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ABSTRACT

The International Maritime Organization has initialized a strategy to reduce 30% and 50% of
carbon dioxide emissions from marine activities by 2030 and 2050 respectively. It is extremely
challenging to achieve but innovative cleaner technologies are under research and development
to help control and reduce maritime carbon emission. One fact is that the usage of tugboats has
been increasing in recent years as huge demands of marine offshore activities (construction,
installation and maintenance of renewable islands and wind farms); therefore, the performance
of tugboats should be well-evaluated which could be a valuable contribution to maritime
emission reduction. This paper focuses on investigating a tugboat’s life cycle performance,
specifically comparing different configurations of the propulsion system and selecting an
optimal system with the lowest emissions release, costs and hazard impacts. A case study was
carried out comparing five different engine configurations with the help of commercial and in-
house developed life cycle assessment software in order to comprehensively evaluate the ship
performance. Three main life phases, three evaluation flows, four emission categories and three
criteria, were under consideration in this study. The results indicate LCA method and the in-
house software could help to compare and determine optimal configurations and the engine
configuration with three medium size engines is the optimal one which generated lowest
emissions equivalent to 15.5 million euros, invested 14.2 million euros and occur a risk impact
equivalent to 1.01 million euros. This paper not only provides a case study for the tugboat
configuration assessment but also recommends LCA methodology as a general evaluation
method for emission reduction technologies who have to meet the extreme requirements of

emission control in the next few decades.
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Emissions control; Life Cycle Assessment; tugboat performance; propulsion system
configuration.
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1. INTRODUCTION

For quite some time, environemtal protection has attracted the attention of researchers and
scientist due to the severity of environmental impacts that have greatly increased in recent
years. One of the impact is the global warming effect which is mainly caused by CO» from the
consumption of fossil fuels. In addition to CO, acid gases has drawn the attention from
scientists, such as SOx and NOx which will lead to acid rains after released into the atmosphere.
All these pollutions are a result of burning fossil fuels; therefore, the control and reduction of

emissions from human activities is one of the most interesting topics all over the world.

Emissions from international shipping is expected to grow between 50% and 250% by 2050
due to the growth of world maritime activities (Smith et al., 2015). The IMO has set up a goal
by 2050 to reduce the total annual greenhouse gases from international shipping by at least
50% (IMO, 2018a). There are many solutions proposed or tested to meet these demands, such
as alternative fuels, hybrid systems and route optimisations. These all are aimed to increase
energy efficiency and reduce the emissions generated and released: the selection of alternative
fuels with a reduced content of sulphur will generate a smaller amount of SOy; similaryly, the
usage of liquefied natural gas will help reduce emissions too, such as NOy, SOx and CO2; some
researchers intend to apply bio-fuel on board which is able to reduce the carbon emissions as
the fuel is generated from the plants who are continuously absorbing CO, from the atmosphere;
the hybrid system is another way to mitigate air pollution, as it combines the use of batteries
with the conventional system and the batteries can be re-charged by using renewable energy or
power from the power plant (bulk energy provider) whose emission will be much lower than
traditional on-board power systems; with the increasing in forecasting technologies and
databases, the sea conditions of vessel route (wind, wave, tidal) can be predicted and the
optimal route with lowest fuel consumption but an acceptable schedule can be determined. All
these technologies have been developed and will help mitigate the current global warming trend
and acidification situations. However, there are only a few discussions or research work carried
out on the ship propulsion power management from the perspective of emissions control and
environmental protection. As a growing offshore activities due to the applications of renewable
islands and wind farms, the demands of tugboats are increasing rapidly recently but there are
only a few studies on enhancing the tugboat performance. Therefore, this paper will focus on
a tugboat power output management to find out the optimal engine configurations and engine
output according to the power demand of the vessel. The optimal configurations will enable
the engine to be operated under the most effective loads with the lowest fuel consumption and
emissions. To expand the analysis and consider the whole life span of a vessel, a life cycle
assessment will be carried out to indicate the performance of ship power output management
through the vessel’s whole service life. With the consideration of ship life span and finding the
optimal engine configurations, the emission release from tugboat operation could be quantified
and minimized, which will become an indispensable contribution to fulfil the severe emission
control requirement of marine industry.
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2. LITERATURE REVIEW

There are many applications of emission control technologies on marine vessels but only a few
of them focused on tugboat. Some research worth mentioning which considered the analysis
on tugboats activities and their performances are mentioned in this section. In recent work,
Yang has conducted a process-based LCI for the first offshore wind power plant in China (Yang
et al., 2018) and the materials and equipment supply of the power plant were mainly relied on
barges, tugboats, and deck barges. However, although tugboat transportation is a significant

way for offshore applications such as wind farms, there is a few research studies about tugboats:

Gokalp applied kerosene fuel blended with aspire methyl ester on a tug boat and carried
out exergy analysis on the vessel to determine the environmental impacts of this
application (Gokalp, 2018). The results indicated that biofuel could help reduce the CO
emissions but as a drawback, the NOx emissions will be higher. Overall, the usage of
bio-fuels is a good way to reduce the emissions but his study only focuses on the
operation phase and as such lacks of the complete view over the life cycle of the vessel.
The economic analysis was also not under consideration which means this is not a
comprehensive study.

