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Abstract

The IMO has recently developed technical and operationasunes aimed at
enhancing shipping environmental efficiency, i.e. the EEDI and the EEOI,
respectively. The purpose of tregploratoryresearch work is tmvestigatethe Life
Cycle Assessment (LCA) methodology as@nplementary tooto these metrics,
camble of not onlyserving as a widespread accepted mmrmental performance

indicator, but alscable to competently highligletnergy efficiency

The EEDI and EEOI methodology is reviewed, whilsousing two case vesseas
sample implementation case sesgl An LCA model formulation isdevelopedand

also applied on the two case studies, utilising them for validation, and additionally
for comparing the.CA approachto the IMO regulatory metricfOne of the case
vessels comprises the evaluation of a progaséofit, in order to emphasise on the

differentmet ri cs6 potenti al to assess change:
retrofitds before and after phases.

Results show that aside from the environmental score efef@tssions per unit of

work i documented by theurrent regulatory metrics LCA can also offer NQand

SO« scores, along with other hazardoteleases Moreover LCA iaside from
showingcompliance to the formulation of both IMO regulatory mefrics ableto

present material and energglisationt hr oughout di fferent stag
lifetime. Lastly, it isdemonstrated that LCA can be used in parallel to the regulatory
metrics, in order to efficiently emphasise detailed environmental information

pertaining tospecificsubstance release or phas@rovementiedesign as required.

It is concluded that LCA could senva aiding to monitor and report maritime
transport emissions with an already widely accepted methodokgyhermore
LCA could be ecognised between industry and international stakehdldesteiding
shipping and shipbuilding and repaias a common performanogarkercapable of
consistentimplementation not only across shipping divisions, but also across

different industry sectors
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Introduction

1 Introduction

1.1 Introductory remarks

The chapter presented herein stsive serve as an outlin@imed at offering the
reader aoncisecontext into the research work carried out for the completion of this
document. Thdollowing section,Background will include asuccinctreview of the
methodologyused to carry out the main work, Life Cycle AssessnientLCA, as
commonly knowii; and additionally arief descriptionof how it has been put to
practicerelative to this workThe actuaproblematicthat this thesis aims tadkle is
described subsequentlgnd lastly,a descriptionas to thephysical arrangement of

this document is offered.
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1.2 Background

LCA is a methodology whichas been constantgvolving for the past three decades
(Guinée et al., 2011What started out as a theoretical approach into the assessment
of the potential environmental impacts of a chosen and predefined sysism
developed into a highly pragmatic application, which could, additionally from the
environmental standpoint, producelavant impacts encomgssg economic and
social anglegGuinée et al., 2011; Weidema, 2006)

Aside from the economic and social additions into the methodology, its application
has grown into a widespread practice among different industimesconsequently

has becoménternationally accepted within renowned environmental organisations,
governmental departmentand researclgroups. The metalworking industry, for
example, has since put to practice the use of the methodology often, analysing its
manufacturingporocesses, but additionally utilising its environmental scores as a form

of positive advertising (sdeigurel.1).
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Figure 1.1: Graphical depiction of the life cycle of stee(BLUESCOPE, 2012)
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Apart from marketing pumposes the methodology can also serve to identify
environmental improvement opportuniti@gthin the different phases of the life
cycle of a product or systenm turn providing prospects for product and process
design or radesign. Most importantly, however, is the recognised potential of the
tool to allow for the proper selection of a relevant indicator of environmental
performance, including measurement teghes andndicator appraisallSO, 2006a,

b; PEInternational, 2011)

Furthermore, innovative management practices are also included within the
methodology (Rebitzer, 2005; Rebitzer and Hunkeler, 2008jving specific
relevance to environmental provement and sustainabiliflopffer, 2008) and
even corporate social responsibility and social life cycle assessfiBarieit and
Mazijn, 2010; Brent and Labuschagne, 2006)

Nevertheless, while other industrissich as the car manufacturing industry, for
example, exemplify various LCA case studies and implement the methodology
frequently along their supply netwakthe shipping and shipbuilding and repair
industry offersgreatpotential for further tool implenmgation, given the fact that in
comparison to other industries, less concrete LCA applicatians beerexercigd
(BlancoDavis, 2013a)

As far as the shipping and shipbuilding and repair industry goes, LCA application
extends fromprocessor productdesign(Ellingsen et al., 2002; Koch et al., 2013)
construction mad repair or retrofitting (BlancoDavis, 2013b; Fet, 1998)
transportatiorand fishing(Fet and Michelsen, 2000; Utne, 2008lternative power
sources and fuellkaner and Zhou, 2006; Bengtsson et al., 20@&poard system
assessmengBlancoDavis and Zhou, 2014; Cabezaasurko and Mesbahi, 2012)

and systems engineering and managerttesttet al., 2013)

The application of the methodology within this work, however, is aimed spegificall
at implementing LCAas an environmental performance indicatiéPl) for ships,

which could additionally highlight and report energy efficiency. This has been

BlancaDavis, E., 2015 3
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briefly mentioned byBlancoDavis (2014) and while in a different context than
presented hereimlsoendorsedy Fet et al. (2013)elativeto implementing EPlsn
shipsd | i f .eMorenformationdvehsregarasdo LCANd the statef-
the-art and application within the industand the work presented hevell be

included further, in theiterature Revievehapter.

Lastly, the reader should note that the definitions for data, indicator, and index

provided inFigurel.2, will be valid throughout the work herein.

Data: information, especially facts or numbers, collected to be
examined and considered and used to help with making decisions.

E.g. The data shows that more than 80% of the agricultural workforce
Hispanic; financial/personal/sales data.

Indicator: something that shows what a situation is like.

E.g. Commodity prices can be useful indicator of inflation, he claimed,;
economic indicator.

Index: a system of numbers used for comparing values of things that
change according to each other or a fixed standard.

E.g. the FTSE 100 Index; the Dow Jones Index; a wage/price index.

Figure 1.2: Definitions of data, indicator, and index, according toCambridge-Dictionary (2014)
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1.3 Formulation of the problem

The aim to measurand improveenergy efficiency within a ship, relative to an
environmental context, is not novel. The discussion, however, has been intensified
during the past decade; probably due to tharmonisedadvertisementfrom
intergovernmental and global environmentalganisations with regards to the
potentially irreversibledownsidesbrought about by climate change. In 201&,
example, the Intergovernmenthnel on Climate Changemarkablyunderlined, in
their | PCCO0s Fi f that thécaren dimateewarmingRrenuimer t
highly likely to be induced by human activiti@@BC, 2014; IPCC, 2013)

This and other initiatives, such as the
among other goalaims to set rigid climate and energy tardstshe year 2020EC,

2010) exert pressure on the public and the industog, only aiming at creating a

general awareness towards eommenta wellbeing, but setting strict regulatory

framework awaiting proper compliance.

Following this trend, the shipping industry has acted accordingly in order to strive to
regulate shippingenergy efficiency and consequentlymprove the reduction of
greenhose gas (GHG) emission$he International Maritime Organization (IMQO)
shippi ngbés mai hasdediealed televiard effgrts to deVvetop technical
and operational measures aimed at enhancing onboard environmental efficiency

These measures inclutiee following:

1 The Energy Efficiency Design Index (EEDI),
1 The Energy Efficiency Operational Indicator (EEOI), and
1 The Ship Energy Efficiency Management Plan (SEEMP).

The |1 MO6s Marine Environment Protection
to addres€ O, emissions from ships, introducing Resolution 8, which requested the
assessment of practicalgObeducti on measures, in the |

environmental impac(iIMO, 2014f) The resolution is considered a steppingstone
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into the study, and ultimately the introducticof guidelines and regulations

encompassing the aboweentioned measures (eigurel.3).

MEPC 40 MEPC 53 MEPC 57 MEPC 58 MEPC 59 MEPC 60 MEPC 61 MEPC 62 MEPC 63 MEPC 64
Sep Dec Jun Mar Jun Oct Feb Jul Mar Jun Sep Jul Mar Oct
.ﬂ ﬁ 2003 2005 2008 2008 2008 2009 2009 2010 2010 2010 2011 2012 2012
———— .
Resolution 8 MEPC Circ.471 GHG Working  GHG Working Energy Regtext EEDI& Finalisation
“CO, emissions “Energy Efficiency Group 1 Group 2 Efficiency SEEMP
from ships” Operational Indicator” Working Group Adopted
: F) Guidelines Adopted:
Resolution A 963,(23) *IMO MEPC Circ. 681 EEDI Calculation MEPC.212(63) EEDI Calculation
policies and practices MEPC Circ. 682 EEDI Verification MEPC.213(63) SEEMP
tolated o reduction of GHQ MEPC Circ. 683 SEEMP MEPC.214(63) EEDI Verification
emissions from ships MEPC Circ. 684 EEOI MEPC.215(63) EEDI Ref Lines

Figure 1.3: IMO's greenhouse gas regulatory backgroundLloyd's-Register, 2012b)

The prescriptive measures above, otherwise also categorised as energgcgffic
metrics, whileoriginally good in nature, have not been welcomed completely by all

i ndustry stakehol der s. The | ast may be
shortcomingssuchas their direct applicability to different sections of the fleet, e.g.

newbuilds and existing vessels.

Aside from theseregulatory measuresother metrics have also been developed,
voluntary in nature,and allegedly offering to cowethe gaps of the previous.
Examples of such metricarethe Existing Vessel Design Index (EVDHeveloped

by Rightship (2014)and the AlSbased performance metric proposedsoyith et al.
(2013) the former offers an attempt to develop a single efficiency metric capable of
being applied to new ship designs as well as to existing vesdale the latter
proposes separate formulations, not specifically in favour of a single or simplified

energy eficiency indicator

To add to the above mix of energy efficiency metrios, European Commission has

also decided to contribute with a proposal applicable to regulate e@ssions

within Europe Taimed at being applicablgylobaly, however, if ultimately
acknowledged, establishing a regul ati on A on
verification [ MRV] of carbon di dBCji de em
20139)
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The problematic carried forward by tleailableperformancemeasuresinderlines
the issues of applicability withithe different metrics (e.g. newbuilds and existing
vessel}, theincompaability or nonequivalency of the scores between théme, on
going discussion of a single metric approaeimd th& partial coverageand
application, among othexoncerns that will belescribedurther at a later stage. The
last emphasisean evidentprospectfor a standardisedlternative performance
methodi utilised as supplementary to the current regulatory medsuardcapable

of not only highlighting energy efficiency but also servingaasidespreadiccepted
envronmentalperformancendicator, in order to strive to cover the inherited gaps of

the regulatory metrics
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1.4 Research methodology

The primary aim of thisexploratory researchis to propose andest LCA as a
proficient ship energyefficiency and environmental performantmol, capable of
consistenimplementation across shipping divisions (i.e. newbuilds versus existing
ships) The last would serve to identify LCA as an efficieamplementary utilityo

the currenshipping energefficiency metrics
To meet the above scope, the following objectives should be fulfilled:

1 To understand thactual methodology of the current available ship energy
efficiency metrics and their inheriténitations This ispursued through the
revision d the available literature and existisgmplesif any. The last will
define the r egudndatsmalloyw davedopimgiacaeniextig a p s
which the LCA methodology can be later compared to the meindsirn,
this will allow the appraisal of theroposed tooln parallel tothe metrics,

with the aim of covering such gaps

1 To understandhe LCA methodology, specifically with regardsite direct
application on the shipping and shipbuilding and repair industry, also pursued
through the revision othe available literature and existisgmplesif any,
the last shouldocus onhighlighting advantages, whickhouldbe of aid to

covering the previously mentioned gaps.

7 Todevelopan LCA shipbés I|ife cycle model;
model b the selected case studies, as an approa@xgerimenton the
proposed toobndthe chosen test metric§he reader should know that the
extension of the test metrics comprisedelyl MO6s EEDI and EE

explained in further sections.
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1 Lastly, the poposed tool should offegignificantresultswhile covering the
gaps ofthe chosen available test metrics, in order to ultimately adviset,
aboutits potertial contributions to the field
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1.5 Thesis layout

The work herein presented is compose® afain chaptes. The following is a brief
description of the contents of each chapter:

1 Chapter 1 Introduction: this chapter offers an outline of the thesis, including a
summary of theypproachadopted ard the problematic to be tackled.also
sets specifi aims and objectives for the remainder of the thesis, underlining

expected outcomes.

1 Chapter 2Literature review: this chapter undertakee close revision of the
available literature, both with regards to the problematic presented, as well as
to the stat-of-the-art of the approach to be used asoanplementargolution.
Additionally, the methodology of thenergy efficiencymetricsis described,

including the shortcomings and impracticalities of idlevantmeasures

1 Chapter 3Approach adoptedhe prerious chapter sebut a context in which
the adoptedapproachcan be comparetb; therefore this chapterighlights
thebasics of the.CA methodology, and explasrhow itis applied within the
scope of this workAdditionally, the development dies hi pdés LI€A mo d ¢

discussepthis models in turn appliedn the following chapter.

1 Chapter 4Case studiedwo distinctivecase studiearepresented, in order to
validate the LCA methodology and model presented previously, assessing the
proposedtobo 6 s potential to offer a solutio

1 Chapter 5Discussion: this chapter Isthe findings of the validatiostage
and ultimately underlines the contributions to the field. It additionally
encompagss the difficulties encounted, as well as recommendations for

further research and improvement.
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1 Chapter 6Conclusion the main conclusions of this research wane

summarisedn this chapter.

1 Chapter 7 References:this chapter inventories all the references used
throughout the thsss.

1 Chapter 8Publications: lastly, this chapter lists some of theut hor & s

publications, which are related to the work presented herein.
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1.6 Concluding remarks

The following are the mossignificant remarks comprised in the chapter, and
underscored in the form of bullet points

1 LCA, which is a standardised methodology supported by publicly available
guidelines and implementation lisgure 1with additionally widespread
practicé, is being put forward as arenvironmental performanctol for

ships,capable of alsoeporing energy efficiency

1 LCA could then serve as a supplementatility to the available compulsory
shipping energy efficiency measuresior metric§, which have slbwn
limitations such as partial coverage and applicatiordue to relevant

shortcomingghat will be further underlined
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2 Literature Review

2.1 Introductory remarks

The following chapter will compristour main sectionsThe first section includes a
summary of the historic background that gave way to the development of the
available energy performance metriftdlowed by a discussion intihhe problematic

of shipping emissionslhe subsequensection containan explanation of the actual
methodology of the performance metrics, includegulatory shortcomings, or
additional issues and/or impracticalities relative to the mettiestly, a brief
timeline accountof the LCA methodologys presentedwhile additionallyoffering a
review into its current direct applicatipas far as the shipping and shipbuilding and

repair industry goes

BlancaDavis, E., 2015 13
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2.2 Historical background on GHG-relative performance metrics

2.2.1 Global climate change discussions

As previouslyinferred byin the Introduction currently there is a strong campaign
towards making a shift for a more environmérgndly and sustainable development

(BBC, 2014) This was not always the case, however, and it took a numlyeaos

after consistent evidence during the 196
of CO, in the atmospheréand consequently higher global warming potential

before the international communiigcided to acfiMO, 2014f)

In 1988, the United Nations Environment ProgramridNEP) and the World
Meteorological Organization (WMO) established the Intergovernmental Panel on
Climate Change, as a way to offer the global public a credible scientific context of

the available knowledge on climate change, and any potential environraedtal
socioeconomic impacts derived by (fPCC, 2014a)l n 1990, frdhe | PC
assessment report, based on the views of sténtists, underlined the reality of

global waming, and the necessity of urgent actitviO, 2014f)

The |1 PCC6s findings triggered the accep
Convention on Climate Change (UNFCCin) 1992, during the popularly kmvn

OEar t h ,i8 Rimdei JanéirgIMO, 2014f). The Convention is acknowledtje

as aninternational treat, which exhorts the signing countries to cooperatively
deliberate on measures to cap average global temperature increasesstaue to

manage whichever impaatemeas a result of climate chanfggNFCCC, 2014a)in

addition, signing parties gather and share data, and launch national strategic

emissions planéBuhaug et al., 2009)

Worthy of mention is that by 199 many signing countries realised that the limits
agreed within the origed Convention were impractic)l NFCCC, 2014a) Two
years lateiin 1997,and after various negotiations, the Kyoto summit takes place in

Japan; its ma result is the recognition that developed countries are principally

BlancaDavis, E., 2015 14
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responsible for the higher concentrations of GHG emissions, after more than 150
years of industrial progre$gfNFCCC, 2014c)

The summit reulted in the Kyoto Protocol, an international agreement that sets
binding targets for 37 industrialised countries and the European Union, in order to
proactively reduce GHG emissio($10, 2014f). For he first commitmenperiod,
originally from 2008 to 201ZUNFCCC, 1998)the parties pledge to reduce GHG
emissions to an average ®fper centagainst 1990 levels; while during the second
commitment period, from 2013 to 2020, the parties agree to reduce GHG emissions
by at least 1§er cenbelow 1990 levelfUNFCCC, 2014c)

Worthy of remarkis that the Kyoto Protocol also presented numerous mesasu
aimed at reducing emissions; these are knowrerasssions trading, the clean

development mechanis(@DM), and the joint implementan mechanisngJl).

The emissions trading scheme allows countries that have emission units to spare, to

sell this excess to countries that are over their ta(gisCCC, 2014d)The CDM

allows a developed country to earn vendible certified emissions reductions (CER) for
emissionreduction projects inaleloping countries, while thH allows a country to

earn emission reduction units (ERUs) from either an emissiduction or an
emissiorremoval projec{Buhaug et al., 2009)n doing so, the Protocol introduced

the first international markdtased measurefMBMs) aimed at reducing GHG

emissons, and additionallycreatedw h a t i's now known as the
(UNFCCC, 2014d)

The detailed ruleghat implement the Kyoto Protocol were ultimatedygreedat
COP7, which is the denomination for tHe &hnual Conferen¢s) of the [UNFCCC]
Parties namely known as the Marrakesh Accords, dubawng the gathering take
place at Marrakesh, Morocco, in 20QUNFCCC, 2014c) The Kyoto Protocol
entered into force on 15 February 200610, 2014f) and it is of relevance to
underline that it contains direct reference to urge messagainst GHG emissions

resulting from international aviation and shipping
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The followingquote from the original text of the Protodoli gh |l i ght s t he ab
Parties included in Annex | shall pursue limitation or reduction of emissions of
greenhouse g&s not controlled by the Montreal Protddodm aviation and marine

bunker fuels, working through the International Civil Aviation Organization and the

I nternational Mar i ti mMENFOCCYI®D98) zati on, r es)|

The IMO reports that these sectors, aviation and shippiegtreatedn a different

way in comparison to other emissisnurces, mostly given their global operations
(i.e. emissions from international shipping cannot be attributed to any particular
national economydue to its complex andlobalieed operatiog) (IMO, 2014d)
additionally, the IMOis compelled to rep® progress within this field to the
UNFCCC regularly(IMO, 2014f).

Table 2.1: Chronological development of the most relevant climate change discussions as
adapted from UNFCCC (2014a)and IPCC (2014b)

Year Event

1979 First World Climate Conference (WCC) takes place

1988 The Intergovernmental Panel on Climate Change is established by the UNEP and the V

1990 | P C CsBAssessment Report released; IPCC dd\aCC call for treaty on climate change

1992 At the Earth Summit in Rio de Janeiro, the UNFCCC is adopted

1994 The UNFCCC enters into force

1995 The first Conference of the Par tAssessmert
Report released

1997 Kyoto Protocol adopted in December at the COP3

2001 Rel ease & AssdsdtenCReport;Marrakech Accords adopted at COP7

2005 Entry into force of Kyoto Protocol; negotiations begin for the next phase of the KP

2007 | P C C'8Assestment Report released; climate science entered into popular conscious

2009 Copenhagen Accord drafted at COP15 in Copenhagen

2010 Cancun agreements drafted and largely accepted at COP16

2011 The Durban Platform for Enhanced Action is drafted aocepted at COP17

2013 Decisions adopted at COP19 advancing with the Durban Platform, the Green Climate
andtheLonglT e r m F i n a n'®Assessinddt@REpdrsreldased

While of rational widespread relevance, global discussions and breakthroughs on
climate change and its subsequent policy development continue to take place, the
discussion herein must now focus on the impact these global debates have caused on
the shippingand shipbuilding and repair industry, and consequentligs regulatory

framework. Thetable abovge nevertheless, lists major chronological events among

1As descri bed b yMootd Fradcol rehrs thd NMantred Protocol on Substances that Deplete
the Ozone Layer, adopted in Montreal on 16 September 1987 and as subseqljesithd and amended. T h e
protocol is an international environmental treaty, under the auspices of the United N&ion2014b)
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these debates, before singling out speci
account of its own ieraction and effortsn the next sectionwith regards to

proposed measures and regulation development gdde?2.1).

2221 MOOG s wor k on mari ne ear vpollutiom me nt

control

While the issue of controlling air pollution from ships was raised in the lead up to the
adoption of the 1973 MARPOL Conventi¢iMO, 2014e) I M O discussionwith
regards to theegulationof air pollutionand control of greenhouse gas emissions
from ships started in the late 198Q@hesaverespecificallyrelated tathe outphasing

of ozone depleting substances from refrigerant gases anfigfiteng equipment,

and additionallyrelated tothe adoptionof firmer limits for nitrogen and sulphur
oxides from ship exhaust gagéglO, 20149)

IMO acknowledgeshat the above efforts were actually, at the time, a departure from
the most commdg known form of shipproduced pollutiorprevention oil spills
caused by shipping accidents. These last showed immediate impacts, while the GHG
effects onhuman health and ecosystems were not so immediately recogised
2011b, 2014m)

Given theemergingscientific reports on the adverse effect&GtfG emissionsmost
relevantly | PCCbs fir &tasac a supisenehert ther epor
IMO Assembly, November 1991, decided to establish intemmdtigolicy in favour

of the prevention of air pollution from ships. This decision derived in the aim of
developing a new annegfAnnex VI), specifically underlining air pollution control

and designated in Resolution A.719(1MO, 2014a) this annex would supplement

the International Conventionoif the Prevention of Pollution from Ships, most
commonly known as the@bovementioned MARPOL Convention(IMO, 2011b,

2014h)
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In 19 2, t he O EiaRia de JaBairan asi pteviously mentioned, witnessed
the acceptance of the United Nations Framework Convention on Climate Change.
IMO (2011b) emphasiseghat since, the IMO Secretariat has participated on all
climate change conferences, and a resultgngd currentlyon-going collaboration

with the UNFCCCwasdevelopedSignificantly, his cooperton between IMO and
UNFCCCcomprises among other mattersthereportingon the use of bunker fuel

oils specific to international shipping, since the UNFCCC came into force in 1994.

An important milestone took place in September 1997, when during #redtibnal
Conference of the Parties to the MARPOL Convention, the participantsdaigree
adopt the Protocol of 1997, this protoeod ded Annex VI titl ed
Prevention of Air Pollution from Shigsto the aforementioned ConventigiMO,
2014f) This annexoriginally included limits on sulphur and nitrogen oxides from
ship exhaus{IMO, 1998) andultimatelydesignated emission control areas for more

strict compliance, amongther relevant issu¢iMO, 2014h, m, n)

Furthermore, R e samlssionsi foom shiiswas radopie@ @t the
aforesaid conference, underlining once again the importance afotlaoration
between thdMO SecretaryGeneralandthe Executive Secretary of theNBCCC

with regards to the data exchange on the issues of GHG emissions; this last resulted

in the undertaking of study of CQ emissions from ships, with the purpose of
analysing the amount relative to international shipping, versus a global inventory of
CO, emissions. Lastly,his resolutionalso encouraged the MEPC to investigate
furtherfeasibleCO, reduction measuresvith the aim of future potential application
(IMO, 2011b, 2014f)

The above stated study wpablished as th&éirst dMO Study of Greenhouse Gas
Emissions from Shifs andwas presented tdhe MEPCH ¢5" sessionmeetingin
October 2000. The study was performed by a consortium of internationally renowned
research institutions, and mainly examined GHG emission reduction possibilities

through technical, operational, and markased measur¢sviO, 2011b)
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The study concluded, while using data from 1996, that international shipping
amounted to 1. 8% o4%emissoes(Sketsvikl et &l.s 20000t a |
Worthy of mention is thatSkjglsvik et al. (2000Q)additionally indicated that
technical measures alone would notdi®e to prevent a total growth in emissions

from ships, given the increagi demand for shipping services

In an effort to addressome ofthe conclusiongut forwardby the first GHG study

and additionally underscoring the Kyoto Protocol aintise IMO Assembly,

December 2003, adopted Resolution A.963(23)ctitel MO Pol i ci es and

related to the Reduct i on(IMO,f201THHABLAfEImMi S Si O

summary, the resolution urges the MEPC to identify and develop feasible measures
to reduce GHG emissions from shipy giving priority to the elaboration of a GHG
emissions baselingnd more importantly, to the development of a methodology to
depict a shi pisem&éf& GHGE eimisston iadex fgr that specific
ship(IMO, 2003)

Although the last is not properly expanded on the resolution, this may possibly be the
first time a regulatory requirement to state shipping efficiency in terms of an
environmental context was expressed. Lastlyréiselution also states that € to

be regarded as the main GHG emitted by shipder thesoonto-be featuredcGHG
emission indexing and that considerations should be regarded as to the proper
reporting of GHG emissions from ships, when these are edgagmternational
transport(IMO, 2003)

The year 2005 observed the Kyoto Protocol enter into force in February, while in
May, MARPOLOG6s Annex VI went sixmandlSa®r |l vy

emissionlimits (IMO, 2011b)Short |y after i n JWsesgion dur i

meeting, it was agreed to revise the Annex in order to further reinforce the then

current emission restrictiondMO, 2014m) Of relevance, however, is that this

particular session meeting also obseriRadolution A.9632%s concl usi ons
turn approved | MOO& s olinfany $hep ICQEmMissian inderirigi n e s
for use in Trialso(MX200l)n as MEPC/ Circ.
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The I nterim Guidelines offered a-womet hodo
performance relativeo its CQ emissions, and furthermore, advertised the approach

as a useful way for shipowners to gauge
indexing. Additionally highlighted was the ability emalyset he shi pds per f
with regards to fuel @tiency, while underscoringthat the CQ emissions were
directly related to the s(MO,R@S)Althoughs u mpt i
voluntary in nature, this documenmiffered the first IMO-sourcedship energy

efficiency and environmeal performance metric

The aforesaid Gui del ines termed the I nc
Ef fi ci enc ywad defthedxsithply aa thedratcd mass of CQ@ per unit of

transport work. The documententas far as including a stoichiometegplanation

of thecharacteriation of the content of C&per quantity of fuel, for commonly used

shipping fuelsMoreover steps arencludedfor calculatingthe index, additionally

ni ¢ k na m@éad Operatienal dnde in which it is suggested th&br existing

vesselghe index should represeah average value of the energy efficiency of the

ship operation for a period of one yg#vlO, 2005) Design considerations are not

included within this documenhevertheless

The Guidelines are werstood to have offered assistance in the process of
developing awvidespreadmechanism to achieve the limitation or reduction of GHG
emissions from shippingby establishing a common approach for trials on a
voluntary basigIMO, 2011b) The CQ Operational Index was since used by flag
states and industryrganisationgo determine theirshgpo per at i onds, f uel
while in turn providing IMO with the outcome of numerous trials and aastunts

of data. This last, consequently, assisted in identifying a range of operational
measures which offered proficient emissoeduction potential, while seemingly of
reasonable investment c¢B¥1O, 2014f)

The MEPC 5% session in October 2006 not only agreed to revise tise IMO
Study on GHG Emissionsom 2000 with more current da{8uhaug et al., 2009)
but significantlyi as a followup to Resolution A.963(23), agreed orma6 Wor k pl an
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to identify and develop the mechanisms needed to achieve the limitation or reduction

of COx emissions from international shipp @MEO, 2011b)

The work plan was comprised of defined timetable which underlined efforts
required by the MEPC in the areas of the improvement of the LCi@dexing
methodology, the establishntesf a CQ emission baseline(s), and additionally the
consideration of other measures to engage GHG emissions from international
shipping. These other distinctive measures were described as technical measures
particularly applied to new ship designs, opiersal measures available for all ships
(new and existing), and lastly markesed measures, which were meant to provide
further enticements for the shipping industby setting a price on its emissions
(IMO, 2011b)

As stated previously, and referenced to soms8kpdisvik et al. (200@ s concl usi o
(which will be somewhatsimilar t o ot her authorsodo concl
aheadl, technical measures alone are unlikely to offer proper emissions reduction
potential given the increasinghipping trade demandlhis last emphasiseghe

importance of MBMs as a complementary platform for regulating international
shipping emissions. Nevertheletise development and current state of MBMs will

not be further broaden within this document, angddaio falls away from the defined

scope of this work. fie reader should refer tdNFCCC (2014d)for generic
information and toBuhaug et al. (2009)IMO (2011b) and IMO (2014j) for a
shippingrelated account.

The F' Intersessi onal Meeting o f | M&dup onnewl y
Greenhouse Gas Emissions from Ships took place in Norway, June 2008. Worthy of
indication is that the group made consideraldehnical progress on establishing

draft calculationsiand a concrete formulafor a CQ Design Index(BIMCO,

2009) The Index, the firstMO-based environmentglerformancemetric aimed at
improving ship design, did so by striving to improve thelfefficiency of different

ship types, byenhancingcertain design inputssuch asdesign speed, propeller

design,use of waste heat recovery systearg] etceteraThe Index was required to
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be assessedgainst a developed baseline of fuel efficiency dataships delivered
between 1995 and 20QBJ0, 2014f).

During October 2'Gé&gon maetmg took fladees ans whileBusing
preliminary information received from the consortium in charge of updating the first
GHG study, the Committee endorsed the applicatiothe draftCO, Design Index
guidelines for new ships, for calculation and trial purposes, and with a view for
further refinement and improvemen(IMO, 2014f). Furthermore, it was
recommended that treforesaidCO, Operational Index should not lsempulsoryin
nature, but left the opepossibility of making it mandatory in the futuf@uhaug et

al., 2009)

The MEPC 58 session meeting also witnessae peviously mentioned tightening
of the limits of NOx and SQ exhaust emissiondy ultimately adopting them under
the revised MARPOL Annex Vilong with the supplementaryON Technical Code
(IMO, 2014m)under Resolutions MEPC.176(58) and MEPC.177(58), respectively.

The revised Annex includes a gradual global cap in B SQ emissions and
particulate matter, and additionally the introduction of emission control areas
(ECASs), where stricter limits arebserved(IMO, 2008a) The NQ Technical Code

in turn, offers guidance as to the measurement and monitoring of marine diesel
engines, with regards to the gradual -8gstem ightening of mandatory NO
emission reductiongIMO, 2008b) Additional information is available iMfMO
(2014l)andIMO (2014p)

During the 2%Inters e s si on a | meeting of | MOb6s Wor ki
from Ships in March 2009,a considerable advancement with regards to technical

and operational measures for GHG reduction was witnessed. Within this meeting,

and also included in the thewonto-be published 2 IMO Study, theCO;, Design

Index and theCO, Operational Index were officially termed EEDI and EEOI,
respectively(BIMCO, 2009; Buhaug et al., 2009; IMO, 2014T)he first meaning
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the Energy Efficiency Design Indexvhile the latter stood for thenergy Efficiency

Operdional Indicator as mentioned previously in th&roduction

The EEDI was understood to be applied solely to newbuilds, while encouraging
innovation and technical development of elements forming part of the overall energy
efficiency of a ship; whereasdlEEOI was meant to be applied to existing vessels to
offer a measure of the fuel efficiency of a ship, and also capable of showing the
effectiveness of energy reduction measwpplied onboardBuhaug et al., 2009)

Both the EEDI ad EEOI were considered by thedap for further refinement, on

the basis of experience gained through several trials and appliq@iitins2014f).

Furthermore, the Group debated over a draft SEEMP, also explained in the upcoming
2" IMO Study and then termed the SEMP, which stood for Ship Efficiency
Management PlafBuhaug et al., 2009)The plan, developed by a consortium of
industry organisations was meant to offer guidamcon shipping industryd $est
practices; these included methods such as voyage planning, speed and power
optimisation and enhanced fleet management, among otlii©, 2014f),
ultimately aimed at improving fleet energy efficiencydanonsequently reduce

emissions.

Much like the first Study, the "® IMO GHG Study was carried out by an
international consortium of renowned research institutions, and was ultimately
present ed a t"sessioemeRtBPICIIg 20@80, 2011b) The Study
encompasses a vast review of the kind of emissiansl the potential quantities
international shipping entails, while also offering proactive emission control and
abatement methodapplicable to new designs as well as existing ve¢Beisaug et

al., 2009)

One of the most significant conclusions found Baohaug et al. (2009)s that
internationalshipping correspondei 2.7% of the global emissions during 2007, a
visible increase from the previous 1.8% during 1996 and underlin&kjaysvik et
al. (2000) Also, similarly asSkjglsvik et al. (2000)Buhaug et al. (2009)redictthat
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GHG emissions from shippingire likely to keep increasing in the future,
underscoring the anticipated demand for transport. Therefore, aside from technical
and operational measurg@shich include the EEDthe EEOI, and the SEMP, among
other more readily available and applicable sueas) they also present and explain
various policy options aimed at the reduction of GHG and other relevant substances.

Other conclusion worghof mention is that without the implementation of policies,
including technical and operational measuyesd again underlining the exponential
growth in shipping demananodel emissiorscenariosanticipatethat by 2050, C®
emissions from ships could doubte triple, compared to the totals in 2007.
NeverthelessBuhaug et al. (2009)Iso conclude that there is a relevant potential for
GHG reduction, found through the technical and operational measures identified;
they state that if implemented together, the measures could incféesmey and
reduce emissions by a rate of between 25% to 75% below the 2007 (I84@ls
2014d)

Lastly,Buhaug et al. (2009) e af f i r m | MQOQ&stheimost ralevanoGHG C O
emitted by ships, cataloguing other GHG emissions from ships as less important, in
terms of quantity and global warming potential. Additionally, whiley underline

the benefitof a mandatory EEDIhey also agree that its true environmental effect is
limited, given its exclusive application to new ships. With regtwdhe EEOI, they
suggest a compulsory application could be a-etfsttive solutim for ships engaged

in transport work; nevertheless, they underline the option technically challenging,

given the difficulties in the establishment of operational efficiency baselines.

The work plan proposed by the MEPC %5ession culminated at the MERSG"
session meeting, amtesentedx relevant amount of work with regards to technical
and operational options, and included the work and conclusions found i tNeC2
GHG Study. Most relevantly, howeverthe Committee agreed to disseminate a
package binterim and voluntary GHG reduction measuresféwthertrial purposes
with the intention of consideration for refinement and possible applicéfid®,

2014f) The package included the following measures
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1. Interim guidelines on the method of calculation of the Energy Efficiency
Desgn Index for new ships (EEDI), namely MEPC.1/Circ.§Bd0, 2009a)

2. Interim guidelines for voluntary verification of Energy Efficiency Design
Index namely MEPC.1/Circ.68dMO, 2009),

3. Guidance for the development of a Ship Energycigficy Management Plan
(SEEMP), namelyMEPC.1/Cic.683(IMO, 2009c) and

4. Guidelines for voluntary use of the Energy Efficigr@perational Indicator
(EEOI), namely MEPC.1/Circ&t (IMO, 2009d)

The above measures were intended to facilitate implementation decadioing
following MEPC session meeting (B0 in March 2010; nevertheless, the Committee
concluded thasupplementaryork was needed beaf® considering the proposal for
the applicatiorof these measurgtMO, 2010a, 2014d)An Inter-sessional Working
Group was established in order to carry out effttenprove the above mentioned,
and was due to report back to the MEPE&I1S session meetinfMO, 2014f)

The ME PGéssion fmdeting, during Septembef &7 October ¥, 2010, took

place in London. Of significance is that the Committee considered implementing
further amendments to MARPOL O s-mahdatorg x VI ,
EEDI and SEEMP measures intoee| MO6s r egul a t(Id®, 20llb)y a me wo
However a number of States party to the MARPOL Conventismggested the

proposed amendments to be obligatory, instead of voluntary. The circulated draft
amendments would then be aoAise nottéis that a't \
various States did not support the circulation of the suggested amendiiviédis

2010b, 2014f)

Worthyof i ndication is that pr e%¥meetingsthet o t he
39Inters essi onal Meeting of | MO6s Working Gr
took place, in March 201@IMO, 2011b) Althoughnot further expanded within this
document, the meeting heldysificant efforts on the dis@sion of feasible MBMs.

