional batteries. Their low
internal resistance makes a lithium-ion battery more suitable for high power ap-

plications.

e Light Weight: Lithium-ion batteries are one-third of the weight of lead acid bat-
teries, and are smaller in size than other rechargeable batteries of similar capacity.
Lithium-ion batteries are practical in applications in which physical specifications

such as space, weight and total energy storage are considered important.

e Faster Charging: The lower internal resistance of the lithium-ion chemistries
when compared to that of traditional batteries allows for charging with lower
losses and heat gain. This advantage can result in faster overall charging times
for batteries of comparable capacity, however a variety of factors influence the ulti-
mate result. Some lithium-ion chemistries have symmetrical charge and discharge
rates while others are asymmetrical with the discharge current several times that

of the allowable charge current.

e Self-discharge: All batteries are subject to losses in the form of self-discharge,
which can be an important issue for batteries where longer term energy storage is
required. The self discharge rate for lithium-ion batteries is typically lower than

that for other battery types and for other energy storage technologies.

e Low Memory Effect: Memory effect is a phenomenon observed in rechargeable
batteries in which they lose their maximum energy capacity when repeatedly
recharged after being only partially discharged. This memory effect is common in
rechargeable batteries such as NiCd and NiMH. Lithium-ion batteries have little

or no memory effect.

e Low Maintenance: Lithium-ion batteries typically require little maintenance,
whereas lead acid batteries require maintenance every 3-6 months, and NiCd and
NiMH batteries require a full discharge periodically so that they do not exhibit
a memory effect. A process known as cell balancing is important to the deploy-
ment and efficient utilization of lithium-ion battery technologies. Although cell

balancing is incorporated into the BMS and typically does not require operator
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intervention or supervision, it may potentially impact the availability of the bat-
tery system as cells must be off line during the rebalancing process. This loss of

capacity may be an important factor depending upon the service involved.

Cycle Life: The cycle life is much higher for lithium-ion batteries when com-
pared with other traditional batteries. For lithium-ion batteries, the cycle life is

impacted by the depth of discharge (DoD). A shallow DoD prolongs cycle life.

Cell Voltage: : Lithium-ion cells have a chemistry that results in a higher open

circuit voltage than traditional cells.

Flat Discharge: Lithium-ion chemistries have a relatively flat discharge curve,
consequently they are capable of delivering constant power at a relatively constant

current for a large portion of their discharge curve.

Toxicity: Lithium-ion batteries when disposed of are environmentally friendly
compared to traditional batteries. The toxicity limits for lithium-ion batteries are

low.

Figure 2.16 provides comparison on the energy and power density of different battery

chemistries. It is apparent that lithiumion batteries have a higher energy density on a

mass basis, as well as on volumetric basis than other battery types [10].

WattHours/Kilogram

250 Lithium Polymer
Prismatic
2004
Lithium Phosphate
150 Lithium lon
Cylindrical
. . > Aluminum Cans
oo+  Nickel Cadmium p Prismatic
Cylindrical
Prismatic
50 Lead Acid

Nickel Metal Hydride
Cylindrical
Prismatic

50 100 150 200 250 300 350 400 450

WattHours/Litre
FIGURE 2.16: Energy Density Comparisons.
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The maritime-focused systems have mainly been based on Li-ion cells with NMC (Nickel
Manganese Cobalt Oxide) cathodes and graphite anodes. Systems based on iron-
phosphate cathodes have also been used. Both the NMC and iron-phosphate chemistries
represent a good compromise between the most important parameters of safety, energy,

power density, cycle life and cost.

In future, we expect different types of Li-ion batteries to apply on maritime and industry
systems, having better performance, safer functions and reliability, with respect to the
environment. Such batteries are Lithium-air (Li-air), Lithium-metal (Li-metal) and
Lithium-sulfur (Li-S), promising higher specific energy, better life cycle and lighter and
smaller constructions. Thus, batteries will be cheaper with high performance, leading
to an extremely developing use in marine applications and reducing the emissions in

the environment.
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Legal and Regulatory Framework

A maritime battery might be up to several hundred times larger than a traditional
electric vehicle battery. The high energy content, combined with extreme charging and
operational patterns, represents new challenges in relation to safety, integration and
service life. To avoid accidents and unwanted incidents that may have significant safety
and cost implications and potentially halt the development of these technologies It is
important that the battery related systems are verified and validated according to ”best

practice”.

The vessel under retrofit consideration of this dissertation must ensure the same safety
and integrity level as before, when powered from conventional internal combustion
engines. Battery safety has become a primary concern and potential competitive dif-

ferentiator for all stake holders of battery powered and hybrid ships.

The technical design of the battery system and its arrangement in the vessel is described
based on the “DNV-GL : Guideline for Large Maritime Battery Systems”[11] and on
7ABS : Use Of Lithium Batteries in The Marine and Offshore Industries”[12]. These
handbooks were chosen by the writer of the present disertation and the Supervisor J.
Prousalidis in order to mention the most dangerous and vulnerable aspects of vessel’s
retrofit.

There has been a comparison between these regulations and the most important parts
are presented, as part of the case study, to ensure safe operation of the vessel, normal

operation of all main and auxiliary machines, and emergency issues.

39
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3.1 Feasibility studies

It is recommended to undertake feasibility studies, before deciding to use a maritime

battery system.

The purpose of the feasibility study is to evaluate alternative solutions as appropriate
for the case considered. Expected operational modes and operational profiles, relevant
load cycles, targeted system life etc. need to be considered in the feasibility studies.
Evaluation of strengths and weaknesses (e.g. SWOT analyses) of alternative solutions
with respect to technical issues, environmental aspects and economy are relevant in
this phase. The results of the feasibility studies, which should include a rough sizing of
the whole power system with related engines and batteries, will be used to determine

whether the project should go ahead to the next phase.

Compared to traditional batteries with water based electrolytes such as lead acid and
nickel cadmium batteries, lithium ion batteries have two to eight times as much energy
per weight unit. The high energy density as well as the use of a lammable electrolyte
makes a safe design more challenging. Lithium based battery systems depend on a well

designed and tested electronic control system for safe operations.

3.2 Battery system

The battery system consists of one or more battery packs including all required systems
for the intended purpose. This chapter outlines the recommendations made from the
FMECA analysis for cells, modules, subpacks and packs. Figure 3.1 illustrates the

battery system and sub-system definitions.

3.2.1 Cells

A cell is the smallest electro chemical unit.

3.2.1.1 Internal short circuit

Internal short-circuits have been a significant cause for thermal events. An internal
short-circuit means that an electrically conducting bridge has been formed between

the positive and the negative electrodes inside the battery cell. The majority of such
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FIGURE 3.1: Baéter& Sys-tem-and related sub-systems.

internal-short-circuits do not result in a thermal event. A thermal event can happen if
the impedance of the internal short-circuit is high enough to create sufficient heat, but
low enough to allow sufficient current to pass and that the conductive bridge is strong
enough to not break down when current is flowing. In addition, the heating must occur
in a location where a high local temperature can induce chain reactions resulting in a

cell thermal runaway. Cell level thermal events are usually impossible to foresee.

It is recommended that the manufacturer of a battery system shall monitor the battery
cells regarding their self-discharge properties such that potential faults can be detected.
A quality regime at the battery system manufacturer shall include rules and documen-
tation with respect to internal short-circuit tolerance of the used cells, e.g. internal

production quality documentation and nail test results.

3.2.1.2 High Impedance

To check the AC impedance of individual cells prior to assembly into battery modules,
the standard method is to use a Milliohmmeter implementing a 1 kHz AC test sig-

nal for precise measurements of extremely low resistances (for instance Agilent 4338B
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Milliohmmeter). This procedure is usually an inline test to check the supplier quality.
It is important to keep in mind that this is an AC impedance test. For the usage of
the batteries in a battery pack, the DC impedance is usually more important. The DC
impedance will also DNV GL - 10/03/2014 No. 2013-1632, Rev. V1.0 - www.dnvgl.com
Page 21 incorporate capacitive elements originating from electrochemical reactions and
diffusion processes. Testing the DC impedance of at least modules prior to commencing

usage of the battery system is necessary.

If a cell or cell connection has high impedance it will result in increased heat production
during operation. If one cell is exposed to higher temperature, the impedance growth
in this cell will be higher than the impedance growth for cells at a lower temperature.
This generates a positive feedback effect with the potential to severely affect the life
and performance of the battery pack. If the heat production is high enough this can

also have severe safety implications since thermal events can be initiated.

The impedance in a cell or a group of cells can be calculated by Ohm’s law by dividing
the voltage by the current, provided the voltage and current are measured at the same
time. Then the impedance of one group of cells can be compared to the impedance of

another group of cells.

3.2.1.3 Electrolyte leakage

Leakage of electrolyte is a possibility, especially from pouch cells. Electrolyte can have
a sweet smelling organic solvent odor. Electrolyte leakages are detected via electri-
cal insulation measurements provided that the battery system insulation measurement
strategy is designed to detect such leakages. In the case of undetected breaches in
cell packaging, leaking and evaporating carbonate solvents can be detected with sen-
sors sensitive to these species. Other detection methods can be increased self-discharge
rate, loss of power, increased impedance, detection of organic compound fumes etc. In
case of electrolyte leakage, the battery manufacturers MSDS should indicate methods
for cleaning the spill. Pouch cells exposed to electrolyte should be permanently taken

out of use as cells may have experienced damage that could be very difficult to detect.

3.2.2 Modules

A module is an assembly of cells including some level of electronic control.
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3.2.2.1 Battery management system control failure

It is important to ensure that the High-level BMS can detect critical failures of Sub-
BMS and switch off the related module/sub-packs.

3.2.2.2 Short circuits

Basic fusing strategy should follow a cascade, so that an external short circuit causes

the main fuse to blow (component easiest to exchange).

e All fuses need to be tested and certified against maximum system voltage to avoid

arcing.

e If a module or sub-pack does not have specific fusing capabilities, the supplier
needs to demonstrate the safety by an external short circuit test at different volt-
ages and temperatures (see available standards UL/UN transportation, IEC62281/1).

e In order to avoid short circuits, each exchangeable unit (module or sub-pack)
must have preventive design measures against accidental shorts (screwdriver etc.)

and intrusion of potential conductive particles.

3.2.2.3 Temperature sensor failure, voltage sensor failure

Voltage sensors to be installed for every cell or parallel cells in a series of connected

cells.
e Temperature sensors must be placed in such a way that temperature differences
between any cells exceeding 5°C' for more than 5 minutes are detected.

e The density of temperature sensors need to be high enough to enable safe battery

pack operation, even with one failed sensor per battery module.

e To prevent safety or other critical issues, voltage sensors require some form of

redundancy.
e Temperature sensors also need some redundancy with plausibility checks.

e If there is a failure in a voltage sensor, it is possible to further operate the battery
pack provided that the cell voltage(s) for each of the cells with failed sensors can

be calculated from other measurements (such as module level).
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e The accuracy of the voltage measurement needs to take into account safety, energy

content estimation and balancing requirements.

e Inadequate design and/or location of battery voltage or temperature sensor wires
can pose a fire hazard. Such sensor wires should have a suitable cross section to
avoid the possibility of excess heat buildup in case of a short circuit going through
the sensor wires. In addition a proper separation of the different sense wires on

the BMS is required.

3.2.2.4 Loss of cooling

It is recommended that the battery system shall be operable at minimum requested
discharge rate (e.g. needed during limphome mode, steering speed) without external

cooling in case the cooling system is needed under normal operation conditions.

3.2.3 Sub-packs

A sub-pack is an assembly of one or more modules. This is the smallest unit that can
be electrically isolated. Depending on the system architecture, each sub-pack can have

internal relays/contactors which can interrupt main power connection.
Recommendations:
The sub-pack architecture shall foresee, in case:

a) the sub-pack does not contain one or several relays: an exchangeable fuse and a main

power connectors with a minimum rating of IP20 in state (touch proof).

b) the sub-packs does contain one or several relays: the main power con nectors shall
have integrated High Voltage InterLock (HVIL) contact (last make/first break type

contact) which opens the relay/relays.
Large plastic parts (above 200 g weight) should be material marked, e.g. CE mark ing.

All plastic parts within a battery system should preferably be of low-smoke zero halogen
material (e.g. no PVC cable coating). Reference is made also to offshore material

standards.

Unauthorized access to the internals of battery sub-packs must be inhibited as far as

possible.
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The main components of a battery system (e.g. sub-packs or control units) shall be
protected against unauthorized mechanical access (e.g. by tamper-proof screws or crimp

seals).

All components of the battery system shall be properly marked and reflect their specific

danger potential. Relevant operators and personnel shall be trained accord ingly.

The responsible operator of a battery system shall have a competence requirement

scheme for construction, operation and maintenance of the system.

The battery sub packs shall have sufficient protection mechanisms against intrusion by

software and unwanted calibration access to the battery system.

The battery sub packs shall include contactors on both + and - sides. The rat ing of
the contactors shall include sufficient margin with respect to the maximum expected

current during normal operation.

If the electrical architecture of a sub-pack contains independently controllable parallel

strings, each single string shall include independent current measurement.

The battery system shall be able to detect major and potentially dangerous connec tor
high impedance and shall have implemented adequate warnings and/or failure messages
for the rest of the system in case such failure is detected. Large impedance differences

in parallel strings will cause different current distribution in the strings.

The battery system shall include segregation possibility of its cooling system in case
of cooling medium leakage and given the medium is a liquid which imposes potential

damage to the system or its environment.

3.2.4 Packs

A battery pack consists of one or more sub-packs that can work for the intended purpose

as a standalone unit.

3.2.4.1 High level sensor failure

It is recommended that all battery related control systems shall have access to and
make use of data from all relevant sensors included in the battery system which are

important for critical controls.
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3.2.4.2 Voltage and temperature imbalance

The principle behind a passive balancing system is that bleed resistors are used to
remove energy from the cells with the highest state of charge. Usually the bleed resistors
are activated only at high states of charge. With an active balancing system, energy is

transferred from cells with high state of charge to cells with low state.

All cell voltages shall be monitored and the difference in cell voltage should not exceed

a specified limit.

e For a fully balanced battery system, all cell voltages are within a specified limit.

e The available energy is limited by the cell with the lowest voltage. In an imbal-

anced system, this will cause reduced capacity.

e The SOH and SOC should be compensated to account for the capacity loss due

to pack imbalance.

When temperature imbalance is considered, it is important to consider that virtually
every battery control parameter is temperature dependent. Variation in temperature
across the battery pack will therefore influence performance, safety and expected life
time. Individual temperature difference should therefore be monitored. Usually the
maximum cell to cell temperature difference is specified and it is often recommended
that a maximum difference of 5 degrees Celsius should not be exceeded during normal

operation.

3.2.4.3 Emergency shutdown

The battery system is to be fitted with an emergency shutdown mechanism adjacent to,
but outside of the battery space. The emergency shutdown circuit is to be hardwired
and independent of any control, monitoring, and alarm system circuits. If the battery
system is used to provide power for propulsion of the asset, there should be an additional
emergency shutdown arrangement on the navigation bridge and the centralized control
station (CCS) or enclosed operating station (EOS).



Chapter 3. Legal and Regulatory Framework 47

3.3 Battery system design

3.3.1 Design and procurement

When the ship building contract is signed, the responsibility and further design work is
normally transferred to the yard. The yard prepares procurement packs for the various
system components. It is recommended that potential battery providers are consulted

at this phase.

Main priorities for a battery system for maritime applications are safety, reliability and
sufficient life for the system to be economically feasible. All components in the battery
systems must be of good quality to secure a safe and reliable system. The integration
and testing of the complete battery system is of similar importance as the quality of its
single components. It is recommended that a safety assessment of the battery space is

initiated in the design phase.

It is crucial to fully understand the duty cycles of the application as well as under-
standing the key requirements of the application for battery selection and optimum

performance.

3.3.1.1 Li-ion battery cells

Li-ion based systems require that the voltage, current and temperature of each single
cell in the system is monitored at all times. The voltage and current limits are tem-
perature dependent. A proper system design requires that proper action can be taken
if cell parameters are outside the manufacturer’s recommendation. To decrease system
complexity, temperature monitoring can include some predicted values based on mea-
surements for a group of cells. We recommend redundancy in systems when predictive
or correlated temperature measurements are used. Cells connected in parallel will have

the same voltage and cells connected in series the same current.

There are a large number of manufacturers of different variants of Li-ion cells. Cell
chemistries are optimized for different applications. In some applications the main
focus is on high energy density and low cost. For other applications a very stable
chemistry and long life is the main focus. Other applications can have a focus on power
capabilities for charge or discharge or the ability to accept high current pulses for charge

and discharge.
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There is disparity in product quality between cell manufacturers. Automated produc-
tion, proper process control, and robust cell design are all crucial elements to ensure
good battery cell quality. It is important to base the battery pack on cells with equal
properties since the system has to be designed with the weakest cell in mind. Cells
with a large variation in properties will mandate overdesign for portions of the battery

system and make cell balancing more challenging.

For maritime applications it is important to choose a cell with properties that can
provide an optimum combination of safety, life, performance and cost for the application
in question. A thorough understanding of all these aspects is required by the team doing
the battery system design. To ensure this understanding, independent cell testing or
advice from independent third parties who have done neutral testing may be required.

See Appendix D for further input on cell testing.

3.3.1.2 Electrical system

When the cells are assembled into modules, custom supportive materials are added
around the cells. The thermal management system, which could be based on either
passive cooling or active cooling with air or liquid, is installed and the cells are electri-
cally connected in the specified configuration. The battery cell terminals may either be

of a screw type, welded or clamped.

The modules are connected into sub-packs. The sub-packs (or modules if there are
no sub-packs) are connected into strings and a number of parallel strings makes the
battery pack. A battery system may consist of one or more packs. The electrical
connections between the different aggregate levels of the battery system may be con-
nected using cables, bus bars or a combination of these. Low contact impedance for
the electrical connections is crucial to avoid over-heating and control the fire risk, as
well as maximum efficiency. Several parallel strings will decrease the risk of overheat-
ing from increased contact impedance. DNV GL — 10/03/2014 No. 2013-1632, Rev.
V1.0 - www.dnvgl.com Page 8 can also ease the detection of elevated levels of contact

impedance in the electrical connections resulting in increased safety of the system.

Electrical protections, such as fuses and contactors, should be present at multiple levels
within the battery, such as within each module or at the string level. Other key compo-
nents electrical system on string level are contactors, fuses, current sensors, pre-charge

circuits and service disconnect breakers. It is recommended that each battery string
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has a separate current sensor in order to detect increased impedance that can lead to

overheating.

The electrical connections between the different aggregate levels of the battery system
may be connected using cables, bus bars or a combination of these. Low contact
impedance for the electrical connections is important to avoid over-heating and control
the fire risk, as well as maximum efficiency. Several parallel strings will decrease the
risk of overheating from increased contact impedance. It can also ease the detection of
elevated levels of contact impedance in the electrical connections resulting in increased

safety of the system.

Battery systems generate and store Direct Current (DC) electricity at a voltage level
that will change as the battery operates. Power converters are necessary to interface
this electricity with the ship power distribution system. In the case of a DC distribution
system being used on the ship, a DC-DC converter (or ‘chopper’) will typically be used
to control voltage levels. This can also be done at the pack or module level to produce
some advantages. In the case of an Alternating Current (AC) ship power distribution
system, a bi-directional inverter must be used to convert the DC electricity from the
battery. In these AC arrangements it is also advantageous to have a voltage transformer
on the battery interconnection. Power electronic components are expensive and will also
have losses and thus these losses should be considered at an early stage of designing the

system.