Research has also been conducted (Zhu et al., 2018) on the tug ship equipped with a
hybrid system and it considers both the impacts of environment and cost. This was a
comparative study in which different optimisation methods were used to determine the
optimal operation performance of the hybrid propulsive system (a combination of
battery with conventional system) on the tug ship. However, the study shortens the life
cycle to construction and operation only and disregards the maintenance and
scrapping/dismantling phases of the vessel. The focus of the study was also to prove
the excellence of non-dominated sorting genetic algorithm II (NSGA-II) from the
single-objective genetic algorithm (SOGA).

Additionally, Zhen’s team (Zhen et al., 2018) focused their research on the tug ship but
only on its scheduling which was optimised barge assignments of the tugboat to
minimise the required tugs. The model established was validated by experiments. This
work was also a good start to assess the performance of tugboats operation schedule
which is aimed to minimize the number of tug vessels involved as well as to reduce the

operational costs and related emissions release.

Therefore, one main purpose of this paper is to investigate the tugboat from a more
comprehensive point of view. A large number of research has been performed using life cycle
assessment to help the marine industry select optimal solutions: examination of the economic-
environmental effects of two different hull coating methods and three different types of Ballast
Water Treatment Systems were carried out from the perspective of life cycle impacts (Blanco-
Davis et al., 2014; Blanco-Davis and Zhou, 2014); LCA method was applied to a case study
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for evaluating the economic-environmental benefits of a hybrid power system on a Ro-Ro
vessel (Ling-Chin and Roskilly, 2016a, 2016b) and on marine propulsion systems (Ling-Chin
and Roskilly, 2016c); They concluded that LCA was an effective process for proper decision
making as it could aid evaluating the holistic impact on the environment, human beings and
natural reserves. Another research about application of solar panels on board a short route ferry
adopted LCA method, which carried out a performance comparison between the new solar
panel application and the original ferry, and indicated the environmental and economic benefits
of the application (Wang et al., 2019). Ship retrofitting processes were explored in the LCA
aspects by Koch et al. (Koch et al., 2013), specifically focusing on the work load, labour and
facility arrangement optimisation in the shipyard. There is also a research study about the steel
recycling from ships in Indian shipyard which applied life cycle assessment (Rahman et al.,
2016). It covered the evaluation of recycle performance (both energy use and emissions), from
transporting from the originating country to dismantling in Chittagong, to the final recyclers in
Dhaka. It also discovered most of the environmental damage happened when rerolling the steel.

As presented here, recent research focusing on tug vessels gives very good insight into
environmental and cost impacts for this type of vessels, but it clearly lacks a full and
comprehensive analysis. In Favi’s study, they were striving to develop an assessment approach
and data framework to evaluate the complex marine vessels based on design information in
order to make LCA and LCCA compatible with existing standard (Favi et al., 2018). However,
the study was highly depending on the design information and the ship types under
considerations are yachts, ferries, cruise ship, merchant ships, fishing vessels and pipe laying
vessel. Hence, this paper strives to assess the performance of a tugboat from the perspective of
environmental, risk and cost assessment. As the on-board propulsion system configuration is
one way to reduce the energy consumption, it will lead to the result in the reduction of
emissions from the ship exhaust gas. However, since the lack of evaluation method for marine
vessels, their performances are unavoidable underestimated or misevaluated. Life cycle
assessment is a comprehensive methodology which considers from the cradle to grave life of a
system or product to quantify its impact on the environment. This paper a will apply LCA on
tugboat to discover the performances of the selected case study ship and compare different
engine configurations to determine an optimal one with most desirable performances from the
point view of environmental protection, cost saving and risk reduction.

There are several commercially available software packages that can be used for life cycle
analysis, but at present none of them is specifically developed for the marine/ship building
industry, which leads to time consuming, difficult and incomplete life cycle assessments. This
paper will also validate the in-house software developed by comparing the results with those
from commercial software.
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3. METHODOLOGY

The section of methodology will both state the processes of life cycle assessment and the
related formula which will support the evaluation of a case ship study.