The Group catalogued a number of MBMs, and included strengths and weaknesses,

in order to present this assessment at the next MEfEting. Furthermore,
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additional studies were agreedMO, 2014f) IMO (2014d) underlines the
importance of MBMs as twipld: they provide a fiscal incentive for the marine
industry to invest in more energy efficient ways, and serve as a tool for the offset of

increasing ship emissions.

The 629 Marine Environment Protecth Committee session, July 2011, is
acknowledged proudly agqlM&3 2002h RGE4ckThehr o u g h
Commi ttee considered and adopted the pro
VI, under Resolution MEPC.203(6Z)MO, 2011a) The amendments add a new
chapter(Chapter4t o Annex VI, titled O6Regul ations
and underline both as mandatory, the EEDI for new ships, and the SEEMP for new

and existing vesseldMO, 2011c) These regulations are applicable to all ships

above 400 grostonnesand above, regardless of their national flag or the nationality

of the owner, and are underlined to enter into faafter January ¥, 2013 (IMO,

2014f).

The above sessicadditionallyagreed on having an Inteessional Working Group
continue with the efforts to develop the EEDInfrawork for different ship types,
sizes and propulsion systesnand also identify the requirementf additional
guidelines or supporting documents foesemeasuresthe Groupwvas understootb

report any progress to the succeeding MEPC seéléitip, 2011d)

The amendment s t o MARPOLG®Ss Annex Vi, a
framework, are considerethe first international climate change treaty formally

adopted since the Kyoterotocolin 1997, and additionally the firgver global and

legally binding instrument underscoring energyfficiency regulations for any

industrial secto(IMO, 2011b) This action has received higlommendatiorfrom

relevant international environment protecti@mganisations including praiseful

remarks byMr Ban Kimoon, UN Secretar@eneral, and byMrs Christiana

Figueres, UNFCCC Executive SecretdiyO, 2011b, 2012f)
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Taking place at the end of February and the beginnindas€h2 0 1 2 , the MEPC(
639 session is significant becauséitialisedand adopted complementary guidelines

aimed at assistingstate and port administrations and industry alike, tre
homogeneous I mpl ementati on of t he rece
amendment$iIMO, 2012g) The Committee also acknowledged the need to establish
additional guidelines for those ships not yet covered bythlee current EEDI

regulations by the development of a work pléiMO, 2014q) The aforementioned

supporting guidelines are the following:

1. 2012 Guidelines on the method of calculation of the attained Energy
Efficiency Design Index (EEDI) for new shipsamely MEPC.212(63)IMO,
2012a)

2. 2012 Guidelines for the development of a Ship Energy Efficiency
Managenent Plan (SEEMP)yamely MEPC.213(63)JMO, 2012c)

3. 2012 Guidelines on survey and certification of the Energy Efficiency Design
Index (EEDI),namely MEPC.214(63JIMO, 2012d) and

4. Guidelines for calculation of reference lines for use with the Energy
Efficiency Design Index (EEDInamelyMEPC.215(63)IMO, 2012¢)

October 2012 gave Mgeasion where thcrGomrvtEegPeBdts 6 4
adopt amendments to the 2012 Guidelines on the method of calculatitre of t
attained EEDI for new ships, MER21263), by adjusting the calculation of the
shaftgenerator power and shaitotor power(IMO, 2012h) The changes above are
summarisedn MEPC.224(64)YIMO, 2012b) Shortly afteron January s, 2013, the

new <chapter 4 of MARPOLOG s Annex VI ent
mentioned previously, compulsory requirements on the EEDI for new ships and the
SEEMP for all shipgIMO, 2013e)

ME P C 6"%ses6i&{May 2013) aside fromagreeing to undertake a study to update
the emi ss ke toundih the mdsticanrartt GHG emission study @GHG
Study) (IMO, 2013e) also introduced resolution MEPC.233(6Bdsed on the EEDI

calculation for cruise passenger ships with -nonventional propulsion(IMO,
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2013b) The Committee additionally decided to amend Resolution MEP@&21L4(
and revoke Resolution MEPC.215(63) with the following resolutions,
MEPC.234(65) and MEPC.231(65), respectively. The first adds further references to
measuring sea conditior(dMO, 2013c) while the latter includes the addition of
different type of ReRo ships and LNG Carrie(tMO, 2013a)

Up to the development of the work presented herein, the most recent MEPC session
(66" took place in March/April 2014. Most significantthe Committee adopted the
2014 Guidelines on the method of calculation of the attained E&Dew ships

(IMO, 2014b) and discussed various proposals to develop a framefeorkhe

monitoring and collection of data regarding ship fuel consumgiM®, 2014i).

The 2014 Guidelines while adopted,are not yet listed a t | MOOG s | ndex
Resolution neverthelessthe update includes calculation revisions IfdIGs, Ro-

Ro and passenger shipand the extension of the application of the ice correction

factor for refrigerated cargo ships, among ottedevantinclusions With regards to

the framework for fuel consurtipn datai although not directly mentionéd may
possibly be Iinked to the European Comm
discussed in the upcoming sectiohsstly, ME P C 668 sessionagreed onthe
estiblishment of an EEDI databaseelated to data pwided byships required to

comply with theEEDIT, in order to supporthe review of technical developments

and ultimately EEDI implementatigitMO, 2014k)

As documented within this section, the International Maritime Organization has
carried out significant work under the maritime environment protection banner; most
specifically on measures to enhance energy efficiency and consequently, reduce ship
emissions While it is foreseeable further technical and regulatory work will be
pursued by the IMOthe current mandatory requirements established (i.e. EEDI and
SEEMP), are predicted to lead to significaB0, emission reductions, and

2 Please se¢MO, 2013d. Marine Environment Protection Committee (MEPC), Index of IMO Resolutions,
http://www.imo.org/KnowledgeCentre/IndexofIMOResolutions/Pages/MgEimaronmentProtedtion-
Committee(MEPC).aspx.
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additionally relevant costasings for the shipping industrfBuhaug et al., 2009;
IMO, 2014q)

Table 2.2: Chronological development of the most relevanair pollution control discussions at
IMO as adapted from (IMO, 2011b, 2012f, 2014f, oand (Lloyd's-Register, 2012a, b)

Year Event

1985 The MEPC went from a subsidiary body of the IMO Assembly to full constitutional stal

Late IMO started work on prevention of air pollution and control of greenhouse gas ((

1980s emissions from ships

1991  The 17" session of the IMO Assembly agrees to develop a new annex for the MAF
Convention, underlining prevention of air pollution

1992  Atthe Earth Summit in Rio de Janeiro, the UNFCCC is adopted

1994  The UNFCCC enters into force; ever since there has begoing cooperation among th
secretariats of | MO and UNFCCC on GHG

1997  The Protocol 0fl997 added Annex VI to the MARPOL Convention; Resolution 8 on !
emissions from ships was also adopted

2000  The first IMO Study on GHG Emissions from Ships was presented to MEPC 45 in Oct

2003  Assembly resolution A.963(23) underlining reduction di@ emissions from ships wa
adopted in December

20066 MARPOLG6s Annex VI comes into force on
Al nterim Guidelines for Voluntary Shi
(MEPC/Circ.471) in July

2006 At MEPC 55 h October, it was agreed to update the first IMO Study of Greenhoust
Emissions from Ships from 2000; the work plan requested by Assembly resa
A.963(23) is also approved

2008 MEPC 57 in April, acknowledged the importance of developing fundameritadiples for

regulation of GHG from ships; the 1st Intere s si on all Meeting o
Group was held in Oslo, Norway (June) ;
was also adopted at the58ession of MEPC, in October

2009 The 2ndinters e s si on all meeting of | MO6s GHG V

Second IMO GHG Study 2009 was presented at MEPC 59 in July; the Committe
approved the circulation of Interim Guidelines on the calculation of the EEDI, SEEMI
the EEOI; &stly, the work plan from Resolution A.963(23) culminated at MEPC 59

2000 The revised version of MARPOLGs Annex
MEPC 61 in September/ October consider ¢
and it is proposed tonake the EEDI and SEEMP mandatory for new ships, and t
considered for adoption at MEPC 62 in July 2011

2011 The 3 Interses si onal meeting of | MO6s GHG W
discusses the desirability of MBMs application for GHi&luction; MEPC 62 in July
considers and adopts dr aft amendment s
mandatory implementation of the EEDI and SEEMP

2012 MEPC 63 inFebruaryMarch adopts further revised guidelines MEPC.212(63) on E
Calculation, MER.213(63) on the SEEMP, MEPC.214(63) on EEDI Verification, .
MEPC.215(63) on EEDI Reference Lines

2013  The Regulations on Energy Efficiency relating to the EEDI (new vessels) and SEEMF
and existing vessels) enter into force from 1st January, witténnovel Chapter 4 o
MARPOLG6s Annex VI

2014  MEPC 66 adoptethe 2014 Guidelines on the method of calculation of the attained E
namely MEPC.245(66),supersedingesolutionMEPC.212(63) as amended by resolutic
MEPC.224(64)
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These measures, howevalong with the application of the EEOWhich serves as a

tool for the SEEMP implementation also observe relevant opposition from
stakeholders within the industry; this in turn may hamper their positive effect on the
environment. The most current versiof these measures will be further expanded

ahead, including a discussion their inherited disadvantages.

Lastly, Table2.2 summarises the most relevant eventhwitr egar ds t o | MO

presented in this section (see dsgurel.3).
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2.3 Global climate changeand shipping emissions

2.3.1 Problem definition

The 1% session of the Conference of the Parties to the UNFCCC, and alsB the 5
session of the Conference of the Parties under the Kyoto Protooél place in
December 200éh Copenhagen, Denmark. The COP15 is known as a climate change
conference of a high ptktal regard, having been attesdl by more than 40,000
people in representation of governments, NGOs, and intergovernmental
organigtions, among others groups of relevant participants. Aside from making
significant progress with regards to the negotiaioequired for implementing a
global climate chance cooperation framework, it additionally produced the
Copenhagen AccorUNFCCC, 2014h)

The Accord literally underlines climate change as one of the greatest challenges of
our time, andacknowledges the need to stabilise greenhouse gas concentrations in
the atmosphere, in order to prevent dangerous anthropomgerference with the
climate system. It additionally recognises needed reductions in global emissions
according to sciencispecificallyacknowledginghe 4" IPCC Assessment Repbrt

and ultimately agreeing on cooperative effoitglobal and national to hold the
increase in global temperature below 2 degrees CelsiNgCCC, 2009) While

there is factually no represetitmm on exactly how to achieve the above in the
document, it is nevertheless considered as a milestone, representing the strong
convergence of views of various participating governm@i~CCC, 2014h)

Accordingly, thelPCC (2007agxpains that there is increased confidence that a 1 to
2°C increase in global mean temperature above 1990 levels, poses relevant risks to
many unique and threatened ecosystems, including many biodiversity hotspots.
Nevertheless, théPCC (2007a)also states that many impacts can be reduced,
delayed or asided by mitigation, and that mitigation efforts and investments over
the next two to three decades, can have a significant impact on the likelihood of

succeeding to lower stabilisation levels.
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Furthermore, thelPCC (2007a)clarifies that in order to stabilise the current
concentration of GHGs in thémaosphere, emissions would have to reach a peak and
decline thereafter. Consequently, the lower the stabilisation level, the more quickly
that this peak and subsequent decline would occur. Additionally, the IPCC Report
advertises that there is strong ewvide that all stabilisation levels required could be
achieved, by the implementation of the range of technologies currently available, or
expected to be commercially available in the upcoming decades, assuiming
logicallyi, that effective enticements areplace for widespread application of these
technologiegIPCC, 2@7a)

More importantly, the Report agrees that all required stabilisation scenarios indicate
that 60 to 80% of the reduction would come from energy supply and use, and
additionally industrial processes, with energy efficiency implementation playing a
relevant role in various scenari@*CC, 2007a)Rehmaulla et al. (2012)tilise the

4 |PCC Report and highlight one of its many important conclusions: global GHG
emissions are required to be reduced by 50 to 85% below 1990 levels, in order to
stabilise global average temperature, and therefore mitigjatavoid dangerous

climate change impacts.

The above is relevant to shipping becastips emit sizeable quantities of ¢@nd
additionally, as it will be portrayed shortly in the next section, despite significant
energy efficiency measures, emissionanfrshipping are projected to keep rising.
Aside from CQ, an important GHG which can remain in the atmosphere for long
periods of time (millennia) causing significantclimate warmingi which could
become irreversible to future generations, if not actednupships emit other
pollutants, such as NOQSQ, and particulate matter (PM), among oth@taber et

al., 2009)

Airborne NQ and SQ, can get into the lungs and consequently into the human
bloodstream, causing inflammationdich could eventually lead to heart and lung

failures (T&E, 2014) Furthermore, these pollutants are algmwn to impact
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ecosystems and biodiversity by acidification, in the case qf &@l eutrophication,
in the case of NO(RICARDO-AEA, 2013)

2.3.2 GHG emissions from shipping

While shipping is regarded as an energy efficient way of transportation, cedripa
other modegBuhaug et al., 2009)t is still observedas alarge and growing source

of GHG emissions(EC, 2014) estimated to awespond to 2.7% of the global
emissions of C®in 2007 (Buhaug et al., 2009jvhile most recent figuresurrently
catal ogue i nt er mnamissions atl 3% vfthe glpbalnogd@@AsE, CO
2013)

Moreover,while the energy supply emission reducti@guirementamentioned in

the pevioussectionby the IPCC Reportprobably donot account directly for any
source of shigelated emissionghey underline the importance of all sectors of the
global economy converging on efforts to lower GHG emissions. The last also
significantl y woactvewoskooeanerg efficiehOy regulaiions

and also its efforts to develop a framework of applicable and proficient incentives.

With regards to | MOO0s recent Baprarikndon
Longva (2011)nform that relevant C®emission reduction from ships is expected
due to the EEDI and SEEMP implementation, with reductions from the SEEMP
realised more rapidly in comparison to the EEDIggithat the effect of this last will
become clearer as older, less efficient ships are replaced by new vesksighe

EEDI designation.

Furthermore, Bazari and bngva (2011) present different emission forecast
scenarios; of relevance, aréoast scenario underliningw fleet growth combined
with low SEEMP application and reference fuel pridisplayinga total annual C©
emissions of around 2014 million torsm&r business as usual (BAU, meaning no
EEDI or SEEMP implementation) in 2050. Even with low SEEMRake, this

scenario also showe forecasted reduction of 706 million tonnes of,G® 205Q
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between both the EEDI and the SEEMP ($egure 2.1). Consequently, other
scenarios with larger fleet growth, aside from displaying larger emission reductions,

also indicatancreased overall emissions.

2500
s EEDI reduction
s SEEMP reduction
2000 | = = New emission level
- = BAU
1500
i
LY
=
=
I
; 1000
é —
™~
S
500
0

2010 2015 2020 2025 2030 2035 2040 2045 2050

Figure 2.1: Estimated EEDI and SEEMP world fleet CO2 reduction potential (Bazari and
Longva, 2011)

This forecastscenario also shows that, despite tignificant reductios in CO;
emissions due to the application of the SEEMP and EEDI measures, the
implementation of these two alone does s®m to prove totally sufficieriBazai
and Longva, 2011)Because ite demand for shipping is closely linked to the
development of the global economgnd sincemaritime transport carries around
90% of the international world trad®ICARDO-AEA, 2013) the projected world
trade grovth surpasses the achieved EEDI and SEEMP emission redutti@tls
scenarios, even though it shows considerable reductions against at8®@{Bazari

and Longva, 2011)

The EC (2013e)goes further and updates this previous forecast, while additionally
including CQ emission statistics relagvto the European Continent (d&gure2.2).
Currently, GHG emissions from maritime transport account for 4% of the total EU
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GHG emissiongEC, 2013e)Furthermore, despite the adoption of the minimum ship
efficiency standards, i.e. the EEDI, the shippieted emissions ithe EU alone

are expectedot increase further by 50% in 2050, compared to 2010 levels
(RICARDO-AEA, 2013) Figure2.1 andFigure2.2 clearly illustrate that, in spite of
practical energy efficiency measures, shippialgted GHG emissions are likely to

keep increasing in the futu(EC, 2013e)
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Figure 2.2: EU and global shipping CQ emission projections, considering EEDI
implementation (EC, 2013e)
Worthy of note as well, is that although the EU hadueed its GHG emissions by
379.8 million tonnes of CQ@ equivalents(COzef) between 1990 and 200@during
that same perigdmaritime transport related emissgohave increased by 66 million
tonnesof CQi n t he EU, seemingly wunder mining
change(EC, 2013c) The above underscores firgihat there is a serious treffior

decarbonisation; and second, that as various sectors decarbonise, and as international

3 GHG emissions are characterised and aggregated as equivalents under the Global Warming Potential impact
category,usingC® s own war mi ng potenti al as reference.
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shipping emissions contie to rise, they will logically represent an even larger share
of global CQ emissiongGilbert et al., 2010)

Moreover,Gilbert et al. (2010gmphasise that the shipping sector must take serious
measures to completely decarbonise within two to three decades, for a reasonab
chance of avoiding temperatsreisingabove 2°C. They conclude that this level of
decarbonisation is not currently being contemplated by the shipping industry, and
thata stepchange in policies is required. Sormnsider that if the shipping industry

is left unchecked and without more efficient regulation in place, as others sectors
progress with emissi onsemisdiohsicouia tepresentast h e
much as 17 to 25% of the global total in 2@eCC, 2011)

In summary, in spite of the positive emissions reduction potential that the current
IMO measuresn-place forecast, supplementarylipies are likely required to be
implementedin order to offsefurtherestimated emissions due to the ever increasing
shipping demandThese policies, or MBMs, should aim at providipgoficient
industry incentives for thgeneraluptake of the availabl@.e. EEDI and SEEMP))

and futuréd mandatory measures, as well as other voluntary op{ems EEOI).

Other options or alternativessuch as LCA could also consequenthaid in the
implementation of the already available energy efficieremyulations by allowing
simpler widespread application of the measures, and additionally potential

homogenisation across industries.
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2.4 Current IMO energy efficiency regulatory measures

The following includes a discussidacusinginto the actual regulatory measuias
place by IMO, i.e. the EEDI and the SEEMPRand their implementation
methodology, while also underlining other available voluntary metritke aim of
this section is to pragmatically present what do these metrics measure, add how
they measure it, while additionally highlighting relevant information with regards to

their current application.
The current supporting guidelines are the following:

1. 2014 Guidelines on the method of calculation of the attained Energy
Efficiency Designindex (EED) for new ships, namely MEPCL3(66),
superseding resolutionMEPC.212(63), as amended by resolution
MEPC.224(64)IMO, 2014b)

2. 2012 Guidelines for the development of a Ship Energy Efficiency
Management Plan (SEEMRamely MEPC.213(63)JMO, 2012c)

3. 2012 Guidelines on survey and certification of the Energy Efficiéesign
Index (EEDI), namely MEPC.214(63and amended by MEPC.234(65)
(IMO, 2012d, 2013¢)

4. 2013 Guidelines 6r calculation of reference lines for use with the Energy
Efficiency Design Index (EEDInamely MEPC.231(65JMO, 2013a) and

5. 2013 Guidelines for calculation of reference lines for use with the Energy
Efficiency Design Index (EEDI) for cruise passenger ships having non
conventional pwpulsion, namely MEPC.233(6GMO, 2013b)

2.4.1 EEDI

The | MO def i nes -pras@iptive,BpBriormandeasdd anechamism
that leaves the choice of technologies to use in specific ship design to the industry.

As long as lie required energy efficiency level is attained, ship designers and
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builders are free to use the most eefficient solutions for the ship to comply with
t he r e g(MOa201ilhp 2052Q)

The above summarises the EEDI as a measure that highlights a minimum energy
efficiency requirement level forew shipsi which actually depends on ship type and
sizdé , while stimulating the continuous technical development of all the components
which influence the fuel efficiency of a shiphis measure aims to reduce GHG
emissions from newbuilds, by focusing oretbnergy efficiency improvement of

ships, via design featuresdbr by the application of energy efficient technologies.

The EEDI is based in the fundamental characteristic that fuel consumption is the
most direct measure of ey use onboard. SimilarlfO, emissions are directly
proportional to fuel consumption; therefore, as explaineddgzierski and O'Leary
(2012) the amount of C®emitted by a ship can be calculated using finel
consumption relative to that ship, and an emission factor relative to that fuel. Fuel
mass to C@conversion factors, additionally, have been established by the IMO for
marine diesel, light and heavy fuel oils, liquefied petroleum and naturgl\g@s
2014b)(see AppendiB.2); thus, the CQcalculation is as simple as multiplying the
fuel consumption by the carbon conversion fafi@dzierskiand O'Leary, 2012)

AThe difference between the amount of en
of fuel effort, et c. and the amount t hat
definesefficiency(CambridgeDictionary, 2014) Therefore, the above part relative

to fuel consumptiorand emission®nly comprises the first input of the energy
efficiency definition, being the second p#ne amount of work produced, or in the

case of ships known as transpendrk (transporwork encompasseslements such

as the distance sailed, the available capacity, the cargo carried, the ship speed,
etceterafKedzierski and O'Leary, 2012)

Before offering a straightforward definition of what does the EEDI actually measure,
Kedzierski and O'Leary (2012nderscore a relevadifference between calculating

technical and operational efficiency. The first, also known as design efficiency, is
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based on the owdf-the-box state of the engines and equipment including the overall
ship design, while the latter is focuseédnd therefee varies accordingiyon the
actual ship fuel consumption under operational conditions and the transphkrt

carried out.

Following the above, the EEDI is understood as a measure which reflects the
theoretical design efficiency of a newbuild sHimostly based on assumptions
regarding the specifiéduel consumption of the enginesompared to the power
installed on the ship and ultimately providesan estimate of C©Oemissions per
capacitymile (Kedzigski and O'Leary, 2012)The full EEDI formula includes
various adjustment factors, applicable to specific types of ships and alternative
configurations; howeverkedzierski and O'Legr (2012) pragmatically summarise

the formula as follows, highlighting its basic elements composition:

%%$ )
00T 0OAMAXDO QDD & § 6 &) OOWE ewEées 0 Q1 §| Qé ¢
O 0 & "Qawrand@@ Y 'QQQ

The full EEDI formula is specified byMO (2014b) however, there are various
publicly available documents that offer guidance with regards to the formula, its
elements, and its calculation. Of relevance, and with the aim of being more specific
about the variables and factors found in the formulkpyd's-Register (2012b)
identifiesand categorisethe main component®f theformula as follows geeFigure

2.3).

Main engine(s) Auxiliary engine(s)

fi fo - Capacity - fi, - Veer
\ J
Y
Transport work

Figure 2.3: The EEDI formula (Lloyd's-Register, 2012b)
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The equation calculates the €@roduced asasfnct i on of t hwdrk shi po ¢
performed(Lloyd's-Register, 2012b)which is considered as tlattainedEEDI, and

equates to a figure of grams of £€@ver tonnes per nautical mile (g@@nnenm).

In summary, the top part of the formula characterises thee@fited by the engines
considering the product of power, specific fuel consumption and the carbon factor

for the specific type of fuel used. Additionally, @@mission reductiandue to

innovative technologies aralso consideredthese may include, for example,
reductions due to waste heat recovery systems, use of wind power or solar power,
etceterd (Lloyd's-Register, 2012b)

Table 2.3: Reference values for calculating the required EED[GL, 2013), as adapted from
(IMO, 20134, b)

Ship type a b c

Bulk carriers 961.79 DWT 0.477
Gas carriers 1120.20 DWT 0.456
Tankers 1218.80 DWT 0.488
Container ships 174.22 DWT 0.201
General cargo ships 107.48 DWT 0.216
Refrigerated cargo ships 227.01 DWT 0.244
Combination carriers 1219.00 DWT 0.488
Vehicle/car carriers (DWT/GT)1 0.7 x 780.36 where DWT/Gk 0.3; DWT 0.471

(DWT/ GT)10.7 1 1812.6

Ro-Ro cargo ships 1405.15 DWT 0.498
Ro-Ro passenger ships 752.16 DWT 0.381
LNG carriers 2253.7 DWT 0.474
Cruise passenger ships havi 170.84 GT 0.214

non-conventional propulsion

The bottompart of the equation relates the £@enerated by the top part, with
regards to the ship capacity and speed (transpank). Additionally, as mentioned
previously,there are various correction factors which moderate the equation with
regards to the shigype and operating configuration. These factors account for ship
design factors (e.g. le€lass and shuttle tankers), weather factor for decrease in
speed in representative conditions, and capacity correction for chemical tankers and
LNG ships, among other&loyd's-Register, 2012b)The reader should refer @GL

4 A nonexhaustive list of EEDI reduction methods can be ébimLloyd's-Register, 2012b. Implementing the
Energy Efficiency Design Index (EEDI): Guidance for owners, operators, shipyards and tankaestatians,
Documents and publications,
http://www.Ir.org/Images/EEDI%20Guidance%20Notes%20for%20Clients%20v3.0_tePE8. pdf.
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(2013) for detailed guidanceon the calculation of emissioreductions due to

implemented technologies, and corrective factors for ship type and configuration.

By regulation, thattainedEEDI shall be calculated fall ships of 400 gross tonnes

(GT) and abovgGL, 2013) defined by the types found ihable 2.3. A shipods
attainedEEDI must be equal to or less than tequiredEEDI for that ship type and
size(Lloyd's-Register, 2012b)TherequiredEEDI i which is calculated for all ships

using 100% of the deadweight (DWT) at summer load draft, except for passenger
ships where GT is usg@sL, 2013), is a function of the reference line value (see
Table2.3), defined by the following formula:

Equation 1
YQR 6 MO  ©

The EEDI reference lines refer to statistically average EEDI curves derived from
data for existing ships; they are additionally ship specific and much dependent on

ship type and se(Lloyd's-Register, 2012h)

TherequiredEEDI will be gradually reduced by an X% each five years, in much the
same way as NCand SQ limits (seeFigure2.4), based on the initial value (Phase 0)
and depending on the vessel qi&4t., 2013; Lloyd'sRegister, 2012b)it is relevant

to highlight that below a certain size, no reduction applies; and above a certain ship
size, the reduction is in geraé 10% for each reduction phaseeTable2.4 for more
details on the reduction interval&L, 2013)

Table2.4 is often accompanied by strict advice with regards to when in the building
phase of a ship a specific vdsse bef al | s i n each relevant
EEDI for Phase 0 applies to all shipsé f
in phase 0, and the delivery is befoféJla n u a r yo (GL,02018)éestablishing

clear guidance for newbuilds and their expected requirement as far as EEDI

compliance
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Figure 2.4: EEDI reduction phases(Lloyd's-Register, 2012b)

An excerpt fromlIMO (2012d) which includes an EEDI technical file sample, along
with the calculation of an attained EEDI and further correction by we#dlstor, has
been provided f oin Appemdx A.L. Adddienallyy she rgader d e
should note that there are publicly available EEDI calculators in\tele. For the
purpose of the required EEDI calculations included in this work, an EEDI calculator
developed and provided BIMCO (2011)is usedto reiterate the results provided

by the EEDI formulabn (see calculator screenshot in Appendig).

Table 2.4: Required EEDI reduction intervals as adapted from(GL, 2013)

Ship type Size in DWT Phase 0 Phase 1 Phase 2 Phase 3
(GT only for 1 Jan 2013 1 Jan 2015 1 Jan 2020i 1 Jan
passenger 31 Dec 2014 31 Dec 2019 31 Dec 2024 2025 and

ships) onwards

Bulk carriers 10.000i 20.000 n/a 0-10 0-20 0-30
Tankers 2.00071 10.000 n/a 0-10 0-20 0-30
Gas carriers 4.0007 20.000 n/a 0-10 0-20 0-30
Container ships 10.000i 15.000 n/a 0-10 0-20 0-30
General cargo ship: 3.000i 15.000 n/a 0-10 0-20 0-30
Refrigerated cargo ships  3.0007 5.000 n/a 0-10 0-20 0-30
Combined carrier 4.00071 20.000 n/a 0-10 0-20 0-30
Vehicle/car carrier 10.000 and above n/a 5 15 30

Ro-Ro cargo ships  1.000i 2.000 n/a 0-5 0-20 0-30
LNG carriers 10.000 and above n/a 10 20 30

Cruise passenger ships 25.000i 85.000 GT n/a 0-5 0-20 0-30
Ro-Ro passenger ships  1.0007 4.000 GT n/a 0-5 0-20 0-30

BlancaDavis, E., 2015 42



Literature Review

Using the basic dataf the sample Bulk Carrier found in th1O (2012d)excerpt,
and implemeting this information within th&IMCO (2011)EEDI calculator, a user
may obtain the following results (sé&gure2.5). As Figure2.5 shows, within Phase
0 (1 Jan 2013 to 31 Dec 2014), thigainedEEDI of 2.99 gCQtonnenm is well
within the Bulk Carrier rierence values as defined hable 2.3 (which ultimately

equals t.27 gCQ/tonnenm, using the formula and reference values

Energy Efficiency Design Index | Bulk carrier
Bulk carrier Non-CSR design
20.000 - !
Test Vessel

18.000 - IMO No.: 94111XX
Attained EEDI 2.990

16.000 - Phase 0: 1 Jan 2013 - 31 Dec 2014
. Required EEDI 3.267
14.000 - . Compliance Index 91.5
: Calculation ref: 418335

12.000 1
®  Attained EEDI

- New ships from 1.1.2013
aU.UUU 1 E New ships from 1.1.2015
w L

I- New ships from 1.1.2020

8.000 - - New ships from 1.1.2025
++evReference line
+

6.000

4.000 -
.

T series "Attained EEDI" Point 150,000 * |
(150,000, 2.990)  E———

2.000 -

0.000 + g T T
0 50,000 100,000 150,000 200,000 250,000 300,000 350,000 400,000 450,000

Deadweight

Figure 2.5: Sample EEDI calculation, screenshot fronBIMCO (2011) calculator

Nevertheless, applying the 10% reduction describetainle 2.4 for the following
Phase, i.e. Phase 1, the Bulk Carrier in question would be foundomgpliant, as
the required EEDI would then be 2.94 gCG@ionnenm. In theory, the last
demonstrateshat the smaller thattainedEEDI is, the more energy efficient is the
ship desigr{(Cazzulo, 2013)

Once theattained EEDI is calculated, a twetage verification process begi(see
AppendixA.3), which comprises the design stage and ultimately the completion of
sea trials and commissionin@.loyd's-Register, 2012b) The doaments to be
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submitted for EEDI examination, and the different responsibilities by the
classification society (as verifier), the shipbuilder, and the shipowner, are described
by IMO (2012d)

Once the EEDI is verified, it is included in the International Energy Efficiency
Certificate (IEEQ for new ships, issued by the verifier. This EEDI value is valid for
the lifetime of the ship, unless this ship goes through a major conversion, in which a
reassessment of the EEDI will become necessary, along with the issue of a new
certificate(GL, 2013;IMO, 2012d)

Lastly, wortty of mention is that th&MO (2014q)considers the EEDI to serve the
largest and most energy intensive segments of the world merchant fleet, and strongly
believes that it will embrace up to 72% of emissifmom new ships, while covering
oil tankers, bulk carriers, gas carriers, general cargo, container ships, refrigerated

cargo and combination carriers.

2.4.2 SEEMP

The Ship Energy Efficiency Management Plan, in short SEEMP, is aimed at
providing a potential appach for monitoring and optimising the ship and fleet
operationdl efficiency performance over timéMO (2012c)underscoreghat the
purpose of the SEEMP is to establish a mechanism of perforrmapoevement that
while focused on shigpecific issues, is carried out as a broader corpaaérgy

management policy, particular to companies that act as shipowners or operators.

Lloyd's-Register (2012aglescribeshe SEEMP as &ve docunent, which contains
energy improvement measusfinedand implemented onboard the specific dhyp

the shipowner. The document is lie frequentlyreviewed, in order tadentify the
relevance and impact of eaabknowledgedaneasure over the shigndi ultimately

over the fleet operations. As documented Wyoyd's-Register (2012a) and
emphasisedy IMO (2012c) the SEEMP mawlsof or m part of t he
Management System (SM3nd/or the Environmental Management 8gst{EMS)
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under 1ISO 14001 if in place; these measures may supplement the implementation of
the SEEMP.

Four main processes define the structure of the SEEMP: Planning, lempétion,
Monitoring, and Selevaluation and mprovement (seeFigure 2.6). Planning
determines both the current status of the&hepergy usage, as well as the expected
improvement in ship efficiencflMO, 2012c) it additionally encompasses ship and
compmny specific measures, as well as goal setting and human resources
development aim@NV, 2012) The Implematation phase includes attention to the
establishment of an appropriate system to assess how each measure should be
implementedand who the responsible person(s) is, along with the definition of the

implementation periodMO, 2012c)

Selfevaluation
and
Improvement

Planning

Figure 2.6: Structure of the SEEMP as adapted fromiMO (2 012c)and Lloyd's-Register (2012a)

The next phase, Monitoring, defindse tools that could provide a qualitative and
guantitative basis for evaluation of the measures in gabg/, 2012). It should be
noted that whildMO (2012c)leaves the choice of tools or Performance Indicators

(Pls) up to the user, it advises that the energy efficiency of a ship should be
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monitored quantitatively by an established methgiding preferenceto indicators
supported byan internatbnal standardIMO (2012c)additiorally promotes the use

of the EEOI as a valid ship and/or fleet energy efficiency indicator, but also
recognises other tools could be appropriate supplementary. The last is of
relevance, when considering LCA as aamplementarytool underlined by an
international standardwhich could in turn support the EEOI implementation, as it

will be documented further in this document.

The final phase of the management cycle,-Be#fluation and Improvement, should
provide relevant feedback for the continuodsvelopmentof the cycle. The
effectiveness of the measures in placesiassessed and thoroughly documented for
the enhancement of thapplied processesif applicable, and ultimately of the
SEEMP (IMO, 2012c) Lastly, all interested parties or stakeholders are informed,
with the aim of increasing th@wareness anconfidencen the overall management
programmegDNV, 2012)

Worthy of noteis that, aside frm displayinga SEEMP sample form (see Appendix
B.1), IMO (2012c) also offersguidance on the best practices for fuel efficient
operation of ships, which includes a description of some of the meagucdscould

be implemented to improve energy efficiency onboard. Such measuresleincl
improved voyage planning, weather routeing, optimised ship handling, hull
maintenance, and waste heat recovery, among others. Ultimately this is aimed at
encouraging shipowners and operators alike, to consider new technologies and
practices at each gfa of the plafDNV, 2012)

It is significant to reemphasise thaMO (2014q)endorseghe use bthe EEOIT
which is currently a voluntary indicatigrspecifically as a tool that enables operators
to measure the fuel efficiency of a ship in operation, but additiosatlyeso gauge
the effect of any of the changes brought about while implementnge of the

measures in the aforementioned paragraph.
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Similarly to the EEDI, the EEOI is based on the principle that €@issions are
directly proportional to fuel consumption. The main difference between the two
metrics is that contrary to the EEDI, th&@I does not measuesignefficiency

but the operational efficiency of ships. As mentioned previously, the operational
efficiency isdescribedy taking into account the actual ship fuel consumption under

operational condition@nd the transposvork caried out

Aside from providing a basic version of the EEOI formula belkedzierski and
O'Leary (20124efine the EEOI as productof theoperationafuel consumption and
emissiondactor, over the aal achieved transpevtork (i.e cargo mass, number of
passenger carried, etcetera), which ultimately results in a figugewofs(or tonnes,
depending on the measurement of fuad it will be further explaingdof CO

emissions petonnes per nautical mile (gGAnnenm).