The power converter, whether DC or AC, is responsible for the majority of battery con-
trol with regard to orchestrating charging and discharging operations. The ship Power
Management System (PMS) interfaces with the battery through the power converter to
command charge or discharge functions. Information from the battery, such as status,
SOC, and available power level, is calculated and transmitted by the Battery Manage-
ment System to the PMS. The PMS then evaluates system load, operational criteria,
battery status and input from personnel to make decisions regarding what the power
generating equipment should do. The PMS also presents available power and energy
levels to crew. It is important that the BMS and PMS systems are well integrated,

both in terms of software and hardware.

3.3.1.3 Electronic control system

The electronic control system is frequently referred to as the Battery Management Sys-

tem (BMS). Voltage and temperature sensors are usually part of the module. It is
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recommended to consider some level of redundancy for these fundamental measure-
ments, depending on the safety criticality of the system. The module may also include
an electronic circuit board that controls the cells in the module via continuous checks
and assessments. A key principle when locating sensors is to make the system in such
a way that malfunctioning sensors may be detected. The module level BMS is part of
the total battery electronic system. The system may include additional sensor inputs
such as current sensors and additional temperature sensors as well as other system spe-
cific sensors. It is recommended that each battery string has a separate current sensor
in order to detect increased impedance that can lead to overheating. In addition, for
systems containing a large number of strings, a group of strings can have a common
current sensor. A “Master-BMS” usually controls the assembled battery system and
communicates with the external power management system. It is crucial to ensure that
the communication between the master BMS and the power management system for
the actual application is properly specified for normal operation as well as for situations

where a problem has occurred.

If a problem occurs in a battery system it may either be due to components or manufac-
turing failures. Software faults or inadequacies can also be a major source of problems.
For problem solving and fault analyses it is important that all critical components in
a battery system can be identified. All software and firmware version numbers and
settings must be tracked. All critical components should have their unique number
which should be traceable from the manufacturer of the component to final installation
in a battery pack. The pack supplier should administer the database identifying the

components used for the different modules and packs.

3.3.2 Design and construction

Recommendations for the design and construction of battery system and battery mod-

ules:

3.3.2.1 General

i) The exposed battery casing (for cells and modules) is to be constructed of durable,
flame-retardant, moisture resistant materials, which are not subject to deterioration in

the marine environment and at the temperature to which it is likely to be exposed.
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ii) The battery module enclosures are to have a degree of protection not lower than
1P44.

iii) The battery system is to be fitted with an emergency shutdown mechanism adjacent
to, but outside of the battery space. The emergency shutdown circuit is to be hardwired
and independent of any control, monitoring, and alarm system circuits. If the battery
system is used to provide power for propulsion of the asset, there should be an additional
emergency shutdown arrangement on the navigation bridge and the centralized control
station (CCS) or enclosed operating station (EOS).

iv) If the battery system is to be used as part of the emergency source of electrical
power, it is not to be installed in the same space as the emergency switchboard. If the
battery bank is used in conjunction with an emergency power source (e.g., emergency
diesel generator), it should not be located in same space as the emergency power source.

Both spaces are to be readily accessible and as near as practical.

v) Battery cells of different physical characteristics, chemistries, and electrical parame-
ters are not to be used in the same electrical circuit. vi) The battery system is to have
means by which it can be electrically isolated for maintenance purposes. This isolation

mechanism is to be independent of the emergency shutdown arrangement.

vii) The casing of a cell, module, battery pack, and battery systems are to be provided
with a pressure-relief mechanism/arrangement to prevent rupture or explosion. The

individual modules are also to have arrangements to prevent spilling of electrolyte.

viii) All outgoing circuits of the battery system are to be protected against overload

and short-circuit, excluding the emergency batteries used for engine starting.

3.3.2.2 Control, Monitoring, Alarm and Safety Systems

i) Control, monitoring, and safety systems are to have self-check facilities. In the event

of failure to the systems or power supply, an alarm is to be activated.

ii) The safety system is to be designed so as to limit the consequence of failures. It is

to be constructed on the fail-safe principle.

iii) Sensors for safety functions are to be independent from sensors used for other pur-

poses (e.g., for alarm system).
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iv) The sensors are to be designed to withstand the local environment. The enclosure
of the sensor and the cable entry are to be appropriate to the space in which they are

located. Any malfunctioning in the sensors is to be detectable.

3.3.2.3 Battery chargers

i) Battery chargers used for essential, emergency, and transitional sources of power are

to meet the requirements specified in 4-8-3/5.9 of the Steel Vessel Rules, as applicable.

ii) The battery charger is to operate within the limits (i.e., charging and discharging)
set in the BMS as specified by the battery cell manufacturer.

iii) The battery charger is to be designed to maintain charging within the voltage, cur-

rent, and temperature limit for the battery as specified by the battery cell manufacturer.

iv) The battery charger is to be interfaced with and controlled by the BMS.

3.4 Battery space

The battery space is the physical installation room including walls, floor, ceiling, and all
functions and components which contribute to keep the battery system in the defined
space at a specified set of environmental conditions (e.g. temperature or moisture level).
Guidelines for large maritime battery sysyems propose a number of construction and

installation instructions:

i) Battery spaces are not to be located forward of the collision bulkhead of the vessel.

Special cases may be considered for powering loads located forward of collision bulkhead.
ii) Battery spaces are not to contain any heat sources or high fire risk objects.

iii) Battery spaces are not to contain any equipment (including cables and pipes) sup-
porting essential services as defined in 4-8-1/7.3.3 of the Steel Vessel Rules or 4-1-1/3.5
of the MODU Rules, so as to prevent loss of such essential services in the event of an
incident such as thermal runaway.

Note: This requirement does not apply to cables supplying power to and from the

battery system itself.

iv) The rated capacity of the battery system is to be determined for the ambient tem-
perature conditions in 4-1-1/Table 8 of the Steel Vessel Rules or 4-1-1/Table 2 of the
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MODU Rules. Where the expected ambient temperatures are different from those in
the applicable table, the rating of the battery system is to be based on the actual

ambient temperature.

v) If the battery system is installed in an environmentally controlled space, the applica-
ble requirements in 4-8-3/1.17.2 of the Steel Vessel Rules or 4-3-1/17.3.1 of the MODU

Rules are to be complied with.

vi) High ambient temperature in the battery space is to be monitored and alarmed at

a continuously manned location.

vii) The battery space is to be installed with appropriate means to vent gases, which

may be generated during an abnormal situation, from the battery space to open deck.

viii) The Battery System location and arrangement plan should clearly show the battery
pack with respect to the space it is being installed in as well as the clearance of distances

between any other equipment in the room and the battery pack.

ix) Battery spaces are to be mechanically ventilated and discharges from the exhaust
fans are to be led to a place on the open deck where such discharges will not cause a
fire or explosion hazard or toxic hazard to nearby personnel. The ventilation of the
battery space is to have sufficient capacity to minimize the possibility of accumulation
of flammable vapors, especially during an abnormal condition. Refer to 4-8-4/5.3.1(b)
of the Steel Vessel Rules or 4-3-3/3.7.3(a) of the MODU Rules for ventilation system
requirements for the battery space. The ventilation ducting for the battery space is to

be separate from the HVAC systems used to ventilate other spaces on the vessel.

x) The battery space is to be fitted with flammable gas detection, appropriate to the
battery chemistry being used. The gas detection is to give an alarm at a continuously
manned location and automatically disconnect the battery system if the concentration

of gas in the battery space reaches 30% LEL.

3.4.1 Ventilation and accumulation of flammable gases

It is necessary to ensure proper detection of gases that may be emitted from the battery
system in the event of a serious fault conditioning, relief and ventilation to prevent
the formation of explosive atmospheres. Design therefore needs to consider realistic
parameters for the battery system under consideration. This includes lammable gases

from decomposition of the electrolyte due to temperature rise in a cell, in addition to
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hydrogen and other gases that can be created via electrolysis or other processes in case

water comes in contact with the battery electrical systems.

Power Management System
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Fire protection distribution | | connection
- : . - ' .| Charger
Air temp.regulation Engine . o (incl AC/DC)
+ generator 5
: — DC distribution
| AS i E Inverter
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Ficure 3.2: Illustration of Battery Space.

I is recommended that the battery system shall not be located without adequate pro-
tection from heat, ignition sources, dust, oil pollution or other potential harmful en-
vironmental influence to the system and its components. If practical, a battery space

should be a dedicated room.

3.4.2 Fire protection

As far as the fire protection of battery space is concerned, it has to be considered as
an Auxiliary Machinery Space or a Machinery Space other than category A as defined
in SOLAS Regulation II-2 and is subject to the structural fire protection requirements

listed therein.

The battery space is to be fitted with a suitable Fixed Fire Extinguishing System
(FFES) recommended by the vendor and appropriate to the battery chemistry used. A
fixed system is to have provisions (i.e., selection of proper metallic material for nozzles,

grounding methods) to prevent a buildup of static electricity at nozzle during release of
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extinguishing agent. The FFES is to comply with the provisions of Part 4, Chapter 7 of
the Steel Vessel Rules or Part 5 of the MODU Rules, to the extent applicable, and is to
adequately consider the potential fire loads involved (e.g., size of the batteries, battery
chemistry used, specific materials involved, etc.). Technical validation of the system is
to be carried out in accordance with the procedures outlined in the ABS Guidance Notes
on Alternative Design and Arrangements for Fire Safety and sufficient documentation
to verify the same is to be submitted along with arrangements and details of the system

for review.

Portable fire extinguishers are to be provided as required in 4-7-2/1.7 of the Steel Vessel
Rules or 5-2-4/1 of the MODU Rules.

The battery space is to be provided with fume-tight door to prevent escape of com-
bustible gasses, deck drain, and not to be adjacent to spaces with combustible /flammable
materials, berthing compartments, or machinery spaces of Category A except for emer-
gency generator starting batteries located in an adjacent space to the emergency gen-

erator.

With respect to rooms adjacent to the battery space, normal good quality fire detection
and fire extinguishing should be sufficient in order to prevent a fire spreading from ad-
jacent rooms to the battery space. It is recommended to check the relevant external fire
scenarios and whether the segregation from the battery space is sufficient to maintain

the required integrity.

With respect to thermal events originating in the battery space, early detection and

increased cooling power will help to keep any fire under control.

The following safety strategy with respect to a battery fire is anticipated:

e Electrical and thermal control through BMS without option for manual override

of safety functions.

e Cell thermal runaway shall be kept confined at lowest possible level, therefore:

a) The design of a module/sub-pack shall inhibit propagation from cell to cell.

b) If 2a) cannot be guaranteed, the module/sub-pack outer surface shall not exceed a
critical temperature level of approx. 130 °C' during a thermal event. No flames shall

be visible
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c) If 2b) cannot be guaranteed, the battery space must inhibit propagation between

modules/subpacks as well as surrounding materials catching fire.

e Fire within several sub-packs must be assumed to be out of control. Vessel evac-

uation cannot be excluded.
Strategy with respect to fire outside the battery space:

e Any fire shall not lead to temperature above 70°C' within battery modules for

more than 30 min.

o If the cell temperature has exceeded the battery manufacturer’s maximum tem-
perature, the battery system needs to be re-certified by the battery supplier before

it can be put back into use.

e Fire classes applied on walls, doors etc. shall protect the battery system, e.g. by
AG60 fire separation, which indicates the duration the doors and walls must be

able to withstand a given type of fire.

e If possible, decrease SOC to reduce the risk for a thermal event in the battery

system.

It is recommended that the maximum cell temperatures over lifetime shall be monitored.
This gives an indication on whether the system can be used further or needs exchange

after a critical fault involving high temperatures.

The responsible operators for a battery system shall have sufficient training to be able
to decide when and in which catses the fire extinguishing in the battery space shall be

deactivated.

3.5 Battery management system (BMS)

The battery system is to have a Battery Management System (BMS). The BMS is to
comply with the requirements in Section 4-9-3 of the Steel Vessel Rules. Appropriate
computer-based system category for BMS is to be assigned in accordance with 4-9-3/7
of the Steel Vessel Rules. The BMS is to be considered as a computer-based system

with system Category II or I1I. The exact category is dependent on the risk assessment
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for all operational scenarios (e.g., intended use for battery system, etc.). The relevant
software design requirements and ABS Surveyor witness requirements for Category 11

or IIT systems are to be complied with.

The BMS is to, at a minimum, monitor the battery cell voltage, cell temperature, and
battery string current and is to be continuously powered and an alarm is to be given

in the event of failure of the normal power supply.

The following conditions are to result in an individual or group audible and visual alarm

to be displayed in a continuously manned location:

e Cell overvoltage

e Cell undervoltage

e Cell voltage unbalance

e Cell over-temperature

e Battery module/pack ground fault

e Failure of communication with asset’s Power Management System (PMS)
e Tripping of mechanism that provides electrical isolation

e Failure/shutdown of the battery system or failure of any of the individual modules

The safety system is to be activated automatically in the event of identified conditions
that could lead to damage of the lithium battery system. Activation of any automatic

safety actions is to activate an alarm in a continuously manned location.

A software-based feature/mechanism is to be installed to prevent the crew from over-
riding or ignoring critical BMS system alarms and shutdown. Manual override of safety

functions is not permitted.

More information about BMS are being provided in previous section 3.3.1.3 of Electronic

Control System.
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3.6 Installation and commissioning

The Battery System installation and sea-trial /commissioning procedures submitted for

review is to address the following:

e Testing of the following safety functions and associated alarms: cell balancing de-
tection/protection, overvoltage detection/protection, undervoltage detection/pro-
tection, emergency shutdown arrangement, ground fault detection, loss of com-

munication detection/protection.

e Testing of the expected performance functions of the battery system on the par-

ticular asset.

e Testing of protective functions in the battery space, as applicable to asset specific
installation. iv) Correct interface between the battery system and the DC-bus or

battery charger, as applicable.

3.7 Operation and maintenance

The Battery System Operations and Maintenance manual submitted for review is to
address normal and emergency operating procedures and maintenance procedures for
the use of the battery system. The emergency procedures are to include those that
should be taken in events such as fires, overheated batteries, etc. A Battery System
maintenance schedule is to be provided for review and maintained on board, providing

information on:

Load profiles

Charging procedure

Normal operation procedures of the battery system included minimum levels of

battery capacity

Emergency operation procedures of the battery system

Estimated battery deterioration (ageing) rate curves

Operating instructions for normal and degraded operating modes
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e Details of the user interface

e Transfer of control (if more than one control station, or local control are imple-

mented)
e Test facilities
e Failure detection and identification facilities, automatic and manual
e Data security
e Access restrictions
e Special areas requiring user attention
e Procedures for start-up
e Procedures for restoration of functions

e Procedures for data back-up where applicable

A plan for systematic maintenance and function testing shall be kept on-board includ-
ing:
e Verification of the SOH (remaining lifetime of the batteries).

e Test of all instrumentation, automation and control systems affecting the battery

System

e Test intervals to reflect the consequences of failure involving a particular system.
Functional testing of critical alarms should not exceed 3 month intervals. For

non-critical alarms, the longest intervals are normally not to surpass 12 months
e Acceptance criteria
e Fault identification and repair

e List of the supplier’s service net
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3.8 Buttery system testing for maritime applica-

tions

Investigation of battery suitability should minimize the testing required to create a
dataset that can be used to assess and determine the risks that will threaten battery
performance in its intended application. The maritime market represents a new bat-
tery application that may involve conditions or intended uses that provide exceptions
to traditional automotive practices, which have informed much of battery testing pro-
cedures to date. The purpose of risk based testing is not necessarily to characterize the
battery in detail, but to assess the effect of environment or duty cycle on lifetime and

throughput and assign risks to that performance.
Battery system(s) testing are to follow the approved sea trial /commissioning procedures
and are to include at least the following items:

e Visual inspection

e Operational tests

e Tests of all the alarms and safety functions

e Emergency shutdown operation

e Fire protection systems

e Fire and Gas detection systems

e Simulation of communication failure

e Correct operation of ventilation, cooling, gas detection system, fire detection sys-

tem, fire extinguishing system, etc., where provided

The following tables show examples for the range of test procedures which can be applied
to a battery system for maritime applications by the battery system manufacturer. For
more tests see Appendix A . The tests are distinguished between TT (Type Test) and
RT (Routine Test). The definitions are as follows:

e Type Test (TT): Conformity test made on one or more items representative of
the production.

e Routine Test (RT): Conformity test made on each individual item during or after

production.
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No. Test Type Test Routine Test Reference
1 | Extemal short-circuit test X IEC 626197.2.1
2 | Impact test X IEC 626197.2.2
3 | Drop test X IEC 62619 7.2.3
4 | Thermal abuse test X IEC 62619 7.2.4
5 | Overcharge test X IEC 62619 7.2.5
6 | Forced discharge test X IEC 62619 7.2.6
7 | Internal short-circuit test/Propagation test X IEC 62619 7.3.2/7.3.3
§ | Overcharge control of voltage X IEC 62619 8.2.2
9 | Overcharge control of current X IEC 62619823
10 | Overheating control X IEC 62619 8.2.4
11 | Battery system/BMS safety function tests X Section 2/5
12 | Type tests for control. momtoring and safety equipment X 4-9-8/Table 1 of the
Steel Vessel Rules
13 | Unit Certification tests for control. monitoring and safety X 4-9-8/Table 2 of the
cquipment, Steel Vessel Rules

Note:  Battery systems may comply with requirements in an alternative standard provided it has been determined by ABS as being
not less effective. Where applicable, requirements may be imposed by ABS in addition to those in the alternative standard so
that the intent of the Rules is met.

TABLE 3.1: Type and Routine Tests.






Chapter 4

Emissions and Air Pollution

International shipping is relatively efficient when compared to other modes of transport
in terms of emissions footprint per amount of transport work, however environmental
pollution caused by maritime transportation is increasing due to its rapid development.
Currently, the international maritime transport is responsible for not more than 11% of
the green house gasses (GHG) produced by all transport sectors. Still, shipping GHG
emissions are significant (over one million CO2 per year in absolute figures) and tend
to rise owing to an anticipated expansion of global trade in the future (ICCT, 2013).
Studies show that in a business as usual scenario, shipping GHG emissions are expected
to double or even triple until 2050 (Buhaug et al., 2009) [13].

NOx: are outcome of the combustion process in diesel engines. Marine fuel’s quality
depends from its content of sulphur. The combustion of sulphur-containing fuel leads

to SO2 emissions.

SOx: are produced from ship engines because of the combustion in conditions of high

temperature and pressure inside the engine’s cylinders.

PM: are also a dangerous kind of pollutant. PM’s are usually consisted of soot, metal
oxides and sulfates, all of them produced during the incomplete combustion of fuel
or the dirt inside the fuels and lubricating oil being used in ships. PM’s are of great
range in terms of size, shape and chemical composition. Based on their diameter, PM’s
are separated in PM;o (inhalable PM’s with less than 20 micrometer diameter) and in
PMs 5.

VOC: are organic chemicals that have a high vapor pressure at ordinary room temper-

ature. Their high vapor pressure results from a low boiling point, which causes large
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numbers of molecules to evaporate or sublimate from the liquid or solid form of the
compound and enter the surrounding air, a trait known as volatility. The most impor-
tant VOC linked with ship activity is benzene which is a natural constituent of crude

oil and one of the most elementary petrochemicals.

CO: is a gas emitted from incomplete combustion of fossil fuels and therefore it is
emitted directly from ship’s funnel. In the atmosphere CO has a lifetime span of 3

months or so because it oxidizes into CO5y forming O3 during the process.

COa: is naturally part of the atmosphere but it can also be produced from incomplete
combustion of fossil fuel and like CO is emitted from ship’s funnel. Carbon dioxide is a
greenhouse gas and is found naturally in the Earth’s atmosphere, where it plays a role

in regulating the Earth’s temperature.