3.1. LIFE CYCLE ASSESSMENT METHOD

The ISO standards indicate that LCA analysis should fundamentally include four processes:
the definition of research/analysis objectives and boundaries, Life Cycle Inventory Analysis
(LCI), Life Cycle Impact Analysis (LCIA) and life cycle interpretation (ISO, 2006a, 2006b).
Figure 1 presents the flowchart and relationships between these processes.

Life Cycle Interpretation

Goal & Scope 'I'r:ffeﬁ%":r': ﬁ Life Cycle
Definition Analysis Impact Analysis

Figure 1 The schematic chart of life cycle assessment

To conduct an LCA analysis, the first step is to define the objectives and boundaries. A typical
objective of research study is to determine a specific performance or cost of a system or product
and similarly, LCA study is to obtain the environmental impact. There are a huge amount of
different environmental impacts that can be considered, for example, Global Warming
Potential (GWP), Acidification Potential (AP) and Eutrophication Potential (EP); hence it is
essential to set up the purpose of the study and its main targets. The scope and boundaries
should also be considered and as the goal is set up, the selection and consideration of certain
types of potential (e.g. GWP, AP or EP) should be carried out based on the goal. There will be
many emissions and pollutants under evaluation, hence some have been neglected as they have
insignificant impacts on the primary goal. After the potentials selected, a functional unit should
be set up as a standard to carry out the evaluation and comparisons of different scenarios. A
normalisation process will be conducted, which converts considered emissions from different
potentials into one indicator (selected pollutant). According to the CML database (CML, 2016),
all the emissions that contribute to global warming will be normalized and converted into an
equivalent quantity of CO> and the unit is kg CO» equivalent. Similarly, for AP and EP, the
fundamental pollutants are sulphur dioxide and phosphate (SO2 and PO4*). Usually, a
functional unit could be the quantified ship performance during its service, but they can always
be set up by the end-users based on their objective. The normalisation process helps simplify
the set up process which usually is based on the normalised units. Definition of the system
boundary is an important part as well. Not only constraining the scope by the relevant
emissions, but also identifying the differences between alternatives could help limit the LCA
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scope which can be extremely complex, so that a compact but adequate LCA model can be
established without considering repeated, redundant and less effective parts of the system or
product. Therefore, a reasonable scope should be made in order to neglect these unnecessary
parts. Furthermore, assumptions should be made as well in order to progress the analysis as
sometimes real data cannot be retrieved or provided. These assumptions should be made or
advised by the system or product owners, manufacturers and operators.

After the definition of goal, scope and boundaries, the life cycle inventory analysis can be
conducted as shown in the schematic diagram in Figure 2. It starts with the defined goal and
scope in the previous step where an initial LCA plan has been selected and determined. With
this plan, data involved in the plan can be collected, normalised and aggregated so that initial
outcomes could be determined. However, the scope of the LCA analysis will be expanded or
reduced based on the availability of relevant data. After adjusting the scope based on data
availability, similar processes of data collection, normalisation and aggregation will be

conducted so that a modified but complete inventory of an LCA analysis can be obtained.

/ Inventory setup
Yes
Gm;ﬁpe —tm

-
Collect data Scope refine
h

No

}

PR
L Inventory setup

\

Figure 2 Schematic chart of life cycle inventory analysis

The LCI analysis will be used as a fundamental part of the LCIA which consists of three main
steps:

a. Selection: impact categories chosen including indicators and characterization models;
b. Classification: LCI results assigned to the selected impact categories;
c. Characterization: calculation using LCI results as input and characterization models to

determine results based on category indicator.

In the last phase, life cycle interpretation, a sensitivity analysis will be carried out to evaluate
impacts of the selected inputs on the established LCA processes and results, i.e. mid-term and
end-term results. These inputs are selected based on their significance, availability, and
uncertainty.
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The results will indicate the significant performances based on the LCI and LCIA analysis
which usually provide end-users recommendations on the selections of different alternatives.
Furthermore, the conclusions, limitations and recommendations of the LCA analysis should be
provided in this interpretation processes which illustrate not only the decisions made but also
the constraints of the analysis.

3.2. FORMULA GOVERNING

As this paper will mainly focus on the main engine and its related activities, the fuel oil
consumption during the operation phase of the vessel is considered and a general equation is
used to calculate the fuel oil consumption for these activities Equation (1):

FC = 3™, Pe; X SFOC; X H;i X LS (1)
Where,

FC is the annual fuel consumptions [g];

Pe is the power requirement during vessel operation [kW];

SFOC is the specific fuel oil consumptions of the engine under specific engine output [g/kWh];
H is the number of operation hours in a year [hours];

LS is the number of years of the vessel life span [years];

N is the total number of operation conditions under consideration;

i represents the number of different vessel operation conditions under different engine loads.