00 @& & i 6 an oOWE EGuEEEE U QI | QE &
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Kedzieski and O'Leary (2012ustain that the EEOI is applicable to ships already in
operation, and additionally agree that it may serve to gauge the effects of any
changes, while implementing energy efficient measures onboard. Of relevance is that
a lower EBI indicates better efficienc{Ballou, 2013) and additionally that the
EEOI can be improved by increasing the amount of cargosported, or by
implementing any measure which directly reduces fuel consumption (e.g. slow

steaming, weather routing, etcetefidgdzierski and O'Leary, 2012)

Likewise to theEEDI, there are vawus public documents which offer guidance with
regards to the EEQIncluding several supporting leaflets produced by classification
societies However, the effectiveEEOI formulation has been defined WMO
(2009d)as follows(also included in AppendiB.2):
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Equation 2
BB '@ 0
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Where:

1 jisthe fuel type

1 iisthe voyage number

1 FCj is the mass of consumed fyelt voyage

1 Ckjis the fuel mass to COnass conversion factor for fuel

1 meargois cargo carried (tonnes) or work done (number of TEU or passengers)

or gross tonnes for passenghips, and
1 D is the distance in nautical miles corresponding to the cargo carried or work
done.

As previously mentioned, the unit of the EEOI ipeessed similarly to the EEDI in
grams of CQ per tonnes per nautical mile (g@®@nnenm). Neverthelesshe unit
for the EEOI can also be expressed in tonnes o#tG@henm, given that fuel
consumption is commonly measured in tonnas additionally depending on the
measurenm@ of cargo carried or work done,g.tonnes of CQTEU-nm, tonnes of
COu/personnm, etceterdIMO, 2009d)

IMO (2009d)adviseghatthe EEOI should be performed as a representative value of
the shipds energy efficiency operation
ultimately shouldalso strive to represent the overall trading pattern of the vessel.
This last is why the EEOI ifinally presented as a rolling average, withrious
inclusive voyages depending on the defined period of time. Worthy of mention is
that ballast voyages, i.e. voyages in which the vessel commonly sails without cargo,

should also be included in the calculafio

5 A ballast voyage is calculated by including the amount and type of fuel consumed, while disregarding the
distance travégd (i.e. multiplying the distance by zero cargo, see AppeBdix
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; V’.Enevg.;fﬁ?{-erc, Operational Indicara (EE0D i . D= [le
EEOI Free Calculator - M/V Test Vessel - Bulk Carrier
Enter Ship Name And Type: e —
Ship Name Ship Type | wwwrotempuscoM |
Enter Voyage Details: =
Voyage Name / Date = Voyage Type Fuel Type Fuel Used (MT) |Cargo (Tons) Dist (M) | plnsercy
Cargo Voyage ~ HFO - Update |
# | Voyage Name / Date Voyage Type Fuel Type Cf (CO2,MT) | Fuel (MT) Cargo Dist (M)
1 Cargo Voyage HFO 3.114400 20 25000 300
2 |11 Same Voy, Diff LFO 3.151040 5 0 0
13 2 Ballast Voyage HFO 3.114400 20 0 300
4 21 Same Voy, Diff LFO 3.151040 5 0 0
Sa43 Cargo Voyage HFO 3.114400 50 25000 750
6 3.1 Same Voy, Diff LFO 3.151040 10 0 0 -
o — EEOI Result: =
| Clearall | ¥ 3:;:;2 ‘ v‘f:;; B iaan k kel save { - o | 0.0000135 (*) Exit

Figure 2.7: Sample EEOI calculation, screenshot fronTotem-Plus (2012)calculator

The EEOIcan be understood asfairly straightforwardcalculationand he data
needed for collections encompassed in its totality by the distance travelled, the
quantity and type of fuel, and the cargo carried (or work done). This information is
available commo|l vy wi t hin the ship in s,oaud ces
bunker delivery notes, for examp(&MO, 2009d) A focus on proper collection
and/or measurement of the data should be in place however, with thefaim

improving he monitoring and verification of performance enhancements.

An excerpt fromlIMO (2009d) which includes aiEEOI sample calculatigrihas been
provided forte r eader 6 s g WBi2denilallyro the ERM, ntheére are
publicly available EEO calculators in the Web. Fahe purpose of the required
EEQ calculations included in this work, an ERE®©alculator developed and provided
by TotemPlus (2012)is usedto reiterate the results obtained by the EEOI
formulation(see calculator screenshotHigure2.7).
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Using the basic data for the sampksselfound in theIMO (2009d) excerpt, and
implementing this informi#on within theTotemPlus (2012)EEQ calculator, a user

may obtain the following results (semrtial data inFigure 2.7 and full results
printout in AppendixB.3). As shown partially inFigure 2.7 and fully on Appendix

B.3, the EEOI calculation encompasses the different types of fuel wdedh in this
caseare HFO and LFD within each voyage andhe cargo carried (or the
designation of no cargo due to a ballast voyage) over the actual distance. The result
coincides with thdMO (2009d)sample, totallingl3.53 10° tonnes ofCOz/tonne

nm; this can ultimately be expressed as 18GOy/tonnenm, as previously

mentioned.

Once the EEOI is calculated for a period of time representative to that of the overall
trade of the vessel, it can be used as a spdaifiet, whichin turn can aid in the
Planningstage of the SEEMP.he target othe goal setting serves to create a good
incentive and increased commitment to the overall improvement of energy efficiency
during Planning (IMO, 2012c) Lastly, IMO (2012c) also affirms that the EEOI
meets the target or goal setting requirements of being measureable and easy to

understand.

Similarlytot he EEDI , the SEEMP is verified by
society.GL (2012)states that the verification of the requirement to have the SEEMP
onboard shall take place at tfiest intermediate or renewal survéwhichever is

firsti, on or after Januard®, 2013 andis applicable to new and existing vessels of

400 GT and aboveAdditionally emphasised bysL (2012) i's the shipo
responsibility of developing a SEEMP accordancéo the guidelines put forward by

the IMO; also underlined is that upon poper compliance, the issue of an
International Energy Efficiency Certificate (IEE@)testing to the observance of the

previously discussed energy efficiency measigiesuld follow
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2.4.3 Other available shipping energy efficiency metrics

Aside from the regualtory energy efficiency measures presemisaliouslyin this
section, other metricare also availablé voluntary in naturg, but nevertheless
aimed similarly at improving the efficien@f the vesel,and ultimately of the fleet
Some of these are avadila commercially, while others are-iouse developments
used within owner and/or operator companigsey are howevedesigned tassist

users tgroperlycomply with the current and upcoming regulatory framework.

The following includes a brief discussianth regards to the more popular voluntary
metrics available; not with the aim of developing an inclusive listing, but in order to
offer the reader a context in which it is underlined that alternative metrics are often
used as supplementary tools, to stsaith the implementation of the aforementioned

regulatory measures.

For example, ne ofthe mat known optional metricis the Existing Vessel Design

Index (EVDI)i developed by the Carbon War RoamdRightship (2013aas a joint

venturé, and aimed at being an attempt to formulate a single efficiency metric
(Kedzierski and O'Leary, 201,2he lasttaking into consideration thdtis allegedly

applicable to both, newbuilds and existing vesg¢Bightship, 2013a)The EVDI
formulation is based othel MO6s EEDI met hodol ogy, and
the IHS Fairplay databs e |, which is also | MOb6s dat abe:
computationKedzierski and O'Leary, 2012)

The main difference between the two is data collection; whereas the EEDI utilises
newbuild dsign data provided by the classification societies during certification, the
EVDI exploits existing shipdata from different sources, including the IHS Fairplay
database, shipyards, owners, and classification soci@edzierski and O'Leary,
2012) While the data is eventually available for verification and correction by the
shipowner or operatof once the service is commercially acquiredhe EVDI

formulation is not publicly disclosed, provingfitiult to assess its accuracy.
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In summary, he EVDI calculation produces a score that quantifies the assessed
shi pds t hxeanssons peranauticél Onile travelld®ightship, 2013a)
Rightshp has also developed a GHG emissions rating Saaisilar graphically to

other available energy efficiency rating ®sh| in which the score produced
catalogued, in order to classify the ship as environmentally efficient ofseet
Figure2.8). The scale rates the performance from a set of vahregngfrom A6
through 6 G @A being the most efficientwhile dG6 the least.Rightship (2013a)
advertises the calculation and the resulting score as an opportunity to compare peer

vessels of similar type and sjaender an envonmentally performance context.

Figure 2.8: Rightship's GHG emissions rating scale depicted on the port bow of the M/V Emma
Maersk (Rightship, 2013b)
Another method of measuring ship energy efficiency has peeforwardby Smith
et al. (2013) using satellite automatic identification systems (AIS) data in order to
analysethe global efficiency of the fleet. AIS data is combined with established
naval architecture and marine engineering analysis techniques, resultitignates
of the assessed shipds annualemisseis. cons ul
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A relevant variance to the method employedShyith et al. (2013)in comparison to

that of Rightship (20133)is that the former authors are not in favour of a single or
simplified energy efficiency metric, designddr benchmarking the entire fleet.

Actually, the AlS-based method is highlgimilart o t h a't of the | MOQ
EEOI, whereashe both offerseparatdormulations to assestesignand operational

efficiency, respectively.

Worthy of mention is that the AlBased formulation is openly discussedSmyith et
al. (2013) including a detailed account of its base input elements.riteless, the
methodology comprises a large number of assumptions Buinaug et al. (2009)
which in some cases may seem not so current, and additionally presents relevant
uncertainty at times with regards to the actual available AIS data. Thedasies

an opportunity for tle novel method to be further refined

Ballou (2013)is another author who agrees that no single metric shoulddoetos
indicate success or failure of overall efficiency improvement, but rather a
comparative analysis of multiple metrics should e in place. Additionally
described byBallou (2013)is a methodology in place by Jeppesen, a Boeing
Company, which benchmarks the fuel efficiency of an actual operating ship voyage,
ultimately comparing the fuel consumption of the attoute to that of the optimal

route, supported by voyage optimisation software.

The commercially available solution describedBaflou (2013)incorporates raiing
algorithms,hydrodynamicand performance modellingind ocean forecasts to find

the best possible route solutions for a specified range of atinves; the lastvith

the main objective to minimise fuel consumptiavhile observing safety and user

definad limits. The main benefit of this methodology is that the baseline or target to
which the assessed vessel 6s performance
unavoidable factors, e.g. weather, load conditions, and eta@alau, 2013) It
additionally grants the opportunity to impient an improvement strategy within a

fleet of ships which share similar trade routasd in turn allowsomplementinghe

developmenandpracticeo f t he G&BENMBRany 6 s
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Aside from the abovementioned elective metrics, another measure worthy of
referenei s t he European Commi ssionds proposc¢
reporting and verification [MRV] of carbon dioxide emissions from maritime
transpor t targetedathregolétingiC® emissions applicable to shipping

transport within European wat(EC, 2013g)

The Commission ®ogni ses | MOOG s efforts with rec
minimum energy efficiency standards for new ships, i.e. the EEDI, but in the other

hand also acknowledges that emissions are expected to increase as a consaguence
mentioned previously of the ever increasig demand for maritime transport

triggered by world trade grow{leC, 2013g)

Another reason behind the proposal is that the precise amounts;eht@3ions

and other hazardous releases with similarly potential negative éffacescurrently

unknown with regards toEU-related maritime transport, due to the lack of a
pragmatic system for the monitoring and reporting of such emisgids2013g)
Additionally, the aforementioned expected increase in shippinge@@ssions is out

of l ine with regards to Eur opsedictio2 020 s
targets are specifig@EC, 2010, 2013b)

While the need for specific Europeattion with regards to the monitoring and
reporting of shippingelated GHG emissions explicitly acknowledged biraber et

al. (2009) the European Council and Parliamealso recall an establish&009
directive it emphasisesthat the EU should make a proposal to encompass
i nternational maritime emissions within
event that an international agreement including such emisaimmhgheir reduction
targets was not achieved through the IMO or the UNFCCC by December 2011
(RICARDO-AEA, 2013) Despite the reduction targeset forward by the above
recognisedEEDI measure, the Commissiaggrants that insufficient international
action with regards to concise emission reductions has taken, packe thus
preparatory activities to address GHG emissions from shippinglacedin motion

(EC, 20139g)
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The MRV proposal comprises three main stages; the dtmgje isfocused on
implementing an efficient methodology fttre monitoring, reporting and verification

of CO; emissons from vessels using EU portapre significantlyhowever, will be

the resulting scale estimation of G@missions based on fuel consumption, fuel
types, and energy efficiency data from availablerses. The second and third stage
comprise setting up a GHG baseline, and consequently developing reduction target

measures for the shipping industry, respectiyElg, 2013g, 2014)

The 2" and 3¢ stageare significant due to the fact that after theoper monitoring

and reporting o0, emissions from shipping isnplemented specifically during a

relevant elapsed period, e.g. 1 year, 5 years, and etcetera, what logically follows is

the concise deition of future reduction targets aimeat regulating emissions

within the maritime transport sector. The goals set or targets defined will give way to

the application of MB MG s ; t hese ustiyl | h a\

stakeholders to adbpvailable measures to comply with the restrictions in place.

In its current form, the MRV proposal is applicable to all ships above 5000 GT
calling into, out of, and in between EU pomsth a planned enteringpto-force date

of July ', 2015(EC, 2013g) The regulatory requiremenhighlight the monitoring

of CO» emissions per voyage and on a yearly basis, as well as having other
parameters relativie energy efficiency metrics onboard expreséeath company is
required to produce a monitoring plan, which is ultimately evaluated lextannal
surveyor addressing the effectiveness and applicability of the plan onboard, while
also screening data related to port information (e.g. date and time of
arrival/departure, etcetera), @@missions, distance travelled, time spent at sea, and

trarsport work, including cargo carri¢gC, 20139)

The MRWemissi@h®calculation consists on using estimated fuel consumption
figures and the appropriate emissions factor for the fuel type being consumed
(Lloyd's-Regiser, 2013) similarly performed to obtain the EEOI. The last is aimed

at using already existing monitoring on ships, in order to alleviate administrative

application burdens when implementing the MR&C, 2013g) Direct emissions
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monitoring is also allowed, as long as it is supported by the resulting fuel
consumption figures. Lastly, companies are able to choose from the following
methods to monitor fuel consumption: bunker fuel delivery ndiesker fuel tank

monitoring, flow meters for applicable combustion processes, or direct emission

measurement®s mentioned previous(iloyd's-Register, 2013)

It is interesting to underline tieC (2013e) s e mp hasi s hamondedv el op i
MRV methodology which is able to provide consistent data with regards to GHG
emissions from shippingaccentuating that reliability and accessibility of the
information are key to guaranteeing proper carbon performance information flow,
through all stakeholders shipphnglated. It is relevant to point out as well that in the

long term the MRV is aimed addressing all emissions, including ,S®IOx and

PM, in order to offer policynakers the necessary information with regards to all

affecting pollutants derived from maritime transport operations.

The above can be similarly related to LCA, as a consolidasttiodology that aside
from offering a consistent account of GHG, ,SMO, and PM, among other
emissions, is also designed to provide improved reliability through its formulation,
and even be utilised as a decissupporttool as described bflanceDavis and
Zhou (2014)Koch et al. (2013andHunkeler and Rebitzer (20Q5mong others.

For more information with regards to the MRWcluding accompanying impact
assessment of its applicatidhe reader should refer BEC (2013f) EC (2013c) and
EC (2013d)

2.4.4 Relevantlimitations, criticism, and coverage gaps

As Faber et al. (2009kiterate, the major difference between the EEDI and the EEOI
is that the first assesses exclusively tesignstate of a gssel, while the latter
strives to cover the operational phase of a particular Sraple 2.5 shows the
fundamental coverage differences between the EEDI and thd, EBEGwing that

while technical policy options are conceived to target mainly design msasun@w
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ships, operational policy options, however, will principle cover both design

options in new ships and operational options in all sfitpber et al., 2009)

Table 2.5: Comparison of areas which are covered by EEDI and/or EEO(Faber et al., 2009)

Areas covered by EEDI Areas covered by EEOI

Design (new ships)

Concept speed & capability Key aspects can be accounted All design and operational

Hull and superstructure for in the EEDI or elements may implicitly
Power and propulsion systems technical standard. be covered, as the
Low-carbon fuels Capability can be included, resulting performance
Renewable energy but not necessarily used. is thebasis for the
Operation (all ships) instrument.

Fleet management, logistics No

incentives

Voyage optimisation No

Energy management No

In addition to the apparent overlapping above, it is also nibtedthe majority of

EEDI analyses presented up to its approval in 2011 were based on existing ships; this
I's possible since the data required to
technical documentatiomvhich in turnis often supported by caification societies.
Therefore, theoretically it is possible to calculate the EEDI for existegpels

(Faber et al., 2009)

The above has caused extensive debating within the IMO, as conflicting views of the
applicability of both measures have generated supporterfavou of each,
attempting to make a case for their opolicy acceptanc@-aber et al., 2009 here

are suppders which believe that the usdé the EEO] for example,should be
encourage or mandateahd thathis in turn wll make the application of the SEEMP
more effective, amh additionally will involve more accurate and verifiable
measurement of fuel consumption and resulting @0nitoring(Bazari and Longva,
2011)

The Carbon War Room proposaltte IMO wasanexample of pursuing to have the
EEDI cover all ships, both newbuilds and existing, aimed ultimately at providing
transparency with regards to fuel efficiency. The Internati@@mber of Shipping

(ICS) refute this specific proposal by confirming their firm opposition to the
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application of the EEDI to existing ships, highlighting that the EEDI was developed
specifically for the design of newhips and that the complex formulae was
inappropriate forexisting \essels (World-Bunkering, 2011) Intercargo (2012)
similarly opposes to the utilisation of the EEDI ft ships, stating that since the
EEDI is a design target, there is little that can be of influence for ships in service to

improve their EEDI scores, and it woldd grossly unfair to the existing fleet.

Since the IMO has endorsed the use of the EEGH asluntary measure for ship
owners and operators to evaluate shipping performance, and not as a metric under
mandatory policy(Faber et al., 2009)and while the EEDI is advertised to cover
cargo shipsithe largest and most energy intensive segments of the world, fleet
embraing up to 72% of emissions from new shi@pslO, 2014q) ultimately the
emissions for existing vessels are still not requl&®&E@ARDO-AEA, 2013)

According to Rightship (20133g)the EEDI framework not applying to existing
vessels affects annregulatedexisting fleet of 60,000 ships, which currently emit
over one billion tonnes of G@nnually. Additionally, acknowledging the typical-25
year long lifecycle of a common commercial vesRehtship (2013agstimats that

less than 15% of the fleet will be subject tBA certification by 2020Moreover,
Kedzierski and O'Leary (2012pnfirm thatthere is also strong opposition to making
the EEOI indicator mandatoiiywhich could be understood as aption to cover the
EEDI gap for existing shifps possibly due to the fact that some of the required data
may be commercially sensitive, or ultimately as an underlying resistance from
industry to have their operations regulatadthe expense of havintg performance

made public.

The above discussion can be related to the difficult task of striving to apply a single
performance metric for different sections of the fleet, i.e. newbuilds and existing
ships as mentioned briefly in the previous secti&edzierski and O'Leary (2012)

for example, are in favour, stating tha single efficiency metric would have the
potential to serve as a clear benchmark of vessel energy effici€lazzulo (2013)

also seems to agree with the single efficiency metric application, as the author
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expresses that he Ashares the concerns

develop a single metric for shijpgss er vi ce. O

There are other authorsuch asSmith et al. (2013)which proposeseparate
formulations for the assessment of technical and dpasdtefficiency, respectively;

and for exampl®allou (2013) who is in favour of utilising not a single metric but
supplementary tools to aid with the overall efficiency assessmbatreality of the
current regulatorynetricsis that they are not only aimed sgparatesections of the
fleet, i.e. newbuilds and existing ships, and that they measure efficiency differently,
but they additionally produce scores that while may have the same unit, e.qg.
gCQO/tonnenm, are nobrigindly designed to bequivalent within one another (i.e.
EEDI | EEOI ).

Aside from the abowvenentioneddisadvantagethere is also a naturallynherent
incomparability among some ship types when compared to others. The last is
demonstrated by the differenttalslished EEDI reference values with regards to ship
types (sedfable 2.3). Therefore, it is rational to understand that a bulk carrier will
have a different EEDI refence valudrom a containership, anthat this inturn will
produce a nomquivalent efficiency @re among the two ship typeshe last is

equally applicable tthe EEOI.

In summary, while the single performance metric approach would be ideal for a
harmanised regulation across the entire fleet, the reality of the current regulatory
measur esao i nt rprevenstle use lofometsingte metmcdosserve as a
measure of overall efficiency for the entire fleet and different ship tyfzsng into
consideration the above, while also highlightiBagllou (2013 s obser vati o
favour of using supplementary mesito support the current regulatory measures, an
evident opportunity forthe use ofa standardised performanceetimod isuch as

LCAT, is emphasised. As it will be documented furtHe€A could serve asa
supplementaryenvironmental performancenetric while showing indication of

compliance and support to the current regulatory framework
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2.5 Life Cycle Assessment background

The following section includes a brief summary of the background of the LCA
methodology, aimed at providing the reader a historical referehits development,

as well as a context in which it is documented that LCA is widely accepted and
practised, and additionally well referenced acrosslamic and industry literature.
Since acomprehensive reviewf the LCA methodology is out of the spe of this
work, the reader should refer to the following wofks more information on its
particulars Guinée et al. (2002)ISO (2006a) ISO (2006b) SAIC and Curran
(2006) PElInternational (201Q) and the European Platform on Life Cycle

Assessment byRC (2013)which includes recent and complimentary information.

Additionally, it could be debated that other tools relative to environmental system
amalysis, such & Material Flow AccountingEnergy Analysis or Environmental
Accounting could beimplemented instead of LCA under the purpose proposed
herein. Nevertheless, while these tools are employed to efficiently calculate and
evaluate environmentalspects relative to production processes, they do not offer an
option for the assessment of gmoint environmental impac{§et et al., 2013)such

as carborfootprinting’, required in his study Further information with regards to
other environmental system analysis tools is out of the scope of this work; the reader

should refer td~innveden and Moberg (200f)r an overview.

Lastyy, t he reader should note that the foll
Wiedmann and Minx (200Avi | | be wvalid thr othegdwrlmut t he
footprint is a measure of the exclusive total amount of carbondgiemissions that

is directly and indirectly caused by an activity or is accumulated over the life stages

of a product dNiedmann and Minx (2007plso emphasis¢ h a t inthe tas
calculating carbon footprints can be app
to capture the full life cycle impagst i.e. inform a full Life Cycle

Anal ysis/ Assessment (LCA)O.
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2.5.1 Historical overview

With increasing public environmental awareness, specifically on issues such as
environmental degradation and natural resource depletion, it is not surprising to
withessashif i n i ndustry in ways to appraise
friendl ydis ditenbdaven by thdr nesd tadvertisea superiorgreener

product than their competitors. Therefore, many compdragsstarted to develop

and implementenvironmentaland energynmanagement systen{such as the I1SO

50000 series)as a way to enhance their social fronts and consequently improve their

financial benefits.

Moreover, nowadays consumers are mareironmentallyconscious with regards to

the choie of productsand services, oftemeighting the pros and cons for each
particular productselection Environmental questions are logically raised when it
comes down to options such as paper or plastic bags at the grocery store, paper
versus cotton diaperspr glass versus plastic or carton with regards to milk

packagingandetceterdGuinée et al., 2011)

Initial life cycle assessments produced amazeroanmost people, due to the fact

thatthe analyses howed that the more dédnatural 6 of
paper over plastic bags, were not that obvipusiperior in terms of using less

energy and materials, or even producing less waste and emissions than the
manufacturing of the lattefHendrickson et al., 2006)Thesetypes of concerns

propelled as well by theemerging environmental mamgement programs for
companies, gave way to the use and analysis of data by various techniques, which
ultimately resulted in the scientific study of the life cycle of a product, and the

development of LCA.

The first assessments involving life cycle asp@étproduction and materials date
back to the 1960s, and they were mostly focused on issues such as energy efficiency,
raw material consumption, natural resources depletion and waste digjmrssn et

al., 1998) One of the first life cycle analyses, for example, was caot¢th 1969 in
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the United States by the Ce€ala CompanyGuinée et al., 2011 he analysis was
based on the comparison of different beveragetaioers as a way to determine
which container offered the lowest releases to the environment, and affected the

supply of naturatesourceshe leas{SAIC and Curran, 2006)

A similar approach was being carried out in Europe by lan Boustead (UK), when in
1972 he calculated the total energy used in the production of several types of
beverage containers, including glass, plastic, steel and aluminium. Tihsdhweas

| ater t er me(densérEet a.pblQ98Ruring tid time, explicit industrial

data was niopublicly available, therefore government documents or technicarpap
were used instead. Similao Ecobalance, the process of data gathering and
guantification of resource use and environmental releases was known in the U.S. as
Resource and EnvironmehtProfile Analysis (REPAJGuinée et al., 2011y arious
REPAs were performed between 1970 and 1975; during this period, a more defined

methodology was being develop&AIC and Curran, 2006)

Throughot these studies, energy use was considered a priority over waste and
releases. This was a direct consequence of the oil shortages in the 1970s, thus the
discipline was mainly focused on energy supply and demand for both fossil and
renewable alternative fiee Additionally, there was little distinction between
inventory development and the interpretation of actual environmental imants.

the influence of the olil crisis began to fade, between 1975 to the early 1980s, the
interest in thes&inds of studiesbegan to decreasBuring this time public concern

shifted to issues of hazardous and household waste management. Interest on LCA
rekindled during the late 1980s, as governments in developed countriesd &azn

the complicationdroughtaboutby sizeable amounts of solid waste accumulating in

the cities an@ountrysidegLeVan, 1995)

Through the 1990s, the LCA methodology developed beyond the inventory to the
actual impact assessment. During the same time, various organisations were working
towards creating a morentiorm framework methodologyThis evolution was

mainly aimed at methadogical elaborations and building a consensus on the
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general approaches and procedyi¢snkeler and Rebitzer, 2003)Vorthy of note

are the Society of Environmental Toxicology and Chemistry (SETiARpugh its

North American and European branch@uinée et al., 2011) and the U.S.
Environmental Protection Agency (EPA), as k@gyers in bringing consistency to

the proceduregHendrickson et al., 2006and getting LCA practitioners, users and
scientists to collaborate together on the development and harmonisation of the LCA

framework, terminology and methodolo@@uinée et al., 2011)

Specifically in 1991a widespread concern for improper use of LCA techniques for
wrongly advertising products in the U.Bas raisedthis along with pressure from
several international environmental agencies, finally led to the development of the
LCA Standards(SAIC and Curran, 2006)While SETAC working groups were
mainly in chargeof the development and harmonisationtbé approachit was
ultimately the International Organization for Standardizat{¢®O) which adopted

the formal task of the standardisationtioé methods and proceduré€Suinée et al.,
2011) through their 14000 seriesgpanning from 1997 through 20@3AIC and
Curran, 2006)

The standards regarding life cycle assessment were comprities foflowing: ISO
14040:1997, 1ISO 14041:1999, ISO 14042:2000 and I1SO 14043.2800 1997,
1999, 2000a, b)These standards consolidated the procedures and methods of LCA;
their success contributed to the widespread acceptance apgmeachby related
stakeholders and the international commurityemarkable growth of scientific and
coordination activities worldwide was also reflected in the number of workshops
organised through this decadmd additionally, the first scientific journal papers
started to appear in the likes of the Journal of Cleaner ProductidResaurces,
Conservéion and Recycling, in the International Journal of LCA, anthe Journal

of Industrial Ecology, among othefGuinée et al., 2011)

By 2006, however, the abowveentionedstandards were revised. The new standards
according tdSO (2006¢c)i wi | | facilitate the process ¢
product has on the environment over its entire life, thereby encouraging the efficient
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use of resources and decreasing liabilididhe revision encompassed the previous

four standards; they were technically revised, cancelled and replaced by the

publication of the two current standards, ISO 14040 and ISO 149®4 20064, h)

Table 2.6: Chronological review of some of the most relevant events in LCA development
(Blanco-Davis, 2011) in turn derived from (Finkbeiner et al., 2006; Hendrickson et al., 2006;
Jensen et al., 1998; LeVan, 1995; SAIC and Curran, 2006)

Year Individuals/Organisations

Event

Place

1963 Harold Smitf§

1969 The CocaCola Co.

Calculation of cumulative energy at Wor
Energy Confeence
Performed TLCA

U.S.

uU.S.

1970s Oil Crisis Era: focus on energy supply a | nt 6|
demand

1972 lan Bousteatl Development of Ecobalance Europe

1972 Meadows et al. PublishedThe Limits to Growth uU.S.

1972 Goldsmith et al. PublishedA Blueprint for Survival u.S.

1970 REPAs and Ecobalance: Quantification U.S. and

1975 resource use and environmental releases Europe

1979 lan Boustead Published theHandbook of Industrial Energ' Europe
Analysis

1975 Oil Crisis Era ends: interest in LCA decreases | nt 6 |

1980s

1980s European Commission Establishment of an Environment Euro Europe
Directorate (DG X1), increases LCA interest

1988 Solid waste worldwide issue: LCAemergesa | nt 6|
tool for analysing environmental problems

1991 SETAC Published A Technical Framework for Life U.S
Cycle Assessment

1992 U.N. Earth Summit LCA emerges as a prominent tool fil nt 61
environmental management tasks

1993 SustainAbility, SPOLD and PublishedThe LCA Sourcebook Europe

Business in the Environment

1993 SETAC PublishedGuidelines for LifeCycle Assessmen U.S.
A 0Code of Practicebd

1993 Keoleian et af. Published_ife Cycle Guidance Manual uU.S.

1994 Vigon et al® Published Life-Cycle Assessment: Invento U.S.
Guidelines and Principles

1996 Curran, M.A. Published_ife Cycle Analysis uU.S.

1997 SETAC PublishedLife Cycle Impact Assessment: T U.S.
Stateof-the-Art

1997 ISO Published 14000 series including IS nt 61

2002 14040:1997, 1SO 14041:1999, I1SO 14042:2(
and 1S014043:2000

2006 ISO Revision, cancellation and replacement | nt 6|
previous LCA standards. Published current I.
standards 14040:2006 and 1SO 14044:2006

6 As cited bySAIC and Curran (2006)

7 As cited byJensen et al. (1998)

8 As cited byHendrickson et al2006)

9 As cited byLeVan (1995)
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The main part of the revisiowas focused on improving the readability and the
removal of errors and inconsistencies; the core part of the technical contents
remained largely unchanged, however. With regards to the technical side, worth of
mention is the following changes and upgrades: dddition of the principles for
LCA, the addition of an annex about its applications, the addition of several
definitions, as well as clarifications concerning LCA while applied to comparative
assertions and being disclosed to the public, and lastlyficdions concerning
system boundary definitionFinkbeiner et al., 2006)Table 2.6 presents a
compilation of the more levant events that led to the development and

standardisation of the LCA methodology.

After years of work, including effortBom stakeholders such as natural and social
scientists, as well as engineers and practitioners, the establishment of a quite well
accepted LCA methodology is observable. The resulting understanding of the
methodology is essential for the widespread application of LCA, and in turn a
relevant component for making sustainable development operaftdmakeler and

Rebitzer, 2005) Worthy of mention however, is also the establishment and

I mprovement of several sof tware tools an
cycle information. The last has assisted in the acceptance and widespread practice of

the methodology in companies, universities and rekeastitutions(BlancoDavis

and Zhou, 2014)

Governments all over the world in the likes of the European Union, the USA, Japan,
Korea, Canada, Australia and upcoming booming economies such as India and
China, among others, encourage the use of LCA, as the methodology has become a
core element in thesupport of environmental policy or in voluntary action
application. The popularity of LCA has spanned creatively to waste incineration,
building materials, military systems and even tourism; additionally, environmental
impact categories have expanded tolude complex impacts such as biodiversity

and noise. The above documents that LCA is thriving in application, breadth, and
depth(Guinée et al., 2011)
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LCA, which is sometimes termed as Environmental Life Cycle Assessitent
accentuate the environmental pillar from social and economic aspdtas
developed rathequickly over the past three decad€aiinée et al., 2011; Hunkeler

and Rebitzer, 2005)nerely from energy analysis to a comprehensive environmental
burden analysis in the 19706s and a full
(Guinée et al., 2011})o the inclusion of life cycle costing models in the 1980s and
1990s, followed by social LCA and comgential LCA in the first decade of thes21
century(Guinée etal., 2011) The first two, life cycle costing (LCC) and social life
cycle assessment (SLCA), were introduced by the need to properly assess
sustainability while encompassing its three fundamental characteristics:
environmental, economic and social agpe(Hunkeler and Rebitzer, 2005;
Weidema, 2006)

LCC which is defined as fAan assessment o
a product that are directly covered by any one or more of the actors in the product

lif e cycle (supplier, producer, user/consumer-@hrlife actor), with complimentary

inclusion of externalities that are anticipated to be internalized in the decision

r el e v a n(HunKelertandrRebitzer, 20Q5% considered an evolutionary factor

of LCA, that while haserved as complimentary, is not regarded as compulsory. The
development and practi¢es been very well documented Bgbitzer and Hunkeler

(2003) Swarr et al. (2011)Klopffer and Ciroth (2011)and most significantly by

Rebitzer (2005)n his PhD thesis work, exemplifying the application of LCC within

industrial uses.

While LCC considers economic implications in a life cycle perspective, SLCA aims

at facilitating companies to conduct business igoaially responsible manner by

proving information about the potential social impacts on people caused by the
activities in thereyer ep al.p2006§White Ghis Imayfbe cy c |
considered as one of the more recent evolutionary factors from LCA, it has gathered
guite a popular interestand it is being pursued strongly by the United Nations
EnvironmentalProgramme and SETAC, in a joint enterpriskntioned as eaylas

1996 byO O Br i e n e, signifidant wo(kd iBcRid®yeyer (20090 s PhD t hesi
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and subsequent papef®reyer et al.,, 2010a, b) Andr eas Jorgense
encompassindgJgrgensen, 2012; Jgrgensen et al., 2009; Jgrgensen et al., 2008)
among others, and ultimateBenoit and Mazijn (2010and BenoitNorris et al.

(2011) as the UNEP/SETAC partnership.

With regards to the UNEP/SETAC partnership, it is relevant to mention that it was
formally launched in 2002 and termed the Life Cycle atiNie. This international
initiativeds main focus was formul ated a
while improving the supporting tools through better data and indicators.
Consequentl vy, the I nitiativeoOstogoowangr es s
importance within European policy. In response to this, the European Platform on
Life Cycle Assessment was established in 2005, in order to promote the availability,
exchange and use of qualagsured life cycle data, methods and studies fepaby

for decision support within EU public policy and business. Worthy of note is that the

US employs the EPA to promote LCA similarly as ahaued that this widespread
encouragement has brought about various life elyaked carbon footprint standards

to be establishefGuinée et al., 2011)

While ISO (2006ahnever really mearto standardise LCA methods in detail, stating

t hat it her e i s no singl e met hod for co
developed and known as the SET-&@A approach based on a process model
assessment may be considered by many the matandardisedor common

approach. An additional method commonly used in the U.S. is the Economie Input
output assessment approach (BIOA), derived fromthe InputOutput Analysis

(IOA). The latter, @ vel oped by economi st Witilisés L eon
direct requirement U.S. economtablesithese arebased on industry reports to

Federal authoritigs and ultimately allow for the analysis of change in outputs
required from each activity to produce an output of a product for final consumption
(Weidema and Ekvall, 2009Basically, thed i n@ wtt pables@OT) or database,

currently developedby the U.S. Department of Commerce, represents data on

resouces extracted and environmerdacharges, tied to ecomic variables.

BlancaDavis, E., 2015 67



Literature Reviev

An 10T could become a powerful compliment to LCA practitioners, when the
information on average resources use and environmental emissions from each sector
are included in the database. In this ywne database can be used to estimate the
environmental interventions generated throughout thepstreamsupply-chain to

deliver a certan amount ofdifferent goods and serviced-innveden et al., 2009)
Hendrickson et al. (2006kerious supporters of the ELTA, additionally claim

t hat At he adv-OAtaEpwach i that it does noEne€l to draw any
boundary and so covetbe entire economy, including all the material and energy

i nputs. o The most visible disadvantage
fluctuating currency values to that of physical units, and its limited applicability in

different economies.