Oj3: Ground-level tropospheric O3 unlike primary air-pollutants is not emitted directly
into the atmosphere; instead it is formed from complex chemical reactions following

emissions of precursor gases such as NOx and non-methane VOC.

The contribution of shipping to air pollution is al-so significant due to the high energy
demands and usage of low quality marine fuels which result in significant amounts
of dominant air emissions such as sulphur oxides (SOx), nitrogen oxides (NOx) and
particulate matter (PM). Hence, since the 70% of global shipping emissions occur within
a distance of 400 km from land (Endresen et al., 2003) ships are potentially important

contributors to air pollution impacts.

4.1 Climate and environment

Air pollution and climate change are intertwined. Several air pollutants are also climate
forcers, which have a potential impact on climate and global warming in the short
term (i.e. decades). Tropospheric O3 and black carbon (BC), a constituent of PM,
are examples of air pollutants that are short-lived climate forcers and that contribute
directly to global warming. Other PM components, such as organic carbon (OC),
ammonium (NHy ;), sulphate (SO, ) and nitrate (NO3_), have a cooling effect. In
addition, changes in weather patterns due to climate change may change the transport,

dispersion, deposition and formation of air pollutants in the atmosphere.

As far as the climate has dirrect connection with the environment, air pollution has

several important environmental impacts and may directly affect vegetation, as well as



Chapter 4. Emissions and Air Pollution 65

the quality of water and soil and the ecosystem services that they support. Ground-level
ozone (O3) damages agricultural crops, forests and plants by reducing their growth rates.
Other pollutants, such as nitrogen oxides (NOx, the sum of nitrogen monoxide (NO)
and nitrogen dioxide (NOy)), sulphur dioxide (SO3) and ammonia (NHjs), contribute to
the acidification of soil, lakes and rivers, causing biodiversity loss. In addition to causing
acidification, NH3 and NOx emissions also disrupt terrestrial and aquatic ecosystems
by introducing excessive amounts of nutrient nitrogen. This leads to eutrophication,
which is an oversupply of nutrients that can lead to changes in species diversity and to

invasions of new species.

The overall impacts of (any) emissions on climate are complex, and are summarized
conceptually for the shipping sector in Figure 4.1. Emissions give rise to changes in the
abundance of trace species in the atmosphere. Through atmospheric processes, these
emission species may undergo atmospheric reactions, alter microphysical processes or
be absorbed/removed by various sinks (land and water surfaces) through wet and dry
deposition. These changes may then affect the radiative balance of the atmosphere
through changes in the abundance of trace species, in atmospheric composition, and
in the properties of clouds and aerosols. Such changes in radiative forcing may then
affect climate in a variety of ways, e.g., global and local mean surface temperature, sea
level, changes in precipitation, snow and ice cover, etc. In turn, these physical impacts
have societal impacts through their effects on agriculture, forestry, energy production,
etc. Ultimately, all of these effects have a social cost, which can be very difficult to
quantify. Clearly, as one steps through these impacts, they become more relevant but

correspondingly more complex and uncertain in quantitative terms [14].

4.2 Human

Air pollution is a major concern of new world, which has a serious toxicological impact
on human health. It has a number of different emission sources, but transportations
and industrial processes contribute the major part of air pollution. According to the
World Health Organization, six major air pollutants include particle pollution, ground-
level ozone, carbon monoxide, sulfur oxides, nitrogen oxides, and lead. Long and short
term exposure to air suspended toxicants has a different toxicological impact on human
including respiratory and cardiovascular diseases and long-term chronic diseases such

as cancer [15].
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FIGURE 4.1: Schematic diagram of the overall impacts of emissions from the shipping
sector on climate change (from Lee et al., 2009a).

Several reports have revealed the direct association between exposure to the poor air
quality and increasing rate of morbidity and mortality mostly due to cardiovascular
and respiratory diseases. Mortality reflects reduction of life expectancy attributed to
premature deaths due to air pollution, while morbidity relates to occurrences of illness

and years lived with a disease or disability that may require hospitalization.

Air pollution is considered as the major environmental risk factor in the incidence
and progression of some diseases such as asthma, lung cancer, ventricular hypertrophy,
Alzheimer’s and Parkinson’s diseases, psychological complications, autism, retinopathy,

fetal growth, and low birth weight

Common organs and bodily functions that can be harmed are [16]:
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Health impacts of air pollution

Air pollutants can have a serious impact on human health.
Children and the elderly are especially vulnerable.

FIGURE 4.2: Impacts of air pollution on human health.

e Respiratory system

e Cardiovascular damage

e Fatigue, headaches and anxiety

e [rritation of the eyes, nose and throat
e Damage to reproductive organs

e Harm to the liver, spleen and blood

e Nervous system damage

e Urinary system

e Digestive system

e Neuropsychiatric complications
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It is without any doubt that air pollution is a major threat to humans. Exposure
to air pollution is now considered by the World Health Organization (WHO). Ships
emit considerable amounts of pollutants, not only when sailing, but also during their
stay in ports. This is of particular importance for harbor cities because ship emissions
contribute to all these problems mentioned on human health, in addition to the environ-
ment. The International Maritime Organisation has settle rules for low ship’s emissions

in ports and near specific coast lines, trying to protect human health and environment.

4.3 Economic impacts

The effects of air pollution on health, crops and forests yields, ecosystems, the climate
and the built environmental also entail considerable market and non-market costs. The
market costs of air pollution include reduced labor productivity, additional health ex-
penditure, and crop and forest yield losses. The Organisation for Economic Cooperation
and Development (OECD) projects these costs to reach about 2% of European gross
domestic product (GDP) in 2060 (OECD, 2016), leading to a reduction in capital ac-

cumulation and a slowdown in economic growth [17].

Non-market costs (also referred to as welfare costs) are those associated with increased
mortality and morbidity (illness causing, for example, pain and suffering), degradation

of air and water quality and consequently ecosystems health, as well as climate change.

The European Commission estimated that total health-related external costs in 2010
were in the range of EUR 330-940 billion, including direct economic damages of EUR
15 billion from lost work days, EUR 4 billion from healthcare costs, EUR 3 billion from
crop yield loss and EUR 1 billion from damage to buildings (European Commission,
2013a).

The potential total economic consequences of both market and non-market impacts of
ambient air pollution are very significant and underscore the need for strong policy

action.
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4.4 Prevention of air pollution from ships

4.4.1 Emission control areas and Tier I-111 standards

Although air pollution from ships does not have the direct cause and effect associated
with, for example, an oil spill incident, it causes a cumulative effect that contributes
to the overall air quality problems encountered by populations in many areas, and also

affects the natural environment, such as tough acid rain.

The potential total economic consequences of both market and non-market impacts of
ambient air pollution are very significant and underscore the need for strong policy

action.

IMO ship pollution rules are contained in the “International Convention on the Pre-
vention of Pollution from Ships”, known as MARPOL 73/78, including Annex VI titled
“Regulations for the Prevention of Air Pollution from Ships”. It was first adopted in
1997 and limits the main air pollutants contained in ships exhaust gas, including sul-
phur oxides (SOy) and nitrous oxides (NOy), and prohibits deliberate emissions of ozone
depleting substances (ODS). MARPOL Annex VI also regulates shipboard incineration,

and the emissions of volatile organic compounds (VOC) from tankers.

The IMO emission standards are commonly referred to as Tier I-11I standards. The Tier
I standards were defined in the 1997 version of Annex VI, Protocol (Tier I)—The “1997
Protocol” to MARPOL, which includes Annex VI, becomes effective 12 months after
being accepted by 15 States with not less than 50% of world merchant shipping tonnage.
On 18 May 2004, Samoa deposited its ratification as the 15th State (joining Bahamas,
Bangladesh, Barbados, Denmark, Germany, Greece, Liberia, Marshal Islands, Norway,
Panama, Singapore, Spain, Sweden, and Vanuatu). At that date, Annex VI was ratified
by States with 54.57% of world merchant shipping tonnage. Accordingly, Annex VI
entered into force on 19 May 2005 [18].

Following entry into force of MARPOL Annex VI on 19 May 2005, the Marine Environ-
ment Protection Committee (MEPC), at its 53rd session (July 2005), agreed to revise
MARPOL Annex VI with the aim of significantly strengthening the emission limits in
light of technological improvements and implementation experience. As a result of three
years examination, MEPC 58 (October 2008) adopted the revised MARPOL Annex VI
and the associated NOx Technical Code 2008, which entered into force on 1 July 2010.
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The main changes to MARPOL Annex VI are a progressive reduction globally in emis-
sions of SOy, NO, and particulate matter and the introduction of emission control areas

(ECAS) to reduce emissions of those air pollutants further in designated sea areas.

Under the revised MARPOL Annex VI, the global sulphur cap will be reduced from
current 3.50% to 0.50%, effective from 1 January 2020, subject to a feasibility review
to be completed no later than 2018.

MEPC 70 (October 2016) considered an assessment of fuel oil availability to inform the
decision to be taken by the Parties to MARPOL Annex VI, and decided that the fuel
oil standard (0.50% sulphur limit) shall become effective on 1 January 2020.

The limits applicable in ECAs for SO, and particulate matter were reduced to 0.10%,
from 1 January 2015.

Progressive reductions in NO, emissions from marine diesel engines installed on ships
are also included, with a ”Tier II” emission limit for engines installed on a ship con-
structed on or after 1 January 2011; and a more stringent ”Tier I1I” emission limit for
engines installed on a ship constructed on or after 1 January 2016 operating in ECAs
(North American Emission Control Area and the U.S. Caribbean Sea Emission Control
Area). Marine diesel engines installed on a ship constructed on or after 1 January 1990
but prior to 1 January 2000 are required to comply with ”Tier I” emission limits, if an

approved method for that engine has been certified by an Administration.

The revised NO, Technical Code 2008 includes a new chapter based on the agreed ap-
proach for regulation of existing (pre-2000) engines established in MARPOL Annex VI,
provisions for a direct measurement and monitoring method, a certification procedure

for existing engines and test cycles to be applied to Tier II and Tier III engines.

MEPC 66 (April 2014) adopted amendments to regulation 13 of MARPOL Annex VI
regarding the effective date of NO, Tier III standards.

The amendments provide for the Tier III NO, standards to be applied to a marine
diesel engine that is installed on a ship constructed on or after 1 January 2016 and
which operates in the North American Emission Control Area or the U.S. Caribbean

Sea Emission Control Area that are designated for the control of NO, emissions.

In addition, the Tier IIT requirements would apply to installed marine diesel engines
when operated in other emission control areas which might be designated in the future
for Tier III NOy control. Tier III would apply to ships constructed on or after the date

of adoption by the Marine Environment Protection Committee of such an emission
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control area, or a later date as may be specified in the amendment designating the NO,

Tier III emission control area.

Further, the Tier III requirements do not apply to a marine diesel engine installed on
a ship constructed prior to 1 January 2021 of less than 500 gross tonnage, of 24 m or
over in length, which has been specifically designed and is used solely, for recreational

purposes [19].

Existing Emission Control Areas include [20]:

e The Baltic Sea area (regulation 14.3.1 of MARPOL Annex VI and regulation
1.11.2 of MARPOL Annex I, SOx adopted 1997 / entered into force 2005, NOx:
2016,/2021):

The Baltic Sea area means the Baltic Sea proper with the Gulf of Bothnia, the
Gulf of Finland and the entrance to the Baltic Sea bounded by the parallel of the

Skaw in the Skagerrak at specific coordinates.
e The North Sea area (regulation 14.3.1 of MARPOL Annex VI and regulation
1.14.6 of MARPOL Annex V, SOx: 2005/2006, NOx: 2016,/2021):

The North Sea area means the North Sea proper including seas therein with the

boundary between:
1. the North Sea southwards and eastwards by specific coordinates;

2. the Skagerrak, the southern limit of which is determined east of the Skaw by

specific coordinates;

3. the English Channel and its approaches eastwards and northwards by specific

coordinates;

e The North American area (regulation 14.3.2 and appendix VII of MARPOL An-
nex VI, NOx & SOx: 2010/2012):

The North American area comprises:

1. the sea area located off the Pacific coasts of the United States and Canada,

enclosed by geodesic lines connecting specific coordinates

2. the sea areas located off the Atlantic coasts of the United States, Canada,
and France (Saint-Pierre-et-Miquelon) and the Gulf of Mexico coast of the United

States enclosed by geodesic lines connecting the specific coordinates;
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3. the sea area located off the coasts of the Hawaiian Islands of Hawai’i, Maui,
Oahu, Molokai, Niihau, Kauai, Lanai, and Kahoolawe, enclosed by geodesic lines

connecting specific coordinates;

e The Unites States Caribbean sea area (regulation 14.3.3 and appendix VII of
MARPOL Annex VI, NOx & SOx: 2011/2014).

The NO, emission limits of Regulation 13 of MARPOL Annex VI apply to each marine
diesel engine with a power output of more than 130 kW installed on a ship. A marine
diesel engine is defined as any reciprocating internal combustion engine operating on
liquid or dual fuel. There are two exceptions: engines used solely for emergencies and
engines on a ships operating solely within the waters of the state in which they are
flagged. The later exception only applies if these engines are subject to an alternative

NOy control measure.

NOy emission limits are set for diesel engines depending on the engine maximum oper-
ating speed (n, rpm), as shown on Table 4.1 and presented graphically in Figure 4.3.
Tier I and Tier II limits are global, while the Tier III standards apply only in NO

Emission Control Areas.

: NOX Limit, g/kWh
1er
130 < n <2000 n > 2000
9.8

Tier | 2000 17.0 45-n02
Tier |l 2011 14.4 44 -n 0.3 7.7
Tier Il 2016t 34 9-nlZ 1.96

1 In NOx Emission Control Areas (Tier Il standards apply outside ECAs).
TABLE 4.1: NOy emission limits

Annex VI regulations include caps on sulfur content of fuel oil as a measure to control
SO, emissions and, indirectly, PM emissions (there are no explicit PM emission lim-
its). Special fuel quality provisions exist for SOy Emission Control Areas (SO, ECA
or SECA). The sulfur limits and implementation dates are listed on Table 4.2 and
illustrated in Figure 4.4.
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FIGURE 4.3: NOy emission limits VS engine speed.

Sulfur Limit in Fuel (% m/m)
Date

2000 1.5% 4.5%
2010.07 1.0%
2012 3.5%
2015 0.1%
2020 0.5%

TABLE 4.2: SOy emission limits
4.4.2 Greenhouse gas emissions

MARPOL Annex VI, Chapter 4 introduces two mandatory mechanisms intended to
ensure an energy efficiency standard for ships: (1) the Energy Efficiency Design Index
(EEDI), for new ships, and (2) the Ship Energy Efficiency Management Plan (SEEMP)
for all ships [21].

e The EEDI is a performance-based mechanism that requires a certain minimum

energy efficiency in new ships.

e The SEEMP establishes a mechanism for operators to improve the energy effi-

ciency of ships.
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FIGURE 4.4: Sulfur emission limits VS year.

Energy Efficiency Design Index (EEDI)

The EEDI for new ships is the most important technical measure and aims at promoting
the use of more energy efficient (less polluting) equipment and engines. The EEDI
requires a minimum energy efficiency level per capacity mile (e.g. tonne mile) for
different ship type and size segments. Since 1 January 2013, following an initial two
year phase zero, new ship design needs to meet the reference level for their ship type.
The level is to be tightened incrementally every five years, and so the EEDI is expected
to stimulate continued innovation and technical development of all the components
influencing the fuel efficiency of a ship from its design phase. The EEDI is a non-
prescriptive, performance-based mechanism that leaves the choice of technologies to
use in a specific ship design to the industry. As long as the required energy efficiency
level is attained, ship designers and builders are free to use the most cost-efficient
solutions for the ship to comply with the regulations. The EEDI provides a specific
figure for an individual ship design, expressed in grams of carbon dioxide (COs) per
ship’s capacity-mile (the smaller the EEDI the more energy efficient ship design) and

is calculated by a formula based on the technical design parameters for a given ship.

The CO; reduction level (grams of COy per tonne mile) for the first phase is set to
10% and will be tightened every five years to keep pace with technological develop-
ments of new efficiency and reduction measures. Reduction rates have been established

until the period 2025 and onwards when a 30% reduction is mandated for applicable
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ship types calculated from a reference line representing the average efficiency for ships
built between 2000 and 2010. The EEDI is developed for the largest and most energy
intensive segments of the world merchant fleet and embraces emissions from new ships
covering the following ship types: tankers, bulk carriers, gas carriers, general cargo
ships, container ships, refrigerated cargo carriers and combination carriers. In 2014,
MEPC adopted amendments to the EEDI regulations to extend the scope of EEDI
to: LNG carriers, ro-ro cargo ships (vehicle carriers), ro-ro cargo ships; ro-ro passenger
ships and cruise passenger ships having non-conventional propulsion. These amend-
ments mean that ship types responsible for approximately 85% of the CO, emissions

from international shipping are incorporated under the international regulatory regime.

Since 2012, Marine Environment Protection Committee (MEPC) adopted /approved or
amended following important guidelines aimed at assisting the implementation of the

mandatory regulations on Energy Efficiency for Ships in MARPOL Annex VI:

e 2014 Guidelines on survey and certification of the Energy Efficiency Design Index
(EEDI), as amended

e 2014 Guidelines on the method of calculation of the attained Energy Efficiency

Design Index for new ships, as amended

e 2013 Guidelines for calculation of reference lines for use with the Energy Efficiency

Design Index (EEDI)

e 2013 Guidelines for calculation of reference lines for use with the Energy Effi-
ciency Design Index (EEDI) for cruise passenger ships having non-conventional

propulsion

e 2013 Interim guidelines for determining minimum propulsion power to maintain

the manoeuvrability of ships in adverse conditions, as amended

e 2016 Guidelines for the development of a Ship Energy Efficiency Management
Plan (SEEMP)

e 2013 Guidance on treatment of innovative energy efficiency technologies for cal-

culation and verification of the attained EEDI
e Urinary system

e Interim Guidelines for the calculation of the coefficient fw for decrease in ship

speed in a representative sea condition for trial use
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e Neuropsychiatric complications

The above Guidelines and resolutions are available on the official website of IMO.

Ship Energy Efficiency Management Plan (SEEMP) and Energy Efficiency
Operational Indicator (EEOI)

The Ship Energy Efficiency Management Plan (SEEMP) is an operational measure
that establishes a mechanism to improve the energy efficiency of a ship in a cost-
effective manner. The SEEMP also provides an approach for shipping companies to
manage ship and fleet efficiency performance over time using, for example, the Energy
Efficiency Operational Indicator (EEOI) as a monitoring tool. The guidance on the
development of the SEEMP for new and existing ships incorporates best practices for
fuel efficient ship operation, as well as guidelines for voluntary use of the EEOI for new
and existing ships (MEPC.1/Circ.684). The EEOI enables operators to measure the
fuel efficiency of a ship in operation and to gauge the effect of any changes in operation,
e.g. improved voyage planning or more frequent propeller cleaning, or introduction
of technical measures such as waste heat recovery systems or a new propeller. The
SEEMP urges the ship owner and operator at each stage of the plan to consider new

technologies and practices when seeking to optimise the performance of a ship.
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Design Methodology

5.1 Retrofit philosophy

Next step into vessel’s electrification process is the investigation of battery systems’
sizing. This is the most influential issue to be figured out. An approach to determine
required power output, would be to calculate ship’s main machineries’ consumptions
and translate these measurements into required installed energy (kWh). Imprecise data
of fuel consumptions kept on board, at some of our inspections on vessels, prohibited
this choice in fear of over/under estimating ship’s power demands. The most precise
way to calculate hulls and its” appendages resistance is through CFD modelling. Lack of
enough data, though, combined with the rise of retrofit total cost, kept us off from trying
to redesign ships propulsion system. It was preferred for our calculation methodology
to build an energy balance sheet based on ship’s operational profile in accordance with

the existing diesel engines’ nominal output and electrical load balance.