Due to engine load variation under different operating conditions, the SFOC adjustment for the
engine will be considered based on the engine project guide data shown in Figure 3. Equation
(2) gives the interpolation curve of this figure (Dedes, 2013):

SFOC = 378.8-387.2xEL*+880.2xEL2-657.3xEL (2-1)
Qnox = 8.56-9.392xEL3+8.522xEL?+4.235%xEL (2-2)
Where,
SFOC is the specific fuel consumption under a certain engine load [g/kWh];

Qnox is the specific NOy emission under a certain engine load [g/kWh];
EL is the engine load under one operation condition [%];
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Figure 3 Typical SFOC curves and NOx emission curves for diesel generators

Emissions can be theoretically estimated based on emission factors and fuel consumption in
Equation (3):

Qe = CxFC (3)

Where,

Q. is the quantity of emission from engine operation [g];
Cris the emission factors of fuel burnt in the engine [g/g];
FC is the annual fuel consumptions [g].

4. LCA ANALYSIS AND DISCUSSION

The LCA analysis will be performed following the methodology described in Section 3,
starting from the aim and scope definition, followed by a life cycle inventory setup and impact
assessment.

4.1. AIM AND SCOPE

The aim of this research has been stated in the introduction and it is to explore the impact of
different engine configurations on a tugboat taking into account fuel savings and emission
reduction performance. The details for the case study ship selected for this purpose are shown

in Table 1 and Table 2.

The research focuses on the engine configuration and the following assumptions are made
before carrying out the analysis:
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a. Only the main engines and their related activities are involved (Figure 4): engine
installation (purchase, transportation and installation), operation (fuel production,
transportation and consumption) and scrapping (transportation, cutting and recycling);

b. Carbon emissions from engine fuel consumption are calculated based on emission
factors provided by the International Maritime Organization in the Third Greenhouse
Gas Report (Smith et al., 2015);

c. The scrapping processes are referred from Ling-Chin and Roskilly’s research (Ling-
Chin and Roskilly, 2016b);

d. The manufacturing process of engines are regarded as out of scope;

e. The changes in fuel consumption due to engine load variation are estimated using the
relationship for typical engines shown in Figure 3;

f. Properties of electricity and transportation are determined based on published papers

and GaBi database (GaBi, 2018); fuel price is referred to online source (Bunkerworld,

2017);

Machinery maintenance is regarded as out of scope;

The environmental impact assessment is limited to the GWP and AP that are regarded

as the most crucial marine contributors to deteriorating the global environment.

SRR

The maintenance phase is a significant focus as the numbers, hours and loads of engine
operation are varied greatly. Therefore the maintenance activities (emission and cost) will give

a new angle to investigate the optimal alternatives.

In this case, the maintenance phase is considered as out of scope and will be investigated in the
future. It is because the software could estimate the engine running hour related maintenance
cost, but the database is based on a short route ferry and may not be compatible with tug vessel.
Also, the focus of tug vessel maintenance will be different from ferry because tug vessel
operates in different sea states, but ferry operates between two destinations. However, if
historical data is ready, the estimation of maintenance cost for tug vessel will be completed.

In the next section, the LCA model for this ship is established and presented which will be used
as a benchmark in the life cycle impact analysis.

Table 1 Case study vessel information

Vessel specification
Name Salvation 21
Flag Korea
LOA 32.3 meter
B 10 meter
Gross tonnage 156 tonne
Fuel type HFO
Annual operation days 313 days
Engine power 1518%2 kW
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‘ Life span ‘ 30 ‘ year

Table 2 Case study vessel operational profile

Category Sailing Manoeuvring Port Unit
Operation profile 6 0.6 3 hours
Engine Load 74% 33% 0 percentage
Power required 2250 1000 0 kW
SFOC 191 214 0 g/kWh

Input data(shipyard & ship operator) and database (GaBi5 &
CML)

ml:> Transportation :> Installation

Lub. Oil
Production

. Fuel
Transportation - consumption
Fuel Oil
Production

Risk:

1. Systemanalysis
2. Hull assessment

Life Cycle Cost Assessment Results (LCCA)
&
Life Cycle Assessment Results (LCA)

Figure 4 Main engine related activities consideration and flow

4.2. LIFE CYCLE INVENTORY ANALYSIS

4.2.1. LCA model - commercial software GaBi

Based on the aim and the scope established in the previous section, an LCA model was built
and is presented in Figure 5. This figure includes the activities of the main engine from
construction (purchase, transportation and installation), to operation phase (fuel consumption
and transportation) and to scrapping of engine (disassembling, transportation, recovery etc.).
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The blue arrows represent the flow of engines; the fuel for ship operation is highlighted in red

colour and fuel for transportation is in black; green arrows show the supply of electricity.