Moreover many LCA practitioners do not find the {0CA approach an attractive
alternative to procedsCA for detailed produetevel LCA, as its sector resolution is
much too coarse for major LCA applications such as raw materials selection and
process redesignAs aresult, what emerged was a hybrid technique which combines
the advantages of both procdsSA and IGLCA, which has become widely
acknowledged by LCA practitioners during the late 1990s and early 2000s
(Finnveden et al., 2009Both the environmental inpatutput based LCA (EIO

LCA) and the hybrid LCA, may be considered to have certain contradictions with

regards to the Isic principles found in the ISO standaf@iinée et al., 2011)

Consequential LCA, as mentioned briefly, is anottedevant distinction worthy of
mention between types of LCA. As explained 8QIC and Q@rran (2006)and
Rebitzer et al. (2004 pattributional LCA seres to describe a product system and its
environmental exchanges, while consequential LCA serves to describe how the
environmental exchanges of the system can be expected to change as af result
actions taken in the system.

While Weidema and Ekvall (200%eemingly argue thavery decisiorsupporting
LCA will be ultimately underlined as consequential, due to having further

consequences in external systdmsause ofhe actions or dedsns undetaken by
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the assessment; the main difference is that attributional LCA will account for flows
and/or impacts of pollutants, resources, and exchanges among processes within a
chosen temporal window, while consequential LCA attsnigp account fothe flows
and/orimpacts that are caused beyond the immediate system in response to a change
to the systen{SAIC and Curran, 2006 he reader should notkat the work herein

utilises the more common LCA approach, under the attributional distinction.

Current developments highlight CA evolving into Life Cycle Sustainability
Analysis (LCSA) which according t@&uinée et al. (2011% a framework which will
broaden the scope of current LCA from mainlywieonmental impacts onlyto
covering all three dimensions of sustainability (people, planet and prosperity, i.e.
social, environmental aneconomicaspects). Other current work woytbf mention

Is uncertainties within LCAFinnveden et al., 2009)isk-based LCA(Benetto et al.,
2007) and dynamic LCACollinge et al., 2013)among otheréGuinée et a).2011)
lastly including the ever developingfinement of impact assement methods, both

in the midpoint and ermbint categories (not further expanded herein, but properly
explained byGuinée et al. (2002and SAIC and Curran (200%) including
multimedia approach for assessing potentially human and ecotoxic emigsions.
interesting prospect with regards to the last is emphasisderibghknecht et al.
(2013) with relation to the impaataused by alien invasive species, which remains

yet to be framed within the LCA framework.

2.5.2 LCA application within shipping and shipbuilding & repair

While not an alinclusive listing, thefollowing section is aimed at offering the
reader a reference into some of the published works that encompass the application
of LCA i or another methodology within thide cycle perspectivie in relation to
shipping, shipbuilding and/oshiprepair. The reader should note that while
traditionally the practice of the life cycle perspective or specific LCA
implementation has been somewhat passive within the shipping indastopposed

to othersimilar industries (e.g. car manufacturingin these recent years there has
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been a surge of interest in analysing various parts of the shipping sectandsd

a life cycle perspectivéBrynolf, 2014)

With regards to the application of life cycle perspective methodologies in relation to
shipping, arguablythe most prolific authohas been Progsor Annik Magerholm

Fet. Her worksare comprised extensively amorgnvironmental engeering and
management practicets, evencorporde social responsibilityAs early as 199@he
authorproduced a study implementing LCA and LCC on a Platform Supplge¥es
some of the key findings of the study include the emphasis on minimising emissions
to air during the operation of ships (i.e. emissions from fuel combustion), as this

represents a major contribution to environmental im(feet et al., 1996)

Another relevant work, also highlighting the operational phase of ships as the main
contributor to most environment al i mpact
ARScreening Life Cycle Assessment of M/ V
valuable LCA report of a RoHon/Rolloff (Ro-Ro) passenger vessebemarkably
encompassing the construction ascrappingphases of thdifespan of theship

(Johnsen and Fet, 1998)

The abovementioned work involving the RRo passenger vessel consists of the
description of an LCA model for this particular shipistmodel is utilised withithe

work hereinas atemphte and development model for subseqeaststudies which

will be further explained aheadllso utilised herein iget (1998) s def i ni ti on
system life cycle of a ship, which includes four main phases: planning, construction,
operation/maintenance, and gapang. The LCA modelling in this work will include
construction, the separation of operation and maintenateénia different phases,

and lastly scrappings consequently described

Of relevance is that Fethile encouraging the application of the 13@000 standard
series on environmental manageméaisalsoproposed other tools for shipping and
shipbuilding aside from LCA (e.g. Environmental Accounting, Environmental

Auditing, Design for the Environment, and Environmental Performance Evaluation,
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amang others)Fet, 1998) Similarly, the collection of work&et (1999) Fet (2002)
Fet (2003) andFet et al. (2013jt hi s | ast i ncluding a comb
life cycle designk, expand on these tools to offer timeds of environmental

indication and efficiency reporting.

On the above works,avr t hy of menti on 1 s develepmanit hor 0
anduse of Environmental Performance Indicatonostlyas a way to benchmark an
organi sationds performance against one a
ships in the context of environmental indication and eneffigiencyreporting and
interpretedas a basis to what will be further underlinadhis work Nevertheless,

the context used by Fet, or ot her aut he
potential of LCA as an indicator of environmental performance for ships, is not
similar to the context proposed here@iher relevant works bghe afoementioned
academidncludeFet and Sargard (1998et and Michelsen (200ndFet (2001)

A mention of fishing vessels, as well as LCA and LCC implementation is included in
Ellingsen et al. (2002and Utne (2009) respectively. The former, also-eothored

by Fet, is an effort to include LCA software tools in the design stage, while
specificallydocumenting a fishing vessel case stutig, papeultimately concludes

that the application of theéool could be useful for ship designers, yards and
shipowners, whilealso highlighting the need for developing better LCA databases
with relation to ships. The lattenterestingly presents a relation of LCC and the
social dimension of sustainability apgdi to the life cycle of a fishing vessel.

Another significant workconcerning ship designasbeen presented hjivén et al.
(2004) The authors summarise a Swedish project undertaken from 2002 to 2004, in
which the mairobjectveswereto establish methods, tooknd collect datan order

to be able to perform analyses of LCA for ship transport. Ultimately a software tool
termedLCA-ship was developed, aimed at implementing LCA and energy analyses
on vessels and ship transportation, but unfortunately thentistate of the tool is

unknownand not publically disclosed.
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A few studies with regards to alternative power sources are alshywafrimention.
Alkaner and Zhou (2006¥or example,produced an LCA congrative assessment

on molten carbon fuel cellgersus diesel engines; one of thg Kiedings was that

the manufacturef the molten carbon fuel cell components, including the Igupip
materials anenegy for productionwas significantly higher with regards that of

the diesel engine. A similar paper $irazza et al. (2010fommenting on the aof
onboard solid oxide fuel cells instead, relevantly emphasised that the application of
LCA was useful as a decision making tool for process selection and environmental

improvement.

In the other handSelma Brynolf, née Bengtssohas carried out a numer of
relevant works concerning the environmental assessment of fuels within marine
applications, namely the followinggengtsson et al. (2011Bengtsson et al. (2012)

and Bengtsson et al. (2014 ltimately Brynolf (2014) in her PhD thesis work
remarkablyconcludes among other deductions, that there is a large potential to
reduce the environmental impaitom shipping through a change of fuels and/or

through the use of exhaust abatement technologies.

With regards to the assessment of marine technologies, the pap€&rabbyas
Basurko and Mesbahi (2012pdBlancoDavis and Zhou (2014re worthy of note.

Both of the papers underscore the assessment of ballast water treatment systems;
however, the former highlights a methodology to encompass social sustainability
assessment complementing the other two pillars (i.e. envirdaimamd ecoomic
aspects)while the latter significantly concludes that LCA is a beneficial tool for
shipowners and fleet managers, to use in selecting a design associated with the
lowest environmental impacts. In additidBlancoDavis et al. (2014apresent an
interestingLCA study regarding the benefishownin retrofitting a fouling release

polymer coating systenover a conventional antifoulingaintscheme.

Other relevant workscontaining LCA applications within shipbuilding and ship
operation are as followsiayman et al(2000) Kameyama et al. (2005Kameyama

et al. (2007) andTincelin et al.(2007) More recehwork similarly related to ship
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operation and shiprepair, nevertheless, is encompassed within the framework of the
ECFP7col | aborative R&D project named AECcO
and processes for shipbuilding industry promoted by EuropepaiR®h1 i py ar ds o,
short EceREFITEC Among many objectives, the E®EFITEC project
documented the use of LCA as a relevant tool not only for shipowners and fleet

managers, but also potentially advantageous for ship designers and shipyards.

The project overview and some of its main results are includeeliCastillo and
BlancoDavis (2012)anddel Castillo et al. (2014)yespectivelyRelevant to the Eco
REFITEC project as wellKoch et al. (2013)present a simulation solution
encompassing environmental and economic aspects for the assessnrarinef
retrofits. Other significant documents from the project inclu8lancoDavis
(2013a) BlancoDavis (2013b) BlancoDavis (2014) and BlancoDavis et al.
(2014b) these will be further explained and referenced herein, as elements from the

former are relevant to thiwork.

In summary, the aboveeportsthe growing increase in application of life cycle
perspective methodologiesand specifically LCA, within the shipping and
shipbuilding and repair industrworthy of note as well is thatery likely, additional

LCA appraisalshave been performed butemained undisclosed, as they have
probably served as whouse company practices; the increasexerciseand the
subsequent publicationith regards to these approachesuld bean added benefit

to the shipping sectoi.astly, the reader should refer &rynolf (2014) for an
alternatditeraturelisti n g , more in relation to the au

complementary nevertheless.

Table 2.7 presents amverview listing of the literature refences mentioned in this

section.
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Table 2.7: Overview reference of some of the publicly avéable works implementing Life cycle
perspective/LCA in relation to shipping, shipbuilding and repair

Topic Author(s) Title
Fet et al. (1996) Environmental Impacts and Activity Based Costing during Operation of a Plat
Supply Vessel
ﬁ Johnsen and Fet (1998) Screening Life Cycle Assessment of M/V Color Festival
2 Fet (1998) ISO 14000 as a Strategic Tool for Shipping and Shipbuilding
® Fet and Sergard (1998) Life Cycle Evaluation of Ship Transportation Development ofMethodology and
@_E’ Testing
Q8 Fet(1999) Environmental management tools and their application: a review with reference to
g studies
% Fet and Michelsen (2000) Life Cycle Assessment of transport systems
P Fet (2001) Cleaner Production and Industrial Ecology
5 Fet (2002) Environmental reporting in marine transport
Fet (2003) Eco-efficiency reporting exemplified by case studies
Fet et al. (2013) Systems engineering as a holistic approach to life cycle designs
Haymanet al. (2000) Technologies for reduced environmental impact from ships: Ship building, mainte
CC;, g - and dismantling aspects
‘g % .2 Jivén et al. (2004) LCA-ship, design tool for energy efficient ships, A life cycle analysis program for sl
T = g Kameyama et a{2005) Development of LCA Software for Ships and LCl Analysis based on Ac
g3 9 Shipbuilding and Operation
0 g Kameyama et al. (2007)  Study on Life Cycle Impact Assessment for Ships
Tincelin et al. (2007) A life cycle approach to shipbuilding and ship opierat
o, Ellingsen etal. (2002) Tool for Environmental Efficient Ship Design
Egg Utne (2009) Life cycle cost (LCC) as a tool for improving sustainability in the Norwegian fist
h fleet
_ o Alkaner and Zhou (2006) A comparative study on life cycle analysis of molten carbon fuel cells and diesel el
=2 8 for marine application
< 3§ Strazza et al. (2010) Comparative LCA of methandlelled SOFCs as auxiliary power systemsboard
ships
® Bengtsson et al. (2011) A comparative life cycle assessment of marine fuels liquefied natural gas and thre
T fossil fuels
® Bengtsson et al. (2012)  Environmental assessment of two pathways towards the use of biofuels in shippin
£ Bengtsson et al. (2014)  Fuels for short seahipping: A comparative assessment with focus on environme
[ impact
= Brynolf (2014) Environmental Assessment of Present and Future Marine Fuels
0 Cabeza$3asurko and Methodology for the sustainabiligssessment of marine technologies
o & & Mesbahi (2012)
£ ‘—g £ BlancaDavis and Zhou LCA as a tool to aid in the selection of retrofitting alternatives
g £ 8 (2014)
g —~ BlancoDavis et al. Fouling release coating application as an environmentally efficient retrofit: a case
~  (2014a) of a ferry type ship
del Castillo and Blanco ~ Eco Innovative Refitting Technologies and Processes for Shipbuilding Industry: P
Davis (2012) Overview
©) Koch et al. (2013) Analysis of Economic and Environmental Performance of Retuditsg Simulation
w BlanceDavis (2013a) LCA Tool and User Manual Guidelines
E LCA prototype modelling
4 BlanceDavis (2013b) LCA for EcoREFITEC selected cases: Report of implementation of LCA for shipy
8 including owner costs and results of case ships
E BlancaDavis (2014) LCA impact assessment of greening existing fleet: Potential environmental impact
o technological ecannovation for greening existing fleet
g del Castillo et al. (2014)  Eco innovatve refitting technologies and processes for shipbuilding industry: Pr
i} results

BlancaDavis et al.
(2014b)

Energy efficiency optimisation, through the use of an absorption cooling sy
onboard fishing vessels
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2.6 Concluding remarks

The following are the most significant remarks comprised in the chapter, and
underscored in the formofballt poi nts for the reader o6s e

7T 1 MO, as s hi p patorydady, ismeaponsibler od stayihg in the
forefront of marine environment protection, as wellpasactively liaising

with international environmental protection bodigsch as the UNFCCC.

1 Regulatory requirement to state shipping efficiency in terms of an

environmental context was expresé§sdMO as early as 2003

1 As early as 2005, the IMO offered the firship energy efficiency and
environmental performance metrior existing shipsThree years later, the
first IMO-based environmental performance metric aimed at improving ship

designwas offered.

1 International kipping corresponds currently to 3% of the global GHG
emissions total. AdditionallyGHG emissions from shipping are likely to
keep increasing in the future, due to the anticipated demanchddtime

transport

T July 201106s amendment underime tMARPI @E 6 s AT
new ships, and the SEEMP for all ships, as mandatory since Jarijary 1
2013. It is regarded as the first ever global and legally binding instrument,
underscoring energy efficiency regulations for any industrial sector.

1 A 1° to 2°C increase in global mean temperaypeses relevant risks.

Therefore, a requirement tower andstabilise GHG concentrations in the

atmospheras in order to prevent climate change impacts.
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1 There is a relevant potential for GHG reduction, fotimebugh a range of
technical and operational measures currently, or -tote availablé®.
These, together with the implementation of suitable policies, are regarded as

a competitive instrument to mitigate increasing emissions.

1 There is a current seriougend for industry sectors to decarbonise.
Alarmingly, the shipping industry could represent up to 25% of the global
CO, emissions totain 205Q if the required technological measures and
enticanents are not in place, to allow for suitable decarbonisaifothe

maritime sector.

1 The EEDI has been summarisecaagnergy efficiency requirement level for
new ships, which reflects the theoretical design efficiehdgpending on
ship type and siZze and ultimately aimed at stimulating continuous technical
development of all the components which influence the fuetieffty on a

ship.

1 By regulation, the attained EEDI shall be calculated for all ships of 400 GT
and aboveAlso, the attained EEDI must be equal to or less than the required
EEDI for that ship type and size. Consequently, the required EEDI will
gradually ke reduced by specified per cergach five years, based on the

initial value (Phase 0).

1 The Ship Energy Efficiency Management Plan, in short SEEMP, is aimed at
providing a potential approach for monitoring and optimising the ship and
fleeti operational efficiency performance over time.

1 IMO endorses the use of the EEOI, as a voluntary indicator applicable to the
SEEMP. The EEOI will enableperators to measure the fuel efficiency of a

ship in operation

10These measures are not mentioned herein, since they are outside the scope of this document. The reader should
refer toBuhaug et al. (2009pr more information.

BlancaDavis, E., 2015 76



Literatur e Review

1 The main difference between thi€EDI and the EEOIs that the former
measureslesignefficiency, while the latter measures operational efficiency.
The design efficiency reflects the theoretical efficiency of a newbuild vessel,
based on the owdf-the-box state of the engines and equipment, and including
the overall ship designOperational efficiency is described by taking into
account the actual ship fuel consumption under operational conditions, and
the transportvork carried out

1 Aside from the regulatory energy efficiency measures, other metricssare al
available ivoluntary in naturg, but nevertheless aimed similarly at
improving the efficiency of the vessel, and ultimately of the fleet. Some of
these are available commercially, while others arBomse developments

used within owner and/or operamympanis.

T It I's interesting to underline the EC
MRV methodology, which is able to provide consistent data with regards to
GHG emissions from shipping. It is also relevant to point out that in the long
term the MRV isaimed at addressing all emissions, including,30Dy and
PM. The above can be related to LCA, as a consolidated methodology that

can offer a consistent account of GHG xSKOx, and PM.

1 The discussion to the difficult task of striving to apply a simpme€formance
metric for different sections of the fleet, i.e. newbuilds and existing ships, has
been presented he reality of the current regulatory metrics is that they are
not only aimed at separate sections of the fleet, i.e. newbuilds and existing
ships, and that they measure efficiency differently, but they additionally
produce scores that while may have the same unit, e.gz/@@NM, are
not originally designed to be equivalent within one another EEDI g

EEOI).
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1 The gapscarried forward by the availablgerformance measures underline
the issues of applicability within the different metrics (e.g. newbuilds and
existing vessels), the incomparability or pegquivalency of the scores
between them, the egoing discussion of asingle metric approach, and their
partial coverage and applicatiorhus,an evident opportunity for the use of a
standardised performance mealhes emphasised. LCAould serve asa
supplementargnvironmental performance metric, while showing indication

of compliance and support to the current regulatory framework.

1 A brief summary of the background of the LCA methodology, aimed at
providing the reader a historical reference of its development, as well as a
context in which it is documented that LCA is widely accepted and practised,
was presenteddcademic and industrijterature reference has been provided
in an effort to evidence thase in interest of the application of life cycle
perspective methodologies and LOA relation to shipping, shipbuilding and

shiprepair.
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3 Approach Adopted

3.1 Intr oductory remarks

This chapter will comprisehreemain sectionsThe first is aimed at mentioning the
basics of the LCA methodology, while the next one will address the context in which
LCA is applied hereinandadditionallyexpand orcertain elements with regards to
the devel opment nmwodel. Thé Bst sdtionpwslidentall @Ariaf
discussion with regards to the advantages and disadvantages of the LCA application
relative tothe EEDI and EEOI.

As mentioned previously, is havithin the aim of this work to go further into the
description of the LCA methodology, as there adousavailableresources that do
just that. Therefore the reader is encouraged to refer to some of the works mentioned

in theLiterature Revievchaptey to complement their own documentation.
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3.2 Basics of LCA

There are two current regulatory LCA standards, developed by the International
Organization for Standardization (ISO), which define the concept and describe the
methodology, respectively: the ISOD and the ISO 14044S0O, 2006a, h)ISO

14040 defines LCA as a method which fad
potential environmental impactstrg hout a productds | ife ¢
acquisition through production, use, ewidife treatment, recycling and final

di s p @S0a200ba)

Life Cycle Assessment (LCA) , which is al
cycle analysisdé, oOlife cycl éEappalbachéd,
methodology which involves several techniques in order to evaluate certain &spects
mostly environmentélof a process, product, service or system, through all stages of

its life cycle, in order to efficiently assess any resulting p@kemnvironmental

impact(BlancoDavis, 2011)

Simply explained, the methodology aids in compiling and evaluating the inputs and
outputs, and the potential environmental impacts of a product system, during a
pr oduct oREInterndtienali20i&)but more significantly, it is characterised

by including impacts not often considered in traditional analysis, for example raw
material extraction, material transportation, ultimate product disposal, and etcetera
(SAIC and Curran, 2006)

In summary, the standardised LCA methodology is based on a process model
assessment, which includes a thorough inventory of resounputs and
environmental outputs (i.e. input and output flows), while also calculates mass and
energy balances, and evaluates potential environmental ddkade et al., 2013)

LCA offers an alinclusive view by means of a holistic approach, and thus a more
detailed representation of the actual environmental ipfiderelated to a process,
product, service or system. One of the most relevant benefits of the methodology,

comesfrom serving as a decision support tool, in order to assist in the selection of a
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process or product, and ultimately advantageous in favour of choosing the least

environmental burdensonfBlanceDavis and Zhou, 2014)

The abovementioned input and outptlowsare consideredselemental flowsinder

the LCA methodol ogy, and are defined as
being studied that has drawn from the environment without previmusan
transformation, or material or energy leaving the system being studied that is
released into the environment w(ilSOh o ut
2006a) Koch et al. (2013Qdescribe the above as flows that enter the technosphere

(i.e. the system being assessed) from nature, such as resource flows (e.g. iron ore);
and flows that leave the technosphere system to nature as emissions, whether they

are directed to air, water and/or soil.

Currently, the methodology is commonly employed foo twain purposes: to assess
the potential environment al Il mpacts of
history and forecast, in order to generate its environmental score; while the other
purpose is to assess the product versus an alternativeingmak pragmatic
comparison among the available optigB&ancoDavis and Zhou, 2014)n either of

the two, the comprehensive view offered by LCA, strives to prevent the potential
underestimabn of overlooked impacts, commonly found in transportation and

ancillary processes, among others.

Additionally, LCA can identify potential impacts shifting from one life cycle stage to
another, e.g. from use and reuse of the product to the raw matguaiaon phase,

as well as recognising the transfer of ecological impacts from one environment to the
other, e.g. eliminating air emissions by in turn creating a wastewater efft®i@

and Curran, 2006)Another relevant benefit comprises the capability of quantifying
exchanges to the environment, relative to each life cycle stage; this valuable
information can also be linked to factors such as costsparnformance data for a
specific process or product, assisting in the design and enhancement @@lanch

Davis and Zhou, 2014)
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Nevertheless, the methodology is also prone to certaimanheisadvantages; for
example, it is known to require intensive data gathering, which could be potentially
expensive and timeonsuming. Also, compiling all material and energy data for
each inclusive process is impractical; thus, the methodology aaillsprioper
boundary setting to allow the assessment of extensive systems. Both boundary
setting and data gathering can influence the results certainty; e.g. by erroneous and
subjective adjustment in the first, and by lack of quality and/or availabilithen t
latter (Koch et al., 2013)

The methodological framework of LCA consists of four phases. The relationship

between each phase is showrrigure3.1. These phases are:

1. Goal and scope definition: the scope as well as the system boundary and level
of detail are defined within this phase. The goal, for example, will be
particular to the subject and intended use of the study; thusepth dnd
breadth of an LCA will vary accordinglySO, 2006a)

2. Life cycle inventory analysis (LCI): it comprises an inventory of the input
and output data with regard to the system being assessed. It also involves a
collection of the required data to meet the needs defined previously by the
goal of the studylSO, 2006a)

3. Life cycle impact assessment (LCIAhet purpose of this phase is to provide
addi ti onal i nformation to help assess
to offer a clearer understanding of their environmental signific{I®@,
2006a)

4. Life cycle interpretation: the final phase comprises the results of an LCI or an
LCIA, or both, summarised and discussed as a basis for conclusions,
recommendations and decisioraking in accordance to the previously
defined goal and scope of the stt§O, 2006a)

Worthy of mention is the iterative relationship between the phases of an LCA,
represented graphically by the doubleow feature n Figure 3.1. This could be

better explained when, for example, performing an impact assessment it becomes
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clear that information is missing or erroneous, which would in turn mean that the
inventory analgis phase must be improved, and could also include revising the goal
and scope of the study. In this form, the methodology is enhanced through its own
procedure, while maintaining a clear and consistent formulgBtancoDavis and
Zhou, 2014)

Goal and scope
definition

Inventory Interpretation

analysis

Impact
assessment

Figure 3.1: Life cycle assessment framework, phases of an LCASO, 2006a)

With regards to the goal of an LCA, as mentioned previously, the primary goal is
usually to choose thmost evidenproduct, process, or service with the least effect
on human health and environmd®AIC and Curran, 2006)Secondary goals can
include information to supporénvironmental appraisals, to develop a baseline
database for a product or system, to support public policy or product certification
such as EPDs (Environmental Product Declarations), and et¢BtareoDavis and
Zhou, 2014)

The scope definition includes an explanation of the boundaries of the study, in which

it is defined what is to be included in the system, characterised by the type of
information and thdevel of detail It is determinedas well, whether one, a few,
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several, or all of the stages of a product are to be included within the scope of the
assessment (séegure 3.2 for a summary of the ages of a product). The required
accuracy of the results, the available time and the resources of the study are also

described.

Raw Materials Acquisition |

The process of transportation of these materials, from the
point of acquisition to the point of processing is included
here.

The life cycle of a product begins with the removal of raw
materials and energy sources from the earth.

Manufacturing |

This phase involves the activities which convert raw This phase also accounts for the environmental impacts
materials into a form that can be used to fabricate a caused by any mode of transportation during production,

product. package and distribution of the product.

Use/Reuse/Maintenance

Energy demands and environmental wastes, including any
outputs generated by maintenance, are included. When the

product reaches its life end, it is recycled or disposed.

Once the product reaches the consumer, all activities
associated with the life and uses of the product are included

here.

Recycle/Waste Management

The recycle/waste management stage include the energy requirements and environmental wastes associated with the
disposal of the product or material.

Figure322. The four main st agéBanceDavisa2dd)r oduct éds | i

During the LCI, data gatherinirlassified often as the most work intensive part of
the life cycle assessméntis required to specify information on single processes
within the life cycle system and quantify elemental flows. The type of data, lkowev
can be of the quantitative or qualitative type, and is normally presented in a table
listing all material and energy inputs and outputs for the system being appraised.
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These data is often classified under energy inputs, raw material inputs, product

wagdes, emissions, and etcet¢BdancoDavis and Zhou, 2014)

The data, which has served to quantify elemental flows, is classified during the
impact assessment under various impact categarte$uather characterised, i.e. the
relative effects of the resource consumption and the resulting releases are calculated.
GHG emissions, for example, are aggregated into a specific impact category relative
to global warming potential. This phase resuitsniore concise information, which is

easier to interprgBrynolf, 2014)

Lastly, the specific mults to each appraised system are compiled and interpreted, in
order to draw conclusions, identify limitations, and make recommendations
regarding, for example, which product is the least burdensome to human health and
environment. The interpretation pleaalso offers the opportunity to describe specific

areas of concern, or areas with potential for redesign and improvement.
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33 Shipsdé |ife cycle model

3.3.1 Introduction

When taking into consideration the lifetime of a shg period that usually spans
from 25 b 30 years for a common commercial vesséiere are various relevant
phases which need to be underlined. These phases have been previously defined by

Fet (1998) and aresimilarly portrayedoy Figure 3.3.

System Boundary Ship Operation
Ship Building Utilisation Ship Ship
Raw : Maintenance 5 i
-Manufact Crapping
B |:> anufacturing ED' [:> E> _
Acquisition Processes -Recycling
q -Transpor‘tation -Reuse
proceses, etc. -Waste Mngmt.
N/
ﬁ Emissions
Resources -Air
-Materials -Land
-Energy -Water

Figure 3.3: Main phases within the life cycle of a ship

In order to assess the potential resources consumed and the emissions emitted by a
specific ship, a baseline LCA model is required. This model neddatiarethe type

and trade of the ship, and emphasise on
significant period of time (e.@ year; his grants the possibility to extrapolate results

to an assumed lifetime @&.g.25 or 30years, in order tassesshesh p6s whol e |
cycle). The last underscores thtite @erational profile of the shipincluding its

consumption parametérsand any additional information from the construction
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phase to the assumed eufdife scenario, provesltimately essential to delop the

shipds | ife cycle model

Once the baseline LCA model is developed for a specific ship, the potential
environment al I mpact s atipmalopobifileccandbe asgesseédh e s h
this by accounting for the environmental history of the shipwaB as being able to
extrapolate to potential future impact&ny difference with regards to the most
habitual behaviour within the operational profile of the ship, can now be assessed
against the previously calculated baseline model (e.g. the switow-&ulphur fuel)
(BlancoDavis, 2013a)Significantly, the above comparison alsiers the endiser

the possibility of adjusting rel@nt operational inputs relatéolthe original systems

Tor even applied retrofits in order to improve the calculated future environmental
scores of the assessed systert{®ch et al., 2013)The above is also applicable to

the building phase of a ship, tine case of ship rdesign and systeenhancement.

Therefore in order to have a full cradle-grave environmental assessment of a

specific ship, the most relevaphases of its life cycle need to be includsat

calculated e.g. ship construction, ship operation and maintenance, and ultimately
ship decommi ssioning or scrapping. The o
the |l ongest ph aotldife spanr Dunng its bperatiorsal tife, p vessel

emits effluents, harmful gases, and generatesoals of wastes from its operational

activities and consumables. The operatiopalase additionally dominates the
contribution to greenhousgas effects, adification, andhuman and ectoxicology,

among other impact categorig=et and Sgrgard, 1998)

The operational profile of the assessed vessel(s) needs to be defined, in order to
determine thedemand of consumables for theaffective operation in different
operati onal scenari os. Furt her mo ralso, t he
requiredin order to appraise the consumption quantities encompassing the various
consumables, and ultimayebssess the emissions resulting from the operational

period under assessmefhe data needed for the development ofojerational and
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maintenance phase of th€A model can be broadly classified within the following

categores:

Vessel equipment speiétions
Vessel voyage(s) information and defined operational profile
Consumable supplies for typical operations

Maintenance and repair data

ok~ 0N PF

Wastes and additional effluents generated from operations.

Aside from the above mentioned categoiiesich are futher explained blancc

Davis (2013a)f or t he r e d,daayrdata with eefjaeds ® niadisposal
and/orrecycling of the waste generated from ship operations, both onboard and
onshore, is of great relevance. This may include any specific procedures or
guidelines to treat slops, garbage, plastic wastes, sludg®e, ewt and replaced
spares, and etcetera.

The construction phase is of great importance as wel; phasewill encompass

major productionoperationsin shipbuilding and repair to the likes of cutting,
welding andpainting among others. All of these argevantoperations, whicimay
represent significant environmental impacts to air, land and v&aér.Johnsen and

Fet (1998)andBlancoDavis (2013apffer guidance with regards to the development

of the processes relative to shipbuilding and repair, and the data needed for the

establishment of this phase of the LCA model.

Lastly, and often the hardest gleato formulatei due to the often scarcity of
informatiori, is the enebf-life phase or ship scrapping. Any potential
decommissioning information related to the case vessels, whether provided by sister
ships, for example, or other sourdescluding othervessetd end-of-life scenarios,

are required in order to strive to develop a realistic-shippping phas&Vhile not
all-inclusive, a practical datgathering list for the abowmentioned phases is

included for t hdeappenddxdder 6s reference in
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332 Building the shipsd6 LCA model

For the purpose of this work, the GaBi 6 software {@G&dBi, 2013)will be utilised

to aid in the devel opment of the ships
environment al assessment of t he vessel
released. GaBi 6 is a software package for comprehensive life batdéaces,
permitting i aside from the environmental aspedhe assessment of technical and
economic impacts of products, services and systéaisinternational, 2007)

Worthy of mention is the additional use of the GaBi Professional Database, which
contains varios LCI results for common manufacturing and indugtrgctices and

thus helpful in reducing the data gathering procedure for commonly required

processe¢PEInternational, 2013)

Main Plan

== Sub-
Process Protess Process~Plan 2

. _Process < :
J
“~”Process < % Process Sub-Systeﬁi 2

Figure 3.4: Modular structure of processes and plangPE-International, 2007)

Ganzheitliche Bilanzierung (German for holistic balancing), in short GaBi, works in
a modular framework, which consists of plapscesss and flows which function

in an integratedinit(s) (seeFigure 3.4). One of the main advantages of the tool is
that it automatically tracks all material, eggerand emissions flows, with the aim to
analyse, summarise, and account for in various environmental impact catéiggries

International, 2007)Ultimately the user is able to see the representation of a model
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in a flow-diagram stylgseeFigure3.5), i.e. withplans and/oprocesses represented

as boxes, which have flow inputs and outpwadditionally representing material and
energy inputs and outplitscoming in and out ofheseboxes This is particularly
helpful to keep track of resources and emissions resulting from a single process, or a
combination of these.

Life Cycle of a Generic Vessel (FRC) p

Gt process plan; Mass [eg)
Thee names of the basi processes are shown,

iship Constructicn pxel]

L.ZE00T kg

"Ship Operation pel 'gshp Maintenance peif

126007 kg

128007 kg

"ship Serapping pe

Figure 3.5: Ship LCA model representation with a reference flav of kilograms of steel

Take forinstancethe graphical architecture of the GaBi softwareFigure 3.4,
similarly represented ifrigure3.5, under the example of the life cycle of a ship. The
last includedlifferent phases, such as construction, operation, maintenance and end

of-life or scrapping. The modular architecture from the software permits to have
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plans inside of plans; this in turn assists in organising and accounting for the
different life phasesf the system, but it additionally isolates a phase in the required

case of individual phase appraidalf one were to open ,the 0S
for example an additional module including other plans and/or processes comprising

the constructionipase would pop up as a graphical representatior~(gaee3.6).

Life Cycle of a Generic Vessel (FRC) p

G4 process plan; Mass [kg]
Thee names of the basi processes sre shown,

i=hip Corstruction pxal’

“#:. Ship Construction [Manufacturing] -- DB Plan I.ﬁj Elﬂlﬂ_hj

Object Edit View Help

DM 2BREXIE - |PP s aeeeQ

Ship Construction  p selection: Ship Construction ¥ |2
Gaki process plan; Mass [kg]
Tha rames of the basic processes soe shown,

m

Hull pel i810-27: ship pxIF’
i "Aesembly EB <u-g0>

ship SE006 kg p®l°
inceammedation pel
5 FE006 ky
“Machinery pel]
1E006 kg

"Equipment for carge  p @l |

kg =nzrqy for ehip secemrb v ot P

secountes for

] 1 b
System: Mo changes. Last change: System, 11/03/2014 16:20:31 GUID: {7289c...

Figure 3.6: Ship construction plan inside the mainShip LCA model

A user could keep going further and ope
which in turn would open other modules encompassing thereiff processes which
form these plans. Again, this is rather helpful in order to track the balamce gy

and material inputs and outputs throughout the entire system, but additionally offers
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the edge of pinpointing the potential fplan and/orprocess desigimprovement

once the overall environmental picture is appraised. The above also serves to
evidence the magnitude of the assessment of a system as comfilak afsaship,

which includes several unit processes within plamsl ultimately differentnajor
phases along its life cycle.

Figure3.7 shows theoperational phase of théip LCA model While it may seem a
simpler phase in comparison to others within the model, e.g. construction and
maintenancé which comprise many unit processethe operational phase is one of

the more significant throughout tlemtirelife of a vesselas mentionegbreviously,

due to the relevant exchanges related to resources and emissions consumed and
generated, respectivelyhe plan is comjsed of two processeene that is meant to
resemble the consumption of Heavy Fuel @ibughout the driven requirements of

the remaining process, which is meant to resembleslbetriaty generation and

propulsion requirements of the ship throughout the defined period of time.

Ship Operation p
GaBi process plan: Mass [ka]
The names of the basic processes are shown,

*E-27: Ship Propulsion & pX =
Generation EB <u-so>

EU-27: Heavy fuel oil at i
refinery (1.0wt. % 5) PE

4.6E008 kg

Boiler consumption and emission
disregarded.