The vessel being considered for retrofit is “President”. It is a fishing boat with main

particulars mentioned on Table 5.1.

The machinery space consists of two diesel main engines coupled with a gearbox. A

genset is also installed, tasked with covering the electrical loads of the boat.

The main goal of this retrofit is the complete electrification of the boat, i.e. the replace-
ment of the main diesel engines, as well as the gensets of the boat by batteries. These
batteries are going to cover both propulsion and electrical loads of the ship. Batteries’
cost will be the highest expense for this retrofit, they will be vessel’s sole source of power

and they are not light. We wouldn’t want an expensive ship, carrying more batteries
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Main Particulars
Length OA | 20.88 m
Breadth 6.6m
Depth 3.1m

TABLE 5.1: Main particulars of ”President”.

than needed (batteries are a steady weight, unlike fuel) nor a vessel being obliged to
miss some voyages because it didn’t have enough installed energy compared to time

available for charging.

Battery system’s size depends from its energy consumption and available time for charg-
ing during its shift. In order to determine vessel’s daily energy requirements to be
served, power needed for propulsion and electrical loads must be calculated according

to its operational profile.

The number of battery modules needed and their arrangement in the vessel depends, as
well, from market available battery solutions. When battery system is installed, it will
power directly hoteling, function and propulsion loads of the ship. While at berth, it
will be recharged between trips and after the end of the shift from a shore side system,
developed at one port of duty. Furthermore, we will consider the scenario that the
power needed at the port of charge will be provided directly from the shore connection,

reducing the total amount of installed energy on board.

The replacement or uninstallation of emergency battery system will not be investigated.
It may be possible from a technical point of view but lack of advanced legislation con-
cerning modern system emergency topologies and the fact it has already been certified

for the specific category from authorities held us off.

Few changes will be caused in ship’s electrical AC distribution network, as it will be
converted in a DC one. Our target is the retrofit of existing low cost vessels, therefore,
we need to keep in mind that battery storage systems are, even today, quite expensive

choices for these categories of routes.

Vessel’s main dimensions are variables that will not affect final outcome. As explained
above, vessel’s resistance won’t be possible to be calculated. Current machinery has

been designed to be adequate for ship’s operational profile and Vpgsign. With that
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in mind, new electric motors will be almost of the same power output as their diesel

burning ancestors.

Number of trips within a shift and available charging time will be two of the most
critical variables of the problem forming different alternative scenarios. As we under-
stand, more trips during shift means more required batteries on board and less available
charging time, as well. Charging procedure and routine will affect decisively the out-
come. Choices upon the available charging frequency, charging currents applied and
time needed to plug-in/off and start charging from grid are translated into alternations
of provided quantity of energy to the system, therefore suggesting smaller or larger
battery system, more or less lifecycles. All the above are, of course, interrelated with
available battery solutions in the market, their technical characteristics, and finally

offered prices.

Local societies” welfare and health by decreasing environment’s further pollution are
the most aspiring reasons for this retrofit. In order to achieve the desired outcome,
we need to design an efficient system with safety for the environment, but also for the
crew. For this reason, we will investigate remaining energy on board after failure, to

ensure the ability for safe return at port.

5.2 Battery characteristics

The battery modules used on the retrofit are manufactured by Valence and the specific
model is going to be the U-Charge U27-36XP of the XP Series. U-Charge® XP is
a range of 12, 18 and 36 volt Lithium Iron Magnesium Phosphate battery modules,
offering intrinsic safety with twice the run-time and less than half the weight of similarly
sized sealed lead-acid batteries. The specific model was chosen as it provides the most
economical solution for this specific application. Main characteristics of U-Charge XP

Series are given on Table 5.2.

The sizing of battery modules is a major parameter of the retrofit. The time of recharg-
ing, as well as the safety margin and the operational profile of the batteries, including

lifecycles and charge/discharge limits will be taken into consideration.

Installing a very small battery system would require to be charged from lower operating
DOD to 100% DOD after every trip. But charging fully every time will result to extend
shift duration. Moreover, the batteries will last for a shorter period of time as cycles per

day will be significantly increased, in addition to the reduced capacity of the batteries.
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Specifications UH-12XP U24-12XP  UZ7-124F  UBV-18XP L27-36 XP
Mominal Madule Voltage 128V 128V 128V 192V 8.4V
MNominal Capacity (C/5, 23°C) 40 Ah HO AR 138 Ah 69 Ah 484K
Welght (approximate) 6.5 kg 15.8 kg 18.5kg 14.9 kg 19.6kg
Dimenslon Incl. Terminals LaAxH (mm)  197dA3bdB2 260xd72x225  306x172x225 260x148x245 3067 2x225
BCI Group Mumber MR Group 24 Group 27 MNFA Group 27
Termingls, Female-Threaded MG x 1.0 M2 x1.25 MEx1.25 M8 x 1.25 MEx 125
Specific Energy T9Wh'kg 29 Wh'kg 1 Whikg 89 Wh'kg &1 Whikg
Energy Density HOWHI 138 Wh/| 148 Whl 124 Whvl 148 Whl
Mepe, Continuous Load 20 A 150 A 150 A 120A a0 A
Current
Standard  pggk |oad 120 A 300A 300 A 200 A 1354
Discharging o yrrent (30 sac),
@25°C
Cut-off Violtage 10V 10V oV 15V 30V
Max. Charge Voltage 146V 14.6V 146V 2.9V 438V
Standard
Charging Float Voltage 138V 13.8V 138V 207V HAv
Charge Time c/2 * 25hrs 2.5hrs 25hrs 2.5hrs 2.5hrs
DC intemal resistance (max) 15 ma 6 ma 5mQ 10ma 25 Mg
Equivalent Lithium Centent Per Madule (g) 48,6 127.98 160.38 1215 160.38
Part Number 1004434 1004425 1004428 1004431 1005219

TABLE 5.2: Characteristics of U-Charge XP modules.

Figure 5.1 depicts the total capacity of the batteries at 100% DOD in percentage of the

initial capacity as a function of the cycles that the battery system has served.

U-Charge® Capacity Retention
atc/2, 23°C & 100% DOD

Capacity (% Rated)

0 560 1 ,0‘00 1 ,.’;Uﬂ 2,0‘ 00 2,5‘00 3.0‘00 3,.’100 4,0'00 4,5'00 5.000
Cycles
FIGURE 5.1: Capacity as function of cycles at 100% DOD.

The battery modules will result in lower capacity in a significant amount of their life
expectancy. It is vital for the operational and economical planning of the retrofit to
ensure proper performance and reliability of the battery system.

Figure 5.2 presents a typical DOD profile of a battery system, charging at C/2 (nominal)
rate and end of life at 80% of initial capacity.
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U-Charge Cycle Life at Various Depths of Discharge
C/2 +/-; 23°C Ambient; End of Life: 80% initial capacity
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FIGURE 5.2: Cycles as function of DOD.

The vessel is going to be recharged for specific time after every trip. In order to install
less batteries we need to reduce the total charging time. This can be done by installing
batteries that can be charged with high currents (at bigger C rate). If the system is
charged with higher currents than those proposed by the manufacturer, the total life
expectancy of the system will decrease. Furthermore, if we discharge the batteries in
higher currents the capacity will decrease.

Figure 5.3 depicts the total capacity of the batteries in percentage of the initial capacity
as a function of the discharge C rate for a U-Charge XP module of 12 V.

The system with less batteries generally results in slightly lower volume, weight and
price. The performance of the modules, though, the life expectancy of the system and

safety reasons leads us to a bigger number of batteries and packs.
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U-Charge® Voltage Profiles at Various Rates
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FI1GURE 5.3: Capacity according to C rate.

5.3 Model inputs and equations

The required data to calculate our energy balance loads needed for the retrofit are the
following:

Concerning vessel’s characteristics before the retrofit:

e Number of Main Engines for propulsion and their nominal output.

e No of Operating Main Engines for propulsion

e Main Engine Load Factor for Cruise, Maneuver and Stand-by at Port

o Flectrical Load Balance at Sea
e Electrical Load Balance at Port
e FElectrical Load Balance at Maneuver

e System’s AC Voltage (V)

Concerning vessel’s characteristics after the retrofit:
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e Electric Motors Efficiency number
e Electric motor’s power output
e Electric motor’s voltage

e System’s DC Voltage (V)

Concerning route characteristics:

Time Cruising (min)

Time at Berth (min)

Time at Maneuver (min)

Required no. of trips per day
Concerning battery module’s characteristics:

e Nominal Charging/Discharging Voltage

e Nominal Charging/Discharging current for max lifecycles
e Module’s dimensions

e Capacity

e Volume

o Weight

e Nominal D.O.D.

o C-Rate

5.3.1 Ship side calculations and battery system sizing
Vessel’s shift itinerary will be divided into trips and voyages as defined below:

trip = 2 x Voyages + Port + Stand — by + Maneuver + Seaportsatsea

T'per rip = 2 * T'crutsing + T port + T MaNEUVER + T'sTN-BY + T'SEAPORTS
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The energy demand for propulsion per trip, is calculated by the formula:

where,

Epr/trip = [Prarust * NTHRUST*

T'cruISING T\IANEUVER 1
2% Loy ¥ ———— + Lgn , (EWh
( F e ¥ gy T 60 ’ nEL.MOTOR] ( )

Prarust: Electric motor nominal power output (kW)
Nrarust: No of electric motors operating while cruising
Lnn: Main engine load factor at maneuver(%)

L¢..: Main engine load factor at cruising(%)

Tcruising: Time cruising (min)

Tumaneuver: Time at maneuver (min)

ngr.moTor: Electric motors efficiency

The energy demand for hoteling/electrical loads, Egor JTRIP, for one trip is:

T T
Enor/trip = [2 % Prot/sea * %] + [PHOT/MANEUVER * %]"‘
T Taron. T
[Prot/porr * %%RT] + [Prot/sTN-BY * %] + [PHoT/PORT * —SE%%ORTS], (KW h)

where,

Pror/sea: Electric Load Balance at Sea (kW)

Pror/porr: Electric Load Balance at Birth (kW)
Puor/maneuver: Electric Load Balance at Maneuver (kW)
Puor/srn: Electric Load Balance at Stand-by (kW)
Tymaneuver: Time at maneuver (min)

Tcruising: Time cruising (min)

Tporr: Time at birth (min)

Tseaports: Time using port load on sea, collecting cargo (min)

Tsrn.py: Time of stand-by at sea (min)

The energy demand , Ergrp, for one trip is:

Ertrip = Epr/rrip + Enor/rrip, (kWh)

The total demanded energy of the vessel per day or shift, according to selected number

of trips is:

where,

Etorar/pay = Etrip * Nrrips, (EWh)

Nrrips: Number of trips per day /shift
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From total energy per day the stand-by operation at port has to be removed from the
final trip. The minimum installed energy on board, EyininstarLLep, for fulfilling the
number of trips per shift/day while operating at nominal DOD for maximum lifecycles,

will be calculated according to time available for charging each time at port:

ErtoTar/pay
NTRIPS — 1) * f + DOI))7

EvinnstaLLED = q (kWh)

f (ﬂ) § (T'porr — Tpruc)
C2 T100

where, DOD: Depth of Discharge of Battery system for maximum life-cycles (%)
f: a parameter used to estimate how the different charging currents and time
needed to connect the vessel to the charging station impacts the charging load
transferred on board (%)
T1g0: Total time needed to completely charge the battery pack at nominal
charging current
Tog: Total time needed to plug-in and then plug-off the charging station
Tpory :Total time spent on port
C1 : Charging current

(C2: Nominal charging current
The number of modules connected in series Nt sprigs 1S :

Vsysr
Vir

NBT SERIES =

where,  Vgygr: System’s main bus bar’s voltage (V)

Vgr: Battery module’s nominal voltage (V)
The number of parallel battery strings is calculated by the formula:

EMiIN INSTALLED
Npr.series * VBT * AhBT)

NBT.PARAL = (

where, Npt.parar: No of batteries connected in parallel
Ngr.series: No of batteries connected in series

Ahpr: Battery module’s nominal capacity (Ah)

Next, according to rules and current vessel’s general arrangement, our system will be
separated in 2 or 4 battery packs to ensure redundancy. To do so, Ngr.parar,must be

corrected so that an integer number of battery modules is installed in each pack.
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The total number of batteries, Ngt 1oTAL, and of the energy installed on board, EinsTaLLED,

are:

NBT.TOTAL = NBT.SERIES * NPARALLEL

EinstarLep = Nprrotar * Vr * Ahgr, (KWh)

In order to ensure safe return to the port after failure of one battery pack the remaining

energy, which is calculated by:

Eremain = (1 - DOD) * FinsTALLED * INREMAINPACK (k'Wh)

where, Nremamwpack= 5 if there are 2 battery packs

0 N

Ngremamnpack= 3 if there are 4 battery packs

must be greater than Evoyace

E
Evovace = T2RIP, (kWh)

The total weight, WroTar, and volume, Vrorar, of the installed battery system are:

WroraL = Npr.rorar * War, (tn)

3
Vrorar = NprroTaL * Ve, (m°)

where, Wpgr: Battery module’s weight (tn)

Vpr: Battery module’s volume (m?)

Daily cycles considered for the estimation of battery system’s life expectancy are cal-

culated by the following formula:
Cyclespaiy = INT [Percentagecng * (Ntrips — 1) + (1 — Percentage emain)] + 1

The term 41 on the above equation is ignored if the decimal part of the parenthesis is

less than 0.10.
CyclesnoMINAL

Nop x Cyclespamy

LifeExpectancy = , (years)

where,  Cyclesparry: battery cycles per day
Cyclesnominar: nominal number or cycles if system is operated at nominal
values

Percentagecns: percentage of battery recharge per trip
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Percentage,emain: percentage of battery capacity remaining after last trip

Nop: number of operation days per year
The shore side calculations methodology is described below:

The shore substation has to provide certain kW of power. The voltage of the previous
AC network is 220/380V. According to inverter’s manufacturer the AC to DC current
is transformed from 380V to 500V, and vice versa. The voltage of the secondary coil
of the transformer is then 380V, which will be converted to 500V for the DC net-
work of the boat. To ensure the proper voltage for the charge of the batteries and
avoid overheating of cables, the shore supply will not recharge the batteries as modules
(Vbesee = Venre * Npr.series), as the demanded DC voltage, Vpe.sge, will exceed
the voltage of our system. The discharge of batteries will take place as battery mod-
ules, while the recharge for each battery separately. The BMS system of each battery
will adjust the appropriate recharge voltage demand (max of 43.8 V) and the constant
current(proposed 23 A). This is due to the fact that, while recharging, the shore power
supply will deliver the demanded load for the port duty of the boat (Vgyst=500V).

The Pgyg is calculated from the nominal charge voltage and current, proposed from

the manufacturer of the batterie.

I 4 N
NOM.CHRG * ¥ CHRG * [VBT.TOTAL , El.PortLoad, (kW)

Paim —
SUB 1000

P 1000
IngT = %7 (A)
SYST
where, Inom.cura: the proposed charge current of the battery module (A)
El.PortLoad: the demand of electric load of boat at port (kW)

Vcnra: the proposed charge voltage of the battery module (V)

This current (Ingr) feeds the electrical network. The current is calculated as DC because
there will be a rectifier to transform the AC current of the substation. In the power
demand equation we sum the El.Port-load because, as mentioned, the power demand

at the port of charge will be provided directly from the shore connection.

The annual electricity consumption was calculated according the daily demand, the
range of load and the time of use. Different load was taken into consideration, according
to different state of operation (port, stand-by at port) and at the end of the shift the
extra load for fully recharge the batteries, without providing load for the operation of

vessel at port.
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5.3.2 Emissions and pollutants

The retrofit vessel has a 6 cylinder, 4 cycle, water cooled high speed diesel engine
(MITSUBISHI S6B3-MPTK, 345KW) and the quantification of the volume of emissions
saved in the atmosphere is based on guidelines of TIER-I protocol, according to the

manufacturer Appendix B.

The Tier I approach is based on the premise that the quantities of fuel sold for shipping
activities are available by fuel type, from nationally collected data. Fuel data needs to
be split by NFR code: national navigation (usually navigation statistics), international

(bunkers), fishing (usually available as separate statistics) and military.

For a single trip the emissions can be expressed as:

EMtrip = EMyaiNn + EM avx-Low + EM avux-micn

For each phase known the emissions of each pollutant, i, can be computed for a complete
trip by:
EMrgipi = » (FCr % EFi)

where, EMrrip;: emission of pollutant i in kilograms
FC,:mass of fuel type m (tonnes)
EF; m:fuel consumption-specific emission factor of pollutant i and fuel type m
[kg/tonne]

m: fuel type (bunker fuel oil, marine diesel oil, marine gas oil, gasoline)

In order to use the above equations we need to know the fuel consumption of the vessel.
We have an estimated consumption from the manufacturer Appendix B, which we are

going to investigate.
FUEL CONSUMPTION METHOD (Mitsubishi S6B3-MPTK)

The fuel consumption varies according to test condition, specification and application of
each customer. To obtain the fuel consumption based on the most typical test condition,
we adopted average fuel consumption recommended by ISO 8178 (E3 standard test cycle
for propulsion application and D2 for auxiliary applications). The fuel consumption
values published in this marine product guide were calculated taking each steady-state

mode into account.
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E2 —Test cycle for “constant-speed main propulsion” applications (including diesel-

electric drive and all controllable —pitch propeller installations).

E3 — Test cycle for “propeller-law-operated main and propeller-law operated auxiliary

engine” application.

D2 — Test cycle for “constant-speed auxiliary engine” application.

Mode number 1 2 3 4
Power (%) 100 75 50 25
Weighting factor 0.20 0.50 0.15 0.15

TABLE 5.3: Weighting factors of type E3 ISO 8178 test cycles.

Mode numbgr 1 2 3 4 5
Power (%) 100 75 50 25 10
Weighting factor 0.05 0.25 0.30 0.30 0.10

TABLE 5.4: Weighting factors of type D2 ISO 8178 test cycles

Fuel consumption is based on ISO 3046/1 with 5% tolerance at rated power, weighing
836 g/liter based on the regulations of JIS (Japanese Industrial Standards) and a LHV
of 42,780 kJ /kg, excluding pumps [22].

The above estimation includes different operations of the engine in various loads and
weighting factors. No more data could be found for this specific engine. The project on
which we are working, considers a constant load factor (0.9) for propulsion operation
only. The electric infrastructure is calculated for this demand, so taking this average
consumption for the calculation of fuel consumption would not be representative. It
was considered preferable to find another engine with same/similar characteristics to
evaluate the annual fuel demand. The same method was used for the auxiliary engine,
too. The selection was made from a marine engine selection guide of Caterpillar marine
power systems. The main egine’s data were taken from C18 (IMO1) and for the auxiliary

engine C2.2 and C4.4 models were used.
FUEL CONSUMPTION METHOD (Caterpillar C18)

A Rating (Unrestricted Continuous)
Typical applications: For vessels operating at rated load and rated speed up to 100%
of the time without interruption or load cycling (80% to 100% load factor). Typical
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applications could include but are not limited to vessels such as freighters, tugboats,

bottom trawlers, or deep river tugboats [23].

The specific fuel oil consumption is given in litres per hour so we calculate:

FC = SFOC % Tgay * DAY Soper * p % 0.001, (tn)

where, FC: fuel oil consumption per year
SFOC: specific fuel oil consumption (%)
Taay: time of operation for one day (hours)
DAY S,per: number of operation days per year
p: fuel density ()

It has to be mentioned that the FC is an approximation according to the data we have

and not an accurate value.