With this model (includes ship particulars, operational profiles, etc.) and the application of
GaBi software and database, the emissions inventory is set up and shown in Table 3. As two
environmental impact categories are considered in this study (GWP and AP), the emission
release breakdowns are presented in the table. It is apparent that the operation of the vessel
contributes the most of emission through the life span.

The way to estimate the emissions (apart from ship operation) is based on the database and
empirical equations from GaBi which estimates the material used and emissions generated for
many activities (not usually considered in ship industry), such as fuel oil production and

transportation.

Propulsion system LCA (tug)

Process plan:Reference quantities
The names of the basic processes are shown.

: Lubricants . Truck <u-so> [} )
Main pXe@ production <u-so> ———
Engines <u-so> 1.18E004
e 167 kg |1.18E004 ka
2 9 Picaics 53E004 kg ‘ Transport p'i Material recovery p
production <u-so> J I 296 ko Ll 365004 ko S
W 592 kg 7.43E004 kg 43.6E004 kg /54 kg004 kg
el Heavy fuel oil b Truck <u-so> plfily ME Pl Scrapping <u-so> p
Siiaas production <u-so> 6.11E00 disassembly
6.11E006 kg™ @
3.6E004 kg EU-28: Electricity . | -
grid mix ts |
ME Pl EU-28: pX &
installation <u-so> 3.6E004 ko Case Ship <u-so> 3 6E004 kg
Figure 5 GaBi LCA model of the case ship
Table 3 Emission inventory of life cycle assessment
Emission category ‘
Module name Global Warming Potential Acidification Potential
(kg CO2 eq.) (kg SOz eq.)
Transportation 9.32x10° 1.11x10°
Heavy Fuel oil production 1.14x107 4.94x10%
Lubricating oil production 9.14x10* 393
Diesel oil production 1.48x10° 590
Tug ship operation 7.92x107 2.70x10°
Other activities 1.24x10* 23.2
Total 9.17x107 2.76x10°
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4.2.2. Developed ShipLCA software and verification

The ShipLCA software was developed to focus on the life cycle assessment of ships, machinery
system as well as other applications in the marine industry (Bharadwaj et al., 2016). The scope
of the software includes the construction, operation, maintenance and scrapping phase of the
ship life. In each phase, activities can be defined and considered to estimate the energy
consumption, emissions release and related costs (Jeong et al., 2018).

At present there is no life cycle software specific for the marine/ship building industry, and it
becomes very time consuming and difficult to carry out the whole life cycle assessment. The
ShipLCA software fills the gap on existing LCA software with the consideration of ship life
stages and various activities. Within ShipLCA the three most significant impacts are included:
cost, environment and risk (machinery systems), and the software can be used to help
shipyards, ship owners and operators, and policy makers to estimate the life cycle impacts
during the early design stage (Figure 6). The software will help to determine optimal
alternatives while selecting engines, configuring systems or applying different sources of
electricity; an example of ShipLCA result plot is shown in Figure 7 together with elements

under consideration.

4 ShipLCA - Hybrid Ship - 2019-06-25 13-38-55 — X
Eile Help
[ efl> weicome |"efe pesign | el Construction | efffe Retrofiting |"ef} operation | eff maintenance | effes scrapping | effe Report | effs Comparison
[ efl run | efl> machinery | ef}» outriing |
12. Engine (M1) 13. Generator (M2) 14. Auxiliary (M3)
-select database- - -select database- - -select database- -
Import from platform Import from platform Import from platform
15. Main Engine Transportation 16. Aux. System Transportation 17. Electricity
-select database- - -select database- = -select database- -
Import from platform Import from platform Import from platform

Figure 6 Insight of the software interface
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Acidification
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SOx, NOx, HCL, NH,
etc.
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PO,3-,NOx, NH;, COD,
etc.

Photochemical ozone
creation potential

| (POCP):

C2H4J C2H6r CTHBr CO,
etc.
Figure 7 Example of software results and considered elements

The way to verify the results from ShipLCA software is following the procedures:

1. Setting up the same goal and scope for the case study;

Similarly to Section 4.1, the goal and scope of the tugboat assessment is to determine the
environmental impact during the construction, operation, maintenance and scrapping phases of
the vessel; among these phases cash flow, energy flow and emission flow will be considered,
similarly some assumptions will be taken into account: a) only propulsion system under
consideration; b) carbon factor is applied to estimate; c) some phases will be disregarded as
irrelevant or minor impact; d) engine output variable follows the same relationship; e) GaBi
database will be applied where no data available from shipyard or operators.