Figure 3.7: Ship operation plan inside the main &ip LCA model

The O&éship propulsion & gengpadaandidateato pr oc
evidencethe formulation of a process within the modeigure 3.8 shows apartial
screenshot of thé i n s i d @rocesgihcluding the definition of the parameters

that will tailor the behaviour of the process, as well as the inclusion of the inputs and
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outputs which are additionally influenced by the already defined patars. In
summarythe screenshot iRigure 3.8 depicts the formulation dhe consumption of
HFO as an input, influenced by a defined parameter induainonsumption factor
(e.g. 0207 kg/kWh for diesel consumption), dnn turn a numbeof releases
considered as opwty, similarly influencel by parametersunderlining further
emission factors (e.g. 0.671 kg/kWh for £&nission among otheps®.

Mame EU-27 + Ship Propulsion & Generation
Parameter

Parameter  Formula Value Minin Maxi Standar Comment, units, defaults

(Energy_per_life +energy_p_life_2)*0.00036  7.99E005 CO emission factor 0.36 g/kwh, CO emission
co2 (Energy_per_life +energy_p_life_2)*.671 1.49E009 CO2 emission factor .671 ka/kWh, CO2 emis:
diesel_cons  (Energy_per_life +energy_p_life_2)*.207 4,6E008 Diesel consumption factor . 207 kg/kwh, digs
energy_p_life_ years_of _life*energy_p_yr_2 1.02E009 Energy produced by the gen sets during lifet
energy_p_yr_no_of_eng2*eng_pwr2*no_of_hrs2*pct_of_time 4.08E007 Energy produced by the generator sets per
Energy_per_liiyears_of_life *energy_per_yr 1.2E009 Energy produced by the prop engines during
energy_per_yno_of_engines *eng_pwr *no_of_hours *perct_of 4.81E007 Energy produced by the propulsion diesel en
eng_capl 0.69 0%  Engine Power Capadty while steaming, defa
eng_cap2 0 0%  Engine Power Capadty at port, default = 0.2
eng_cap3 0.78 0%  Gen SetPower Capadty while steaming, def:
eng_cap4 0 0%  GenSetCapacty at port, default = 0.85
eng_pwr 1.15E004 0%  Maximum power of propulsion engine kW], c
eng_pwr2 1.15E004 0%  Maximum power of generator set [kW], def=
Fuel_oil_sludg (Energy_per_life +energy_p_life_2)*.0012 2.66E006 Sludge factor 1.2 gfkWh, Sludge waste [ka]
Hydrocarbons (Energy_per_life +energy_p_life_2)*0.0001%  4.22E005 HC emission factor 0.19 g/kwh, HC emission
no_of eng2 3 0%  Mumber of generator sets, default = 5
no_of_engines 4 0%  Number of Propulsion Engines, default = 4
no_of_hours 1.68E003 0%  Number of hours of prop engines normail saili
no_of_hrs2 1.68E003 0%  Mumber of hours of gen sets normail sailing [1
MOx_emission (Energy_per_life +energy_p_life_2)*.0167 3.71E007 MNOx emission factor .0167 ka/kwh, NOx emi:
pct_of_time2 0.9 0%  Percentof time on the calculated power capz
perct_of_time 0.9 0%  Percentof time on the calculated power cape
ship_weight 0 0%
502 (Energy_per_life +energy_p_life_2)*.0042 9,33E006 502 emission factor 4.2 g/kWh, 502 emissior
years_of life 25 0%  Assumed life of vessel in years, default = 20
Faram

# 1A |B. 1cc: 7.36E009 EUR | S LOWE | (] Documentation

Completeness [No statement v]

Inputs
Parameter  Flow Quantity Amount Factor Unit Tre Standar Origin
diesel_con 2= Heavy fuel oil (1.0 wt.% S) [Refi & Mass 4.6E008 1 kg X 0% (Nostatement)
ship_weigl 2 Ship [Assemblies] & Mass 0 1 kg X 0% (Mo statement)

o

Outputs
Parameter Flow Quantity Amount Factor Unit Trz Standar Origin
ship_weigl 2* Ship [Assemblies] & Mass 0 1 kg X 0% (Mo statement)
Fuel_cil_sluc 2 Oil sludge [Hazardous waste] A Mass 2.66E006 1 kg * 0% (Mo statement)
co2 < Carbon dioxide [Inorganic emissions tc dh, Mass 1,49E009 1 kg 0% (Mo statement)
CO_emissior 4 Carbon monoxide [Inorganic emission: & Mass 7.99E005 1 kg 0 % (No statement)
Hydrocarbor &% Hydrocarbons (unspedfied) [Organic ¢ & Mass 4226005 1 kg 0 % (No statement)
NOx_emissic % Nitrogen oxides [Inorganic emissions t i Mass 3.71E007 1 kg 0% (Mo statement)
502 = Sulphur dioxide [Inorganic emissions gy Mass 9,33E006 1 kg 0% (Mo statement)

Figure 3.8: Partial screenshot of ship pr@ulsion & generation process, including parameters'
definition

11 please refer to Append.2for more details on model definition and sample calculations.
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Worthy of emphasis is that the modetesented hereins based on an LCA
predecessor model formulated bghnsen and Fet (199&s mentioned earliefhe
predecessor model @phnsen and Fet (1998)highly significant, mostly due to the

fact that it encompasses consumption and emissions data for phases such as
construction and scrapping, which usually represent a challenge when it comes to a

specific shipbds data gathering.

The predecessor modelshbeerutilisedas a baseline template, in which the reported
data has beemitially usedfor the model hereinThis model however, differs from

its predecessor in that the model presentedldiynsen and Fet (1998 based
specifically for a ReRo passenger vessel, and the current modebeaadjusted to
encompass different types of ships. The last is done by allowing thesendhe
flexibility of editing consumption and emission ratios and factors accordingly, with
regards to the specific vessel to &epraised For example, the user rcanclude
within the assessmer@quipment for carg(see plan irFigure 3.6) and Guxiliary
machinery in the case that the assessed ship is not-Bdrpassengeressel but a
tanker. Additionally, the maintenance phase herein is more refined in comparison to
that of its predecessor model.

Moreover, some of the initial data frodohnsen and Fet (199Bas been replaced

with updated data, data from the GaBi Professional Database, and/or data more
relatel to the specific ship to be assessaltipf the above ultimately in relation to the

case study at hantore of theaspectof the present model will be describedthe

next chapterCase Studieswith the use of a case vessel in order to underline séme
the model 6s particulars. As a sample of
predecessor modelable 9.0.5 found in AppendixD.2, summarises somef the
consumption and emissidiactors formedium speedliesel engines deribed by
Johnsen and Fet (199@)otice that an average SFC is used, as SFC curves for the
engine listed herein are not publicly availablese factors are similarly found in

the definition of the &édship Ppigued8ul si on &
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In turn, AppendixD.6 comprises the specification of the MAN B&W diesel engine
utilised on the second case study, idahg the SFC values at different loads (see
Table9.0.9), and the emission factors representative of slow speed diesel engines as
reportedbyMo |l danov 8§ ¢seeTabld9010( 201 2)

3.3.3 Notes on impact assessmeand carbon accounting

There are various developed impact categories within the LCA methodology, and
furthermore, different damagapproaches, e.g. midpoint and endpdseeFigure

3.9); thus, the selection of the specific impact category or categories must be
comprehensive in a way that theyveo the significant environmental issues
pertainingto the system under appraiSdRC, 2010c)In relation to the shipping
industry, the focus gathers mainly on climate charggecificallyhighlighted under

the Glolal Warming Potential impact categoryor additionally known or described

as carbon footprint analysisOther impact categories relative to shipping
environmental assessments encompass the Ozone Layer Depletion Potential, the
Acidification Potential and #n Human Toxicity Potential, among others (Sedble

3.1).

Impact categories are usually based on a reference substantal{s1). Global
Warming Potential, for example, is based and calculated in kilograms of carbon
dioxide equivalents (C£q), meaning that for each emission with the radiative
capability of a greenhouse gascharacterisation takes place in order to define its
potential under a common unma substance, i.&g of CO-equivalents. Moreover,

the residence time of thesearming gases in the atmosphere is emphasised within
the calculation, and therefore the inclusion of a time range within the assessment is
also specified; this being customarily a period of 100 years for @MccDavis,
2013a)
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Figure 3.9: Schematic pathway from life cycle inventoryto impact category endpointgJRC,
2010c)

For example, carbon dioxide (G carbon monoxide (CO) and methane ¢;H
among other emissions, are all gases with greenhouse warming capabilities; the first
two are also fie examples of emissions produced through the operational life of a
ship. The first mandatory element of impact assessment is classification, in which the
inventory emission results are assigned to one or more impact categories; the above
gases would theme classified into the GWP category (or any other additional
category they would contribute to) (deigure3.10).

During the next element, characterisation, thessults are quantified and
aggregated; the above substances have spediia scientifically assignéd
characterisation factors, which in turn result in aggregated units of Global Warming
Potential, or CQ@ equivalents For exampleFigure 3.10 showsiamong various
emissions, a sample quantity of CObeing multiplied by a factor of 1,
understanding that GOis the reference substance. With the same logic, CO is
multiplied by a factor of 3, underlining that CO has 3 times the warming potential
that CQ has. These factorsinamely global warming potentidls have been
developed by the IPCC using the Bern carbpcle model(JRC, 2010k)additional
global warming potentials are put forward by tREC (2007b)
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In summary, when a process or a system is appraised under the Global Warming
Potential impact category in a 100 years, for example, all emissions which contribute
to this potential in the allotted period of time are cadg balanced, characterised

each using their own characterisation faictoand ultimately presented under a
unified carbon footprint or kg of Cq score. For further information with regards

to impact assessment methodologies, the reader should réRCt(2010a)

Table 3.1: Sample comparison between the CML and TRACI impact method§PE-
International, 2011)

CML ReferenceUnit TRACI ReferenceUnit
Global Warning Potential (GWP 10( [kg CO2Equiv.]  Global Warming Air [kg CO2Equiv.]
years)
Ozone Layer Depletion Potential [kg R11-Equiv.]  Ozone Depletion Air [kg CFC 11
(ODP, steady state) Equiv.]
Acidification Potential (AP) [kg SO2Equiv.]  Acidification Air [mol H+ Equiv.]
EutrophicatiorPotential (EP) [kg Phosphate Eutrophication Air [kg N-Equiv.]

Equiv.] Eutrophication Water

Photochem. Ozone Creation [kg Ethene Smog Air [kg NOx-Equiv.]
Potential (POCP) Equiv.]
Human Toxicity Potential (HTP inf.) [kg. DCB- Human Health Cancer Air [kg Benzene
Terrestric Ecotoxicity Potential Equiv.] Human Health Cancer Water Equiv.]
(TETP inf.)
Freshwater Aquatic Ecotoxicity Pot. [kg. DCB- Ecotoxicity Air [kg
(FAETP inf.) Equiv.] Ecotoxicity Water %‘é’hlorophenoxyae]
Marine Aquatic Ecotoxicity Pot.
(MAETP inf.)
Abiotic Depletion (ADP) [kg Sb-Equiv.] Human Health Criteria Air [kg PM2,5Equiv.]

Point Source

Human Health Non Cancer [kg Toluene
Air Equiv.]
Human Health Non Cancer

Water

Keeping in mind the above explanation with regards@é carbon accounting, it is

of interest to reassess the way carbon accounting is done in turn for the EEDI and the
EEOI. With the aforementioned difference that the former undersabesgn

efficiency while the latter operational efficiency, both areameto provide an

estimate of C@emissions per transpentork. The last is done by underlining the
shipdés fuel consumption and additionally
specific fuel(s); therefore, GOemission factors are utilised similarlgs the

characterisation factors above explained.

The first clear difference between the two methodologies, LCA and EEDI/EEOI,

would be shown in the way &hot only the numerical distinction between factors
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but the fact that LCA encompasses additionddssances in its carbon accounting

through the GWP classification and characterisation, e.g. carbon monoxide, methane,

and CFCs among others emissions; the EEDI/EEOI carbon accounting is solely

referenced to the quantities of €@leased per tonne of fuebnsumed (or to be

consumed), and does not emphasise on additional substances emitted through the

operational phaseor other phases, for that maitesf the life of a ship. The last

woul d seem

to qualify

LCAOSs

car bcating accou

Tat first instancg, its capability for properly underlining shipping environmental

performance.

LCI

Emissionsto air

o, 13kg— _—
co 3kg.— —
CH, 6kg—

SO, 0.001kg—

NO,  0.08kg_ )
HCI

0.9kg— > —

IMPACT
CATEGORIES FACTORS LCIA
1.3kg CO, * 1
= (5\\/P 3kgCO *3 160.3 kg CO,Eq.
B 6 kg CH, * 25 J

0.001 kg SO, * 1
0.08 kg NO,* 0.7
0.9 kg HCI *0.88

AP

Emissions to water

’ 0.849 kg 50,Eq.

PO,
NH,

2kg —
01kg—— =

CLASSIFICATION

0.08kg NO,* 0.13
2kg PO, * 1 2.043 kg PO,Eq.
0.1kg NH,*0.33 ‘

CHARACTERISATION

Figure 3.10: Sample of emission classification and characterisation under different impact

categories(PE-International, 2011)

Anotherapparentifferencebetween the two methodologieswbat ultimately gives

way to the measure of energy efficiency, i.e. the definition of tranggok. This is

defined by the available capacity and the design speed in the case of the EEDI, and

by the actual distance sailed and cargo transported in #8eeotdhe EEOI. As

previously discussed, the two metrics are expressed in grams.gieC@nns per

nautical mile gCOy/tonnenm). Aside from being able to measure environmental

performance, dr the LCA to giveproperindication that itcould additionaly be
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utilised to highlight energy efficiency, the methodology would have to encompass a

suitable definition of transpoework, relative to a shipping context.

This is done in LCA by defining thieinctional unitof the system to be assessed. The
functionalunit is the quantified definition of the function of a product or syqiem
International, 2011 )that additionally serves as the unit of comparison which assures

that products being compared (e.g. ships) provideauivalent level of function or
service(SAIC and Curran, 2006) I n t he case of a ship, f
trade would be taken into consideratioin order to define its main function.

Similarly asstatedabovein the case of the EEQDI a s hi p6s quanti fi e
would usually be expressed in terms of cargo carpeddistance sailedbver a

relevant period of time (e.g. a year); this desmiptwould serve to definghe

functional unitof a ship appraised under an LCA

The relevance of the LCAGOGSs gdtherededulisara a | un
linked to the chosen functional unit; eaycertainemissiors estimate okg of COzeq

per tonnemile per year.In this way, LCA results can be presented similarly as the
EEDI/EEOI scores, i.e. an estimate of £&nissiongper transporiwork. Although

the abovediscussed differences between the two methodologies are noteworthy,
succeeding smions will demonstrate that the results between the two are not only

able to be similar, but also equivalehhe case studies will be utilised to see how the
metricsfare against each other, and to ultimately assess if LCA could prove itself as

an efficent supplementary alternative to therent shipping energy metrics

3.3.4 Adopted formulae

The following is the complete set of formulae utilised in@ase Studieshapter in
order to assess the different metrics against one andigeations 1, 2 and 15
belong to the original EEDI and EEOI formulat&ynand havebeen described
previously during the Literature Reviewchapter (see section2.4.1 and 2.4.2

respectively)
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Equation 1. Required EEDI as defined bylIMO (2013a) and IMO (2013b)
YQR 6 MO@D  ©
Where:
1 bis DWT or GTas per defined byMO (2013a)and IMO (2013b) and

underlined inTable2.3.

1 a and c are reference values as per defined Ik (2013a) and IMO
(2013b) and underlined imable2.3.

Equation 2: Average EEOI as per defined byMO (2009d)

BB @& 0
00 Qi KD'(Q'Q"C‘B 3

Where:

1 Ckjis the fuel mass to COnass conversion factor for fuel
D is the distance in nautical miles corresponding to the cargo carried or work
done
FCi is the masggrams)of consumed fuglat voyage

1 meargois cargo carried (tonnes) or work done (number of TEU or passengers)
or gross tonnes for passenger ships

1 iisthe voyage number

1 jis the fuel type.

Equations 3 to 7 are comprised withMO (2014b s most cur resnt EED
Some of the equatiorere applicable specifically to one of the chosen case studies
dueb the vessel s designation type; this
Case Studieshapter.
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Equation 3: EEDI equation, not including energy saving technologies applied to main engines
and auxiliary power, as adapted from(IMO, 2014b)

B Q B 0 18] Y 06 0 D Y 06

0000 Q0000 &N 6 BRA

Where:

Capacityas per defined biMO (2014b)in tonnes

Cr is the conversion factor between fuel consumption anglédssion
P refers to poweimn kW

SFCis the specific fuel consumption g/kWh

Viet is the ship speeith knots

A€ refers to the auxiliary engines

fc is the cubic capacity correction factor

fi is the capacity correction factor

fj is correction factor for ship specific design elements

=4 =4 A4 4 4 -4 -4 -4 A -

fi is the correction factor for general cargo ships equipped with cranes and
othercargorelated gear

fw is the weather factor

i is the index of summation

j Is the index of multiplication

=2 =2 =4 =

ve refers to the main engines.

Equation 4: Required auxiliary engine power supply in normal maximum sea load, applicable to
ships with a total propulsion power of 10,000 kW or above, and not including shaft motors, as
adapted from IMO (2014b)

Where:

1 MCRIis the maximum continuous rating of the engine(®W
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1 Paeis the power of auxiliary enginés kW

1 iis the index of ssnmation

Equation 5: Correction factor to account for specific design elements relative to RRo cargo
and Ro-Ro passenger ships, as per defined bylO (2014b)

0 p

0 0
= 00—

N 0
003 9qg .

Where:

€ is the volumetric displacemeint cubic metres

Bsis the breadtlin metres

ds is the summer load line draughtmetres

= =/ =4 =4

FiroroiS the correction factor for ship specific design elements relativeto Ro
Ro cargo and R®o passenger ships

FnL is the Froude number

]

Ler is the length betwegmerpendiculargn metres
Ro-Ro passenger ship exponens: 2506 = 0. 75, 9 = 0.
defined byiIMO (2014b)

Equation 6: Froude number as per comprised inMO (2014b)

. ™ p T
0 —
0 20Q

Where:

FnL is the Froude number
g is the gravitational acceleration m/s

Ler is the length between perpendiculersnetres

= =2 =4 =

Vret IS the ship speei knots
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Equation 7: Cubic capacity correction factor relative to RoRo passenger ships having a
DWT/GT ratio of less than 0.25, as per defiad by IMO (2014b)

oY, °
oY
T’ L

Where:

1 DWTis thecapacity as per defined byIO (2014b)in tonnes
fcropaxiS the cubic capacity correctioadtor for ReRo passenger ships
GT is the gross tonnage in accordance with the International Convention of
Tonnage Measurement of Ships 29és referenced U0 (2014b)

Equations 8 to 14ave been constructed in order to demonstrate the potential
equivalency between the LCA formulation and thgufatory metrics therefore,
many of the equationsd factors hold si mi

documented EEDI and EEOI equations

Equation 8: LCA energy efficiency CO; score

Where:

1 D is the distance in nautical miles corresponding to the cargo carried or work
done
gCOristhe LCA CQ inventory aggregat| grams
LCAeticozis the LCA energy efficiency C&corein gCQy/tonnenm

1 meargois cargo carried (tonnes) or work done (number of TEU or passengers)
or gross tonnes for passenger ships

9 iis the index of summation
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Equation 9: LCA energy efficiency GWP score

Where:

1 D is the distane in nautical miles corresponding to the cargo carried or work
done

1 oGWP is the LCA CQ inventory aggregatein grams comprising
classification and characterisation of releases analogousxo CO

1 LCAericwris the LCA energy efficiencWP scoein gCOy/tonnenm
Meargo IS Cargo carried (tonnes) or work done (number of TEU or passengers)
or gross tonnes for passenger ships

9 iis the index of summation

Equation 10: CO2 emissions based on the direct relation of quantity of emissionsleasedper
consumed fuel

06 @E E WA QI OQ 00 D

Where:

1 Crmeis the conversion factor between fuel consumption angled@ssion

1 FCwmeis the masggrams)of consumed fuel by the main engine(s).

Equation 11 Carbon conversion factor based on the relation of C® emissions factor per
specific fuel consumption

Y08

Where:

1 Ckris the conversion factor between fuel consumption angled@ssion
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T
T

SFCis the specific fuel consumption g/kWh

me refers to the main engines

Equation 12 Fuel consumption relative to the main engine(s) output power and designated
specific fuel consumption

"00 DOY POEWQIYOO JTY

Where:

=4 =2 =/ =

M

%Loadve is the main engine(s) output power

FCwme is the masggrams)of consumed fuel by the main engine(s)

MCRuve is the maximum continuous rating of the engine{®W

T is the duration inhours corresponding to period underlining the fuel
consumption calculation, e.g. duration of the trip

i is the index of summation

Equation 13 Summarised EEDI equatian not including auxiliary power and energy saving
technologies applied to the main engines, aslapted from IMO (2014b)

B QB 0 & JY08
"QOQIQWB MO O DO

0006

Where:

=4 =4 4 A4 A -4 -2

Capacityas per defined biMO (2014b)in tonnes

Cr is the conversion factor between fuel consumption angeb@ssion
P refers topowerin kW

SFCis the specific fuel consumption g/kWh

Vret IS the ship speeid knots

fc is the cubic capacity correction factor

fi is the capacity correction factor
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1 fjis correction factor for ship specific design elements

=

fi is the correction factofor general cargo ships equipped with cranes and
other cargerelated gear

fw is the weather factor

i is the index of summation

j Is the index of multiplication

= =/ =4 =4

v refers to the main engines.

Equation 14 LCA energy efficiency CO: score for ship propulsion processes, including
equivalent EEDI correction factors

B QB 00Y POEDQD JY006
88 "QOQIQ3:N JQ

000

Where:

%Loadve is the main engine(s) output power

1 Ckis the conversion factor between fuel consumption angléd@ission

=

Meargo IS Cargo carried (tonnes) or work done (number of TEU or passengers)
or gross tonnes for passenger ships

MCRuve is the maximum continuous rating the engine(sin kW

SFGue is the specific fuel consumption of the main engine(gykWh

Viet is the ship speeith knots

fc is the cubic capacity correction factor

fi is the capacity correction factor

fj is correction factor for ship specific desigeraents

=4 =4 =4 A4 A4 -4 -2

fi is the correction factor for general cargo ships equipped with cranes and
other cargerelated gear

fw is the weather factor

i is the index of summation

j Is the index of multiplication

= =4 4 =4

me refers to the main engines.
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Equation 15: Single trip EEOI as per defined byIMO (2009d)

006 O B 06 0

}] —_
a O
Where:

1 Ckjis the fuel mass to COnass conversion factor for fuel

D is the distance in nautical miles corresponding to the cargo carried or work
done

FC; is the masggrams)of consumed fugl
Meargo IS Cargo carried (tonnes) or work done (number of TEU or passengers)
or gross tonnes for passenger ships

1 jisthe fuel type.

The above equations will be more thoroughly described and further elucidated, with

dedicated case vessels in the succeeQamge Studieshapter.
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34 LCAOGs advant ag e =latidel te dhe weguiatosyg e s

metrics

The previous sections have aimed at theoretically placing LCA as aawdlid the

current regulatory measures, by way of singling relgvantcharacteristics relative

to the methodolog which seemingly underscore LCA as an advantageous tool
applicableto shipping and shipbuilding and repair. Some of the advantages from the
methodology have been emphasised, especially those that may be of direct service to
the shipping industry. Nevertheless, the methodology is also inherent to significant
disadvantageshat must be mentioned. The following is a brief discussion of the
benefits of the methodologglative tothe current regulatory metricscluding as

well some of its shortcomings.

LCA, which has been comprehensively describetheprevious sections,fiers a
general approach which enjoys widespread acceptance. It also has the backing of
extensive literature and case application sam@egreat part of it being information
openly accessibie while additionally being supported by a standardised
methoddogy proposed by the ISO. The last catalogues LCA as a generally accepted
methodology for properly assessing environmental performance. Furthermore, a case
has been made to present the methodology@s valuableto additionally highlight

energy efficimcy with regards to environmental scores

As the following chapter will show, the LCA methodgly can be applied to any

ship (while slightly outside the scope of this docum8tancoDavis etal. (2014a)

show indication of LCA being applicable aven appraisa section of the fleet)t

can be utilised to assess the environmental impact of a single voyage, a yearly
average of them, or even go as far as extrapolating potential environingueiat
results to underscore the entire life of the ship. Moreover, and of relevance, the
methodology can also include retrofits undertaken during the lifespan of the vessel,
and accurately appraise the difference in operational performance and enviednment
efficiency (BlancoDavis et al., 204a; BlanceDavis and Zhou, 2014)These last
papers al so gotential todink tenvitor@n&rias scores to technical and
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economic aspectselative to a shipping contextor example peforming a cost
benefit analysis with regards to different retrofit alternatives, ultimately appraising
whichis the least environmentally burdensome option, while also highligiatmgh

option is most financially favourable.

Worthy of mention as welis the capability of an LCA to be managed in such a way
that a company undertaking the appraisal can protectisergata, and therefore its
practice can positively emphasise on confidentiality issues. Reviews aitsl aned
specifically underscoredithin the ISO standards, but are highly dependent of the
pract i ti oguiremeatsandpreferences; e.qg. aerimtl review or audit can

be performed by inouse company personnel or external consultants, reliant on the

practitionerdés choice and goal and scope

As LCA is widely accepted as a method to assign environmental scores to product
and sevices, e.g. EPDs, and recognised by governmental organisations and private
enterprises as well, it could be a useful tool to assist in the implementaNBMé$

and incentiveswithin the shipping industrySeveral already existing models and
policies perdining to other industries use LCA to encourage these types of
incentives.For examplethe application of a system similar to the EU emissions
trading system (EU ETSJEC, 2013a)within the shipping industry, could be
facilitated with the use obroadly recognised CA appraisalsamong the different

involved stakeholders.

of i nterest is the EU6s MRV proposal ob
emissions ito the accounting of SONOx and PM in longer ternfEC, 2013e)
emphasising the necessity of monitoring and reporting of ailgeificart shipping
contaminants. LCA can encompass the assessment of these and other contaminants,
whether in individual fornii.e. during the life cycle inventory aggregatiomor by

ways of impact assessment, and consequently the substance classification and
chaacterisationwithin a specific impact category (e.g. $@ithin the Acidification

Potential impact cagory). Furthermord,CA aside formaccountingCO, emissions,

can encompass any other substamcemissionproduced during the life of a ship
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that has awarming potential analogous to €Ocomprehensively covering all

releases under this category.

It is recognised, nevertheless, that LCA has its own intrlmsitations. Guinée et al.

(2002)summarise some of the most relevant as follows:

1. One of L CA 0 s hs maalsm a sigsificante limgation, being its
Oholisticd nature. The broad scope of
can only be achieved at the expeneé simplifying other aspects, i.e.
compiling all material and energy balances for each relevarocess is
impractical] as mentioned previouslyrhus, the methodology calls farell-
defined boundary settingnd in some cases process simplification; lmoatin
result in being subjective.

2. While there is some recent advancement with regards to tieeajpraisal
aspect, LCA is generally a steastpte methodology, rather than a dynamic
approach.

3. Similarly, some progress has been made with regardeducing LCA as a
tool based on linear modelling, i.e. LC#enerallyregards all processes as
linearly scaled, both in the environment and the economy.

4. Environment al i mpacts are treated as
they are not specified in time and space, and are related to what could be
understood by some as an arbitrarily defined functiong.

5. Another limiation befalls on the curremtvailability of data. Whilat is true
that LCA-relatedpublic information and commeial databases are growing
in numbers, there is still a relevant unavailability relative to specific systems,
e.g. ships.Additionally, some of the data available is often obsolete,
incomparable or of unknown quality.

6. Lastl y, whil e dérli@ed@san analyticalrtadivhictsis able
to provide information for decision suppiortt cannot replace the decision
making process itself; i.e. LCA should be regarded as a tool among other aids

or evidence in order to ultimately underscore a decision.

BlancaDavis, E., 2015 11C



Approach Adopted

Aside from the above, it should be recalled that LCA data gathering could be
potentially expensive and timmnsuming, whilealso data quality can influence
results certainty significantly. Moreover, however, the implementationthef
methodology requires knowledgeable staff; perhaps not to the extent of dedicated
personnel, but staff familiar with the guidelines of the apgroac

Lastly, and wrthy of note as wellis that the incomparability issues mentioned
previously with regards to different types of shipsynsill hold true for LCA;
meaning for examplethatit is not practical to compare a container ship to éRRo

unde the context of different transpesork, and consequently different
environmental efficiencyBlancoDavis, 2014) The same is applicable the current
regulatory measures, however, kgber et al. (2009¢ x p | atiisnhard ifi mot
impossible to compare the EEOI across ship types, even the most important ship
types, in terms of C&emissions: bulkers, tankentainer shipsand RRo s hi ps .

In summary, thepplicationof LCA comprises asnanybenefits and limitations as
theimplementation of the EEDI and the EEOI. Nevertheless, its potential should not
be neglected as eomplementary tool which in parallel to the application of the
regulatory measures, can not only support their widespread practice, but additionally
offer much needed reliability and accessibility of information, aside from a
standardised framework providj efficient reporting and verification of

environmental scores and energy efficiency.
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3.5 Concluding remarks

The following are the most significant remarks comprised in the chapter, and
underscored in the form of bullet points

1 The almve chapter includes a discussion of the basics of the LCA
methodology, as well as an explanation of how the methodology is to be
utilised herein. Additionally, some e

LCA model have been addressed.

1 The LCA methodobgy is commonly employed for two main purposes: to
assess the potential environmental impacts of a certain product including the
product 6s past h i whileothre yothea puiposd ie 10 assesssthe,

product versus an alternative.

1 In order to have full cradleto-grave environmental assessment of a specific
ship, the most relevant phases of its life cycle need to be included and
calculated, e.g. ship construction, ship operation and maintenance, and
ultimately ship scrapping.

1 A baseline LCA modeis required, m order to assess the potential resources
consumed and the emigss emitted by a specific shifphis model needs to
feature the type and trade of t he sh
typical operations ovea significant period of timelhis grants the possibility
to extrapolate results to an assumed lifetime of e.g. 25 or 30 years, in order to

ase ss the shipbs whole I|ife cycle

1 Any difference with regards to the most habitual behaviour within the
operational profile of the shigan ke assessed against the previously
calculated baseline modelhe above comparison also offers the possibility
of adjusting relevant operational inputs related to the original systems

even applied retrofits in order to improve the calculated future
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ervironmental scores of the assessed system(s). The above is also applicable
to the building phase of a ship, in the case of shidesegn and system

enhancement.

1 The model presented herein is based on an LCA predecessor model
formulated byJohnsen and Fet (1998)he predecessor modelggnificant
due to the fact that it encompasses consumption and emissions data for
phases such as construction and scrapping, which represent a challenge when

it comes to a specific shipbs data galf

1 The predecessor model has been utilised as a basetirplate, in which the
reported data has been initially used for the model heféi@.model herein
however, differs from its predecessor in that the current model can be
adjusted to erampass different types of ships, and has a more refined

maintenanc@hase.

T The relevance of the LCAOGs functional
linked to the chosen functional uniin this way, LCA results can be
presented similarly as the EEDI/EEOI scores, i.e. an estimate of CO
emissions per transpewntork. Although the discussed differences between
the two methodologies are noteworthy, succeeding sections will demonstrate
that the results between the two are not only able to be similar, but also

equivalent

1 As the following chapter will show, the LCA methodgjocan be applied to
any ship(or evena section of the flegetas suggested BlancoDavis et al.
(2014a); it can be utilised to assess the environmental impact of a single
voyage, a yarly average of them, or even go as far as extrapolating potential

environmental impact results to undenmsgcthe entire life of the ship.
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T The EUG6s MRV proposal 0 bojemigsions mite the 0 e x t
accounting of SQ NOx and PM inlonger tem, emphasisethe necessity of
monitoring and reporting of other significant shipping contaminants. LCA
can encompass the assessment of these and other contaminants, whether in
individual form or by ways ofcategoryimpact assessment. Furthermore,
LCA aside from accounting C®@ emissions can encompass any other
producecemission that has a warming potential analogous te CO

1 L C A pddential should not be neglected as a complemeitdaty whichin
parallel to the application of the regulatory measures, can offer reliability and
accessibility of information, aside from providing efficient reporting and

verification of environmental scores and energy efficiency.
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4 Case Studes

4.1 Introductory remarks

The following chapter comprises two case vessels which will be utilised to validate
the LCA methodology and model presented previousbyh case vessewill serve

to assess LCA in comparison to the EEDI and EEOI, respectivhb.fifst case
vessel will also be utilised to expand on some of the details regarding the formulation
of t he s hi pwhie méki@dgdirautaedatohs to the case vessel particulars.

Becauseof time and space constraintsnd in order to strive for aeasonable
comparisoi, the reader should know that the formulation and explanation of the
shi psd LU Ddudethbedem is summarised; this is danerelation to the
characteristics and factors holding similitude to the factors found in the formulation
of the EEDI and EEOF-or example, although it has been previously explained that a
full cradleto-grave LCA assessment would encompass variougpliteses such as
construction, operation, maintenance and scrapping, the following LCA studies will
only comprise the appraisal of the operational phase of the vessels; this is due to the
fact that the EEDI as well as the EEOI are designeds¢odata fronthe operational

stage of the ship, and do ndirectly involve factors from other stages such as

construction, scrapping, and etcetera.

Similarly, although some specific contaminants will be presented in the life cycle
inventoryisuch as N@and SQi, the aly impact category underlined within the
following LCA studies will be GWPdue to thefact that the EEDI and EEOI
ultimately highlight resulting C®emissions. Theboveserves to emphasise the
possibility of including additiondlife phasescontaminard, and impact categories,
underscoring theomprehensively nature of LCAeverthelesghis alsotestifies to

the ability of tailoring the study tachievethe enduseb sieeds.Appendix C.2
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provides more information with regards to the model definition and sample
calculations Although not directly applied hereithe reader should refer Blanco

Davis (2013b)and BlancoDavis et al. (2014a) or mor e i nf or mati on
LCA model

Worthy of mention is that the case vessels are presented in the form of an LCA
report, following the requirements, guidelines and suggestions of the ISO 14040 and
14044 international standards for the implementation of LT#e kst stage of the

LCA appraisali Life Cycle Interpretation will be included at the end of both case
reports, comprising results and accounts from both vedsedfly, one of thecase
vesse$ encompassesralevantretrofit application, in order to enrich the comparison
betwea LCA and EEDI/EEOIlandallowing for the appraisal of the before and after
phase of a retrofit among the different metrics
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4.2 ASTANDER case study

4.2.1 Case study introduction

Figure 4.1: Ro-Ro passenger vesselhile at dry-dock in ASTANDER shipyard

The case ship facilitated by ASTANDER shipyard is aHRo passenger ship,
designed to carry wheeled cargoch as automobiles, trucks, trailers, and etcetera.
The ship also serves as a cruise ferry, meaning thangpoats passengers as well
(seeFigure4.1); some passengers travel with the ship to enjoy the cruise experience,
staying a few hours at the destination past notleaving the ship at al] while
others only utilise the ship as a transportation meafien these types of ships offer

luxury areas, shops, restaurants and casinos.

Table 41 listst he vessel 6s mai n chartéeet errdasddarch
context, AppendiD.1 comprises more information with regards to the main engines,
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accommodation facilities, and vessel speed and voyage profile. Some of this

information will be referred to during the next few sections

Table 4.1: ASTANDER vessel particulars

Type of vessel: Ro-Ro passenger ship Deadweight (DWT): 6,515 tonnes

Year of built: 2001 Gross tonnage (GT): 32,728 tonnes

Length overall (LOA):  203.9 metres Net tonnage (NT): 13,081 tonnes

Length between Decks: 9, including one
perpendiculars (LBP):  185.6 metres hoistable deck
Breadth: 25.0 metres Hull materials: Naval A grade steel
Dratft: 6.4 metres Hull connections: Welded
Displacement: 20,150 tonnes Power (main engines): 48,000 kW at 510 rpm

(4 diesel engines).

The chosen retrofit application for this vessel is the switch from conventional
antifouling coating, to a novel silicone paint system termed Fouling Release Coating
(FRC). The FRC scheme preventsoffouling (i.e. barnacles, algae, and etcetera)

from attaching to the underwater hull of a slup creating a smooth surface; fouling

is therefore prevented or removed by the hydrodynamic forces developed while the

ship is in motion. The importance of efficient antifouling coating is underscored

by the currently high prices of fuale.t he hul |l fouling 1 ncreas:¢

motion, which has a direcegativeeffect on fuel consumption.