5.3.3 Investment appraisal

Net present value (NPV) is the difference between the present value of cash inflows and
the present value of cash outflows over a period of time. NPV is used in capital bud-
geting to analyze the profitability of a projected investment or project. It is calculated

by this equation:

n Ai
NPV = - —
v Zizl At C0
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Electrical Infrastructure

6.1 Shore side

The shore side power network configurations utilized for charging the batteries while

the vessel is at berth is presented.

There are, mainly, two alternative Connect Management System solutions on the mar-
ket:

e the shore-based system and

e the ship-based system

The shore based systems can be fixed, mobile or mounted to a special barge. The fixed
shore-based CMS becomes an integrated part of the quay and cannot be moved after
installation, whereas, the mobile systems usually adopt an electrically driven unit to
bring the power supply right up close to the moored ship without restricting other port
traffic.

An AC shore connection system includes a main substation equipped with a MV switch-
board supplying the shore side substations and shore side substations supplying the

connection points between the vessels and the port, equipped with:

e An isolation transformer of Dyn configuration for adapting the utility grid MV
to the connection voltage, with the neutral point grounded (possibly through a

grounding resistance)
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e The outgoing switchboard supplying the plugs of the point of connection between
the port and the vessel

The standards propose similar configurations for both the HVSC and the LVSC systems.
The main difference between the two configurations consists of the earthing equipment

and its relevant interlocks used in the High Voltage systems to avoid residual charges.

One thing that both the HVSC and the LVSC systems have in common is the use of a
dedicated isolated transformer as the last power component before the interconnection
between the ship and the port. The term dedicated transformer means that each ship
connects to one and only one transformer to satisfy the galvanic isolation requirements,

in order to protect the ship power system from abnormalities in the shore power system.

According to “DNV-GL Guideline for Large Maritime Battery Systems”, the charging
system and other relevant systems shall detect the connection to shore power and
activation of propulsion shall be inhibited in this case. Note that some applications
will need propulsion power even when connected to shore power. In those cases safety

measures must be taken to avoid unintended un-plugging of the charging interface.

There shall be no flammable materials close to shore power connector in order to prevent

fire propagation from connector to environment and vessel.

The charging system and shore connection shall include temperature sensors in order

to detect high impedance and heating in an early stage.

The mating process of the shore connection shall be preferably automatic. If not, a risk

assessment for involved personnel shall be done.

The charger should be designed in such a way that too high charge currents and voltages

are avoided.

In case the maximum charging power of the system is more than 1 MW an HV shore
connection must be adopted. An earthing switch must be added after the outgoing
circuit breaker, for earthing trapped charges in the HV connection cable. The power
supply of the vessel presented in this case study will not exceed 1 MW (calculated in
the following chapter) and the shore connection system will be a LV system. Figure 6.1

presents a typical Dyn connection [24].
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FIGURE 6.1: Shore side configuration for an AC LV shore connection.
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6.2 Ship side

In this chapter we redefine the electric balance sheet of the vessel by increments on power
demand of the consumers, as no Energy Efficiency Degree is taken into consideration. In
addition, Power Factor is included in the calculations, as DC electric power will finally
be converted, by inverters, in AC, in order to be consumed by the electric devices of the
vessel. It is of high importance that the calculated balance sheet will be accurate, as
underestimating the power demands will lead to low installed energy on board, affecting
the normal function of the vessel and the duration of the investment. On the other hand,
overestimating will lead to more expensive investment and extra weight on the boat.
When balance sheet is recalculated, a research will take place for cables and buses and

the new electric diagram will be presented.

6.2.1 Basic electrical balance sheet

The electric balance sheet consists of four main operating modes:

1. normal route
2. maneuvering
3. port

4. stand by
The loads of the vessel have been grouped into certain categories:

e Electric consumptions of machinery room
e Electric consumptions of hotel rooms
e Electric consumptions of vessel
e Electric consumptions of navigation
Each consumer has a nominal power. The nominal power, in addition to the following

data, is given on the electric balance sheet. Energy Efficiency Degree, n, is taken into

consideration and the nominal absorbed power is calculated:
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an
n

an abs —

Due to luck of enough data of the electric devices, we will use Table 6.1 to calculate

the EED, which can be taken as function of the nominal load of the consumers [25].

dopTio BuBpog anoddoeme
P =40 KW 0.95
40kW = P=20kW 0.90
20KkW=P=5kW 0.85
P<5kW 0.80

TABLE 6.1: EED as function of nominal load.

The total absorbed power is given by the number of each installed device, N, multiplied

with the nominal absorbed power. Hence, the installed power is given:

Pins:N*anabs

The number of consumers which are in operation in every operation mode is given with

N’ and the corresponding operating factor with f;:

mean load in 24 hours

s —

nominal load

The mean absorbed operation power in each mode is calculated:

an
Pop: n >l<A]\[/*fs:anabs*-Z\ﬂ*fs

As mentioned in previous chapter the emergency electric balance sheet will not be
recalculated, as it is approved for the specific vessel and it consists of batteries. The
electric balance sheet of the vessel has been recalculated according to the given balance

sheet Appendix C and is presented on Table 6.2:



EyKa'rac‘r'nu vevn Toyvg Ka\zovucnc_,‘ TIoybs EMvypnov TIoybg ev 6ppm TIoy0g Avapovig
KATANAAQTES n N Toyvg IHopeiog

Pov.(m06 Pov.(mopo(p. Psymn. N’ fs P}\.srr. N” fs P)\}:w. N” fs P)usrr. N’ fs P)\sw.
KW KW KW KW KW KW KW

HAEKTPIKEYX KATANAAQXEIX

MHXANOXTAXIOY

1 |Avtiio Toproyidg 085 | 1 | 550 6.47 |6.471| 0 [0.85]| 0.00 0 |o0.85| 0.00 | 1 |0.20| 1.29 0 [ 0.00 | 0.00
2 | Ydpootatikn Avtilo YEPAVOL 0.90 1 [22.00| 2444 [24.44]| 1 ]0.00| 0.00 1 [0.00| 0.00 1 10.90] 22.00 0 0.00 | 0.00
3 |Avila cevivdv 0.85 1 5.50 6.47 6.471 1 [0.00] 0.00 1 [0.00| 0.00 1 ]0.10 0.65 0 0.00 0.00
4 | Avtao eppotog 0.85 1 5.50 6.47 6.471 1 [0.00] 0.00 1 0.00| 0.00 1 ]0.20 1.29 0 0.00 0.00
5 |YOp. AvTAla KooKV 0.80 1 3.00 3.75 3.75 1 |0.00| 0.00 1 0.00| 0.00 1 ]10.20 0.75 0 0.00 0.00
6 |Avepiomrog Mny/siov 080 | 2 | 2.20 2.75 5.5 2 |085| 4.68 2 |0.85| 468 | 2 |0.20| 1.10 2 | 020 1.10
7 |Poniopog Mny/ciov 080 | 1 |0.288| 0.360 036 | 1 1 0.36 1 1 036 | 1 1 0.36 1 | 1.00| 0.36
KW 5.04 KW | 5.04 KW| 27.45 KW 1.46

HAEKTPIKEYX KATANAAQXEIX

XOQOPON ENATAITHXHX

1 [PoTtiopdg 0.80 1 0.06 0.08 0.075 1 1 0.08 1 1 0.08 1 1 0.08 1 1.00 0.08
KW 0.08 KW | 0.08 KW 0.08 0.08

HAEKTPIKEYX KATANAAQXYEIX

IIAOIOY
1 |Epyomg aykvpwv 085 | 1 | 550 6.47 |[6.471| 1 [0.00| 0.00 1 |040| 259 | 1 |0.00] 0.00 1 | 0.00 | 0.00
2 |Avtha mosipov vepov 080 | 1 | 257 3.21 3.213| 1 |050| 1.61 1 |050| 1.61 1 [0.50| 1.61 1 050 | 1.61
3 [Avtha Avpotov 0.80 1 1.50 1.88 1.875 1 |0.00| 0.00 1 0.00| 0.00 1 |0.50 0.94 0 0.00 0.00
4 | Avtaio vylevng 0.80 1 3.70 4.63 4.625 1 (0.40 1.85 1 0.40| 1.85 1 ]0.40 1.85 1 0.40 1.85
S |Higxrpn Oeppavon vepov 080 | 1 | 3.00 3.75 375 | 1 |0.10]| 0.38 1 |020f 075 | 1 |05 | 1.88 1 | 050 1.88
6 [AvopOmwg Bapovikmv 0.80 1 2.50 3.13 3.125 1 0 0.00 1 0.00| 0.00 1 0 0.00 0 0.00 0.00
[ | DOTICUOS YWPOL TYLOVIOV 0.80 1 0.18 0.23 0.225]| 1 1 0.23 1 1 0.23 1 1 0.23 1 1.00 0.23
8 |PoTtiopndg amrodnkng 0.80 1 0.12 0.15 0.15 1 1 0.15 1 1 0.15 1 1 0.15 1 1.00 0.15
9 [Pwticuog xot/potov 0.80 1 0.66 0.83 0.825 1 1 0.83 1 1 0.83 1 1 0.83 1 1.00 0.83
10 | Poticpog yepupag 0.80 1 0.05 0.07 0.068( 1 1 0.07 1 1 0.07 1 1 0.07 1 1.00 0.07
11 | Pwticpog xwpov apmTaplov 0.80 1 0.12 0.15 0.15 1 1 0.15 1 1 0.15 1 1 0.15 1 1.00 0.15
12 | dDoOTIcHOG YOPO®V GLGG/TOV 0.80 5 0.06 0.08 0.375| 5 1 0.38 5 1 0.38 5 1 0.38 5 1.00 0.38
13 | PO TGOS Y®POL aVT. TVP.OVAYKNG 0.80 1 0.06 0.08 0.075| 1 1 0.08 1 1 0.08 1 1 0.08 1 1.00 0.08
HAEKTPONIKA
14 | Doptiomc/ AvopOmwtng umotoplov 0.80 1 2.50 3.13 3.125 1 10.20| 0.63 11 0.20| 0.63 1 | 0.2 0.63 1 0.20 0.63
NAYXITIAOIA KW 6.32 KW /| 9.29 KW 8.76 KW 7.82
1 | Aertovpyieg Novoimiolog 0.80 1 1.60 2.000 2 1 |1.00( 2.00 1/1.00| 2.00 1|05 1.00 1 1.00 2.00
KW 2.00 KW | 2.00 KW 1.00 KW 2.00
.Zl’)VOkO KW 113.43 KW |16.40 KW | 37.28 KW 111.36

TABLE 6.2: Electric balance sheet.
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6.2.2 Active and reactive power calculation

The layout of a ship’s Electric Balance Sheet leads to the calculation of the required
electrical power per operating mode, and then to the selection of the size and number of
required batteries. In this section, the concepts of active and reactive power are devel-
oped, which are related to the Power Factor (PF) of the consumers, and a methodology

for their calculation is presented.

Generally, active power is the useful power generated and consumed in a power grid.
This power is consumed in ohmic resistances (eg lighting, heating, etc.), which is usually
the bulk of the electrical loads. The effective power is calculated from the following

equations:

P =V %1% cosp (1 phase)

P=+3%VxIxcos¢p (3 phase)

where cos¢ is the Power Factor and V is line to line voltage.

In addition to the resistors, in a network there are other consumers, such as motors,
which produce mechanical rotary or linear motion consuming electrical energy. Typical
large coil assemblies (often called winding of electrical machines), which do not require
significant power consumption, but require a significant amount of reactive power, are
typically required for these consumers. Reactive power can be calculated from the

following equations:

Q =V *1Ixsing (1 phase)

Q=V3%V xIxsing (3 phase)

where sing = /(1 — cos?¢) and and V is line to line voltage.

In order to understand the meaning of reactive power, it must be stressed that the
circulation of both active and reactive power is via conductors, switches, etc., which also
do not have ideal behavior, they are thermally charged and involve a risk of malfunction
or destruction. The problem, therefore, is that, in addition to the useful power, in some
cases there is a considerable amount of reactive power, obviously at the expense of the
former. The problem with the reactive power, demanded mainly by electric motors, is

that, on the one hand, some devices must produce it, and on the other hand it must pass
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through the same paths as the active power, necessarily restricting the latter. Despite
the fact that our new power distribution network will be a DC one, we need both,
active and reactive power, as we need the whole demanded power that batteries need
to produce. So, what is needed is the Apparent Power (vector sum) demand calculated

from the following equations:

S=Vxl (1 phase)

S=+3%xVx*I (3phase)

or alternatively

P
5= oS}
Q@
5= stng

Table 6.3 presents the calculations for the apparent power. The following assumptions

have been made:

1) Appliances - facilities such as fuel heaters, kitchens, hobs, lighting panels and navi-

gation aids are considered as resistive loads.
2) The PF is taken equal to 1 for resistive loads and equal to 0.85 for motors.

3) It is considered that inverters and rectifiers transform the hole power from KW to

KVA, and vice versa, reduced only from the efficiency factor.

6.2.3 Cables and bus-bars

Cables used on board shall be non-flammable and watertight. Non-flammable are ca-
bles that do not ignite to create or transmit the fire, but they are destroyed by high
temperatures. Their insulation is usually made from ethyl propylene or polyvinyl chlo-

ride.

In order to calculate the standard diameter of the supply cables of the devices, it is first
necessary to calculate the value of the current to be drawn by these cables in order to
ensure their safe and uninterrupted operation. Diameter is selected based on a standard
table of standard cables, Appendix D.



Kavovikn Iopeia Elypov EvOppo Avapoviig
I A:o(:)l;:))zgo?ua Ioyog | @awvépevn Ioyis |®awopevn Ioyos | @awopevn Asll.:ﬁ?r{i Davopevn
KATANAAQTEX V Eyxoteompévn loyig . fs Agrrovpyio|  Ioydg fs  [Aewovpyia| Ioyig fs Agrrovpyio| Loy fs Ioy0g
€0se v Loyt ¢ Movadag| Movadog ¢ Movadag| Movadag ¢ Movadag| Movadag s Movadag
Movadag Movadag
Pov.mmé. Pov.uLopo(p. Peykat. PD\'.ULO[_)O(]). (P) (S) (P) (S) (P) (S) (P) (S)
Volt KW KW KW KVA KW KVA KW KVA KW KVA KW KVA
HAEKTPIKEX KATANAAQXEIZ
MHXANOZTAZIOY
1 |Avihio mopkoyidg 380 0.85 5.50 6.47 6.47 7.61 0.85 5.50 6.471 0.85 5.50 6.47 0.20 1.29 1.52 0.00 0.00 0.00
2 |Ydpootatikn Aviho yepavov 380 0.85 22.00 24.44 24.44 28.76 0.00 0.00 0.000 0.00 0.00 0.00 0.90 22.00 25.88 0.90 22.00 25.88
3 |Aviho oevivav 380 0.85 5.50 6.47 6.47 7.61 0.00 0.00 0.000 0.00 0.00 0.00 0.10 0.65 0.76 0.10 0.65 0.76
4 |Avtho eppatog 380 0.85 5.50 6.47 6.47 7.61 0.00 0.00 0.000 0.00 0.00 0.00 0.20 1.29 1.52 0.20 1.29 1.52
5 |Ydp. Aviha komokiov 380 0.85 3.00 3.75 3.75 4.41 0.00 0.00 0.000 0.00 0.00 0.00 0.20 0.75 0.88 0.20 0.75 0.88
6 |Avepiotitog Mny/siov 380 0.85 2.20 2.75 5.50 324 0.85 2.34 2.750 0.85 2.34 2.75 0.20 0.55 0.65 0.20 0.55 0.65
1_|Ponopds Mny/siov 220 1 0.29 0.36 0.36 0.36 1 0.36 0.360 1 0.36 0.36 1 0.36 0.36 1.00 0.36 0.36
HAEKTPIKEY KATANAAQXEIZ
XQPQN ENAIAITHEHE
1 [Ponopdg 220 1 0.06 0.08 0.08 0.08 1 0.08 0.075 1 0.08 0.08 1 0.08 0.08 1.00 0.08 0.08
HAEKTPIKEX KATANAAQXEIZ
ITAOIOY
1 |Epyorng aykvpov 380 0.85 5.50 6.47 6.47 7.61 0.00 0.00 0.000 0.40 2.59 3.04 0.00 0.00 0.00 0.00 0.00 0.00
2 |Avihio ToG1pov vEPOL 380 0.85 2.57 321 321 3.78 0.50 1.61 1.890 0.50 1.61 1.89 0.50 1.61 1.89 0.50 161 1.89
3 |Avtha hopatov 380 0.85 1.50 1.88 1.88 221 0.00 0.00 0.000 0.00 0.00 0.00 0.50 0.94 1.10 0.00 0.00 0.00
4 |Avtho vyevng 380 0.85 3.70 4.63 4.63 5.44 0.40 1.85 2.176 0.40 1.85 2.18 0.40 1.85 2.18 0.40 1.85 2.18
5 |HAektpikn Oeppavon vepov 220 1 3.00 3.75 3.75 3.75 0.10 0.38 0.375 0.20 0.75 0.75 0.50 1.88 1.88 0.50 1.88 1.88
6 |Avopbomg fopovikav 380 0.85 2.50 3.13 3.13 3.68 0.00 0.00 0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1| PoTopog y®POv TIHoVIoY 220 1 0.18 0.23 0.23 0.23 1.00 0.23 0.225 1.00 0.23 0.23 1.00 0.23 0.23 1.00 0.23 0.23
8 |Potopdg omobnkng 220 1 0.12 0.15 0.15 0.15 1.00 0.15 0.150 1.00 0.15 0.15 1.00 0.15 0.15 1.00 0.15 0.15
9 |Petcpog kor/potev 220 1 0.66 0.83 0.83 0.83 1.00 0.83 0.825 1.00 0.83 0.83 1.00 0.83 0.83 1.00 0.83 0.83
10 [Pouopog yepupag 220 1 0.05 0.07 0.07 0.07 1.00 0.07 0.068 1.00 0.07 0.07 1.00 0.07 0.07 1.00 0.07 0.07
11 [PoToHog ¥®POL apUTapIoy 220 1 0.12 0.15 0.15 0.15 1.00 0.15 0.150 1.00 0.15 0.15 1.00 0.15 0.15 1.00 0.15 0.15
12 |dotiopog y0pov 6ves/tev 220 1 0.06 0.08 0.38 0.08 1.00 0.08 0.075 1.00 0.08 0.08 1.00 0.08 0.08 1.00 0.08 0.08
13 | P Ti6110¢ Y®POY aVT. TUP.AVOYKNG 220 1 0.06 0.08 0.08 0.08 1.00 0.08 0.075 1.00 0.08 0.08 1.00 0.08 0.08 1.00 0.08 0.08
HAEKTPONIKA
14 | dopriomg/ Avopbotng pratapiov 220 0.85 2.50 3.13 3.13 3.68 0.20 0.63 0.735 0.20 0.63 0.74 0.20 0.63 0.74 0.20 0.63 0.74
NAYZIITAOIA
1 |Aerovpyieg Navoirhoiag 220 1 1.60 2.00 2.00 2.00 1.00 2.00 2.000 1.00 2.00 2.00 0.50 1.00 1.00 1.00 2.00 2.00

TABLE 6.3: Apparent power calculations.
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Liine is called line current and is the current coming out of the source system, leaking

the power cables and feeding the consumer systems (loads).

The intensity of the I, is calculated for the load P of the relations:

]line = 15 (DC)
Nine = —— (AC-1 phase)

= AC-3 ph
\/§*V*cosf ( phase)

Current intensity is taken from:

I = Ijne, for resistive loads
I = @jne x 1.25, for motors
Table 6.4 presents the calculations for the diameter of the supply cables. The increment

on power demand from DC to AC, or vice versa, is due to inverters (rectifiers) efficiency

(98%). The following assumptions have been made:

1) Appliances - facilities such as fuel heaters, kitchens, hobs, lighting panels and navi-

gation aids are considered as resistive loads.