2. Modelling the case in ShipLCA software;

Similar to GaBi model, a model will be established in ShipLCA software following the
specification of the vessel: a) ship in Table 1; b) operational profile in Table 2; c¢) available
data from shipyard; d) data exploited from GaBi. Within ShipLCA software, all the activities
and phases are pre-defined for the marine industry and this is the greatest different between
ShipLCA and GaBi.

Data collection required for ShipLCA software covers the ship particulars, engine specification
and operational profile; to be specific, the required and considered data are: ship geometry
parameters, engine weights and maximum power output, cost and emissions related to
transportation, cost and emissions related to electricity use, annual operation days, daily
operation hours, power required and specific fuel oil consumption. The main equations
involved are derived by the ones in GaBi but further details were added based on the
requirements of ship building industry.
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For life cycle analysis, environmental impact is under investigation: mainly emission from fuel
generation and consumption, electricity generation and transportation. The environmental
impact categories under considerations are: Global warming potential (CO2, CH4, CO, N>O,
etc.), Acidification potential (SOx, NOx, HCL, NHs, etc.), Eutrophication potential (PO4>",
NOx, NH3, COD, etc.) and Photochemical ozone creation potential (C2Hs, C2Hg, C7Hs, CO,
etc.). The quantities of these emissions could be determined by collecting historical data and
calculation. The emission databases from Gabi to predict the emission quantity are referred to
for transportation, electricity generation and fuel generation. Regarding the fuel consumption

related emissions, IMO’s report is referred to (the same as the assumption in Section 3.1.).

The quantities of these emissions will be converted to different potential indicators to quantify
the impact because different emission has different lifetime and ability to affect the
environment. The different potential indicators are selected for different impacts for different
characterisation methods in order to provide a final impact value through the lifetime of product
or system. This paper will use CML 2001 method for characterisation; therefore, the indicators
of GWP, AP, EP and POCP are CO2, SO,, PO+>" and C;Ha respectively. These are selected
because they have either the largest quantity or could cause most severe consequence or well
known in the impact potential.

For the life cycle cost assessment, similar activities and life stages are considered. With the
required costs collected from the relevant consultant websites, the overall cost can be

determined, such as fuel cost, transportation cost, electricity cost and so on.

The risk assessment calculation follows the Formal Safety Assessment (FSA) (IMO, 2018Db).
The procedures are:

a. Identify hazards within the goal and scope of the study;

b. Use engineers’ judgement to determine the frequency (F) and consequence (C);
c. Determine risk mitigation method level (M);

d. Determine the risk priority number to present the risk level: RPN = FxCxM.

The ShipLCA software also includes a decision making process which converts all the impacts
(environmental, economic and risk) into monetary terms for comparison. This will allow the
comparison of different alternatives from the perspective of not only individual impact and life
phase but also the holistic lifetime.

3. Comparing the results between software;

The results from GaBi mainly focus on environmental impacts and Table 4 shows the results
from both software (ShipLCA and GaBi).
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Table 4 Emission inventory: comparison between operation phase and the total lifetime

Emission category
Module name Global Warming Potential (kg CO> eq.)
ShipLCA GaBi
Operation phase 9.40x107 9.06x107
Total 9.73x107 9.17x107

4. Determining the variation between results;

While verifying the model, the way to check whether the model is acceptable is by comparing
the results between the two models. As the models are setup based on different database, an

acceptable variation should be determined for variation.

5. Remodelling the case in ShipL.CA to achieve an acceptable level of result variation;

If the variation is not in this range, the model will be modified, and the evaluation will be
conducted again. Since this case is more focusing on Global Warming Potential, it is obviously
the variations of GWPs are about 4% and 6% from the perspective of operational and life cycle
total results.

6. Determining a verified ShipLCA model for tugboat case.

4.3. LIFE CYCLE IMPACT ANALYSIS

To test and analyse the impact of different engine configurations on the vessel performance,
five scenarios are under assessment based on the model established and mentioned in the
previous section. Five scenarios with Niigata engines (Niigata, 2019) are listed below:

a. Scenario 1 (original): two large engines running — 1518kWx2

The vessel as described in the inventory setup is used as the basis for the first scenario. The
engines are operated at 74% engine load (at sea) and 33% (manoeuvring);

b. Scenario 2: three medium engines running — 1062kWx3

In scenario 2, 3 medium engines replace 2 large engines. The engines are operated at 71%
engine load (at sea) and 31% (manoeuvring);

c. Scenario 3: two medium engines running — 1062k Wx2
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This scenario has the same engine type as Scenario 2 but there are only 2 medium engines
running other than 3. The engines are operated at 106% engine load (at sea) and 47%
(manoeuvring); under the sailing condition, the engines are overloaded. The operation concept
suggests this as infeasible already, but it is still under consideration to find out whether

emission released will be improved.
d. Scenario 4: four small engines running — 76 1kW x4

In scenario 4, 4 small engines are equipped on the vessel. The engines are operated at 74%

engine load (at sea) and 33% (manoeuvring);

e. Scenario 5: three small engines running — 76 1kWx3

This scenario has the same type of engine as Scenario 4 but only 3 small engines are running.
The engines are operated at 99% engine load (at sea) and 44% (manoeuvring); under the sailing
condition, the engines are nearly fully loaded.