Aside from the above impliedenefits of the improvemewof hull resistanceand the
reduction of the fuel and lube oil consumption, thare also the environmental
benefits which may be procured by the applicatibthts type of paint system; i.e
the reductionin the resource consumption of hydrocarboms] aonsequently the
reduction in burdensome emissiomancoDavis (2013b)and BlancoDavis et al.

(2014a)offer more information on the FRC system and its implementation.

4.2.2 Goal and scope of the study

The goal of the study is toalidate the LCA methodology as a suitable
environmental indicatorsupplementto the EEDI and EEOI metrics, while
additionally offering evidence of its ability to highlight energy efficiency.

Furthermore, the assessment of the retrofit proposed will ensgh#s8 metrics
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ability to highlight any differences in the resuhgath regards to the before and after

stages of the retrofit.

Al t hough the shipsd LCA model encompasse:
the study herein only comprises tbperational phase of the ASTANDER Ro

passenger shipThe vessel is broken down into system, -sybtems, system

elements and ultimately processes, followduiinsen and Fet (1998 pr edeces s
model formulation (sed-igure 4.2). The operational phase, however, will only

account for elements and/or processes which engage on environmental exchanges
during this phase,e. processes related tesources consumption and/or emissions

release (e.g. diesehgines, and etcetera).

Sub- System
m

Syl systems elements
/ Hull materials

Hull prgéfrg?cln

’\ Internal
preparation
RGROSF;]?S Senges Accommodation

Diesel engines

Main machinery | Propellers

Boilers

Figure 4.2: Graphical representation of the system under assessment, as adapted frdohnsen
and Fet (1998)

Worthy of mentioni and underscored previouglyis that due to close similarities
with the ASTANDER vessekome oft he predecessor model an

Johnsen and Fet (1998ps been uised herein(e.g. consumption and emission
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factors found inTable 9.0.5). Whenusedand of significancean explanaion and

reference will follow; otherwise, data provided by ASTANDER is utilised.

4.2.2.1 Operational profile

The ASTANDER ReRo passenger vessel was built in 2001, and currently operates

from the North of Spain to the South of England and back, with a frequérgy o

trips per week. Considering the two different locations in Spain and England, the
average distance per trip is 560 nautical miles. The original vessel service speed was

28 knots(see AppendixD.1); however, Its current Gecor
knots per trip. The above would mean that the average sailing time for each trip is

22.4 hour¥.

The vessel has a fairly regular yearly schedule, which additionally comprises 2
weeksof downtime for maintenance not involving ddpcking. It can therefore be
assumed that the ship is in operation 50 weeks per year, except every 2.5 years when
the ship is scheduled to undergo heavy maintenance at aDjardgarding major
maintenance, itould be assumed that the ship completes 150 trips each year (3
trips/weekx 50 weeks/year)this would account for 3360 hours of sailing per year
(150 trips/yearx 22.4 hours/trip). Consequently, a resulting 5400 hours per year the
ship is considered gtort, while using shore power and having their main engines

offline.

An additional rel evant assumpt i owhist or t h
every 2.5 years the vessel undergoes major maintenance at a yard, and assuming the
ship having a totalifetime of 25 years, theaubsequentlyhe ship would undergo
dry-docking 10 times during its lifetime, including initial constructidastly, the

ship is assumed to sail for Asia for scrapping after 25 years of operation. ttéhile

above is worthy of mention, the construction, maintenance and scrapping

assumptiongio nothold relevance duringhe operational phase under assessment

12 The mentioned case study disregards the transit through ECAs, assuming no changeover between lower
sulphur content fuels.
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(this particular LCA model considers maintenance to be separated from the

operational phase, for practical modwil formulation).

4.2.2.2 Function of the system

Given the multifunctional characteristics of a ship such as theRRopassenger
vessel, the main function of this ship is not easily underlined. It should be taken into
consideration that the vessel aside from mliog transportation of passengers and
cargo, additionally offers accommodation facilities and entertainnsentlar to a
pleasure/hotelessel(i.e. the main function of the ship is not transportation of

maximum mass).

The last emphasises the previouslgntioned incomparability issue with regards to
different types of ships. It is therefore relevant to recognise that the environmental
scores procured from this assessment, are only comparable to scores to that of a
similar type of ship, with the same fuimnal performance. With regards to this
vessel and study, the function of the system is understood to be the transportation of

passengers, cars and trailers.

4.2.2.3 Functional unit

Based on the consideration that the sy:

passengers, trailers and cars, then the functional unit should be defined as:

1 (Passengerx nm) + (a@rs x nm) + (trailers xm) per year between the two

port destinations.

Furthermore, the average weightr passengers, cars and trailers should be
consideregusing the accommodation data found in Apperialik If the ship has a

total capacityof 850 passengers and 500 cars, and assuming that in average 85% of
this capacity is reachie thenroughly 725 persons and 425 cars would be onboard
per trip. Moreover, assuming that 70% of the cars are actual automobiles and the rest

are trailers, a total of 300 cars and 125 trailers are being transported onboard.
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Given that the vessel carriesit 150 trips per year, and assuming the included

weights for each, the total transported cargo per year would amount to:

1 108,750 passengers/year x 0.075tonnes =  8156.25 tonnes/year

1 45,000 cars/year x 1 tonne = 45,000 tonnes/year

1 18,750 trailers/year x 20 tonnes = 375,000 tonnesl/year

1 TOTAL: 428,156.25 tonnes/year.

Thus, the functional unit of the systentasne x nm transported per yearbetween

the two port destinations, with a functional performance of 428,156.25 tonnes/year x
560 nautical mils = 2.40 x 1®tonnenm per year. While not necessarily required
for the assessmeherein the lifetime functional performance could be extrapolated
by using the assumed 25 years of operation totalling 5.99° xohBenm per 25

years.
4.2.2.4 Explanation of thesystem boundary

With regards to the boundary setting,
representation of a cradte-grave system, meaning that the appraisal would account
for significant material and energy inputs and outputs from the meaterial
extraction phase, through manufacturing and operation, and ultimately to toé& end

life stage. Nevertheless, the boundary setting for the study herein is adjusted to

assess solely the operational phase of the ship.

Worthy of note as well is thato allocation procedures are undertaken during the
operational phase, ultimately because the material and enecharges between
processes are assumed to only take place throughout this phase and not involve

others; i.e. the exchanges are assumed balamitiein the operational stage.

Lastl vy, the original shipsdé LCA-2Hhag el
far as geographical boundaries go, specifically cramigate analyses for some of
the processes found within the construction, operatiah rmaintenance phases.
Aside from ASTANDER andJohnsen and Fet (1998pata fromthe GaBi
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Professional Database has been ud&8International, 2013)More information
with regards to specific processes #melorigin of the data is emphasised Bkanco
Davis (2013b)

4.2.2.5 Assumptions and fitations

The following list of assumptins is associated mostlyttte operational phase:

1. Consumption and emission factors are taken fiiwhnsen and Fet (1998)
These factors are used to define the
which has been simplified to only include factorarfd inTable9.0.5. Other
diesel engine contaminant emission factors such as soot, Arsenic, Cobalt,
Vanadium, and etcetera, have been disregarded for the purpaoseiding a
more straightforward comparison to the EEDI and EEOI metrics, given that
these last are designed to underscore &fissions only.

2. As previously mentioned, in order to account for the complete life cycle of
the vessel, the lifetime of the shipshbeen assumed to be that of 25 y&ars
the original model Nevertheless, to assist the comparison betwbeCA
scores and the EEDI/EE®instead of using results extrapolated to 25 years
, results for onerip of operationwill be utilised against the EEDI, while
resultsmostly for one year of operation (150 trjpwill be usedversus the
EEOI. This is done because neither of the regulatory metrics is designed to
carry out lifetime appraisals.

3. Aside from the abovementionedrsumption and emission factors, fuel
consumption onboard is also based on data from the exadkte process
Oheavy fuel oi |l at -2r7¢P&Intematignal,2013) O wt .
which includes 1% Sulphur HFO production and supply data relative to
European countries.

4. Engine performance is assumed constant, disregarding operation of the
engines at port, if any.

5. Boiler(s) consumption and emissions have been disregardeérstamtiing

also thatspecificboiler consumption and emissions are not emphasised in the
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formulation of the EEDI and EE(ithe EEOI however, underlines total fuel
consumption per trip, which would account for any additional consumption
and emissions proced by operational boilers. In this case, however, fuel
consumption in its majority is a result of the main engines)

6. As mentioned previously, maintenance is regarded as a separate phase from
the operational stage. Aside from practical issues, it alsossewverovide a
more rational comparison to the EEDI and EEOI metrics, given iragide
from the fact that the EEDI may require reassessment under major
conversions, the metrics disregard maintenance/repair emisg@ren if the
EEDI required reassessntgeit would not account for the emissioredeased
during maintenance, but the inclusion of an energy saving technology, if
applied) The last is also applicable to resource consumption or emissions
generated during the construction or scrapping phases.

4.2.2.6 Impact categories selected and methodology of impact assessment

The impact category to be used is the Global Warming Potential by iLa
hundred yearso6 time frame. The <classific
be according to CML 2001with a characterisation factor form November 2010

(CML, 2010)

4.2.2.7 Initial data quality requirements

A medium emphasis has been put on data qudlitg.currently gathered data allows
for the model to be validated, and it is thought that subsequefiungerstanding
that more refined data is needed for further assessment of other specifi¢ \ships

improve the model and the accuracytefesults

As underscored earlier, the majority of the data comes from ASTANDER and

Johnsen and Fet (199&) smaller fraction comes froRE International (2013in the

13The CML (Centre ér Environmental Studies, University of Leiden) impact assessment method focuses on
environmental impact categories expressed in terms of emissions to the environment. It includes classification,
characterisation, and normalisation. More information isl@via at their website.
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form of a database integrated to thetwafe framework, while an even smaller
fraction is procured through certain required calculations and estimations, where no

data was openly available.

The following issues are considered with regards to data quality:

1 Timerelated coverage: the data usedhw the study dates as far back as a
maximum of fifteen years. This could be regarded as a limitation, and should
be included as a relevant point for future improvements.

1 Geographical coveragethe coverage of data extends to the European
countries (EU27). Further recommendations may include the redefinition of
these boundaries in order to account for more specific countries or regions.

1 Technology coveragehe majority of the technology accounted for is done
so within the construction and maintenance phases; this data was accessed
through shipyardjenerated documents, and was provided mostly by
ASTANDER.

1 Precisionthe data used from the shipyagdneratedlocuments and available
references has been represented as precise as it has been reported.

1 Completenessthe majority of the data utilised and/or developed while
modelling, is a product of calculations regarding the data previously reported
by literatureand shipyards. Only less than 15% of this data is estimated,
where certain specific processes were not publicly available.

1 Representativenesatehi | e t he overall shipds LCA
references with regards to certain manufacturing processegperatioal
phase of the study herein is representative of processes with #2 EU
designation.

1 Consistency:the homogeneity of the methodology applies throughout the
assessment of alll systems6é6 components
equally within an equivalent functional unit. Additionally, the acquired data

has proven consistent to prior estimation and assumption.
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1 Reproducibility: while originally the results were meant to be utilised
internally, the data values could be interpreted aaded properly for future

recommendations on other assessments.

4.2.3 Life cycle inventory analysis

The following section quantifies and compiles all the energy and material inputs and
outputs for the assessed sydtgImRelevantuserdefinedinputs relate datéo unit
processes and ultimately to the functional unit. The dedmitof system key
componentge.g. the electrical consumptiah specificequipment, etg.then allows
using these data to generate process model flow diagrams such as th&igoeein

3.6. The generation of the graphical model fadiétathe balancing of the systédm
assisted by the softwarewhichadditionallyallows for the complete summarising of

the life cycle inventory tables, referenced to the s t everdll €gonsumption of

resources andmissiongeleaseqseeTable4.2 andTable4.3).

4.2.3.1 Notes on process modelling

With regards to the operational phase of the ASTANDER ship, the most significant
assumption is that theainengines are constantly rungi at sea, while atqgot, shore

power is connected and the engines remain offliffee last emphasises that the
environmental impact from the engines is only appraised during sailing. It should be
noted thathe shi p6és propul si on <lecttic, themsr at i or

enginegprovideship propulsionas well aslectricity onboard.

While the ship does have 5 snealbuxiliary generators (see Appendix1), these

will be disregarded trougthe LCA modelling; this given that the EEOI does not
specifically account for these in its formulation, but the total fuel consumption per
trip (which in this case ia result othe main enginesas mentioned previouslyThe

EEDI however, does accountrfauxiliary enginesand its inclusion in the EEDI
calculationi whilst of trivial impact , will be appraised and explained further
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In order tocomputethe energy outpubn the four engines, the followirgalculation
from the predecessor model hasbeghi sed i n the &6dship propu

process (seEigure3.8):

 E =4 x 12,000 kW x 3360 hours/year x 0.5 x (0.85 + 0.3) = 9.27x10
kWh/year

The above formulatiorbeginswith 4, which is the number of engines available
onboard at MCR capacity of 12,060V (11,500kW has been used to account for
lower output efficiency due to age and wear, seigure 3.8), multiplied by the
operational time (time at sea). It is assairby Johnsen and Fet (1998)r thar

model that 85% of the engine capacity is used for 50% of the time, while the rest of
the time the engines run at 30%; additionalip, efficiency equal to 1lhas been

assumed for the engines.

While the original f or mul ai oins aunsde dg etnoe r ch
process the eneuser has the flexibility to chandgbe factors at their convenience,

which will alter the energy output accordinghigure 3.8 shows apartial screenshot

of the parameters of the O6ship propulsio
tailored to account fathe main engines of the ASTANDER R®o pasenger vessel

to run at about 6% load most of the timéand separately3 engins at 70% load)

The last will be explained in the succeeding sections

Table9.0.5 also comprises consumption and emissions factors adapteddtomen

and Fet (1998)These factors ar@sodesigned to serve as eader inputs, with the

logic of being able to adjust the values otherships under assessntelLastly, as
mentioned previously, micro pollutants.g. soot, Arsenic, Cobalt, Vanadium, and
etcetera) have been disregarded due to the fact that they are not considered within the
EEDI/EEOI formulation.

As mentioned previously,nformation with regarsl to the model definition and
sample calculations can be found in AppendiX. Additionally, although not
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particularly applicable herein, one information with regards to howehgraphical
model was developed, tluefinition of the manufacturingrocesss of the engines,
boilers, propellers, and etcetérand additionallytheir assumed dispogalas well as
other maincomponents | i1 f ,as dsdussefertber by BlancoDavis (2013b)
andBlancoDauvis et al. (2014a)

4.2.3.2 Inventory results

The following results are presented as an aggregation of the material and energy
inputs and outputs of the systeas, mentioned previouslthese are assessed during

the operational phase. The resources consumed and the emissions released are
comprised under the physical unit of kilograms of mabg overall set of results is

divided betweersysteminputs (consumed resources, Skable 4.2) and outputs

(released emissions, s€able4.3).

As mentioned previousiythe EEDI and EEOI metrics are not designed to generate
lifetime assessments; therefore, the following operational results are not extrapolated
to include various years of operation (otherwise commonly performed during
conventional LCA studies). Additionallyunderstanding that the inclusion of a
retrofit application maynhancehe appraisal of the metriatie results are gathered
between the following categories: 1 operational trip wité originalconventional
antifouling hull paint, 1 operational trip wth the applied=RC retrofit, and 1 year fo
operation (150 trips in totaF5 trips with conventional antifouling and 75 trips with
FRC)

Given that the EEDI i@ measure of technical efficiency, reflecting the theoretical
design efficiency of a newbuilchgp, both onerip resultsi conventional A/F and
FRC, will be used against the scores obtained by the design efficiency of tRe Ro
passenger vessel. Furthermore, the-tt@ results which underline that the retrofit
takes place halfway through the ewptional yedr, will be compared against the

EEOI scores obtained lalculating the operational efficiency.
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Worthy of mention is that the conventional A/F scenario assumes the constant
operation of the 4 main engines at an average 62% load, while thes¢dR@rio

takes under consideration that the improvemertudifresistances significant, and

the ship is now able to use 3 out of its 4 engines, at an average 70%/luézlthe

last load figures may not be the most representative for operationaticosdihey

are procured by using the assumed SFC, and additionally an average fuel
consumption figure that went from 132 tonnes with 4 engines in operati@m to
approximate 112 tonnes with 3 engines on(aeditionallyconfirmed by the Rdro
passengeownerwasthat the vessel has been able to maintain the original schedule,
by using 3 out of their 4 main enginesling andultimatelyrotating oneengineper

voyage formaintenance purposes).

Table 4.2: Mass balance, ReRo passenger vessel operational phasdResources Absolute
values (kg)i 1 trip vs. 150 trips (1 year) results for Conventional A/F & FRC

Flows 1 Trip AIF 1 Trip FRC 150 Trips A/F & FRC
Non-renewable energy resource: 1.39E+05 1.18E+05 1.93E+07
Renewable energy resource 5.39E09 4.57E09 7.46E07
Energy resources 1.39E+05 1.18E+05 1.93E+07
Non-renewable elements 8.60E+01 7.29E+01 1.19E+04
Non-renewable resources 1.37E+04 1.16E+04 1.89E+06
Renewable resources 1.64E+07 1.39E+07 2.27E+09
Material resources 1.64E+07 1.39E+07 2.27E+09
Resourcegtotal) 1.65E+07 1.40E+07 2.29E+09

Table 4.2 shows the aggregated totals for resources consumed by the system,
gathered between the previously explaigedups (or columns)The mostrelevant

flows comprising the aggregated consumeaueses include energgsourcesand
material resource@and use, and other flows which may contribute to the inputs of
the system have been disregarded, given that this particular system under the
operational phase has negligible results under other emmitiows). Sample

calculations comprising the most significant results can be found in App€rlix

Between the two relevant flows found Trable 4.2, it is visible that the material
resources flow is the most influential to the aggregated totat flow category
comprises subcategories such as-remewable elements, noanewable resources

and renewable resources. The first two subcategories contain trivial results, while the
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last one is yet agaisubdivided by flowsuch as water, air, carbdioxide, nitrogen,

and oxygen.

Aside fromwater, the consumption of the abaelements is irreleant; the vital, but
renewable liquid, comprises 98.9% of the total resources consumed for all three
columns. This amounts to 1.63E+07 Kib326 tonnes) of water used specifically
under the 4trip A/F grouping(out of the material resources total of 1.60F)- and it
belongs to the production requirements of the cramigate process HFO at refinery;
1.38E+07 kg13,841 tonnesand 2.26E+09 k@2,262,537 tonnegre representative

of the water used for-ttip FRC and 150 trips, respectivelyhese prelimiary
results show a small but visible improvement with regards to the water consumption
between the two painting schemes the Z&trip groups in favour of the FRC
application (see the aggregated resources total between the conventional A/F and
FRC graphically representedfkigure4.3).

Astander ship operation scenarios for LCA comparison vs EEDI & EEOI
1 trip results Conventional A/F vs. FRC - Inputs/Outputs

M1 Trip AF WA Trip FRC

16,508,133.68

16,000,000

13,996,026.38

14,000,000
12,000,000

10,000,000

[kg]

8,000,000

Mass

6,000,000
4,000,000

2,000,000

653,574.44 554,117.46 !

Resources Emissions to air

D.

Figure 4.3: Mass balance, ReRo passenger vessel operational phasdresources & Emissions to
air i Absolute values (kg)i 1 trip, results for Conventional A/F & FRC

Although less sizeable in quantity than its counterpart, the enesgynces flow is
comprised ofthe following subcategories: renewable energy resources and non

renewable energy resources; the results of the first are unimportant, while the latter
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underlines the consumption of resources such as crude oil, coal, nasjrakegt

and etcetera. The consumption of crude oil under this subcategory is worthy of
mention, amounting to 0.78% of thesources aggregated total, and similarly
belonging to the production requirements of the HFO proftesslast emphasises
that waterand crude oil holding their specific ratias comprise 99.68% of the total

resources consumed)

The specific quantitiesf crude oil consumetklative to trip A/F, 1-trip FRC, and
150trips are as follows: 1.28E+05 kg (128.47 tonnes), 1.09E+05 kg9a ®8nnes),

and 1.78E+07 kg (17,804 tonnes), respectivélgain, an improvement over the
consumption of crude oil is visible due to the upgrade brought about by the FRC
retrofit, on the lyear groupsLastly, Figure 4.6 shows the graphical magnitude of

the resources consumption between the three different groupings.

Table 4.3: Mass balance, ReRo passenger vesselperational phasei Emissions to airi
Absolute values (kg)i 1 trip vs. 150 trips (1 year) results for Conventional A/F & FRC

Flows 1 Trip AIF 1 Trip FRC 150 Trips A/F & FRC
Heavy metals to air 1.29E01 1.09E01 1.78E+01
Inorganic emissions to ai 6.33E+05 5.36E+05 8.77E+07
Organic emissions to ai 6.92E+02 5.87E+02 9.59E+04
(group VOC)

Other emissions to air 2.02E+04 1.71E+04 2.80E+06
Particles to air 8.78E+00 7.44E+00 1.22E+03
Emissions to air (total) 6.54E+05 5.54E+05 9.06E+07

In turn, Table4.3 shows the output of the system; similarly as with resources, some
irrelevant flows have been omitted diodittle to nonexistent contribution under the
sydgem appraised (e.g. emissions to fresh water, emissions to agricultural sail,
emissions to industrial soil, and etceter@ijerefore, the most significant flow is
considered to be emissions to air, which additionally has subcategories such as heavy
metalsto air, inorganic emissions to air, organic emissions to air (group VOC), other

emissions to air, and particles to air.
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Astander ship operation scenarios for LCA comparison vs EEDI & EEOI
Relevant emissions to air flows, 150 trips Conventional A/F & FRC - Outputs

W Heavy metals to air M Inorganic emissions to air Organic emissions to air (group VOC)
B Other emissions to air B Particles to air

87,677,742.61
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150 Trips A/F & FRC

Figure 4.4: Mass balance, ReRo passenger vessel operational phaédRelevantemissions to air

flows i Absolute values (kg)i 150 trips, results for Conventional A/F & FRC
From these subcategories, the most relevant are inorganic emissions to air, organic
emissions to air (group VOC), and other emissions to air, with a relativebcion
to the emissions to air total of 96.8%, 0.106%, and 3.09%, respectively. Together
they comprise 99.99% of the aggregated totals on each different c(desffigure
4.7 for the graphical comparison between the&ifd results, andrigure 4.4 for the

results relative to the 18@ips column)

Althoughthe abovementionedlows are the most important, heavy metals to air and
particles to air are worthy of notice specifically under the-ttfg3 (I-year of
operation grouping. The first amounts to 17.8 ko its majority formed by iron,

lead, mangaese, nickel, vanadium andnzi; all micro pollutants belonging to
releases related to the production of HFO at refintrg (eader should recall that
micro pollutants relative to the main engines are being disregarded). The latter,
similarly belonging to the HFO at fireery process amounts to 1,21Kkg, in its
majority comprised ofarticulate matter or dust (PNR2PM10) (see Figure 4.4).

These two scores would be greater, with the inclusidgheomain enginéseleases.
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While having a small contribution, the organic emissions to air (group VOC) is
formed mostly by methanand in less quantity byolatile organic compounds and
releasedhydrocarbons The first two are relative to the productiai HFO at
refinery, while the latter is mostly due to the emission factor specifiédbte9.0.5,

and relative to the main engirdes ¢ o m b(itesunburoed hydr@bons)

With regards to the other emissions to air flow, this is formed in its majority by
exhaust (2.98%), which in turn is comprised mostly by nitrogen and water vapour;
this particular flow is also linked to the production releases of the HFO atryefine
process. The most relevant flow, inorganic emissions to air, will be explained further
in the succeeding paragraphs; nevertheless, it is significant to note the preliminary
savings between thetlip results, with regards specifically to the FRC apiora

and belonging not only to resources, but also to emissiong-(gere 4.3). Lastly,
Figure4.5 shows the overall graphical comparison among inputs and outputs of the

three groupings.

As mentioned previously, the inorganic emissions to air flow comprises 96.8% of the
emissions to air total; in turn, the following releasesnféine inorganic emissions in

its majority: carbon dioxide (72.6% of the aggregated total), nitrogen oxides
(1.66%), sulphur dioxide (0.45%), and water vapour (19.1%). With the exception of

water vapouiwhi ch was not defi ned wonfdctbr§,thet he m
above releases aggregate a contribution of both, the HFO at refinery process, and the
ship propulsion and generation process.

Worthy of relevance is that from the carbon dioxide 72.6% contribution, 65.8%
comes from the ship propulsion 8egeration process (meaning that main engines
CO, releases form 65.8% of the aggregated total of emissions to air), while only
6.8% belongs to the releases linked to the HFO at refinery process. The significance
underlining the amount of this particular esion (i.e. CQ), is that the ratio is so
much higher for the operation of the engines, than other ancillary processes (i.e. HFO

production at refinery) taking place during the operational phase.
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Astander ship operation scenarios for LCA comparison vs EEDI & EEOI
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Figure 4.5: Mass balance, ReRo passenger vessel operational phasdResources & Emissions to aif Absolute values (kg)i 1 trip vs. 150 trips, results for

Conventional A/F & FRC
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Astander ship operation scenarios for LCA comparison vs EEDI & EEOI
1 trip vs. 150 trips (1 year) results for Conventional A/F & FRC Resources - Inputs
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Figure 4.6: Mass balance, ReRo passenger vessel operational phasdrelevant resources flow$ Absolute values (kg)i 1 trip vs. 150 trips, results for
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Table 4.4: Mass balance, life cycle of Rd@Ro passenger vessélRelevant emissions to air during
all life phases and aggregated totals Absolute values (kg)Blanco-Davis et al., 2014a)

Flows Total Ship Ship Ship Ship

Construction Maintenance Operation  Scrapping
Carbon dioxide 1.67E+09  2.64E+07 3.84E+06 1.64E+09  4.26E+04
Carbon monoxide 1.42E+06  3.56E+05 4.14E+04 1.02E+06  1.15E+02
Nitrogen oxides 3.76E+07  4.21E+04 6.15E+03 3.75E+07  1.03E+03
Sulphur dioxide 1.03E+07 5.17E+04 8.44E+03 1.02E+07  6.81E+02
Hydrocarbons 4.22E+05  2.90E+01 7.39E+00 422E+05  6.44E03
(unspecified)

With the above logic in mind, although not quite relevant to the study hdiaghe

4.4 is included with a summary of significant emissions to air produced during the
lifetime of the ship. As previously mentioned Bgt et al. (1996)the operational

phase of the lifecycleofaghi r epr esents a major contrib
environmental impacts. Reiterated BiancoDavis et al. (2014a)the contribution

by this phase is not only substantial, but it asceeds the emissions produced by

other phases at relevant differences (alge4.4).

Table 4.5 shows the same relevant flows, but relative to thapland 156trips

results. The values have been calculated by the software using in its majority the
emission factors found iffable 9.0.5, and the defined parameters from the ship
propulsion and generation process (d&gure 3.8), while ultimately iin less
proportioni, aggregating contributions from the HFO at refinery process. Tihp 1

results clearly reemphasise the benefits brought forward by the switch from
conventional A/F to FRC; the last is consistent with the improvement on hull
resistance,andocos equently with the newfound ship

4 main engines, directly lowering fuel consumption and emissions release.

Table 4.5: Mass balance, ReRo passenger vessel operational phaédRelevant emissions to aii
Absolute values (kg)

Flows 1 Trip A/F 1 Trip FRC 150 Trips A/F & FRC
Carbon dioxide 4.74E+05 4.02E+05 6.58E+07
Carbon monoxide 2.95E+02 2.50E+02 4.09E+04
Nitrogen oxides 1.08E+04 9.18E+03 1.50E+06
Sulphur dioxide 2.95E+03 2.50E+03 4.09E+05
Hydrocarbons 1.22E+02 1.03E+02 1.69E+04
(unspecified)
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Astander ship operation scenarios for LCA comparison vs EEDI & EEOI
Relevant emissions to air flows, 1 trip Conventional A/F vs. FRC - Outputs
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Figure 4.7: Mass balance, ReRo passenger vessel operational phasdRelevant emssions to air flowsi Absolute values (kg)i 1 trip, results for Conventional

A/F & FRC
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Worthy of mention is that a single trip by the vessel under its conventional
antifouling paint generates 4.74E+05 kg of @74.48 tonnes)1.08E+04 kg of

NOy (10.8 tonnes)and 2.95E+03 kg of S(2.95 tonnes) (carbon monoxide and
hydrocarbon values areegligible, in comparison to the magniaaf the other
flows). Because the ratio of emission factors is proportional in thep 1IFRC
scenario, the emissi@avings amount to 15.22% less releases for each flow. The last
equalssignificant savings in the amount of 204.84 kg ofCO, (72.2 tonnes),
1,647.67 kg of NQ and 448.56 kg of SCior one single trip withthe appliedFRC

retrofit.

Although Table 4.5 does not really show any benefits with regards to thetdp€

results, the reader should recall that the scores encompass the application of the FRC
retrofit halfway through the operational year; therefore, half year savings are
included within the results shown (the reader should ref@lancoDavis et al.
(2014a)for more information withregards to the potential resources, emissions and
economic benefits underlined by the FRC applicatiddyle to the consistent
schedule of the ship, these results are extrapolated to 25 years in the ship operation

column ofTable4.4.

Lastly, and of relevance, out of the 6.58E+07 kg of (&3,758 tonnesyenerated

by the vessel in a yedseeTable4.5), 6.15E+06 kg(6,151 tonneshpelong to the

HFO at refinery proces$9.3%% of the aggregated CCtotal), while the resti

5.96E+07 kg59,607 tonne$) belong to the ship propulsion and generation process
(90.65% of the aggregated CO2tatal) The | ast wunderscores th
ability to incorporate relevant indirect emissions, although thigyt not be directly

gener at ed pbopulsibpnplants hi p o s

A mention with regards to the inherited cantainty of the results gathered is
included to conclude this section; this uncertainty is relative to the procedure of how
data was collected and used, and also how the boundaries of the system were set.
Although this uncertainty has been minimised asas possible, the following
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should be considered as its main sources, and therefore should be refined further for

future assessments:

1 Different sources of data were used across different levels.

1 Due to time constraints, some data has not been crossdhedtke other
datasets or references

1 For some cradko-gate data, broad representations are used, instead of
geographical specification.

1 Boundary setting could influence the results significantly; e.g., by the
inclusion or exclusion of certain processasd due to integrated allocation.
Allocation was norexistent, as advised by theO (2006a) nevertheless, the
exclusion of micro pollutantand particulate matter from the ship propulsion
and generation process should be emphasised, giveristtaldition to the

scores above preged would increase their values.

4.2.4 Life cycle impact assessment

While the previous section presented absolute values for the inputs and outputs of the
system under assessment, and although these results offer a preliminary context of
the kind of consumptiorand emissions figures the system entails, the impact
assessment will grant laroaderview of the potentiaimpacts incurred, making it
easierto interpret the results in terms of negative effects. For example, it was
demonstrated that a large quantity adter was utilised as an input resource for the
system; this input flow however, is not expected to propose parallel damages to that
of the output flow of carbon dioxide, within the global warming contéke last
underscores the benefit of the applicaidrhe impact assessment, in order to gauge

specific flowsd burdensome potenti al

This phase of the study requires that all available information relative to previous
phases be taken into consideration, as well as reassessing the goal and scope

definitions and system boundaries. Recalling the goal and scope definition, the
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impact category to be utilised is the Global Warming Potential by @Bl1in a
hundr ed vy e a,with@ characrarsatibnrfaaton &oNovember2010.

Table 4.6: CML2001 - Nov.2010, Global Warming Potential (GWP 100 years) Relevant
emissions to air flows and aggregated totalsBenchmark (A/F) vs. Alternative (FRC) scenarioi

kg CO2eq
Flows Benchmark (Conv. A/F) Alternative (FRC)
Inorganic emissions to air 1.81E+09 1.68E+09
Organic emissions to air (grou 4.70E+07 4.36E+07
VOC)
Emissions to air (total) 1.86E+09 1.72E+09

As a starting pointTable4.6 from the original assessment BjancoDavis (2013b)
has beelincluded to show the benefits from the alternative scerfarfo53% drop in
global warming emissiondptalling 139,123 tonnes of C@qgs) The alternative
scenarioshowsthe reduction in emissiorterough 25 years of operatiéilue to the
FRC retrofit ap | i cati on hal f wayf’, inhcongparigon totthee s hi
benchmar k scenari o, whi ch all udes to t
conventional antifouling pain{both scenarios also comprigbe construction,

maintenance, operation and scragpimases)

Table 4.7: CML2001 - Nov. 2010, Global Warming Potential (GWP 100 yeard) Relevant
emissions to air flows and aggregated totaiskg CO2eq

Flows 1 Trip A/F 1 Trip FRC 150 Trips A/F & FRC
Inorganic emissions to 4.75E+05 4.03E+05 6.58E+07

air

Organic emissions t 1.19E+04 1.01E+04 1.65E+06

air (group VOC)

Emissions to air (total) 4.87E+05 4.13E+05 6.75E+07

Correspondingly, the same impact assessment could be amulely to the
operational phasef the ReGRo passenger vesqgskeeFigure4.8). Table4.7 includes
Global Warming Potential scores in a 100 years for the following groupd#p With

A/F, 1-trip with FRC, and dyear of operation (150 trips; 75 trips with A/F, 75 trips
with FRC). The most relevant flows under the GWP impact category are inorganic
emissions toiaand orgait emissions to air (group VOCHhe firstholds 97.56% of
contribution to theaggregated totalswvhile thelatter complements theest (2.44%,

seeFigure4.9).
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Worthy of note are the substances which contribute in its majority to the-above
mentioned significant flows. For example, the inorganic emissions to air flow is
formed in its majority by carbon dioxide (97.5% of #missions to aiaggregated
totd); other substances within this flow are trivial in comparison to, Q@is
substancesiowever,include carbon monoxide, nitrogen triflouride, nitrous oxide,
and sulphur hexafluoride)With regards to organic emissions to air (group VOC),
methane correspals to 2.25% of the emissions to air total, while also being
influenced minimally by VOCs and unspecified hydrocarbons. Both relevant flows
aggregate emissions from the HFO at refinery process@@gand CH), andthe

ship propulsion and generation pess (e.g. C&and hydrocarbons).

With that in mind, it is important to recognise the ratio which forms the most
influential release within the impact category, i.e..Clyom the aggregated total of
97.5%, 9.1% belongs to the emissions procured duringob@uction of HFO at

refinery, while 88.4% is generated through the main engines internal combustion.

Astander ship operation scenarios for LCA comparison vs EEDI & EEOI
GWP results for 1 trip vs. 150 trips (1 year) for Conventional A/F & FRC

WM Emissions to air

b 67,490,563.82

2 65,000,000
¢ 60,000,000
= 55,000,000
= 50,000,000
S 45,000,000
~ 40,000,000
< 35,000,000
£ 30,000,000
- 25,000,000
< 20,000,000
= 15,000,000
~ 10,000,000
< 5,000,000
: ol

486,990.74 412,883.45

1 Trip A/F 1 Trip FRC 150 Trips A/F & FRC

Figure 4.8: GWP 100 years, ReRo passenger vessel operational phaseAggregated totalsi kg
CO2eqi 1trip vs. 150 trips, results for Conventional A/F & FRC

Additionally, the CQ scores generated through inventory (3eble 4.5), can be
subtracted from the GWP scoresTable4.7; this results in a difference of 2.57%
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(meaning that methane represents most of this difference), namely 1.25E+04 kg of
COeq (12.5 tonnes), 1.06E+04 kf COeq (10.6 tonnes), and 1.73E+06 kg of
COeeq (1,733 tonnes), with respect to the three different groupingip (With A/F,

1-trip with FRC, and dyear of operation). These values represent the contribution by
way of classification and characterisatiof releases other than g®@ut with similar

warming capabilities.