2) The PF is taken equal to 1 for resistive loads and equal to 0.85 for motors.

3) The 380V-AC power supplies are considered as 3 phase and the 220V-AC as 1 phase.
4) The cross section of 1.0 mm? from table, is not used (we go to its 1.5 mm?).

5) It is considered that inverters and rectifiers transform the hole power from KW to

KVA, and vice versa, reduced only from the efficiency factor.

All consumers are separated in electric panels. In order to calculate the size of bus
sections we need to know the power demand of each panel. Table 6.5 presents the

corresponding loads.



Davopevn Xovteh. ATroppopovpev Zovteh.
KATANAAQTEE N \% ‘Iax:);nimd.; “v: Iy P Gm’ tn| Temh Itvn | Iaco S \% M“ulv?,;; Iy npoc;:)é’;ncr Iem | Trtom Taoco S
Volt KVA A A A A mm’ Volt KW A A A A mm’
HAEKTPIKEX KATANAAQXEIX
MHXANOZXTAZIOY
1 | Avihio mopkorytag 1 380 7.61 1157 | 1.25 14.46 20 20 3*2.5 500 7.77 15.54 1.25 19.42 27 25 3*4
2 |Ydpootatikn AVTAL0, YEPOVOL 1 380 28.76 43.69 [ 1.25 54.62 84 80 3*25 500 29.35 58.69 125 | 73.36 84 80 3*25
3 |Avtho GeEvIvaV 1 380 7.61 1157 | 1.25 14.46 20 20 3*2.5 500 7.77 15.54 1.25 19.42 27 25 3*4
4 |Avtha eppoatog 1 380 7.61 1157 | 1.25 14.46 20 20 3*2.5 500 7.77 15.54 1.25 19.42 27 25 3*4
5 |Ydp. Aviha komakiov 1 380 4.41 6.70 1.25 8.38 14 16 3*1.5 500 4.50 9.00 1.25 11.25 14 16 3*1.5
6 |Avepotitag Miy/siov 2 | 380 3.24 492 | 125 | 6.14 14 16 3*15 500 3.30 6.60 125 | 825 14 16 3*15
[ |PoTiopoég Mny/siov 1 ]20 0.36 164 | 1.00 | 1.64 14 16 3*15 - - - - - - - -
HAEKTPIKEY KATANAAQYEIZ
XQPON ENAIAITHEHE
1 |Potopdg 1 220 0.08 0.34 1.00 0.34 14 16 3*1.5 - - - - - - - -
HAEKTPIKEY KATANAAQXEIZ
IMAOIOY
1 [Epyamg aykvupov 1 380 7.61 1157 | 1.25 14.46 20 20 3*2.5 500 7.77 15.54 1.25 19.42 27 25 3*4
2 |AvTAo TOG YOV VEPOL 1 380 3.78 5.74 1.25 7.18 14 16 3*1.5 500 3.86 7.71 1.25 9.64 14 16 3*1.5
3 |Avtho Avpatov 1 380 2.21 3.35 1.25 4.19 14 16 3*1.5 500 2.25 4.50 1.25 5.63 14 16 3*15
4 | Avtho vyievng 1 380 5.44 8.27 1.25 10.33 14 16 3*1.5 500 5.55 11.10 1.25 13.88 20 20 3*2.5
5 [HAektpucn Beppovon vepou 1 220 3.75 17.05 | 1.00 17.05 20 20 3*2.5 - - - - - - - -
6 |Avopbamg Bapovikmv 1 380 3.68 5.59 1.25 6.98 14 16 3*1.5 500 3.75 7.50 1.25 9.38 14 16 3*1.5
7 [PoTiopdg ympov tyoviov 1 220 0.23 1.02 1.00 1.02 14 16 3*1.5 - - - - - - - -
8 | Potiopdg amobnkng 1 220 0.15 0.68 1.00 0.68 14 16 3*1.5 - - - - - - - -
9 |DoTiopog Kot/Hotov 1 220 0.83 3.75 1.00 3.75 14 16 3*1.5 - - - - - - - -
10 |PoTiopog yepupag 1 220 0.07 0.31 1.00 0.31 14 16 3*1.5 - - - - - - - -
11 | dOTIoPOG YOPOL OUTAPIOV 1 220 0.15 0.68 1.00 0.68 14 16 3*1.5 - - - - - - - -
12 | P TIo10g Y0PV GVOG/TOV 5 220 0.08 0.34 1.00 0.34 14 16 3*1.5 - - - - - - - -
13 |O®TIGHOG Y POV AVT. TVP.AVAYKNG 1 220 0.08 0.34 1.00 0.34 14 16 3*1.5 - - - - - - - -
HAEKTPONIKA
14 | Dopticng/ AvopHm g pratapimv 1 220 3.68 16.71 | 1.00 16.71 20 20 3*2.5 - - - - - - - -
NAYZIIIAOIA
1 [Aerovpyiec Nowoumhotog 1 220 2.00 9.09 1.00 9.09 14 16 3*1.5 - - - - - - - -
KINHTHPEZ
1 |H)extpcoi Kumtipeg 2 380 403.51 613.07| 1.10 | 674.37 | 4*192 [4*200| 4*(3*95)) 500 411.74 823.49 1.10 [905.84 | 5*224 | 5*224 | 5*(3*120))
SHORE SIDE
1 |Shore connection 2 380 338.97 515.01| 1.10 | 566.51 | 3*192 [3*200| 3*(3*95) 500 332.19 664.38 1.10 |730.82| 4*192 | 4*200 4*(3*95)

TABLE 6.4: Calculations of cables for AC and DC currents.




ZYTOI 500V

KENTPIKOZX ITINAKAX
MHXANOXTAZXIOY 500V

Avthio mopkoydg

AVTAI0 GEVIVOV

Avtho £ppotog

Y8p. Avthio KomoKimv

Avepiotmtag Mny/ciov

Avtiio Avpotov

Avopbwmg Bapovikov

ZYT Ol 380V

YIIOIMINAKAY. TEPANOY

Ydpootatikn Avtila yepovou

YIIOIMINAKAY. ANTAIQN
TIOZIMOY NEPOY KAI

YI'IEINHE

AvTtlo vylewvng

AVTAL0L TOGILOV VEPOL

YIIOININAKAX EPIATH
ATKYPOQN

Epyomg aykvupov

ZXTOI 220V

KENTPIKOX ITINAKAX
MHXANOXTAZIOY

Doticpuog Mny/ciov

Doticpdg Evditmong

DOTIGIOG YOPOV TLOVIOV

YIOIMINAKAY. TE®@ YPAX

DoTopog amodnkng

DOTIGPOG KOT/HAUTOV

PO TUGOG YEQUPOG

DPWTIGROG YWPOL AUTUPIOV

DPOTIGROG XWPOV FVGT/TOV

DWTIGUOG YWPOL GVT. TVP.AVOYKNG

Dopricng/ Avophog umotopuwv

H\ektpikn Oeppavon vepov

Plr|r|lolk|k|k (e

NG

NG

Plr|r|lolk|k|k (e

NG

YIIOININAKAY NAYZIITAOIA

Asgttovpyieg Navsiumhotog

T'ENIKO XYNOAO

13.434

14.979

16.397

18.399

37.282

42.947

11.359

12.273

KW

VA

KW

VA

KW

VA

TABLE 6.5: Power demands of panels.
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For the main bus bar calculation we consider the power demand from batteries opera-

tion, which exceeds the demand from the shore side supply.

756.425 % 1000
Tine = —1512.849 A
: 500 p12.849

I =1.1%I,=1512.849 % 1.1 = 1664.134 A

For the bus-bars calculations we consider an extra 10% for safety margin reasons and
the standard diameter of the supply cables of the buses is selected by the connection
bar table, Appendix D.

From the table mentioned, the cross section of the main bus is selected to be 1600 mm?.
The cables leading to the bus bars and the cross sections of the buses are calculated and
presented on Table 6.6, except the shore side cables, the anchor worker, drinking water
pump cables, hygiene pump and crane pump cables, calculated on Table 6.4. Crane
and anchor pumps are calculated for nominal loads, in order to be able to work in full
load, if necessary. The nominal load of hygiene pump also exceeds the mean absorbed
operation power of the panel, so the dimension of this bus is calculated according to the
hygiene pump nominal absorbed power. The main bar of 220V consists of two leading
cables, so the cross section of the bar is calculated with double the power mentioned in
the column (Power kVA).

The data of Table 6.6 are calculated according to the mean absorbed operation power
(Pop, calculated Table 6.5), with the exceptions mentioned above, while the data of

consumers, Table 6.4, according to nominal absorbed power (Ppy abs)-

The list of inverters and rectifiers is presented on table 6.7. These data have been
calculated for nominal loads, except the 220V inverters and the shore side rectifiers,

which are for operation loads, increased by 10%.
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, ) DC-->AC| Anowmotpewy | Peduaypaupic +10% | Awmopry Kehodiov | AGQMoTIKY | Képiog Zuyog
I VA . , , 2
Mz WO iy | 1o kW) | occiton®) | ()| Suinagy | Mo (mrd)
Eninedo tdong 220V
Yronivakag Tégupag (AC) 4.5 - 21.264 3*4 25A 100
Yronivakag Navotrhoiog (DC) - 2.000 10.000 3*L5 16A 100
Metaaymeriorig 22024V AC->DC 3.68 - 18.382 3*25 20A -
Kevipuen undpo, 220V (AC wera inverter oto, 220V)(2x) 346 9.978 3*L5 16A 100
Eninedo 1dong 380V
Yronivakag Tepavod (AC) 28.76 48,063 100
Yronivakag Avihidv [ooyov Nepoo « Yyewic 544 9.0%4 100
Yrontvaxag Epyém Aykvpav (AC) 7.61 12723 - - 100
Meraoynortorég 380220V (AC)(2x) 346 5117 3*L5 16A
Eningdo 1dong 500V
Kevipin umdpa(Kevipixog myav/siov) (DC) 3103 | 098 31.790 83.138 3*3% 80A 100
Kevrpwoc [Mivaxag Mrotapiav (DC) - - 756.425 1664.134 3(3*70) perpack| 480 A 1600
Kevepuen pmdpa 220V (DC mpy inverter ota S00V)(2x)| 346 0.98 3.527 1759 3*15 16 A -
TABLE 6.6: Electric panels.
Ioybg DC-->AC  [Amartodpevn Ioyig
Inverters DC-->AC N (KVA) S (kW)
Hhextpucoi Kwvntipeg 2 403.51 0.98 823.49
Zvyog 220V 2 3.80 0.98 7.76
Avthio Avpdtov 1 2.21 0.98 2.25
Avthio 'Eppotog 1 7.61 0.98 1.77
Avthio [Tvproyidg 1 7.61 0.98 1.77
Avtdia Kutov 1 7.61 0.98 7.77
Avthio Kalopdtov Kbtoug 1 4.41 0.98 4.50
Avepuotipag Mnyovootacion 2 3.24 0.98 6.60
Epydtng Aykvpov 1 7.61 0.98 1.77
AvtAia T'epavod 1 28.76 0.98 29.35
Avthio Yyiewng 1 5.44 0.98 5.55
AvtMo [Tooipov Nepov 1 3.78 0.98 3.86
e Ioybg AC-->DC  [Amaurovpevn Ioyig
Rectifiers AC-->DC N (kW) Effckency (KVA)
Shore connection system (AC-->DC) 2 365.41 0.98 745.73
Sum 1660.16

TABLE 6.7: Inverters-Rectifiers.



Chapter 7

Case Study

7.1 Data analysis

Vessel’s main equipment before retrofit is shown:

Main Diesel 2 x MITSUBISHI S6B3-MPTK 463 BHP 1940 RPM
Engines
Power generator 1x DOOSAN ADO034TI 42 KW

TABLE 7.1: Equipment in machinery room.

As mentioned, the chosen battery for the retrofit of the vessel is Valence U27-36XP.

Battery modules characteristics are shown on Table 7.2.

As far as the trip is concerned, no data are available. A usual operation of fishing
boat is considered. A 19 minute voyage for getting out of the port and go on the open
sea is assumed. A stand-by operation is following for 120 minutes to get the cargo
and 10 minutes of port load at sea is considered (seaports) in order to load the cargo
from the sea and get ready to go back to the port. Another 19 minutes of voyage and
5 minutes of maneuvering complete the trip. Next, 30 minutes of port operation are
following (while charging) and 40 minutes of stand-by operation at port to complete

the demanded charge of batteries, Figure 7.1.
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Valence U27-36XP
Nominal Module Voltage 38.4V
Nominal Capacity (C/5, 23°) 46.2 Ah
Dimension 306x 172 x 255 mm
Weight 19.6 kg
Volume 0.11m?
Specific Energy 91 Wh/kg
Price 1100
Energy Density 148 Wh/It
Standard Max Cont. Current 90A
_ ; o... |Peak Load Current (30sec) 135A
UrdirEliE @2 ) Cut-off Voltage 30V
Standard Max Charge Voltage 43.8V
Charging Float Voltge 41.4V
Rec.Current C/2 23A
Charging time from 100% DOD --> 0% DOD (h) 2.5

TABLE 7.2: Battery module specifications.

7.2 Retrofit calculations

There has been a calculation of vessel’s demands in power, in all operational modes, in
previous chapter, Table 6.5. Required energy per trip is considered with power demand
of electric load in port of recharge, being delivered directly from the shore side system.
A 4 minute time duration for plug-in and plug —off of the boat is considered. The loads
of the calculated electric balance sheet have been increased by the inverters efficiency,
as the batteries need to support these loses in order to achieve the demanded power
on consumers. The propulsion loads are estimated according to main engine’s nominal
power, the load factors and the number of operating engines. These loads have also
been increased by the electric motors efficiencies, the power factors and the inverters
efficiency. The total energy demand to be installed is increased 10% for safety margin
reasons. The trip’s information are presented on Table 7.3, as well as the corresponding

electric demands from batteries.

Concerning the power demands of vessel’s function, different scenarios are presented
according to the recharge time at port, Table 7.4, Table 7.5, Table 7.6.

Scenario 5 is chosen with 4 packs of batteries for the following reasons:
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10 min
120 min Seaports
Stand-by
A
19 min 19 min
Normal Route Normal Route
5 min
@ Maneuver
7 \
40 min 30 min
Stand-by Port

FIGURE 7.1: Voyage diagram.

e The energy after failure of one pack is: Evoyage = ET§IP = 22kWh >
Eremainy = 245.88 kW h. To ensure redundancy we will add 2x14=28 more bat-
teries to add 49.7 kWh at the already existing batteries for emergency (8.64 kWh),

Appendix C, to provide E'grpmainy = 304.19 kW h.

o VroraL = 7.295 + 0.332 = 7.626 m>. This volume can be fitted in the diesel oil
tanks of the vessel, as examined in following table, even with a low permeability

coefficient.

o Wrorar, = 12.012 4+ 0.546 = 12.558 tn. This weight is higher than the sum of the
diesel oil in the vessel’s tanks (2 tons higher). Such amount of weight is considered
negligible to affect the operation load of the vessel. This speculation is approved

from the naval architect of the boat.

e The above life expectancy is estimated for operation at 70% DOD, Figure 5.2.

e The discharge current of batteries is I = R = 70485 = 245 (A), which
<

15> o from Figure 5.3 we can assume that no capacity is lost from

high currents, as module of 38.4 V will behave in similar way.

corresponds to

A complete updated electric diagram was redesigned for the new all-electric boat, Ap-

pendix E.
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Trip Information

Electrical Load at Normal Route (KW) 14.979
Electrical Load-Batteries at Normal Route (KW) 15.285
Electrical Load in Maneuver (KW) 18.399
Electrical Load-Batteries in Maneuver (KW) 18.774
Electrical Load at Port (kW) 42.947
Electrical Load-Batteries at Port (kW) 43.823
Electrical Load at Stand-by (KW) 12.273
Electrical Load-Batteries at Stand-by (KW) 12.523
Main Engine Load factor-Maneuver 0.7
Main Engine Load Factor-Normal Route 0.9
Main Engine Nominal Power (KW) 345
No of Operating Main Engines at Sea 2
DC-->AC Inverter Efficiency 0.98
Electric Motors Efficiency 0.95
31 (cosd) of electric motor 0.9
Propulsion Load Normal Route (kW) 621.00
Electrical Prop Load Normal Route (kW) 741.14
Propulsion Load Maneuver (kW) 483.00
Electrical Prop Load Maneuver (kW) 576.44
Time of Maneuver(min) 5
Time of Normal Route (min) 19
Time at stand-by 120
Time at Port (min) 30
Time operating seaports at sea (min) 10
Electrical Load-Batteries at stand by (kWh) 25.05
Electric Load-Batteries at Port (kWh) 21.91
Electric Load-Batteries at Seaports (kWh) 7.30
Electric Load-Batteries at Normal Route (kWh) 239.53
Electric Load-Batteries at Maneuver (kWh) 49.60
Energy/trip (kWh) 563.94
Trips/day 2
DOD 0.7
System dc voltage (V) 500

TABLE 7.3: Trip information.
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1 50 0.307 1232.456 14 50 52 1241.86 1291.53
2 55 0.340 1192.954 14 50 52 1241.86 1291.53
3 60 0.373 1155.906 14 43 1192.18 1192.18
1 1192.18

1121.089 1142.51

1

1057.391

TABLE 7.4: Batteries selection t1.

1 186.278 290.594 13650 14196 8289.540 8621.122 770.000 800.800
2 186.278 290.594 13650 14196 8289.540 8621.122 770.000 800.800
3 178.827 268.241 13104 13104 7957.958 7957.958 739.200 739.200
4 171.376 12558

268.241 7626.37

\C

7957.958

12012

163.925 245.887 12012 7294.795 7294.795

TABLE 7.5: Batteries selection t2.

1 1 18.333 749.003 777.211 411150.51
2 1 18.333 749.003 777.211 393529.99
3 1 18.333 720.796 720.796 384189.47
4 1 18.333 692.589 720.796 367948.94
= | 362748.42

1 347887.89

TABLE 7.6: Batteries selection t3.

The exact amount of volume and weight of the diesel tanks of the vessel is calculated in
order to ensure enough space for the installation of the batteries. As shown on Table 7.7,
the total number of batteries can be fitted in the diesel oil tanks. Considering different
permeability coefficients and ventilation issues, the diesel oil daily service tanks can
also be used to achieve the desired space, if necessary. These tanks are highlighted with

red line on the vessel’s General Arrangement, Appendix E.
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Diesel Oil Daily

Service Tank

(2x)

TABLE 7.7: Diesel oil tanks.

7.3 Consumption and emissions

The consumption of the conventional vessel is calculated according to methodology
mentioned in previous chapter 5.3.2, Table 7.8.

SFOC

It/h 82.2 SFOC It/h 6.3 SFOC It/h 11

Toer day h 1.43 Toerday h 6.10 | Tperday h 1.33

DAYS,per | NUMber 300 DAYS,per | NUMber 300 DAYS,per | NUMber 300

p tn/m’ 0.88 p tn/m> | 0.88 p tn/m® | 0.88

FCaay tn 0.104 FCoay tn 0.034 FCaay tn 0.013

FComal | N 3110 | FCypa | tn 10.15 | FCopput | N 3.87
Total daily fuel consumption (tn) 0.15

TABLE 7.8: Fuel consumption.

The emission factors for calculating the pollutants were taken from ” European Environ-

ment Agency” [26], Appendix B. These data were selected for MDO/MGO consump-
tion, according to Tier I standards, Table 7.9.