4.3.1. GaBi1 LCA results

With the help of the LCA model, the emission potentials are determined and shown in Figure
8 and Figure 9. From the results, it can be seen that the vessel operation phase is still the largest
contributors under all scenarios. It is also reasonable to consider the reduction of emission/fuel

consumption during the operation phase to achieve better environmental protection.

Among the five scenarios, scenario 3 has the lowest emission for both GWP and AP: 8.93x10’
kg COz eq. and 2.73x10° kg SO2 eq.. Scenario 4 has the highest emission for both as well:
9.36x107 kg CO; eq. and 2.77x10° kg SO; eq.. It is because the engines were operated under a
more efficient range of engine load which requires less fuel consumption when providing the
same power output. Furthermore, comparing the five scenarios, it is apparent that different
engine configurations will result in different emission release, and as such various
configurations should be assessed and compared from the aspects of environmental potential

in order to determine the optimal engine configuration for any new vessel.
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Figure 9 Acidification Potential vs Life Cycle Activities [kg SOz eq.]

The fuel oil consumption for 30 years of operation was also determined through the LCA model
and the results are presented in Table 5. It shows that applying the third configuration the
overall fuel oil consumption is the lowest.

Table 5 Fuel oil consumption for five scenarios/configurations

Scenario

1

2

3

4

Fuel oil consumption (thousand tonne)

25.36

25.61

24.68

25.89

25.56

However, under the condition of scenario 3, the engines are operated under abnormal
conditions as the overloaded by 6%. It is not suggested to be run the engines under this
operation condition which may increase risk and maintenance of the engines. Among five

scenarios, there are three of them which have their engine running at normal conditions:

scenario 1, 2 and 4. Among these three, the first configuration with two large engines has the

best performance (lowest emission and fuel consumptions).

4.3.2. ShipLCA results
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a) Life cycle analysis results
To estimate the environmental impact, the processes mentioned in Section 3.2.2 were applied.

The emission quantities were collected and calculated and then converted into the indicators.
The life cycle environmental impacts from ShipLCA are given in the following table.

Table 6 Life cycle inventory of original case: emission from different stages and categories

Life stage Construction Operation Scrapping Total
GWP (tonne CO eq.) 3321.33 93944.16 2.82 97268.31
AP (tonne SOz eq.) 9.50 1325.49 0.00065 1334.99
EP (tonne POs* eq.) 0.86 172.78 0.00016 173.64
POCP (tonne C;Hs eq.) 0.61 61.75 0.00010 62.36

b) Risk assessment (Formal Safety Assessment (FSA))
With the application of FSA, the following hazards were identified and judgement on

frequency and consequence are made. Then mitigation methods were investigated to prevent
the hazard from happening or correct the hazard after happening. The total RPN number from
the table is 84 and with an assumption of vessel price of €12 million, the estimated risk cost is
€1.01 million.

Table 7 FSA risk assessment on engine operations for original case

Risk hazards Frequency | Consequence | Mitigation
No.1 GJ/E fails 2 2 1
No.2 G/E fails 2 2 1
No.3 G/E fails 2 2 1
No.1 Motor Fails during normal operation 2 6 2
No.2 Motor Fails during normal operation 2 6 2
No.1 DC Variable speed drive fails during operation 1 6 2
No.2 DC Variable speed drive fails during operation 1 6 2

C) Life cycle cost analysis and total cost:
LCCA considers the following aspects: engine configurations, such as engine price, fuel price,

transportation fees, etc.. As the previous estimation of environmental impact and risk costs, the
life cycle total cost can be determined. The following table presents the costs from different
life stages and impacts.