The above two paragraphs once again demonstrate that aside from being able to
properly account for CO2 emissions, LCA can comprise other emissions with a
warming potential analogous to @Qand therefore comprehensively cover all

releases under this impact category

With regards to the GWP savings procured by the FRC retrofit in comparison to the
conventional A/F, a total of 7.41E+04 kg of €Q (74.11 tonnes) is procured. The
last correponds to 7.23E+04 kg of G€q (72.30 tonnes) of inorganic emissions to
air, and 1.81E+03 kg of G@q (1.81 tonnes) of organic emissions to air (group
VOC) (seeTable4.7 andFigure4.9).

Lastly, Table4.8 is included to represent the differéB¥WP contributions specific to

each life stage, while additionally gathering results under the benchmark and
alternative scenarios (the aggregated totals are comprised Wbie 4.6). It is

clear that the construction and scrapping scenarios represent no improvement with
regards to the two scenarios; this is due to the fact that the FRC retrofit takes place
during the maintenance (FRC installation and upkeep) andchtigerphases. Of
relevance is that the operational phase shows a drop of 7.65% in the alternative
scenario, in comparison to the benchmark scenario (totalling 138,951 tonnes of
COeeq). The last ultimately underlines the environmental effectiveness of the

proposed retrofit.
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Astander ship operation scenarios for LCA comparison vs EEDI & EEOI
GWP relevant emissions to air flows, 1 trip vs. 150 trips (1 year) for Conventional A/F & FRC

W1 Trip AFF B Trip FRC 150 Trips A/F & FRC

R, AAHHdH b L 6584305000 - e

_____________________________________________________________________________________________________________________________________________________________________________________________________

1,647,504.73

475,102.86 [ 402,804.6 10.073.85

11,887.88

Inorganic emissions to air Organic emissions to air (group VOC)

Figure 4.9: GWP 100 years, ReRo passenger vessel operational phagdRelevant emissions to air flow$ kg CO2eqi 1 trip vs. 150 trips, results for

Conventional A/F & FRC
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Table 4.8: CML2001 - Nov. 2010, Global Warming Potential (GWP 100 years) Life cycle of
Ro-Ro passenger vessélScenario comparison between Conventional A/F & FRC applic&n 1
kg COzeq (Blanco-Davis et al., 2014a)

Benchmark (Conventional A/F) Alternative (FRC)

Ship Ship Ship Ship Ship Ship Ship Ship
Construction Maintenance Operation Scrapping Construction Maintenance Operation Scrapping
2.89E+07 4.71E+06 1.83E+09 4.40E+04 2.89E+07 4.54E+06 1.69E+09 4.40E+04

It should be noted that all LCIA results are relative accounts and expressions, and do
not predict impacts on category endpoints, the exceedirtgresholds, or safety

margins and/or risks.
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4.3 CONSAR case study

4.3.1 Case study introduction

The case vessel proposed by CONSAR is a capesizechudlier, whichhas a
worldwide operationand often transports grain. The actual vessel had recently
forecasted a ballast water treatment sys{&WTS) retrofit to be implemented
onboard; nevertheless, the underlined retrofit has irrelevant impact with regards to
overall fuel and energy efficiepgother than a trivial rise in energy consumption,

the grand scheme of things). For this last reason, the retrofit in question has not been

taken into consideration for the study herein.

Table 4.9: CONSAR vessel particulars

Type of vessel: Bulk carrier Deadweight (DWT): 84,607tonnes
Year of built: 2009 Gross tonnage (GT):  51,255tonnes
Length overall (LOA): 229.2metres

Length between

perpendiculars (LBP): 222.0metres Hull materials: Naval A gradesteel
Breadth: 38.0 metres Hull connections: Welded
Dratft: 14.9metres Power (main enging: 14,28 kW at105rpm

Table 49 1 i st s t he shi pose addtionally, ppApperdixDc5u | ar s
i nventories information with regards to

speed and voyage profile.

4.3.2 Goal and scope of the study

Similarly as the previous case vessel, the goal of the study is to validate the LCA
methodology as a fitting environmental indicasopplemento the EEDI and EEOI

metrics, while additionally being able tmnderlineenergy efficiency outcomest

should 2 noted that the case ship will be assessed using the previously explained
shipsd LCA model , but similarly as the p
only comprise the operational phase of the CONSAR bulk carrier.

Worthy of note as well is thagiven that the previous vessel report comprised an

account of the shipsdéd LCA model , the f ol
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avoid repeating certain similar or matching sections with regards to the previous case
ship. However certain required simalrities must beand areaddressed, as well as

relevant differencesentionecand expanded herein.

4.3.2.1 Operational profile

The CONSAR bulk carrier was built in 2009, and currently operates cargo routes
from Europe to Africa, and acrod¥estern Asiawhilst alsobeing able to call on

ports differing from the above routes. The lpsives as a difficulty for developing

an operational profilehat ultimately accommodatesregular yearly schedule. For

this reason, the voyage profile considered herein has been sigetnia order to
provide a more simple calculation and comparison between the different metrics.
Nevertheless, this should be underscored as a potential limitation, and should be

listed further to enhance future appraisals.

The voyage profile considerddr the purpose of the study, highlights the vessel
travelling from Port Kirkenes, Norway, to Port Said, Egypt, and back (see Appendix

D.5). Considering the two different locatis, the average distance between the two

is 5808 miles. Additionally, the vessel undertakes a loaded voyage to arrive to its
destination, while coming back wunl oaded,
service speed is 12 knots, then the averagmgdiine for each trip or voyage is 484

hours (20.17 days). Lastly, it is assumed the vessel carries out 10 trips per year,
resulting in 4840 hours of operation a yeahile using its main engingsee

Appendix D.5); the restof the timeis either spent at port loading and unloading

cargo, and performing maintenanadile using shore power and having its main

engine offline.

4.3.2.2 Function of the system

The function of this type of vessisl to transport unpackaged cargo in bulk, such as
grains, ore, cement, coal, and etcetera. Therefore, its main defined function would be

the transportation of maximum mass, i.e. cargo. Similarly as the previous case
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vessel, the environmental scores oladifrom this appraisal are only comparable to

scores to that of similar types of ships, with the same functional performance.
4.3.2.3 Functional unit

Based on the consideration that the syst

maximum cargothusthe functional unit should be defined as:

1 (Cargotransportedk distance) per year between the two port destinations.

Moreover, according to the hold capacity described in Appebdbxt he s hi pos
maximum carrying potential amounts to Q@00 cubic meters. Assuming that in

average 85% of this capacity is reached, and additionally that the vessel undertakes
transport of grains of wheatvith a density of 790 kg/f, then the tatl transported

cargo per trip would amount to:

f (100,300 M x .85x 790 kg/n?) + (1/1000 tonne/kg¥ 67,351.45 tonnes/trip.

Considering the aboye¢he functional unit of the system defined agonne x nm
transported per trip between the two port destinatis, with a functional
performance 067,351.45 tonnes/trip 5808 nautical miles = 3.91 x #@nnenm

per loaded trip.
4.3.2.4 Explanation of the system boundary

The boundary setting for this study is adjusted to appraise solely the operational
phase of theship. Additionally, no allocation procedures are performed during the
operational phase, due to the fact that the material and energy exchanges taking place
are assumed balanced within this phase.
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4.3.2.5 Assumptions and limitations

The list of assumptions previsly addressed for the ASTANDER shigpapplicable
for the CONSAR vessébee sectiod.2.2.5, with the exception of the following:

1. Consumption and emission factaase taken fromMAN-Diesel (2009)and
Mol danov § erespeciVely Thése fatdrare used toedefine the
06ship propul sion & generationdé proces
include factors found iTable9.0.9 and Table 9.0.10, with the exceptiomf
the CQ emission factor. Tis last isdifferent for the CONSARcasevessel,
and amourgto 520 g/kWh for the CQ emission factorthe last so that there
isconsistencywh i | e usi ng Ivéveod factocfar HBCo(ire. 5200 n
g/kWh + 167 g/kWh = 3.114)Other diesel engine contaminant emission
factors, such as micro pollutantontinue to belisregarded for the purpose
of providing a more straightforward comparison to the EEDI and EEOI

metrics.

4.3.2.6 Impact categories selected and methodology of impact assessment

The impact category to be used is the Global Warming Potential by CML, in a
hundred yearsoé6 ti me fchamoweisatiod df emissidnavells i f i c
be according to CML 2001, with a characterisation factor form November 2010
(CML, 2010)

4.3.2.7 Initial data quality requirements

A medium emphasis Babeen put on data quality.istalsothought that subsequent
useof the model for the evaluation of other shipdl furtherimprove the model and

the accuracy of its results.

The issues previously mentioned the ASTANDER ReRo passenger vessel are
likewise applcable to the CONSAR bulk carrier (see sect®@.2.j, with the
exception of the underscored difference pointed out in se¢t®A.5
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4.3.3 Life cycle inventory analysis

The following section quantifies and compilesta energy and material inputs and
outputs for the assessed systeifthe complete summarising of the life cycle
i nventory tables is referenced to the sy

emissions released (s€able4.10andTable4.11, respectively).

4.3.3.1 Notes on process modelling

The CONSAR case vesseahcorporatessome of the notes andissues raised
previously for the ASTANDER shigsee sectiot.2.3.9, with the exception of a

few differences. With regards to the operational phase of the ship, likewise the most
relevant assumption is that the main engine is constantly running at seaatvgute

the engine is offline. Additionally, the bulk carrier vessel has a conventional diesel
engine propulsion plant, meaning that electricity generation befalls on auxiliary

generators onboard.

The auxiliary generatorare similarly disregarded througtine LCA modelling, due

to the fact that the EEOI does not specifically accountHesein its formulation.
Nevertheless, this exclusion should be considered and underscored as a potential
limitation, and should be listed under recommendations for fushedies. The

EEDI will account for the auxiliary power onboard; this inclusion will be evaluated

and explained in succeeding sections.

Lastl vy, while the original formul a defir
process is still applicable to theOBISAR vessel, some of the factors have been
changed accordingly to allow appraisal of a different engine operation and voyage
profile. The changes include the SFC and the €Rissions factor, as mentioned
previously in sectio.3.2.5 as well as the powefi4,280kW) and the number of

engines (1), hours of operation per trip (484 howasglengineload (75% load)The

above will be discussed in subsequent sestion
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4.3.3.2 Inventory results

The following results are presented as an aggregation of the material and energy
inputs and outputs of the system, appraised during the operational phase of the ship.
The resources consumed and the emissions released are comprisecthende
physical unit of kilograms of mass. Furthermore, as mentioned previously, the
overall set of results is divided between system inputs (consumed resources, see
Table 4.10) and system outputs (released emissions, Tedde 4.11). Lastly, the

results are gathered between the following groups (or columns): 1 operational trip,
and1 year of operation (10 tripsJhe aggregated results for inputs and outputs for

both groups are represented graphicalllgigure4.10.

Table 4.10: Mass balanceBulk carrier vessel operational phasé Resources Absolute values
(kg) T 1 trip vs. 10 trips (1 year) results

Flows 1 Trip 10 Trips (1 Year)
Non-renewable energy resources 9.07E+05 9.07E+06
Renewable energy resources 3.51E08 3.51E07
Energy resources 9.07E+05 9.07E+06
Nonrenewable elements 5.61E+02 5.61E+03
Nonrenewable resources 8.91E+04 8.91E+05
Renewableesources 1.07E+08 1.07E+09
Material resources 1.07E+08 1.07E+09
Resourceqtotal) 1.08E+08 1.08E+09

Table 4.10 shows the aggregated totals for resources consumed by the system.
Similarly as with the ASTANDER case vessel, some flows with irrelevant
contributions to the inputs of the systaturing the perational phaséave been
disregarded The reader should recall that the consumption and emission factors
utilised for the CONSAR vessel can be found in Appedi&x Sample calulations

comprising the most significant results can be found in Appeddix

Similarly as with the previous case vessel, the most important flows within the
resources categorgre energy resources and material resources, which are also
divided in subcategories; water, which contributes relevantly to the renewable
resources subcategory, comggs 98.% of the total resources consumethis

amounts to D6E+08 kg (1®,470tonnes)of water used under thetfip grouping
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(out of the material resources total of 1.07E+08, kgplonging to the production
requirements of the HFO at refinery process; 10 times this result is representative of
the water used for 1 year of operation. Th& lkevidenceghat while some of the
consumption and emission ratibetweenthe two vessels arsimilar, the values
differ considerably due to their contrasting operational profiles (e.g2@&g3nes of
water used undethe ktrip with A/F groupingvs. 106,470tonnes of water used

under 1 bulk carrier trip).

CONSAR ship operation scenarios for LCA comparison vs EEDI & EEOI
1 trip vs. 10 trips (1 year) results - Inputs/Outputs

[WResources M Enmissions to air

1,076,596,822.94

1,000,000.000
900,000,000
800,000,000
— 700,000,000
é 600,000,000
< 500,000,000
400,000,000
300,000,000
200,000,000 107,659,682.29
100,000,000 4,180,267.67 41,802,676.68
ol L

1 Trip 10 Trips (1 Year)

Figure 4.10: Mass balance, Bulk carrier vessel operational phaseResources & Emissions to air

i Absolute values (kg)i 1 trip vs. 10 trips results
The consumption of crude oil under the frenewable energy resources amounts to
0.78% of the resources aggregated total, driven by the requirements of HFO
production as well. While holding their specific ratios, water and crude oil both
comprise 99.68% othe total resources consumed. This amounts specifically to
8.38E+05 kg @37.8 tonnes) and 88E+06 kg (8378 tonnes) of crude oil for 1
operational trip and 1 year of operation, respectivéligure 4.11 shows the
aggregated resources totals between the energy and material resources flow
categories, whileFigure 4.12 shows the ggghical magnitude between the most

relevant resources flow subcategories for the 1 year of operation grouping.
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CONSAR ship operation scenarios for LCA comparison vs EEDI & EEOI
1 trip vs. 10 trips (1 year) results for Resources - Inputs

|.Energy resources [l Material resources

1,067,526,140.14
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100,000,000 907,068.28 9,070,682.8
0
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Mass

1 Trip 10 Trips (1 Year)

Figure 4.11: Mass balance, Bulk carrier vessel operational phageRelevant resources flow$
Absolute values (kg) 1 trip vs. 10 trips results(l)
In contrast,Table4.11 represents the aggregated totals for the outputs of the system,
under the most relevant subcategories forming the main flow category, i.e. emissions
to air, and gathered between the two columns previously mentioned (1 operational

trip, and 1 year of opetian).

With regards to the subcategories, the most relevant are still inorganic emissions to
air, other emissions to air, and organic emissions to air (group VOC); nevertheless, in
comparison to those of the previously assessed case ship, their ratisbghdly as
follows: 96.7%, 315%, and 013%, respectively. Together they comprise 99.98% of
the aggregated total of emissions to dhigure 4.13 represents these tia@s
graphically for the 1 year of operation results.

Under that same colunirl year of operatidn heavy metals to air and particles to

air are worthy of mention. The former amounts t898g, while the latter totals
57255 kg. As previously mentioned, heavy metals to air comprise elements such as
Antimony, Arsenic, Cadmium Cobalt, Iron, Lead, and etcetera, while the particles to
air flow is formed in its majority by particulate matter (PMPRBI10) (seeFigure

4.13). Both of these contributions are linked to the production of HFO at refinery.
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CONSAR ship operation scenarios for LCA comparison vs EEDI & EEOI
Relevant resources flows, 10 trips (1 year) results - Inputs

B Non renewable energy resources [Non renewable elements Non renewable resources
B Renewable resources
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Figure 4.12. Mass balance, Bulk carrier vessel opet&nal phasei Relevant resources flows Absolute values (kg)i 1 trip vs. 10trips results (Il)
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CONSAR ship operation scenarios for LCA comparison vs EEDI & EEOI
Relevant emissions to air flows, 10 trips (1 year) results - Outputs

B Heavy metals to air B inorganic emissions to air Qrganic emissions to air (group VOC)
B Other emissions to air B Particles to air
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10 Trips (1 Year)

Figure 4.13: Mass balance, Bulk carrier vessel operational phaseRelevant emisgns to air flowsi Absolute values (kg)i 10 trips results
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Table 4.11: Mass balanceBulk carrier vessel operational phasé Emissions to airi Absolute
values (kg)i 1 trip vs. 10 trips (1 year) results

Flows 1 Trip 10 Trips (1 Year)
Heavy metals to air 8.39E01 8.39E+00
Inorganic emissions to air 4.04E+06 4.04E+07
Organic emissions to air (grou

VOC) 5.27E+03 5.27E+04
Other emissions to air 1.32E+05 1.32E+06
Particles to air 5.73E+01 5.73E+02
Emissions to air (total) 4.18E+06 4.18E+07

Exhaust still forms in its majority the other emissions to air flow subcategory with a
slight increaseon its ratioiwhich is 304% of the emissions to air totalas a
consequence of the HFO production. In the other hand, Methane, VOCs and
unspecified hydrocarbons constitute thesser contribution from the organic
emissions to air (group VOC) subcategofe first two are relative to the HFO
production processwhi | e the | atter i s mostly a

combustion.

Out of the 96.7% which forms the inorgarimissiongo air flow contributionto the
emissions to air totakhe following releases are the most relevant: carbon dioxide
(714% of the @gregated total), nitrogen oxideaZ6%), sulphur dioxide (0Z3%),
and water vapour (18%). With the exception ofvatervapour, gnilarly as with the
ASTANDER case shipthe aforementioned releases aggregate a contribution of both,

the ship propulsionmpcess and the HFO production process at refinery.

From the total carbon dioxide contribution @%.), a total of 6% comes from the

ship propulsion process, while 6.9% is attributed to the @eration by ways of

the production of HFO. The above pemtages amount to BAE+06 kg (2694
tonnes) of carbon dioxide generated through the main engines during 1 operational
trip, and 289E+05 kg @89 tonnes) of CQlinked to the HFO at refinery process.
Figure 4.14 depicts a representation of the magnitude of these two values, while

Table4.12 aggregates the two etributions.

Table4.12 also offers relevant emissions to air flows within the 1 trip and 1 year of
operation groupings, while indicating the contribution by both,HR® at refinery
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process and the ship propulsion and generation process. One single trip by the bulk
carrier vessel generates an aggregated toaB8E+06 kg @,984 tonnes) of carbon
dioxide, 3.01E+03 kg @ tonnes) of carbon monoxid8.,46E+04 kg ©4.6tonnes) of
nitrogen oxides, 29E+04 kg (22 tonnes) of sulphur dioxide, ah85E+03 kg (1.55
tonnes) of released hydrocarbons. A full year of operation of the vessel entails the
previous results tenfol®9,839tonnes of CQ, 30tonnes of CO946tonnes ® NOx,
219tonnes of SQ and15.6 tonnes of hydrocarbons).

CONSAR ship operation scenarios for LCA comparison vs EEDI & EEOI
Relevant Carbon Dioxide flows, operational phase processes, 1 trip results - Qutputs

W Carbon dioxide

2,694,414.6

2,600,000
2,400,000
2,200,000
2,000,000
1,800,000

2 1,600,000
» 1,400,000
= 1,200,000
1,000,000
800,000

600,000 289,454.24
400,000
200,000
0.

EU-27: Heavy fuel oil at refinery (1.0wt.% S) PE EU-27: Ship Propulsion & Generation EB <u-so>

Figure 4.14: Mass balance, Bulk carrier vessel operational phaseRelevant carbon dioxide
emissionflows 1 Absolute values (kg)i 1-trip results

Although not practically comparable, due to their different functional performance,
IS interesting to note that tldove results turn out to lbather different between the
two vesselsFor example2,984 tonnesof CO, from 1 trip of thebulk carrier ersus
474.48 tonnes of COfor 1 trip A/F of the ReRo passenger vessel, af€,839
tonnes agains65,758 tonnes of COIn a year between th€ONSAR and the
ASTANDER vessel respectively).The above differenceare a function of the

variance irthes h i gpeyadional profileand their disel plant arrangements.

Lastly, similarlyas the ASTANDER case vessel, a minimuntmerited uncertainty is

relative to the procedure of how data was collected and used, and specifically the
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way the boundaries of the systemere set. The main sources for the uncertainty
representativéo the ASTANDER case ship are applicable to the bulk carrier case

ship,and are notedspotential improvement candidaties future assessments

4.3.4 Life cycle impact assessment

This phase of thetudy has taken into consideration all available information relative

to the previous phases, as well as reassessing the goal and scope definition and
system boundaries. Recalling the goal and scope definition, the impact category to be
applied is the Glod | War ming Potenti al by CML 200:

frame, with a characterisation factor from November 2010.

Table 4.13 comprises the GWP scores in a 100 ydarsthe following groups: 1
operational trip, and 1 year of operation. Additionally, similarlyrable4.12, Table

4.13 incorporates the specific Global Warming Potential contribution relative to the
different processes: production of HFO at refinery and ship propulsion & generation.
It is clear that the most significant flows der the GWP impact category are
inorganic emissions to air and organic emissions to air (group VOC); the former
represents 93% of contribution to the aggregated impact totals, while the latter
complements the rest {26, seeFigure 4.16 for a graphical representation of the

flows proportion).

Although with a slight difference in the composition ratio, the significant substances
that contribute to the inorganic emsss to air flow are analogous to the ones
mentioned previously for the ASTANDER case ship: carbon dioxide, carbon
monoxide, nitrogen triflouride, nitrous oxide, and sulphur hexafluoride. Carbon
dioxide, however, holds 9% of contribution to the GWP totl while the rest of

the substances is considered to have marginal influence. In the other hand, methane,
from the organic emissions to air (group VOC), holds 2.33% of the emissions to air
total. Togethei while holding their specific ratibs CO, and CH constitute 9%3%

of the GWP aggregate; this total collects emissions from the HFO production process
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(e.g. CQ and CH), as well as the ship propulsion and generation process (ezg. CO

and hydrocarbons).

Additionally, it is interesting to point out th&iom the 972% of the aggregate total
carbon dioxide contribution, 8R4 belongs to the ship propulsion and generation
processigener ated through the maiiwhilefOB% i neds

belongs to the HFO at refinery process (5able4.13).

CONSAR ship operation scenarios for LCA comparison vs EEDI & EEOI
GWP results for 1 trip vs. 10 trips (1 year)

W Emissions to air

30,711,022,71

w

- 30,000,000
< 25,000,000

~ 20,000,000

= 15,000,000

5 10,000,000

" 5,000,000 3,071,102.27
= ol— -

1 Trip 10 Trips (1 Year)

Figure 4.15. GWP 100 years, Bulk carrier vessel operational phaseAggregated totalsi kg
CO2eqi 1 trip vs. 10 trips results

Figure4.15, as well asTable4.13, summarise the aggregated GWP sedog the 1
operational trip, and 1 year of operation group€78+06 kg (3071 tonnes) of
COxeq and 7E+O07 kg 0,711 tonnes) of C@eq, respectively. The difference
between the above aggregate results and thes€ides generated through inventory
(seeTable4.12), represents the additional contribution by ways of classification and
characterisation of releases analogous te.@@is difference results in@% of the
aggregated total, and amounts 8v2E+04 kg @7.23 tonnes) of C@q and
8.72E+05 kg 87233 tonnes) of C@eq, for the 1 trip and 1 year of operation results,

respectively.
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Table 4.12: Mass balance, Bulk carrier vesdeoperational phasei Relevant emissions to aii Absolute values (kg)

1 Trip 10 Trips
(1 Year)
Flows Total (1 trip) HFO at refinery  Ship propulsion Total (10 trips)  HFO at refinery  Shippropulsion
(1.0wt.% S) & generation (1.0wt.% S) & generation

Carbon dioxide 2.98E+06 2.89E+05 2.69E+06 2.98E+07 2.89E+06 2.69E+07
Carbon monoxide 3.01E+03 4.21E+02 2.59E+03 3.01E+04 4.21E+03 2.59E+04
Nitrogen oxides 9.46E+04 8.02E+02 9.38E+04 9.46E+05 8.02E+03 9.38E+05
Sulphur dioxide 2.19E+04 1.67E+03 2.02E+04 2.19E+05 1.67E+04 2.02E+05
Hydrocarbons
(unspecified) 1.55E+03 4.58E01 1.55E+03 1.55E+04 4.58E+00 1.55E+04

Table 4.13: CML2001 - Nov. 2010, Global Warming Potential (GWP 10§ears)i Relevant emissions to air flows and aggregated totalskg CO2eq

1 Trip 10 Trips
(1 Year)
Flows Total (1 trip) HFO at refinery  Ship propulsion Total (10 trips)  HFO at refinery  Shippropulsion
(1.0 wt.% S) & generation (1.0 wt.% S) & generation

Inorganic
emissions to air 2.99E+06 2.93E+05 2.69E+06 2.99E+07 2.93E+06 2.69E+07
Organic
emissions to ail
(group VOC) 8.32E+04 7.16E+04 1.17E+04 8.32E+05 7.16E+05 1.17E+05
Emissions to air
(total) 3.07E+06 3.65E+05 2.71E+06 3.07E+07 3.65E+06 2.71E+07
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010, Global Warming Potential (GWP 100 years) [kg CO2-Equiv.]

"
Fa

CNL2001 - Nov.

25.000,000]
20,000,000]
15,000,000
10,000,000

5 000,000

Figure 4.16: GWP 100 years, Bulk carrier vessel operational phaseRelevant emissions to air flow$ kg CO2eqi 1 trip vs. 10 trips results

CONSAR ship operation scenarios for LCA comparison vs EEDI & EEOI
GWP relevant emissions to air flows, 1 trip vs. 10 trips (1 year) results

‘. Inorganic emissions to air B Organic emissions to air (group VOC) \

.........................................................................................................................................

2,987,872.52

83,229.75 832,297.52

1 Trip 10 Trips (1 Year)
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Lastly, as mentioned similarly for the ASTANDER case slitighould be noted that
all LCIA results are relative accounts and expressions, and do not predict impacts on

category endpoints, the exceeding of thresholds, or safetgins and/or risks.
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4.4 Life cycle interpretation (both cases)

The last phase of the assessment will strive to make a reasonable comparison
between the scores produced by the EEDI and EEOI metrics, against the scores
generated by performing the LCA appgrisThe differences underlining theezore
values will be addresseds well as any spdic benefits or disadvantaggsarticular

to the choosing of a certain metric or method over the remaining ones

The results pertaining the EEDI valuation will be prged in first ordefor each

case vesselfollowed by the EEOI outcomes; the comparison among the different
methods will follow the documentation of the results, giving way to the recognition
of significant issues. Ultimately, conclusions for the assessnasd future
recommendations will be underscored. Worthy of note is that this phase entails a
review of the evaluated data and results, following the guidelines relative to

emphasising the consistency of the goal and scope def{sittbnroughout the stily.

4.4.1 Evaluation of the resultsand significant issueSASTANDER case)

Table 4.14 recalls some of the inputs respective to the operational profile of the
ASTANDER RoRo passenger vessebome of hese inputs have been utilised for

the calculation of the EEDI and EEOI sconesjle the majority have beeecorded

for the modelling phase relative to performing the LCA appraisas well
Nevertheless, while thieelowis applicable to theucceedind=EDI calculationthe

following exception contrasts from the value listedrable 4.14: the use ofL2,000

kKW (x4) MCRue to accountér t he ori gi nal ma following n gi ne s
EEDI recommendationéseeinputs usen EEDI calculator oAppendixD.3).

Table 4.14: ASTANDER vessel relevant operational profile inputs

MCR vE: 11,500 kW (x4) Vref: 25 knots
SFCwve: 207 g/kWh Cargo (ransported ! trip) : 2,854.38 tonnes
CO2 enmission factof 671 g/kWh Cargo (ransported / year). 428,156.25 tonnes
T (time / trip) - 22.4 hours Capacity pwr): 6,515 tonnes

# Trips per year: 150 D (distancey 560 miles

T (time / year). 3,360 hours SFCaEe: 215g/kWh
%Load ve: 62%4 engines) 70%43 engines)  CF (MO factor for HFO) 3.1144gCOy/gFuel
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RecallingTable2.3: Reference values for calculating the required EEEL, 2013)

as adapted fronfIMO, 2013a, b) andEquationl for obtaining the required EEDI

value, while also recallingMO (2014bp s 2014 EEDI guidelines
for Ro-Ro passenger ships deadweight should be usedpaity the following is
calcubted:

Y'QR 6 MO@DD  © Xugo o¢wpu 8 C@ Wy

Thus, the required EEDI for phase 0, which runs from Jania013 to December
31%, 2014 is equal to 26.498 gCflonnenm for the ASTANDER ReRo passenger

vessel, with a deadweigbapacity of 6,515 tonnes.

The following is the EEDtorrectedcalculation for the ASTANDER case ship as per
the latest EEDI guidelines, released in April 2014. Worthy of mention is that the
succeeding equations (3, 4, 5, 6, and 7) are sourced fraagtelelines, namely
the2014 Guidelines on the method of calculation of the attained EEDI for new ships
(IMO, 2014b) The reader should refer to thesst for specifics with regards to the

following calculations.

Although GL (2013)def i nes a Al ow friction <coatin
efficiency technol édcgmai be séptairated franothe avkrils t h «
performance of the ship and hence its effect shall not be calculated unier

energy saving technology part of the EEDI equation; rather this technology should be
appraisedunder the mainsection of theEEDI calculation while evaluating the

impact on power and its correspomglireference speet@herefore theoretically the

EEDI formulation can account for a retrofit such asithplementatiorof the FRC,

while establishing the reductian power, evaluating the impact on speed, and re

running the calculation with theorrectedoower and speed inputs.

With the above in mind (i.ennovative energy saving output not applicaBlgy,= 0),

and assuming that the ASTANDER fRm passenger vessel is not equipped with a
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shaft motor(i.e. Pr1i = 0), then the EEDI formula is abbreviatek shown in

Equation3.

Equation 3

B Q B 0 D Y06 0 D JY 06

0000 Q0000 &1 & DDA

As mentioned previously, while the auxiliary generators are disregarded through the
LCA modelling and EEO] the EEDI formulation does account for the auxiliary
engine power. It does not do so by consideringatttaalinstalled auxiliary engines

or generatorsated capacityshown as inputfor the BIMCO calculatom Appendix

D.3, for example) but by calculating the necessary power required for propulsion
machinery, systems, and accommodation while operating at normal maximum sea
loadas per defined biMO (2014b) Taking into consideratiornat the ASTANDER

case ship is not equipped with a shaft motor Fire. = 0), and that its combined total
propulsion power is 10,000 kW or above, the auxiliary engine power is calculated

using the abbreviatefiquationd.

Equation 4

0 T8t ¢ v D0'Y CUT

0 mMicu TR ¢ unph vRw

Having calculated the auxiliary power, the additional required inputEdoation3
are the power correction factofirgrg, and the cubic capacity correction factor
(fcropay. The formeris a nondimensional coefficient ands calculated using
Equation 5, the Froude number expressed Bguation 6, sane of the vessel
particulars found inTable 4.1, and the following defined RRo passenger ship
exponentsU=2506 = 0. 75, o (IMO,P014P)5, U = 1.00
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Equation 5
0 P

. 0 0 0

09% 9u 27—
Equation 6

TP T

O “——‘

v O0Q

Before solving the power correction factorkquation5, the Froude numbéralso
dimensionless should be calculated using the ship spéég) (found inTable4.14,
the length between perpendiculdtssp) found in Table 4.1, and the gravitational
accelerationwhich isequal t09.81 m/s.

™ p T UQE £ O i

O - , T TP T
P Y& sy pr 7i

The above value is used as an inputBquation5, along with the previously
mentioned required variables and exponents, and additionally the volumetric
displacement € ). The volumetric displacement is acquired by dividing the
displacementdund in Table 4.1 (20,150 tonnes)by the seawater densifit,025
kg/m?).

Q P T® 00T
pums ° jcuw ° p Yda

p tp vap

According to IMO (2014b) and similarly as with some of the othavailable
correction factors, the cubic capacity correction fact)rshould be assumed to be
one (1.0) if the necessity of the factor is not granted. Nonetheless, f&oRo
passenger vessels havinPWT/GT ratio of less than 0.25wvhich is the case for the
ASTANDER ship, then the cubic capacity correction factéirdpay Should be
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appliedas shown inEquation?, while also using the DWT capacity and the GT

value described imable4.1.

Equation 7
'O(b"Y‘O"Y ’
"0
@ L
phpweéeeeQi 8
0 TE;FSXCQJSSEQI 0B ©w W

Before recallingEquation 3 and calculating the corrected EEDI value for the
ASTANDER case shipit is relevant to piot out that the main engine power input
(Pwve) required in the EEDI formulatigns considered to be 75% of the aggregated
rated installed poweAMCRuvei). Additionally, the carbon conversion factorg]C
found inTable4.14 7 and sourced frorftMO (2014b) is applicable to both, the main
and auxiliary engines, due to the fact that all of these utilise HFO. Lastly, the SFC
for main and auxiliary engines can be foundlaible 4.14, as well as the capacity
and the reference speetthe capacity correction factofi)( the cargerelated gear
correction factorf(), and the weather correatidactor {.) are all assumed to be one
(1.0).

00 0 0VVDMD
T8 000 M nRODP p 1A TFQIQ  plt v ROIP p 1A p WQWQ
PP wodwiphy p d £ & & UQE £ 0
G @Y OO ¢ & DAGQY Q

The aboveobtaned result seems a more logical alternative to filllowing
inaccuratecomputed value shown figure4.17, and also, it bringthe plotted point
(6,515, 32.679) cles to the referenckne curve.Neverthelessthe obtained score
would still be undecompliantof the requirements, given that the attained EEDI

should be equal to or less than 26.498 g@@nenm, asmentionedearlier. It
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should behighlighted howeverthan the ship in question was buith 2001,and it is
not required to comply with the EEDI. The above exercise is still interesting in order

to gauge wherthe vessel stands terms of environmental design efficiency.

Figure 4.17 shows the plotted reference lines for the ASTANDER case ship, the
required EEDI score, and additionally an erroneous result for the calculation of the
attained EEDI.

Energy Efficiency Design Index Ra-ro passenger ship

Ro-ro passenger ship

120.000

ASTANDER RO-PAX
IMO No.: SHIPO1
Attained EEDI 96.143
100.000
L Phase 0: 1 Jan 2013 - 31 Dec 2014
Required EEDI 26.498
Compliance Index 362.8

Calculation ref: 127360

80.000

® Attained EEDI
[ New ships from 1.1.2013
&ﬂ-ﬂﬂﬂ New ships from 1.1.2015
w 1 New ships from 1.1.2020

New ships from 1.1.2025
\ ««=+=:Reference line

40.000

20.000

0.000 +
0 20,000 40,000 60,000 80,000 100,000 120,000

Gross Tonnage

Figure 4.17. ASTANDER case vessel EEDI plot result, screenshot froBIMCO (2011)
calculator

Although BIMCO (2011)reassures its calculator is updated with regards to the latest
EEDI guidelines additions, the error in the calculation of the above attained EEDI
seems to be a result of utilising the wrong power correction fafies, and the
wrong cubic capacity correction factoicrora) for the ReRo passenger vessel.
Appendix D.3 shows, aside from the inputs used for the calculation, the list of
outcome peameters where the abowgentioned correction factors are both

inaccurately listed as 1.
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With the above logic in mind, it would also be interestiogvaluate the outcomes
resulting from the LCA appraisal, and to compare these withaltioze result, in

order to assess if the scores have any degree of equivalency. The LCA energy
efficiency scores are calculated by uskguation8 and Equation9; the difference
between them is that the first calculates the energy efficiency usingCheCO»
inventoryaggregatewhile the latter supplements this result with thetgbution by

ways of classification and characterisation of releases analogous; th.&€@WP).
Additionally, the denominator in these equations is nothing more than the stated

functional performancerelative to thepreviously defined functional unit fothe

system.
Equation 8
. B "Q06 0
VOO
B & r O
Equation 9
. B "Q0w 0
00O - ,
B a R O

Table 4.15: Ro-Ro passenger vessel CO2 and GWP aggregdtérip results, and respective
uncorrected LCA energy efficiency scores while using DWT capacity (6,515 tonnes)

ECO: EGWP LCA efi(co2) LCA eff(cwr)
(9CO2) (gCO2eq) (gCO2/tonnenm)  (gCOZegftonne-nm)
1 trip A/IF 4.74E+@ 4.87E+® 130.05 133.48
1 trip FRC 4.02E+® 4.13E+@ 110.26 113.17

Table 4.15 recallsthe Ro-Ro passenger ship results fromable 4.5 and Table 4.7,

while also converting them from kilograms to grams. Additionally, the resulting
LCA energy efficiency scores have been already distributed betweertripadws
Nevertheless, the succeedingocddition is a sample to demonstrate the computation
of all four scores; the last will be done by using an equivalent functional performance
to the previously calculated EEDI. In other words, instead of using the actual

quartity of cargotransported, thdeadweight tonnage will be utilised in the EED|
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denoting the shipds maxi mum theldarigeCGA capac
resultswould be used for comparison to the EEDIusthe Ltrip distance is also

recorded as an inpar the equatiorfseeTable4.14).