The quantification of greenhouse gases pollutants are estimated according to "IPCC
2006” [27], Table 7.10.
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Main/ MDO/
Auxiliary MGO

78.5 2.8 1.5 1.4 7.4 20

TABLE 7.9: Emission factors for Tier I.

Main/ Aux >3 l\vpo/MGo| 3190 0.18 13

Port

TABLE 7.10: Emission factors for greenhouse gasses.

The total annual emissions are calculated according these data, Table 7.11.

TABLE 7.11: Total annual emissions of conventional vessel.

Electricity in Greece is produced with several methods and some of them emit gasses
and pollutants, same as diesel oil and gasoline. Collecting some information for the
electricity production, it is obvious that these emissions are not negligible, especially
from use of fossil fuels and coal [28]. The electricity production in Greece has a signifi-
cant pollution effect because of the wide use of natural gas and lignite [29], Appendix
B. Another important issue is not only the electricity production, but also the gasses
emitted during manufacture of batteries. It is really important to investigate the en-
vironmental effects and the pollution caused while processing and manufacturing raw
materials of battery. Considering that the use of renewable technologies is going to
further expand in Europe, and consequently to Greece during next years, there will be

a more environmentally friendly operation of an all-electric boat.

Despite the fact that electricity is not, at least not yet, a zero emission source of
energy, it is without any doubt that pollution at ports and coastlines will have a zero
effect from all-electric boats. Significant amounts of pollutants will not emit in these
areas, improving the quality of air and reducing illnesses and environmental destruction,

caused by ships and boats.






Chapter 8

Economic Analysis

8.1 Retrofit and functional cost estimation

The final installation cost of the Li-ion battery system is calculated with the extra 28
battery modules of emergency included to the final cost,Table 8.1.

The operation and maintenance cost of both a conventional and an all-electric boat

with a Li-ion battery system and their net difference are shown,Table 8.2.

The annual cost of operation for a conventional and an all-electric boat, as well as their

net difference is calculated,Table 8.3.

The investment is going to span in a time period of 18 years as shown on Table 7.6,
so the future oil and electricity prices must be predicted. The present value of marine
diesel oil was assumed after consulting with professor I.Prousalidis. The electricity price
was assumed according to the professional invoice for adjustable charges at night zone

[30).

Because of the 10% increase of installed energy on board due to safety margin reasons,
the final DOD percentage is reduced as shown on Table 8.4. It is then possible to
recalculate the lifespan of the battery system. From Figure 5.2, a new life expectancy
is assumed to be about 23 years (7000 cycles). Hence, it is safe to assume a 20 year

period of operation of the vessel, without install new batteries on board.

Predicting the future price of fuel oil is a difficult task due to the unpredictability of the
oil market. With that said all future predictions point to an increase of fuel price [31].

In the present dissertation an annual 3.5% steady increase was assumed as a reasonable
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INSTALLATION COST

Price per unit | Price per kW Price (€)

Initial Cost of Batteries 1100$ - 708400
0,

Battery Management System 60 ,0 of - 425040

batterries cost
Inverters-Rectifiers - 200€ 332032
Gearbox (x2) 12000 € - 24000
Cables and bus-bars 5000€ - 5000
Electric Motor (x2) - 140€ 96600

0,
Other/Labor 10%of total . 159107.2
cost
Total 1750179.2
SALES OF EXISTING MACHINERY

Price per unit | Price per kW Price (€)
Existing Main Engine (x2) - 50€ 34500
Gearbox (x2) 4800 € - 9600
Existing Electric Generator - 40€ 1766
Total 45866

Initial Cost of Investment (€) 1704313

TABLE 8.1: Vessel’s retrofit final cost with Li-ion battery system.

estimation. The estimation of electricity prices in Greece was a more difficult task as
there was a lack of available sources covering this subject. Finally, an annual steady
rise of 1% was assumed. The savings from fuel of the retrofit vessel are calculated,
Table 8.5.
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OPERATION & MAINTENANCE COSTS PER YEAR

WITH BATTERIES
Price per unit |Price perkWh|  Price (€)
: . . 1% of Batteries
Fixed Operation & Maintenance costs cost - 6559
Variable Operation & Maintenace costs - 05€ 546
Total 7106
WITH EXISTING MACHINERY

Price per unit | Price per HP Price (€)
Installed Power of Engines - 126€ 11659
Total 11659
Total Operation & Maintenace Savings per Year (€) 10795

TABLE 8.2: Maintenance savings from all electric boat.
FUEL COST COMPARISON FOR 1 YEAR OPERATION
WITH BATTERIES

Consumption (kWh)| Price per kWh| Price (€)
Total required energy for 1 year operation 362748 0.0444 € 16102
Total costs of electricity 16102

WITH EXISTING MACHINERY
Consumption (tn) | Price pertn | Price (€)
Total required fuel for 1 year operation 45.12 550 € 24817
Total cost of fuel 24817
Total Fuel Cost Savings for 1st Year (€) 8715

TABLE 8.3: Fuel costs comparison.
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Scenario 5- 4 pack

Installed energy (kWh)

1092.83
after [x] charge before [x]
energy_of ) RS charge _
battery will be battery will
(kwh) have (%)
1009.7381 1 0.4840
926.6430 2 0.4079

TABLE 8.4: State of battery between trips.

YEAR1 | YEAR2 | YEAR3 | YEAR4 | YEARS | YEAR6 | YEAR7 | YEARS | YEAR9 | YEAR10
P”c;;’tﬂ;mo 550.0 | 569.3 | 589.2 | 609.8 | 6311 | 6532 | 676.1 | 699.8 | 7242 | 7496
n
T°Tca' TT:; Of | 54817 | 25685.7 | 26584.7 | 27515.16 | 28478.19 | 29474.93 | 30506.55 | 31574.28 | 32679.38 | 33823.16
ue
Price of kWh
fromthe Grid | 0.0444 | 0.0448 | 0.0453 | 0.0457 | 0.0462 | 0.0467 | 0.0471 | 0.0476 | 0.0481 | 0.0485
(€/kWh)
Total cost of
« 16102 | 16263.43 | 16426.06 | 16590.32 | 16756.22 | 16923.79 | 17093.02 | 17263.95 | 17436.59 | 17610.96
electricity (€)
Total Fuel Cost| o715 | 9459 272 | 10158.64 | 10924.84 | 11721.97 | 1255114 | 13413.53 | 1431033 | 15242.79 | 16212.2
Savings (€)
YEAR11 | YEAR12 | YEAR 13 | YEAR 14 | YEAR 15 | YEAR 16 | YEAR 17 | YEAR 18 | YEAR 19 | YEAR 20
P”C(z;’tﬂ;"Do 7758 | 803.0 | 8311 | 860.2 | 8903 | 9214 | 953.7 | 987.1 | 1021.6 | 1057.4
n
T°;a' cl‘;zt) of | 35007.0 | 36232.21|37500.34 | 38812.85 | 40171.3 | 41577.3 | 430325 | 44538.64 | 46097.5 | 47710.01
ue
Price of kWh
from the Grid | 0.0490 | 0.0495 | 0.0500 | 0.0505 | 0.0510 | 0.0515 | 0.0521 | 0.0526 | 0.0531 | 0.0536
(€/kWh)
Total cost of
« 17787 | 17964.94 | 18144.59 | 18326.04 | 18509.3 | 18694.39 | 18881.33 | 19070.15 | 19260.85 | 19453.46
electricity (€)
Toga' ,F”e'(i‘)’St 17220 | 18267.27 | 19355.75 | 20486.82 | 21662.01 | 22882.91 | 24151.17 | 25468.5 | 26836.65 | 28257.45
avings

TABLE 8.5: Fuel and electricity costs estimation for a 20-year period.
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8.2 Net present value estimation

As mentioned, the battery modules do not need to be replaced at the 20 years period.
The residual value of the batteries was assumed as 20% of their price for recycling

purposes and the rest equipment as 60% of the initial value.

For the Net Present Value estimation a discount rate of 6% was assumed. The negative
financial net present value of the investment, Table 8.6, shows that the project requires
EU assistance or an external fund to make it viable. The Discount Rate at 6% is not
an optimistic estimation, so we need to take into consideration different rates of this
value to evaluate the investment. The prediction for the diesel and electricity price,
is also a parameter to affect the investment. On Figure 8.1 there is an estimation
of the minimum percentage of initial quantity and the amount of funding needed for
the investment, so that can be considered as marginally acceptable (NPV=0). An
estimation has also been occurred for electricity rise rate at 1.5% and 2.5% for diesel
oil. The results of the diagram show that at least 50% of the initial investment should

be funded, even with a discount rate lower than 3%.

Discount YearO | Yearl | Year2 | Year3 | Year4 | Year5 | Year6 | Year7 | Year8 | Year9 | Year10
Rate 6%
Costs -1704312.8 | -1704313 0 0 0 0 0 0 0 0 0 0
Savings 0 19509.9 |20217.50| 20953.86 | 21720.07 | 22517.20 | 23346.37 | 24208.75 | 25105.55 | 26038.01 | 27007.43
Residual Value of 0 0 0 0 0 0 0 0 0 0 0
Invetsment
Net Cash Flow -1704312.8| 19509.9 | 20217.5 | 20953.9 | 21720.1 | 22517.2 | 23346.4 | 24208.75 | 25105.6 | 26038.0 |27007.43
Value Adjustment 1 106 | 11236 |1.191016 |1.2624771.338226 | 1.418519 | 1.5036303| 1.593848 | 1.689479 | 1.790848
NPV per year -1704313 | 18405.59 | 17993.5 | 17593.27 | 17204.33 | 16826.16 | 16458.27 | 16100.205| 15751.54 | 15411.86 | 15080.81
Year11 | Year12 | Year13 | Year14 | Year15 | Year16 | Year17 | Year18 | Year19 | Year20
Costs 0 0 0 0 0 0 0 0 0 0
Savings 28015.1 |29062.50 | 30150.98 | 31282.05 | 32457.23 | 33678.14 | 34946.40 | 36263.72 | 37631.87 | 39052.68
Residual Value of 0 0 0 0 0 0 0 0 0 |7543778
Invetsment
Net Cash Flow 28015.1 | 29062.5 | 30151.0 | 31282.0 | 32457.2 | 33678.1 | 34946.40 | 36263.7 | 376319 | 793430.5
Value Adjustment 1.898299 [ 2.012196 | 2.132928 | 2.260904 | 2.396558 | 2.540352 | 2.6927728| 2.854339 | 3.0256 |3.207135
NPV peryear 14758.02 | 14443.17 | 14135.96 | 13836.08 | 13543.27 | 13257.27 [ 12977.849| 12704.77 | 12437.82 | 247395.4
NPV -1167998

TABLE 8.6: Net present value of 20 year period investment.
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Minimum Fund of Investment
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FIGURE 8.1: Minimum acceptable fund.
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Conclusions and Recommendations

9.1

Conclusions

The retrofit of an existing vessel is not feasible without external financial aid.

External financial aid, such as European funds, could help to create a more at-

tractive environment for investors.
The battery system can be easily fitted inside the fuel oil tanks.

Fuel cost savings are not high and cannot outbalance battery system’s expenses

taking into account system'’s life expectancy, despite the wide period.

Batteries’ price is the biggest expenditure and also the cost of inverter’s is a high

one. If there is a contest for both, the price will significantly diminish.

Four independent battery packs plus 28 battery modules are installed to ensure
vessel’s safety and reliability in accordance to the regulations, in case of failure of

one pack.

The weight of the battery packs is quite high, but not enough to be considered

significant, increasing the demand of propulsion load.

The new DC network is recalculated, providing a reliable distribution network

with a Low Voltage shore connection.

An extra 10% of installed energy is installed on board to ensure redundancy during

vessel’s operation.
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e Specific regulations and guidelines are being adopted, providing reliable operation

and safety for all the crew and passengers.

An all-electric boat, without any doubt, will benefit the environment.It will help in
reducing the amount of pollutants emitted locally, at port of duties and all the nearby
coastlines. In addition, there will be significant reduce at noise, especially in a populated
port city. Another thing to consider is that an all-electric vessel will help in the reduction
of carbon footprint as well as the emission of other pollutants nationally. The annual
amount of pollutants produced by on-shore power supply and the amount of pollutants
generated by onboard power generation is significant. Despite that, though, there is
reduction from a conventional boat with traditional propulsion system. If Greece focuses
in evolving its infrastructure by incorporating greener energy generation technologies,

these benefits could become even greater.

The all-electric boat is an expensive boat, as proved. The NPV was negative, resulting
in low expectations for the retrofit of a vessel. Without any fund, the investment could
not be feasible as the cost of retrofit is very high and cannot be compensated by the
fuel savings and operation and maintenance costs. The EU seems to be able to provide
large amounts for green energy, making the retrofit discussion really attractive for future

implementations, not only for existing boats, but also for new ones.

Thinking about the future of electric boats and vehicles, it is obvious that further
developments on battery chemistries are expected to be massive from every aspect
i.e. specific energy, shape, charging time, pollution. A great decline in battery prices
is about to come which, combined with better and more efficient electric motors, will
make retrofit a really competitive and green investment, attracting ship owners of larger

and more expensive ships. ,

9.2 Recommendations

The retrofit of a vessel has a significant cost, mainly because of the high cost of the
batteries. Further investigations for different battery chemistries and improvements
of the existing types is of major importance, in order to improve the performance of
batteries, lower their weight and their size and reduce the total cost. This will lead to a

feasible investment, with low risk and benefits for the ship owner and the environment.

A really important issue is the space where the batteries will be installed. The battery

room has to be a dedicated room to host the batteries. During vessel’s operation a lot
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of heat will be realeased from batteries, increasing the temperature of the room. Proper
ventilation is vital for regular operation of batteries and safe function of the boat. It is

an issue which needs further investigation, as no significant research has been made.

Following what has been said, development of appropriate rules and recommended prac-
tices is necessary for the safe implementation of any of these technologies in the future.
There has been a comparison on ABS and DNV-GL guidelines on this diploma thesis to
mention the most dangerous and vulnerable aspects of vessel’s retrofit. Existing guide-
lines do not specify standards and appropriate installation and operation methods, in

order to ensure normal operation and safety.

Emissions from vessels contribute to the environmental problem that ports and indus-
trial cities face. Retrofit of boats with batteries is a really promising alternative to min-
imize the pollution but, as discussed, electricity production in Greece emits significant
amounts of pollutants. Greece should augment the proportion of power generation from
renewable resources. In addition to this, measuring the emissions from a battery-boat
it has to be taken into account that significant pollutants are exposed to atmosphere
during construction of batteries. These values need to be measured and considered in
the electrification process and estimations of an electric vessel. In that way, the first

100% zero-emission vessels can be launched.

Finally, a suitable and reliable shore side system has to be developed, to ensure safe

operation and redundancy on power demand.
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Battery System Tests
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Test Comments Component TT/RT
Exvernal Short Circuit with UN38.3/TECE 2281 Module, Sub ™
no BMS pack
Exzernal short with Could zlza be performed with & cormpleze Sub pack TT
cperable BMS string, requires a controller with

breakers/relays
Internal Thermal Event Propagation on pack level. IECE261%9 is Sub pack T

aszumed to cover relevant recommendations:
- unchanged medule/pack structure
(mechanical/electrical)

- S0C 100%, all cells balanced

= Mormal temperature [ alternative: max
operation temperature}

= passive/charging/dizscharging status

- single cell sex off on purpose (thermal
element or other, cell location to be

discussed)
= gtc.

Owvercharge with no BMS UN3B.3/TECE 2281 Sub pack TT

Emengency stop function - Battery RT
Sy SIEm

Alarms and shutdowns - Battery RT
Lysiermn

HVIL - Battary RT
ysrerm

Temperabure protection - Battary RT

BMS system

Owervoliage protection = Battary RT

BMS Systerm

Undervaltage procection - Batmery RT

BME FYStRm

Senzor fallures - Batmery T™
FyFtem

Cammunication Faalure - Battery RT
Fystem

Rewverse polarity protection - Battery BT
Eystem

Mail Test ULZ 580 Cell T

TABLE A.1: Battery system safety tests.
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Test Comments DUT

Cell balancing According to specification Battery system RT
SOC validation Validate the measured SOC Battery system RT
Charging behavior According to specification Battery system RT
Discharge behavior According to specification Battery system RT
Capacity check According to specification Battery system RT

TABLE A.2: Battery system performance tests.
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Propulsion - IMO Tier | / non emission
High speed - Engine

S6B3-MPTK

6-cylinder, 4-cycle, water cooled diesel engine,
wih direct-injection, turbocharger and air-cooler.

Bore x stroke (mm) : 135 x 170

Displacefnent () : 14.60
Commercial rating
rpm | Rating  Fuel cons. I/hr* Emission
345 463 1,940 ucpD 59.6 IMO-T1
380 510 2,000 HD 68.0 IMO-T1
415 557 2,065 MD onrequest IMO-T1

=“fvarage fuel comsumption according to 150, sea page 6.
Specifications / data subject to change without prior notice.

TABLE B.1: Data of main engines.
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Table 3-2 Tier 1 emission factors for ships using marine diesel oil/marine gas oil
Tier 1 default emission factors
Code Name
NFR Source Category 1.A.3.d.i International navigation
Fuel Marine diesel oil/marine gas oil (MDO/MGO)
Not applicable Aldrin, Chlordane, Chlordecone, Dieldrin, Endrin, Heptachlor, Heptabromo-biphenyl, Mirex,
Not estimated NH3, Benzo(a)pyrene, Benzo(b)fluoranthene, Benzo(k)fluoranthene, Indeno(1,2,3-cd)pyrene, Total
4 PAHs
Pollutant Value Unit 95% confidence interval Reference
Lower Upper

NOXx 78.5 kg/tonne fuel (0] (0] Entec (2007). See also note (2)
coO 7.4 kg/tonne fuel o] o] Lloyd’s Register (1995)
NMVOC 2.8 kg/tonne fuel o] 0] Entec (2007). See also note (2)
SOx 20 kg/tonne fuel (0] (0] Note value of 20 should read
TSP 1.5 kg/tonne fuel 0] 0] Entec (2007)
PM10 1.5 kg/tonne fuel (o] (o] Entec (2007)
PM2.5 1.4 kg/tonne fuel 0] 0] Entec (2007)
Pb 0.13 g/tonne fuel 0] 0] average value
Cd 0.01 g/tonne fuel o] 0] average value
Hg 0.03 g/tonne fuel 0] (0] average value
As 0.04 g/tonne fuel o] 0] average value
Cr 0.05 g/tonne fuel o] (0] average value
Cu 0.88 g/tonne fuel o] o] average value
Ni 1 g/tonne fuel 0] 0] average value
Se 0.1 g/tonne fuel (0] (0] average value
Zn 1.2 g/tonne fuel 0] 0] average value
PCB 0.038 mg/tonne fuel 0] (0] Cooper (2005)
PCDD/F 0.13 ug I-TEQ/tonne 0] 0] Cooper (2005)
HCB 0.08 mg/tonne fuel 0] 0] Cooper (2005)

Notes

1. S = percentage sulphur content in fuel; pre-2000 fuels: 0.5 % wt. [source: Lloyd’s Register,
1995]. For European Union as specified in the Directive 2005/33/EC:
a. 0.2 % wt. from 1 July 2000 and 0.1 % wt. from 1 January 2008 for marine diesel oil/marine
gas oil used by seagoing ships (except if used by ships crossing a frontier between a third
country and a Member State);
b. 0.1% wt. from 1 January 2010 for inland waterway vessels and ships at berth in Community ports.
2. Emission factor for NO, and NMVOC are the 2000 values in cruise for medium speed engines (see Tier 2).
3. Reference: ‘average value’ is between Lloyd’s Register (1995) and Cooper and Gustafsson (2004)

TABLE B.2: Emission factors table.
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Energy Exchange Group

3. Evepysiako IcolUyro HEII

MHMNIAIO AEATIO ZYZTHMATOZX ZYNAAAATCON HEN IOYNIOZ 2018

lotvioc % perafohn Iuvm.rldpmt_: - | % peTaBohn
2018 (wg mpog lodviog (wg mpog
06/2017) 2018 01-06/2017)
TYNOAO MAPAIMQrHE & IZOZYTIOY EIZAIOrQN 4.241 384 081! 24690131 138
- EEATQron o T
ANAAYZH KAOD. NAPAIOIHE
AIMNITIKH 1,341,102 243 6,518,760 2072
NETPEAAIKH 0 0.00 0 0.00
Y EIKOY AEPIOY 1,236,852 -16.62 6,573,326 -13.81
YAPOHAEKTPIKH 350,119 5283 2877148 153.98
AlNE 764,121 2177 4,929 145 13.58
IYNOAO KAS. NAPAIQIHE 3,692,194 1.18 21,198,378 -2.31

TABLE B.3: Emission factors for electricity production.