Table 8 Cost assessments from the perspective of economy, environmental, risk and overall

level
Life stages Construction | Operation | Scrapping | Total cost
Life cycle cost (Euro) 104,058 13,924,544 210,036 14,238,638
Environmental converted cost (Euro) 1,608 15,602,419 73 15,604,099
Risk coverted cost (Euro) 0 1,008,000 0 1,008,000
Total life cycle cost (Euro) 105,666 30,534,963 210,109 30,850,737
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d) Comparison of various scenarios
Three reasonable cases are scenario 1, 2 and 4 which equip 2 large, 3 medium and 4 small

engines on board. This section will compare the results from ShipLCA for these three scenarios
to determine the optimal alternatives. The results are presented in Table 9:

Table 9 Cost, environmental and risk results for three reasonable scenarios

. Environmental .
Scenarios Cost Risk Total cost
GWP AP
Scenario 1 14,238,638 103,765 1,684 84 30,850,737
Scenario 2 14,194,906 103,403 1,678 84 30,752,468
Scenario 4 14,264,951 103,854 1,685 84 30,890,324
Unit € tonne CO; eq. | tonne SO; eq. RPN €

When considering cost alone (no environmental or risk cost), the cost results are all around
€14.2 million for all scenarios. This is because the difference between them is the engine prices
due to different engine types. Risk level is the same for different cases as the total operating

hours and power output are the same.

When considering the environmental impact, the fuel consumption is estimated first and the
emissions release is then derived based on the amount of fuel consumed and emission factors,
such as carbon conversion factor, sulphur content and NOx emission curve from Section 3.2.
The results show that Scenario 2 has the lowest emissions released from the perspective of
GWP and AP potential. The emission credits for CO; and SO» used in the software are 24 and
7,788 € per tonne respectively (Maibach et al., 2007). With these values, the equivalent costs
for environmental impacts can be calculated and are €2.48E+6 and €1.31E+7. However, based
on the report from World Bank, the carbon credit was predicted to be €36-72 per tonne CO; in
2020 but according to IPCC, it would be increased to €122-5,456 in 2030 and 221-12,897 per
tonne COze (Berg et al., 2019; Rogelj et al., 2018). The damage cost of SOx is estimated by
EU to be €10,900 per tonne SOx in 2016 (European Commission, 2019). Therefore, the
environmental impact will become more and more dominate as the emission credits growing
rapidly. In this study, for the purpose of verification, same credit factors were adopted and
since they were used in a linear function: Environmental impact (€) = Emission quantity (tonne)
x emission credits (€/tonne), there will be no effect to the verification result. Since all the
impact results can be expressed in monetary terms, an optimal solution can be obtained just by
adding all values for each scenario. In this case, the results indicate that the configuration with
3 medium size engines is the most cost effective and environmentally friendly among three

scenarios.

5. CONCLUSIONS AND FUTURE WORK

This paper carried out an analysis on a tugboat’s life cycle performance specifically estimating
and comparing different propulsion system configurations to select the optimal one with lowest
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emissions release, cost and hazard impacts. Five different engine configurations were selected
and assessed with the help of life cycle assessment software, GaBi and ShipLCA, which
holistically evaluates the select ship with varied configurations. The results indicate the optimal
engine configuration is to equip the tugboat with three medium engines which generated
emissions equivalent to the cost of 15.5 million euros, invested 14.2 million euros and has a
risk impact equivalent to 1.01 million euros. This paper not only provides a case study for
tugboat configuration assessment but also supports the life cycle assessment methodology as a
general evaluation method for carbon emission reduction technologies to meet the extreme

requirement of emissions control in the next few decades.

At present there is no life cycle software specific for the marine/ship building industry, and it
becomes very time consuming and difficult to carry out the life cycle assessment. The ShipLCA
software fills the gap on existing LCA software with the consideration of ship life stages and
various activities. Within ShipLCA the three most significant impacts are included: cost,
environment and risk, and the software can be used to help shipyards, ship owners and
operators, and policymakers to estimate the life cycle impacts during the early design stage.
The software will help to determine optimal alternatives while selecting engines, configuring
systems or applying different sources of electricity.

According to the analysis and evaluation with a limited scope in this paper, we could conclude:

a. The operational phase contributes the most emission (about 85% of overall emissions)
in the tug boat life span;

b. Changing the engine configuration has an impact on ship life cycle performances such
as fuel consumption and emission release;

c. A life cycle assessment could be applied and will help to determine the impacts of
different alternatives so that the optimal alternative could be obtained; this can be more
accurate if holistic ship life and comprehensive activities are considered.

d. ShipLCA proved to be able to evaluate the ship life cycle impact by assessing the

performances for the tug vessel and comparing with the commercial model;

There are still further work to improve the study:

a. The maintenance phase could be considered comprehensively to achieve a full LCA
assessment; more details of manufacturing and scrapping phase will be helpful to
achieve this full assessment;

b. More environmental categories and emission credits could be included; in this study,
only four emission potentials categories and two emission credits are under

considerations;
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c. The risk assessment is performed in a simplistic way; a quantitative risk assessment
using historical data collected from ship operators will increase the content and

accuracy of the overall assessment.
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