Appendix C

Electric balance sheet



132

Appendix C. Electric balance sheet

1I'. HAEKTPIKOZX IZOAOI'TEMOX: KANONIKHEX ITOPEIAZ

1I'.o. HAEKTPIKEY KATANAAQXEIX MHXANOXZTAXIOY

Ovowcin , ApBpog , ApBpog Anoppmpoi)‘pa'fﬁ\:}j.l:
A/A | Hiextpucod ?vo'p (}Gzt;lq]] Eykoateotnpévav ﬁ;‘gﬁz\fﬁzﬂg Movédav oe Ioybg and T
Katavaioti xS Movadav pYtas Astrovpyia KOTAVOA®TY)
AvtAia
1 petyyiong 0,750 1 0,10 1 0,075
KOLGipov
AvtAia
2 ng’p my“;f @ 1 - - -
Yop. Aviiia
3 YEpovod 22,000 1 0,00 1 0,000
4 | A 5500 1 0,00 1 0,000
AvtAia
5 épparroc 5,500 1 0,00 1 0,000
Yop. Avthia
6 ORIV 3,000 1 0,00 1 0,000
Avepotipag
7 My/otov 2,200 2 0,85 2 3,740
Dotiopog
8 Mny/iov 0,288 - 1,00 - 0,288
Yuvoluki] Aroppogovuevy Ioydg 4,103
1I'.$ HAEKTPIKEY KATANAAQXEIX XQPON ENATAITHEHE
Ovopacio . ApOpoég : , ApBpog Amoppopodpevn
A/A | Hlextpicod Ioc‘;’o‘g}(ls(t\l}?]l Eyxoreompévav i‘:::%pc;mé Movadwv o€ Ioyog and
KozrovoloTi Movadav Asgrrovpyia KOTOVOA®TH
1 DOTIGPOG 0,060 - 1,00 - 0,060
Tovohu] Aroppogodpevy Ieyvg 0,060
1Ty HAEKTPIKEX KATANAAQXEIX ITAOIOY
Ovopaocio . ApOpog , ApBpédg Amoppo@povuevn
A/A | Hlektpucod %V;U?‘[G;m Eykateotpévav xﬁzﬁ;ﬂg Movédwv og Iox0g and
Kotavahoti Movéadov Agrovpyia KOTOVOAWTH
Epyétng
1 ayKopV 5,500 1 0,00 - 0,000
AvtAia
2 OGOV 2,570 1 0,50 - 1,285
vEPOD
AvtAia
3 MonbTey 1,500 1 0,00 1 0,000
4 | Avikia 3,700 1 0,40 1 1,480
VYLEWT|G
Hlextpuci
5 Oéppavon 3,000 1 0,10 1 0,300
VEPOD
Avopbrtig
6 Bapovikay 2,500 1 0,00 1 0,000
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Dotiopés : I
7 Xbpov 0,180 - 1,00 0’1 80. P
Tyoviod i/
DOTIONOG Sl
8 | Anobrine | ©120 - 1,00 0,120
Dwtiouos O
9 Kot/pdrav 0,660 - 1,00 0,66Q ‘
DaTIoN6G j L
10 Tépupoc 0,054 1,00 0,054
Daticpég
11 Xdbpov 0,120 - 1,00 0,120
Apmapiod
DoOTIoPOG
12 Xdpov 0,060 - 1,00 0,060
Zvoc/ihv
Qaticpdg
Xdpov
13 Avehog mop. 0,060 - 1,00 0,060
avlykng
HAEKTPONIKA
Dopriotig/
14 | Avopbartig 2,500 1 0,20 0,500
Mmnazapipv
Tuvoiuty Aroppogovpevn loyvg 4,819
Anavtodpevn) Zovoikn Loyig o kavoviki opeia.
I'.o HAEKTPIKEE KATANAAQXEIX MHXANOXTAZIOY 4,103 [KW]
I'.p HAEKTPIKEY KATANAAQZEIZ XQPON ENAIAITHXZHZ 0,060 [KW]
I'y HAEKTPIKEX KATANAAQZEIZ ITAOIOY 4,819 [KW]
ZYNOAO 8,982 [KW]

10 mhoio vmbpyel pio (1) mhektpucri yewwipue DOOSAN, tomov ADO34TI, ovopootikig

wyvog 44,160 [KW].

Babudg opticeng yevviitprag 8,982/44,160= 0,203 = 20,3 %

oV wAoiov.

Enopévag, 1 YeviTplo SHvotol vo QEPEL PE 0CPALEL TO GUVOAKO TAEKTPIKO POpTio
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1A.0 HAEKTPIKEX KATANAAQZXEIZ MHXANOXTAXIOY

2

Ovopooio . ApBuée . ApiBpdg Anoppo@odpe-
A/A | HAgktpucod ?V()}l(l[(;g&(]ﬂ Eykateotnpévov il)ws)‘,eo‘mg Movédwv ce Ioyog omé  *
Karavaroti o ! Movadov eovpylog Asgrrovpyia KoTavormTi
AviMo
1 pethyylong 0,750 1 0,00 1 0,000
Koo ipon
Avrhio,
2 TUpKOYIGG @ 1 B B B
Yép. Avirlo
3 yepavod 22,000 1 0,00 1 0,000
Avtria
4 GEVTIVEV 5,500 1 0,00 1 0,000
Aviia
5 épporog 5,500 1 0,00 1 0,000
6 | Yo AvIMa | 3,000 1 0,00 i 0,000
7 | Aaee | 2,200 2 0,85 2 3,740
Dotopdis
8 My/aion 0,288 - 1,00 - 0,288
Zovolkt) Amoppogovpevny Ioyig 4,028
1A.p HAEKTPIKEX KATANAAQXEIXZ XQPON ENAIAITHIZHZ
Ovopooin ApBpog “‘ . Ap1Bpog Amoppo@podpevn
A/A | Hhextpucod ?vo’pa[cg‘t;\c,? Eyxatestnpévav );.\m:re?)m:ng Movéadwv oe Ioxog and
Karavohoti xS Movédov Etrovpylas Asgrwovpyia KaTavoAmm)
1 DOTIoNOG 0,060 - 1,00 - 0,060
XvvolMki Aroppogovpevn Loyig 0,060
1A.y HAEKTPIKEX KATANAAQZXEIZ ITAOIOY
Ovopooio . ApBpdg . ApOpdg Amnoppogpovpevn
A/A | Hlexrpikod (I)vopo,m‘t;n Eykateotnpévav i"‘”m"mg Movédwv ot Ioyog and
Karovodoti oxbs [KW] Movédov Errovpylas Agirovpyia KOTOVOAGT
Epyéng
1 ayKbpoy 5,500 1 0,40 - 2,200
Avtilo
2 OGO 2,570 1 0,50 - 1,285
VEPOD
3| vk 1,500 1 0,00 1 0,000
VpdTev
4 | Ao | 3900 1 0,40 1 1,480
Lylewng
Hhextpuciy
5 0éppavon 3,000 1 0,20 1 0,600
VEPOD
6 | Avopbotiic | 5 500 1 0,00 1 0,000

Bapotrkav
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doTtiopds
7 Xopov 0,180 1,00 0,180
Tioviod
Datiopog
8 AmodiKr 0,120 1,00 0,120 -,
DTIoNOG
9 Kot/ubrov 0,660 1,00 0,660
DwTIGPOG
10 Tégupac 0,054 1,00 0,054
DOTIoPOG
11 Xdpov 0,120 1,00 0,120
Aumaplod
Ddotiopdis
12 Xbpov 0,060 1,00 0,060
Zvoo/thv
Potiopdg
Xdpov
13 | avokmenup. | 0,060 1,00 0,060
avlykng
HAEKTPONIKA
Dopriotiig/
14 | Avopbotig 2,500 0,20 0,500
Mrnozapidv
Tovolki) Aroppogovpevn Ioyig 7,319
Anarrotpev Zvvolwi Leyic 6z katGoToon sAMypdv.
A.0 HAEKTPIKEE KATANAAQYEIX MHXANOXTAZIOY 4,028 [KW]
A.p HAEKTPIKEE KATANAAQXEIX XQPON ENAJAITHEHE 0,060 [KW]
Ay HAEKTPIKEZ KATANAAQZELZ ITAOIOY 7,319 [KW]
XYNOAO 11,407 (KW]

Tro mhoio vdpyer pio (1) nhektpuch yevviitpa, Tomov DOOSAN, ovopaotucis woxdog 44,160

[KW].

70V wAoiov.

Bofuog popticsng yevhtpug 11,407/44,160= 0,258 = 25,8%
Enopévag, 1 yevwwitpla Stvator vo gEpel pe a6@aAsn, 10 GovoAtd NAEKTPIKO poptio
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1E. HAEKTPIKOX IXOAOI'TEMOX: KATAXTAXH OPMOY

1E.a HAEKTPIKEY KATANAAQZEIZ MHXANOXTAZIOY

Ovopooia . Appdg . ApBpdg Amoppogpovpevn
A/A | HAektpikod (I)V()lpaclér&n Eykateotnpévov Z/‘.\uvrs%sc:ng Movédov ce Iox0g and
Katovorot oxds [KW] Movédev Ermovpylos Agrovpylo, KOTAVOAQTH
AviMa
1 uetéyylong 0,750 1 0,20 1 0,150
Koaipon
Avtrio
2 ropKayific 5,500 1 0,20 1 1,100
3 | Yo Avihia |59 000 1 0,90 1 19,800
YEPOVOD
Avidio
4 CEVIVGY 5,500 1 0,10 1 0,550
Aviria
S | topamoc 5,500 1 0,20 1 1,100
6 | Yop-AviMa |5 g 1 0,20 1 0,600
KOMOKIDV
Avgpiotfipag
7 Mrp/siov 2,200 2 0,20 2 0,880
DaTIoN6G
8 | Mugoion | 0:288 - 1,00 - 0,288
Tovoikn Aroppogovpevn Ieyig 24,468
1E.p HAEKTPIKEY KATANAAQXEIEX XQPON ENAIAITHEHX
Ovopacia . Ap1Budg X , ApOpdg Amnoppo@oduevn
A/A | Hhektpucod (I)vo'p m;g;;n Eyxoteotnuévov iuwe)\scrng Movéadwv oe Iox0g and
Karavorori oxds [KW] Movédov sovpyiag Aerrovpyia KOTOVOAQTH
1 DTIoNoG 0,060 - 1,00 - 0,060
Xvovolki) Amoppogodpevn Ioxdg 0,060
1E.y HAEKTPIKEY KATANAAQXEIX [TAOIOY
Ovopooia i ApOpég . Apbpdg Amnoppogpovpevn
A/A | Hlextpucod (I)vo'pucIZ{;n Eyxateotnuévaov 21:\1)ws).,ecrng Movédwv ce Iox0g and
Kotovorati oxbs [KW] Movédov ewovpyio Asgtovpyia KOTaVOA®DTH
Epyéng
1 ayKdpav 5,500 1 - - -
Avtiio
2 OGOV 2,570 1 0,50 - 1,285
VEPOD
3| Al 1,500 1 0,50 1 0,750
VPATOV
Avtria
4 wyiEwiic 3,700 1 0,40 1 1,480
Hhextpucty
5 Béppavon 3,000 1 0,50 1 1,500
VEPOD
6 | Avorderic |5 500 1 0,00 1 0,000

Bapovrkav
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p—
DOTICNOG <
7 Xdbpov 0,180 - 1,00 - 0,1
Tioviod ) o
8 | momeos | 0,120 - 1,00 - 0,120 |
DOTIGUOG )
9 Ko/pbrov 0,660 - 1,00 - 0,660
DoTIopdS
10 Tégupoc 0,054 - 1,00 - 0,054
DoTopos
11 Xdpov 0,120 - 1,00 - 0,120
Apmapod
DoTIoNOS
12 Xbpov 0,060 - 1,00 - 0,060
Ivao/Thv
Doniopog
Xbpo
13 | avokmenup. | 0,060 - 1,00 - 0,060
avaykng
HAEKTPONIKA
DoprioTiig/
14 | AvopBoriig 2,500 1 0,20 1 0,500
Mmnazapiv
Tovolxi) Aroppogovpevn loypvg 6,769
Anavrodpevn Zovolkn Ioxdg otov 6ppo.
E.o HAEKTPIKEYX KATANAAQXEIX MHXANOXTAZIOY 24,468 [KW]
E.p HAEKTPIKEY KATANAAQZEIX XQPON ENAIAITHEHX 0,060 [KW]
E.y HAEKTPIKEEX KATANAAQZXEIX ITAOIOY 6,769 [KW]
ZYNOAO 31,297 [KW]

X710 mhoio vabpyer pio (1) nhextpuc) yevvizpla, Tomov DOOSAN, ovopaotixiig ioydog 44,160
[KW].

Babudc popriceng yevvitpiag 31,297/44,160 = 0,709= 70,9 %
Enopévag, 1 yevwitplo SUvoton vo O£EpEL PE BOPEAELL TO GUVOMKO NAEKTPIKS POPTIO
TOVL TAOIOV.
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2. HAEKTPIKOY IXOAOTTEMOZX KATANAAQYEQN ANA{“
24 xm 12 VOLTS

e

g
e
,\'

2A. ZYXIQPEYTEL ANAI'KHYX :

To mhoio @épel, 670 XMDPO TOV CLCCMPELTAOY, GVO GVGTOLIEG CVCCOPEVTAY, EVIOG GTEYAVAV
KOVTUDV.

H «xéfs ovotoyio omoteleitar omd Vo ocvocopevtés 12 [Volts], 180 AH o «kobévog,
covdedepévav o€ oeLpd.

Svverdg N Téon Aertovpyiog kébe cvotoyiog eivar: 2 x 12 = 24 [Volts] xar n xopnmuo o, kGO
piog 180 AH.

O ovototyisg TpoPodoToty 10 KOKA®MO avaykng Tov TAoiov, HECH UETAY®YUOD SrakdmTm, 1
KG0g pio YOPLoTh.

TOVETAG, 1| GUVOALKT YOPMTUKOTNTO. TV dV0 cuoToudy eivor : 2 x 180 =360 AH.

2B. YIIOAOTIEMOX KATANAAQZHY PQTIZMOY ANAT'KHX
1. Yovoikdg ApiOpéc Aapatipov Avaykns Mnyevoostacsiov 24 [Volts].

To pnyovootiolo @épel Tpia (3) patiotkd cdpoto 24V DC, woydog 25 [Watt] o
KoOéva.

2. Tuvolkog AprOpoc Aapmripev Avaykng Xd)pou Twoviod.

0 ydpog Tipoviod eépet tva. (1) poTioTkd chpa avaykng, wydog 25 [Watt].
3. Tuvolukég ApOpudc AaprTiipov Avaykig Amodixnge.

v amodfxn vdpyst éva (1) patioTiké ohpa avdying, toybog 25 [Watt].
4. Tvvolkig ApOpoc Aaprrijpov Avaykns Eéotepikdv Kataotpopdtaov.

Ynapyoov cvovolkd, tpie. (3) pototnikd odpota 24V DC, wydog 25 [W] 10 kebévo ko
évog mpoforéag epebvng, woybog 150 [W].

5. Tovohkég AprOpég Aaprtipav Avaykng I'épupag.
Oéper 5o (2) poniotucd cdpata 24V DC, 1oybog 25 [Watt] o kabévo.
6. Tuvohkog ApOpédg Aaprnrtiipev ITioikdv PdTov.

Zuvolkd to Thoikd ehta sivan gvvéa (9), woxdog 25 [W] 1o kabéva.

210V mo KGTm Tiveke vIoAoylleTol 1| GUVOALKY) OmATODUEVT NAEKTPIKT] 16Y0G OVAYKTG.
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Continuous service Half-hour service Intermittent service
: Ratio 40 %,
Nofinal Chidi s Period 10 minutes
cross-section T
Current Fuse Current Fuse Current Fuse
rating rating rating rating rating rating
. A A A A A A
mm? AWG/MCM max. max. max. max. max. max.
Single-core cables
i0 17 16 | 16 17 16 19 20
1,5 15 20 i 20 w21 20 24 25
253 13 28 25 30 23 36 35
4 11 38 35 L0 35 50 50
6 2 &3 50 51 50 64 63
10 i 67 63 72 63 91 80
16 5 S0 80 98 100 126 125
25 3 120 100 134 125 170 160
35 2 145 i 165 160 209 200
50 o} 180 160 211 200 263 250
70 2/0 225 224 272 250 332 315
95 4/0 275 250 344 - %10 -
120 250 320 3i3 410 - 430 -
150 300 365 - 482 - 553 -
185 400 415 - 564 - 633 -
240 500 490 - 691 - 748 -
300 600 560 - 818 - 855 -
2-core cables
1,0 17 iz 10 12 10 17 16
1,3 15 .17 ié 18 16 22 20
25 13 24 25 25 " 25 31 25
4 11 32 25, 35 35 43 35
€ b 41 3s b 3 56 50
10 v 4 7 50 63 63 80 80
16 J 76 63 87 3C 110 100
25 3 102 160 119 100 149 125
3- or 4-core cabies
17 11 ! 10 | 12 10 1u 10
{ i5 it ! 15 , i5 ig 18 16
i 13 20 20 21 20 26 25
i Il 2F ! 23 29 zZ5 37 35
9 34 { 33 37 35 &7 35
7 47 ! 50 53 50 67 63
5 63 | 63 74 63 92 30
3 24 I 80 102 100 12% 125
2 101 100 123 125 152 160
0 126 125 166 150 192 200
2/0 157 1€0 218 200 2z0 224
4/0 192 | 200 278 250 294 3c¢o
120 250 224 ; 22% 337 315 342 315
BMulti-core cables
T 7
5 5,3 5x 15 iz ! 10 2 10 1€ 16
7 2s5 xS 10 i 1] 41 10 &3 1¢
10 x 1,9 10x 15 g ; 8 10 10 13 1C
12 x 1,5 12x 15 5 ! 6 12 12 12 10
1% 1,5 14 x 15 3 i 5 9 6 12 10
i6 x 1,5 16 x 15 g ] é 9 £ 11 10
199 1,5 | 19 % 15 7 ¢ Z 2 11 10
207 %: 1,5 ’l 24 x 15 7 £ ! € 10 10
AWG: American Wire Gauge
MCM: Mille Circular Mil

TABLE D.1: Current carrying capacity based on maximum conductor operating tem-
perature of 85°C.
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Cu-section of Permitted

connection bus-bars load
[mm?Z] [A]
100 200

200 315

300 600

400 630

500 200

&00 1000

200 1250
1000 1600
1600 2000
2000 2500
2400 2150
3200 42000

TABLE D.2: Connection bars.
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TABLE E.1: General Arrangement.
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TABLE E.2: Electric diagram of conventional vessel.
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