060 . - poduu® Ujo ¢ ¢E&@

The reader shdd note that having the G@nd GWP aggregate results in scientific
format, might influence the precision of the LCA energy efficiency scores.
Nevertheless, the above value does not seem to be in the vicinity of the previously
calculated EEDtesult(32.679 gCQ/tonnenm). The main reason for this difference

is thatthe newly obtain value is noget revised to account for the power correction
factor (jrorg, and the cubic capacity correction fact®rdpay performed for the
EEDI. These two correction ¢ors are establishetb account for the design
differences this type of ship poses against others, which are ultimately designed for
the transportation of maximum ma3$iesecorrection factors can only lpgactically
applied to theaesulting LCA energy ficiency scores, if their formulation shows a

certain equivalency to the formulatiperformed to attain the EEDI.

Recalling that 90.65% of the LCA GGaggr egated total comes
propulsion &gener ati on processoO 16.836%tigattributedi o n ,

to the production of HFO at refinery procdfise ratio is proportional to the results

shown at the end of secti@gh2.3.9, then out of the 4.74E+08 gG@r the 1 trip

A/F aggregate balancghown inTable4.15, a resulting 4.30E+08 gGCMelongs to

the shippropulsion processontribution As previously mentioned, this contribution

is defined by the parameters foundRigure 3.8, and further by the predecessor

engine casumption and emission model Bphnsenand Fet (1998)this last is
essentially based othe total released GOemissions, as a product of the fuel
consumption ECwue) of the engines and the carbon content in the fuel, namely the

carbon conversion facto€éve) (seeEquationl0).
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Equation 10

06 @E E WG QI OQ 00 D

The carbon conversion fact{rve) utilised for the LCA modelling is not the same
as the one provided byMO (2014b) and shown inTable 4.14 (3.1144
gCQOyJ/gFue)t®. The Crwme is slightly higher for the LCA appraisaand is defined by
Equationll, using inputs from the predecessor model Tsd#e4.14).

Equation 11
114 6 l.)
0 -
Y05
. @ X BXQuQ e
—— Qo Q
0 < Tra o8 T p'® U] 0 Qa

In turn, Equation 12 defines the fuel consumption for the 1 trip A/F contribution,
recalling that11,500 kW (x4) is used as the MCR to account for lower output
efficiency due to engine age and wear, additionally that the engines operate at a
weighted average of 62% load. Lastly, the timgrequired for the completion of 1
trip is considered (s€Eable4.14).

Equation 12

"00 DOY POEWQIYOO JTY

"06 TP W TR0 I QX TFQINL @ Q p& ¢ p ¥ W6 Qa

14 fiCr is a nondimensional conversion factor between fuel consumption measured in g areh@Sion also
measured in g based on dMQ, B0d4h this oarbbnecanvetsiorafactorecanprarne s s e d
depending on the $Fand the C@emission factor relative to the chosen fuel.
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Recalling Equation 10, then the C®@ contribution from thel trip A/F éhip
propulsion & g e n e mpracess @wanodbe corroborated back th@ previously

mentioned value and ratio.

Q6 U PH ¢ p TQOO WY T p'D 6] Q06 Qud 11 p TD U

More importantly, however, is thétis noticeable thasomefactors from the above
calculation are ultimately equivalent to the EEDI formulation. While it is true that
the current LCA modelling does not account for thessions resulting from the
auxiliary engnes, it does however supplem#émt aggregate scowith theemissions
generated by the production of HFO at refinery. Nevertheless, assuming that the
auxiliary power is removed froBquation3, then the EEDI formula is abbreviated

asshown inEquation13.

Equation 13

B Q B 0 8 )) Y06
"QIQIQB DN O O

000G

Recalling Equation 8 and Equation 10 Tand substituting thdirst factor in the
numeratorof Equation 10 with Equation 127, while additionally replacing the
distance factord) in the denominatoof Equation8 with the D=V/exT relation the
resulting Equation14 can be substituted back inEquation13, and consequently
implement the power correction factdiréro) and the cubic capacity correction
factor fcropay Solely for the emissions generated by the main engines, as similarly
performedoy the EEDI.

00 D
a 0

B 00Y P0EOQIYOL JIYD
88 & 0
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Equation 14
B 00Y DPOEOQIOYOO DB ITY
VOO e a o JY
B QB 06Y POEGQB  OY08
VOO e OO0000% 00 b
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The aggregate LCA energy efficiency score for the 1 trip A/F contribution can now
be calculated, adding the above corrected LCA efficiency score for the ship
propulsion process, to the remaining attributed emissions of the pmdoétHFO

at refinery processonsequentlydivided by the previously utilised functional

performance.

o b s e 81T pmM® 0
CRT @ 070 ¢ ¢ dd chhup@aeeQucpaw

oBup i@ 0T £ £00 Qa Q

The above value imuchcloser to the corrected EEDI result (32.679 g@idne
nm). The slight difference between the two obtained results are due to the following

reasons:

1. Engine MCR is regarded d&<%,000kW(x4) for the EEDI, while the LCA
modellingutilises 11,50&W(x4) asaninput.

2. Main engineoutput power relative to the EEDI calculation is 75% of the
rated installed power (MCR), while the LCA model utilises 62% of the rated

installed power when 4 oof the 4 main engines are operational.

BlancaDavis, E., 2015 172



Case Studies

3. The carbon conversion factor used for the EEDI calculation is equal to
3.1144, while the factor utilised for the LCA modelling is slightly higher
totalling 3.2415.

4. Lastly, although smaller inproportion to the emissinos from the main
engines, the EEDI resulencompasseshe emissionsgenerated by the
specified auxiliary powerin turn, the LCA modelling features the added

emissions from the ancillary HFO production process.

The aboveexplained steps for the correctioh the LCA energy efficiency scores,
can be similarly applied to the LCA efficiency results relative to the GWP column
(seeTable 4.15); this can be performely sepaating the emission contributions,
applying the correction factors solely to the emissions generated by the main
engines and aggregatm the results while observinghe relative functional
performance(seeTable 4.16). The LCA GWP energy efficiency scaealthough
corrected, will turn ouproportionallyhigher due to the increment by ways of the

contribution of releases analogous to the warming potential ef CO

Table 4.16: Ro-Ro passenger vessel corrected and uncorrected LCA energy efficiency scores
while using DWT capacity (6,515 tonnes)l-trip results

Uncorrected Corrected
LCA efico2) LCA efiicwr) LCA efiico2) LCA efiicwp)
(gCO2/tonnenm) (gCO2eg/tonnenm) (gCO2/tonnenm)  (gCO2eg/tonnenm)
1 trip A/F 130.05 133.48 35.015 38.441
1 trip FRC 110.26 113.17 29.662 32.568

It is also clear that LCA energy efficiency scores procured by the 1 trip FR@tretro
can besimilarly correctedi but moresignificantlyi, due to the above evidenced
equivalency between formulations, is understandabletileaEEDI can emulate the
inventory CQ savings resulting from the FRC retrofit LCA appraigaspective
solely to the main aines contribution) by correspondingly adjusting factors
relative to the reduction in power and the impact on sp¢edertheless, the savings
generated through the reduction in HFO production, as well as the s&mongs
emissions analogous to the detemtal effect of CO2, remain an added benefit to the

application of the Life Cycle Assessment.

BlancaDavis, E., 2015 17z



Case Studies

With regards to the EEOI although also holding similitude to the EEDI
formulatiori, its equation is less complex, focusimginly on the fuel consumed per
voyage and the actual distance and cargo transported. Thus, the main differences
with regards to the EEDI formulation is that auxiliary power is not considered
specifically, there is no specific input or variable for energy saving technologies, and
there are nospecified correction factors foweather ordifferent ship types.
Additionally, the EEOI uses a variant thfe D=V xT relation i.e. instead of using

the reference speed, it uses the distance factor. The EEOI is calculated using
Equation 15 for a single trip, andequation2 for a rolling averagecomprisinga

number oftrips.

Equation 15

S B 00 0
O0Ov O ; ,

a O

Worthy of mention is that, likewise to the EEDI, the EEOI guidelines also recognise
ship types such as passengesselsiincluding ReRo passenger shipsto be
designed for a muHiunctional purpose and not onbpecific to thetransport of
maximum massthe last is underlined by1O (2009dp s suggesti on of
v e s sgeobs@onneasthe specified quantity of cargo mass carried, when involving

the abovementioned ship typds the calculation

Nevertheless|MO (2009d) also underscores that for such types of vessels, which
carry a mixture of cargdincluding passengers and freightend users are
encouraged to consider a certain weighted averaged to represent the work performed
relative tothes hi pd s p ar tor wadd. &his last asr corisideeed be
equivalent to the definition of the ASTANDER HRo passenger vessel functional
performancelescribedn section4.2.2.3 ard therefore applicable to the succeeding

EEOI calculations.

Of relevance is that the following computations are in accordance to the assumption

that the ReRo passenger vessel has a constant quantity of cargo carrigeapéer
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and therefore per trip as r defined bysection4.2.2.3 Althoughthis last is due to

the public unavailability of data with
allows for a moredirect comparison to the LCA methodology, given #iared

similarity with regards tahe utilised inputs. Nevertheless, this should be underlined

as a potential limitation, which should be listed as another candidate for

enhancement of further studies.

Recalling Equation 15, as well aghe valuesfor the carbon conversion factor, the
single trip distance, and the quantity of cargo carried petfi &ipfound in Table
4.14i , and additionally recalling the fueonsumption relative to thettip A/F result
of Equation 12, the following defines the EEOI score farsingle trip under the

antifouling coating scheme:

p® ¢ p TCE L'Dompprgb 006 0 &
cyvay Wi T DAEITD 0 "Qd'Qa Qi
UL (70 £ £ BAQA Q

000 0 +

The EEOI score for a single trip under the FRC retrofit can be calculated
correspondingly, by using the above formula and vaiwath the exception of the

fuel consumption, which would have tde calculated again usirkguation12, and
adjusting accordingly for the number of engines and weighted average load (i.e. 3
engines and 70% load)able4.17 gathersthe EEOI single tripresuls for both, the

A/F and FRC schemes

In turn, Figure 4.18 shows a screenshot of theotemPlus (2012)calculator,
depictingthe resultingaverage EEOI score for a total of 10 trigstrips under the
A/F coating, and 5 trips under the FRC schinaes the result is originally shown in
tonnes of CQ over cargotonnes per nautical mile, the conversion would total
237.918 gCQtonnenm. Additiorally, Appendix D.4 shows the complete list of
voyage inputswhich clearly regard information related to the operational profile of

the vesseldorrespondingly found iffable4.14).
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i Energy Efficiency Operational Indicator (EEOI) (=] E s

\ EEOI Of file : ASTANDER Ro-Pax_Thursday, August 28, 2014.csv |

Ship Name iR WWW.TOTEMPLUS.COM

Voyage Name / Date ‘ Voyage Type | Fuel Type ‘ Fuel Used (MT) ‘ Cargo

# | Voyage Name / Date ‘ Voyage Type ‘ Fuel Type | Cf (CO2,MT) ‘ Fuel (MT) ‘ Cargo ‘ Dist (M) B
7 | North Spain to S. UK Cargo Voyage  HFO 3.114400 112 2854.4 560
8 |S. UK to North Spain Cargo Voyage  HFO 3.114400 112 2854.4 560
9 North Spain to S. UK Cargo Voyage  HFO 3.114400 112 2854.4 560
U_S UK to North Spain Cargo Voyage 3.114400 2854.4

]m_———

= EEOI Result:

Y e \ | Load J | s | e [ 0.0002379 I\ © exit |

l [l] clearan

Figure 4.18 ASTANDER case vessel EEOI result, screenshot froffiotem-Plus (2012)
calculator

Due to the nature of thEEOI rolling average formulation, the 10 trips discussed
above are representative of the 150 trips thdRB@assenger vessel undertakash

year, given that the results are equivalent if the ratio of the factors in the formula
stays unchangedlhe following computation will confirm thisising Equation2,

while also recalling that it is assumdidat the FRC retrofit takes plackalfway
through theyearly operationalphaseof the vesseli.e. utilising the corresponding
fuel consumption for 75 trips under the conventional A/F coating, and the fuel
consuumptionfor the remaining 75 trips with the FRC schema)dlastly utilising

cargo and distana#ata relative to this period (séable4.14).

B
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The abovevalue is visibly equivalent to the previously obtained result duehi®
unchanged proportion between the fuel consumption, distandecargetransported
inputs. As another example, 246d150 tripsunder the A/F paint systeproportional

fuel consumption would generate the same parallel sctoethe Ztrip result
(257.658 gCQtonnenm), given that the ship travelled the same distance, and
carried the same quantity of cargo per.tiipis of coursas ultimately caused by the
assumption of constant cargo carried, and additionally byetipdar schedule of the
vessel.Correspondingly, the 150 trips A/F & FRC result above calculated, is also

analogous to the average value between bdtip tesults(seeTable4.17).

Table 4.17: Ro-Ro passenger vessel EEOI and respective LCA energy efficiency scores, 1 trip
and 150trips (1 year) results

EEOI LCA eft(co2) LCA efiicwp)
(gCO2/tonnenm) (gCO2/tonnenm) (9CO2eq/tonnenm)
1 trip A/F 257.658 296.88 304.66!
1 trip FRC 218.178 251.67 258.3@
150 trips A/F & FRC 237.918 274.57 281.48

Before proceeding tainderlinethe resulting LCA energy efficiency scoréalso
gathered underable4.171, it is interesting to note that the difference between the 1
trip EEOI results is that 089.480 gCQ@tonnemile, which ultimately underscores

the CO2 savings generated by the FRC refrafitlit also demonstrates that this is
directly highlighted by the EEOI metric. Nevertheless, the savings amounting to a
number of trips or voyagew,ould have to be calculated using only the numerator of
the EEOI formula, as using the whole EEOI equation would just generate a score

proportional to the -trip results as previously explained.

Table 4.17 evidences that the resulting LCA energy efficiency scores are not

numerically far off with regards to the obtained EEOI values. These LCA scores are
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procured similarly to the previously demonstrated results in the EEDI settie
following is a sample calculation for one of the scores, recatipgation8 andthe
CO, aggregated total for a year of operation foundTable 4.5, as well as the

resulting cago transported and distance travelled foun@iable4.14.

ed Y pmm DO
i Tclpudpw € &€ QNP aTH 0 RBRD QI
Cx& LD 0joé ¢ B|MMaQ

The abovd.CA energy efficiency C@value isrelative to 1 year of operatidri50

trips in total, and takes into consideration the inventory aggregate fof CO
emissions during that period, which in tusncomprised of emissions from the ship
propulsion and generation process, as well as contributing releases from the
productionof HFO. Due to the fact that the previous ratios of contribution from these
two different processes to thetrip CO: results apply(see the end of section
4.2.3.9, thereforethe LCA efficiency camalso be calculated solely for the main
engi nes 0, reeaiingsthati 90.66% of the CGRYgregated total is generated

by the ship propulsion process.

TR T @Oupd Y p 1T "D 0
88 o TClpudpw € & DOPIDOO 6 DO
CTATED UjO € &€ AXMa Q

The above value is cldg closer to the previously obtained yearly average EEOI
result (237.918 gCg&tonnenm). The slight difference between the two obtained

valuesis due to the following reason

1. The carbon conversion factor used for the EEOI calculation is equal to
3.1144, vhile the factor utilised for the LCA modelling is slightly higher
totalling 3.2415.

Although not applicable to the abodee tothe separation in emissions contribution

worthy of re-emphasis is thahe LCA modellingi likewise as formerlydescribedn
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the EEDI sectiofi, features the added emissions from the ancillary HFO production

process, while the EEOI does not account specifically for these releases.

Furthermoreand alsan much the same wags previouslyexplainedfor the EEDI,
the LCA efficiency valescompared to the EEOI anélative to the GWP column
(seeTable4.17), are slightly higher in comparison to the othatheredscores, due

to the aforementioned ctyitbution of additional releases wittarming capabilities.

Worthy of note as well is that the @€avings procured by the FRC retrofit under the
1-trip results are obtained similarly as the EEOI savings outcome, totalling 45.172
gCQOy/tonnemile (seeTable4.17). Nonetheless, the ability to identify exactly where
do thesesavings occur in the matter of 1 year of operation or more, with regards to
specific processeor even individual substance contributioantinues to underline a

valuable advantage to the LCA application.

Lastly, and of significances that the previously numbered differentésthfor the

EEDI and EEQI, where meant to establish a certain casitwithin the formulation

and end results among tkeergy efficiency metricand LCA scores, with the end
purpose of demonstrating that the twmethods (i.e. EEDI and LCA, and EEOI and
LCA) can be reasonably applied alternatively. Teenainingsamples W also
evidence that the available flexibility on the part of the LCA formulation, allows the
enduser to tailor the LCA model as required, in order to procure outcomes parallel

to the existent metricsod resul ts.

4.4.2 Evaluation of the results and significantissues (CONSAR case)

Table 4.18 recalls some of the inputs respective to the operational profile of the
CONSAR bulk carrier. Similarly as with the ASTANDERsevessel some of these
inputs have been utilised for the calculation of the EEDI and EEOI scores, while the
majority have been recorded for the modelling phase relative to performing the LCA
appraisal, emphasising the definition differences mentioned in séc8dhlfor the

ship propulsion and generation process.
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Table 4.18: CONSAR vessel relevant operational profile inputs

MCRmE: 14,28 kW Vref: 12 knots
SFCue: 167 g/kWh Cargo (ransported ! trip) : 67,351.450nnes
CO2 emission factoi 520 g/kWh Cargo (rransported / year). 336,757.230nnes
T ime 1 ip) : 484 hours Capacity pw): 84,607tonnes
# Trips per year: 10 D (distancey 5,808miles

T (time 1 year). 4,840 hours SFCae: 215g/kWh
%Loadwve: 75% CF (1IMO factor for HFO) : 3.1144gCOz/gFueI

RecallingTable2.3: Reference values for calculating the required EgEL, 2013)
as adapted froniMO, 2013a, b) andEquationl for obtaining the required EEDI
value, while also recallingMO (2014bp s 42EE@DI guidelines which define that

for bulk carriers deadweight should be usedasacity the following is calculated:

YQR 6 MO © weHw YPrpmy 8 8 WG

Therefore the required EEDI for phase 0, which runs from Janu&yy2013 to
December 3%, 2014, is equal to 4.299CQy/tonnenm for the CONSAR bulk
carrier, with a deadweight capacity of 84,6@hnes.Figure4.19 shows the plotted
reference lines for th€e ONSARcase ship, the required EEDI score, and additionally
the plottedresult for the calculation of the attained EEBI887 gCOy/tonnenm).
Additionally, AppendixD.7 evidences the inputs utilised for the calculation, and

gathers the list of outcome parameters.

I n contrast to the ASTANDER <case vessel
carrier EEDI computation doesot underscore the necessity for the application of
correction factors; thus, the calculatienless complexMoreover the bulk carrier

case vessel doewt comprise the implementation of an innovative energy saving

technology, nor is equipped with a #haotor (i.e.Pest= 0 andPp = 0).
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% Bvco
=/

Energy Efficiency Design Index Bulk carrier

Bulk carrier Non-CSR design
20.000

CONSAR Bulk Carrier

18.000 | IMO No.: SHIPO2
Attained EEDI 5.887
16.000 - Phase 0: 1 Jan 2013 - 31 Dec 2014
Required EEDI 4,292
14.000 1 Compliance Index 137.1
Calculation ref: 341599
12.000 3
* Attained EEDI
[ New ships from 1.1.2013
Bi0.000 New ships from 1.1.2015
w

New ships from 1.1.2020
New ships from 1.1.2025
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Figure 4.19: CONSAR case vessel EEDI plot resylscreenshot fromBIMCO (2011) calculator

Prior to recallingEquation3 for the calculation of the EEDI observing the above
mentioned issueshe required auxiliary power should be calculated as per defined

by IMO (20140 using Equation 4 (while also re-highlighting that the ship in

question is not equipped with a shaft meia. Peri = 0, and that its combined total
propulsion pwer is 10,000 kW or aboveWorthy of mention as well is that the
auxiliary generators continue to be disr

and EEOI appraisal, likewise to the previously assessed case ship.

0 T8t ¢ v D0'Y C m

0 mMicu pltYBO LMY TR
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Having calculated the auxiliary power, and recalling that the main engine power

input (Pme) required for the EEDI formulation is considered to be 75% of the
aggregated rated installed pow@MCRuvEe), andadditionally emphasising on the
carbon conversion factor fCand SFCfor both main and auxiliary engines, the
capacity, and the reference spéeadl listed inTable4.18', and lastly assuming that
the power correction factofj), the cubic capacity correction factds)(the capacity
correction factor f(), the cargerelated gear correction factof){ and the weather
correction factor f(;) are all equal to one (@, the following underlinesthe

cal cul ation for the vessel 6s attained

B Q B 0 18] Y06 0 D JY 06

0000 0000 &1 & DDA

0 0 0 O VOVMD
p pIx pROID p T @XFTQBQ ¢ TROIP p T p WHQAGQ
PP Pty € & QAP CQE € O
L&) PYB U0 € & DAOQA Q

Although the abow®btained result is relatively close to the phase 0 reference line, it
is still under compliant of theegulatory framework as it is clear that the required
EEDI is lower (4.292 gCgtonnenm). Nonetheless, this shigsimilarly as the
ASTANDER case vessiis currently not required to comply with the EEDI, having
been built in 2009; thus the above is purely a hypothetical exercise to netiawv
would t h e shipds envi r onnseamt likd at the simeg of

construction.

Table 4.19: Bulk carrier CO2 and GWP aggregate 1trip results, attained EEDI, and respective
LCA energy efficiency scores while using DWT capacity (84,607 tonnes)

ECO:2 EGWP EEDI LCA effco2) LCA efcwr)
(9COy) (9C0:eq) (gCO2/tonnenm)  (gCO2/tonnenm)  (9CO2eg/tonnenm)
1 trip 2.98+09 3.07E+09 5.887 6.072 6.250

With regards to the LCA energy efficiency scor€able4.19 already encompasses

the gathered values, vida additionally including the ik carrier aggregatemission
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results fromTable 4.12 and Table 4.13 i convertedfrom kilograms to grams and

lastly the attained EEDI result. It is interesting to note that the obtained LCA energy
efficiency scores are rather close to the attained E&iXlast ismainly due to the

fact thatship functionality correction is notecessary for the bulk carriegiventhat

this type of vessel is designed for the transportation of maximumimass
additionally due to the fact thathe LCA model formulation habeen modified
slightly (see section4.3.3.), addressing some of the numbered differences

previously mentioned during the ASTANDER easessel appraisal descriptio

As demonstrated earliethg LCA efficiency score for the Gaggregate result in
Table4.19 can be calculatececallingEquation8, the CQ aggregateraluedisplayed
in the same tablehe capacity utilised for the EEDI calatibn and thesingletrip
distancefound in Table 4.18. Equation9 can be utilised similarly to calculate the
LCA energy efficiency score for the GWP aggatgresult.

Both of theseaggregateemissionresults, CQ and GWP, are comprised of the
aforementioned contribution of releases from the HFO production process, as well as
emissions fom the ship propulsion process. Prior to highlighting the €i0e

cont i buti on of t he nlaewiseasmogly emphassedetine s si on
EEDI formulation, the following are the differenctdsat have been addressed to

enable a morparallelcomparison between the EEDI and LCA results:

1. Engine MCR is regarded d¢,280 kW for the EEDI, as well as for the LCA
modelling.

2. Main engine output power relative to the EEDI calculation is 75% of the
rated installed power (MCR), as well as for the LCA modelling.

3. The carbon conversion factor used for the EEDI calculation is equal to

3.1144, asorrespondingly utilisetbr the LCA modelling.

Perhaps the most significant of the aboventioned issues is the carbon conversion
factor, as the regarded MCR and utilisest gent load are not uncommon to the

current shipbds 0 pcenseguentL€A anbdellipgr dHug thee and
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emphasisechodelmo di f i cat i on undeemission fador, inbrder v e s s ¢
to have an equivalegbnversionvalue to that utilised byMO on both, the EEDI and

EEOI formulations (see the following calculation, while recalliggiation11).

L P TIFQWQ
p @ ¥XFQAQ

o p TH ) Q06 Qa

Therefore, underlining the previously explained equivatehetween the two
formulationsi the EEDI and the defined LCA emissisrelease functioffior the ship
propulsion procesgeeEquation10)i, in theory the aggregate releases generated by
the main engine under the LCA process definitvamile recallingthe functional
performance of the vessel, should edhal attained EEDI resuthinus the auxiliary

power contrilntion.

Recalling Equation 8, the CQ separate ship propulsion contribution result from
Table4.12 (converted to gramsthe capaity utilised forthe EEDI calculation, and

the singletrip distance found iMable4.18, the following denotes the LCA energy
efficiency score solely for the GGemiss ons generated by the
plant:

C® w p D O
88 PlpmQEEE U YTEINO 0 OO
v8 YEP Vjo € ¢ & '@

Lastly, assuming that the auxiliary power is removed from the EEDI tsmuadue
to the formerly highlighted fadhat the current LCA model formulation does not
include releases from auxiliary engingghe following would be the theoretical

attainedEEDe x c |l usi vely for the main engineds ¢

p p X p ROID p T ¢ FTQWBQ
PP P EE QD Q€D
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Theabove is merely an exercise in order to demonstrate the type of flexibility, which
could allow the end user to adapt th€A. formulaion i not only to be applied
alternatively to the IMO efficiency metrics but also implemented in parallel to
them when the need for further environmental efficiency information was required.
While it is true that further work is necessary widgards to the L& formulation
explained hereiiie.g.the inclusion of parameters allowing the simulation of releases
related to auxiliary enginés the present work is intended to demonstrate the
possibility and advantages of the LCA application as aftydhighlighting shipping
energy efficiency, as satisfactorily as the regulatoeyrics.

The following and | ast sample regards tF
metric, as well as its resulting LCA energy efficiency scdteshould be notechit,

likewise to the ASTANDER case vessel, the following calculations are in accordance

to the assumption that the bulk carrier transports a constant quantity of cargo per year
Tand thus per trijp as per defined by secti@n3.2.3 Nonetheless, in contrast to the
previously assessed case ship, the bulk carser as sessment wi ||
inclusion of loadedas well as ballast voyages (see secidh2.]), with the aim of

underlining any differences between the EEOI and LCA valuations.

The EEOI score for a singleadedtrip is calculated by recallingquation15, as

well as the values for the carbon conversion factor, the single trip distance, and the
quantity of cargo carried per tri@ll found inTable4.18i, and additionally recalling
Equation12 for the fuel consumption, and adjusting acaogty for the number of
engines, the MCR, the weighted average load, the SFC, andptitiration (i.e. 1
engine, 14,280 kW, 75% load 167 g/kWh, and 484 houjsTable 4.20 gathers the

EEOI singleloadedtrip result

It is relevant to note that the resulting fuel consumpfanthe single loaded trip
averags 865.67tonnes per tripunderscoringinformation provided by CONSAR,
the ship consumes 2 tonnes of fuel less per day during a ballast voyage. Recalling
that each voyage lasts 20.17 days, the fuel consumption relative to a ballast voyage

totals825.33tonnes per trip.
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Figure4.20 shows a screenshot of thetemPlus (2012)alculator representinghe
resultng average EEOI score for a total of 10 trifysyear),including the rounded
fuel consumption for loaded as well as ballast voyages converted resutbtals
13.463 gCO/tonnenm (see Table 4.20). Additionally, AppendixD.8 shows the
complete list of voyage inputsegardingtheir cargo statuand consequently their

respective fuel consurtipn values

& Energy Efficiency Operational Indicator (EEOT) (= = |
\ EEOI Of file : CONSAR Bulk Carrier_Tuesday, February 17, 2015.csv [

Ship Name ‘ Ship Type WWW.TOTEMPLUS.COM

Voyage Name / Date ‘ Voyage Type ‘ Fuel Type ‘ Fuel Used (MT) | Cargo | Dist (M)

# | Voyage Name / Date ‘ Voyage Type ‘ Fuel Type ‘ Cf (C02,MT) | Fuel (MT) ‘ Cargo ‘ Dist (M) |‘
7  Kirkenes to Pt Said Cargo Voyage  HFO 3.114400 865.7 67351.4 5808
8 [Pt Said to Kirkenes Ballast Voyage  HFO 3.114400 825.3 0 5808
9 [Kirkenes to Pt Said Cargo Voyage  HFO 3.114400 865.7 67351.4 5808
10 Pt Said to Kirkenes Ballast Voyage  HFO 3.114400 825.3 5808
m———

| l%"'f;::lel \ |/ Load ] \ k= save I \ = print l [Eﬂ[m;)ons H () Exit ‘

l %, Delete

Voyage

[ Wl Clear all

Figure 4.20: CONSAR case vessel EEOI result, screenshot fromotem-Plus (2QL2) calculator

Table 4.20 comprises both EEKresultsi 1 and 10 trips, as well as the resulting

LCA energy efficiency scores for the @¢&nd GWP aggregate resulitaind inTable

419, and relative to the shipbdbs functional
(these scores are procured correspondingly as demonstratetiefqoreviously

appraised case vessel, see seatidr).

Similarly as with the aforementioned EEDI values, the difference from the EEOI
results to the LCA engy efficiency scores is minimalsee Table 4.20),
understanding that t he | atter 6EEQIloorsmul a

Nevertheless, both LCA efficiency searare slightly higher in comparison to that of
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their EEOI 6s counterpart; the | ast is cl

contribution that each LCA category, €énd GWP, inherently supplies.

Table 4.20: Bulk carrier vessel EEOI and respective LCA energy efficiency scores, 1 trip and 10
trips (1 year) results

EEOI LCA eficoz) LCA efi(cwp)
(gCO2/tonnenm) (gCO2/tonnenm) (gCO2eg/tonnenm)
1 trip 1oaded 6.892 7.628 7.851
10 trips (5 loaded & 5 ballast) 13.463 15.256 15.702

With the above in mind, it is also interesting to note that the resulting LCA energy
efficiency scoresolely for the CQ ship propulsion contributiooutcome(seeTable
4.12), calculated using the single trip distance and cargo carried vidlosd in
Table 4.18/, totals 6.892 gCO)/tonnenm, equalling theEEOI single loaded trip
result(seeTable4.20). The last underlines once again the equivalency between both
formulations, EEOI and.CA, and additionally the potential of using each other

optionally.

Lastly, it is relevant to point out that a correction for the LCA energy efficiency
scores relative to various voyagésomprising loaded and ballast fuel consumption
result§ would be rguired when the need for more precise amounts is underscored.
Currently, although stiligeneratingsimilar values to that of the EEOI, the LCA
formulation only takes into account the fuel consumption procured during loaded
voyages. This difference may bege higher when the number of voyages rises, and

the amounts of cargo differ sidicantly.

A solution to address this to addsupplementaryparameters within the LCA
processesodo definition, corr espegiicmigifuengl vy t
consumption and cargo transported, for example. The above will be highlighted
subsequenthas another issue worthy of revision for the improvement of the model

formulation.
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4.4.3 Conclusions, limitations and future recommendations

The goal of both, the ASTANDER and CONSAR caperaisals, was tealidate the

LCA methodology as a suitable environmental indicatgpplemento the EEDI and

EEOI metrics, while additionally offering evidence of its ability to highlight energy
efficiency. Additionally, the ASTANDER case vessel included the evaluation of a
proposed retrofit, in order to emphasise

results, with regards to thiee t r lwefore &and after phases.

The previous sections have derawated that the LCA formulation shows indication
of compliance to both IMO regulatory metrics (i.e. EEDI and EEOI), not only as
practical environmental indicatofut alsoas a tool able to highlight energy
efficiency, by ways of underscoring the amouwfttransportwork obtained through
the shipds consumed energy.

Table 4.21: EEDI results for both case vessels, and respective LCA energy efficiency scores

EEDI LCA eff(coz) LCA eficwr)
(gCO2/tonnenm) (gCO2/tonnenm) (gCO2eg/tonnenm)
Ro-Ro Passenger 1 trip A/F 32.679 35.015 38.441
Vessel 1 trip FRC - 29.662 32.568
Bulk Carrier 1 trip 5.887 6.072 6.250

In the case of the EEDI, for example, it is important to note it has been demonstrated
that it is possibldor LCA resultsto be usal againstalready established reference
lines for the different ship types, by implementing similar corrections to the LCA
scores Table 4.21 recallsthe EEDI results for both vessels, and additionally their
respective LCAobtained scores; the values are provided in order to summarise the
outcomes between both, the EEDI and LCA valuations, and not to compare the
environmental results between the different ships, as it has been merdatied

that due to theidistinctivefunctional performance, these values are not equivalent.

Nevertheless, it is relevant to conclude that the LCA energy efficiency scores
procured for botlvesselsarenumerically closdo their respective EEDI outcomes.
The last keeping in mind the diff#rces in ship types; the RRo Passenger vessel,
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for example, required a correction due to its rpultpose design, while the Bulk
Carrie® s di spensabl e shi p prévidedcfari @ mare i t vy
straightforward calculatiariastly, although the EEDibrmulation encompasses the
defined auxiliary poweremissions contribution, the LCA scores also provide
supplementarympactwith regards to ancillary processes (in the casadaiitional

CQO, for HFO production), and substanassgpable of global warmingn(the case of

the GWP category).

The above numerical difference among the EEDI and LCA scores can be further
refined, in order to generate closer outcomes to that of the EEDI. This type of
flexibility on the LCA part was also validated when certain mafliginitions were
modified for the Bulk Carrier appraisal, ultimately generating closer LCA efficiency
resultsto both, the EEDI and EEOI scorés the CONSAR vessel (sdable4.21
andTable4.22).

Table 4.22: EEOI results for both case vessels, and respective LCA energy efficiency &0

EEOI LCA efiico2) LCA efiigwp)
(gCO2/tonnenm)  (gCO2/tonnenm)  (gCO2eg/tonnenm)
Ro-Ro 1 trip A/F 257.658 296.843 304.664
Passenger 1 trip FRC 218.178 251.671 258.302
Vessel 150 trips A/F & FRC 237.918 274.257 281.483
Bulk 1 trip oaded 6.892 7.628 7.851
Carrier 10 tripSs loaded & 5 ballast) 13.463 15.256 15.702

Table 4.22 gathers the EEOI results for both case ships, and their respective LCA
energy efficiency scores. Similarly as explained previously for the EEDI outcomes,
the LCA results herein are considered satisfactorily close to their respective EEOI
values.Worthy of mention, however, is that the LCA efficiency scores are the least
similar to their EEOI counterparts for the Ro Passenger vessel; this last entails
the significant difference by contribution of additional £&nd GWP, in their
respective columns, andsa a higher and influential carbon conversion factor, as

mentioned during the ASTANDER case appraisal descrifjtiea sectiod.4.1).

The above table also underh e s t he Bul k Carrier o6s i ncl

ballast voyages for the EEOI calculation, which turned out to be an interesting
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comparison among the EEOI and LCA valuations. The last emphasised that while
values procured by the LCA were rather samito that of the EEOI, the LCA
formulation only took into account the fuel consumption procured during loaded
voyages. Ultimately this translatedarthe following: as the number of voyages rises
and the amounts of cargo differ significantlye higherthis difference may become.

The last also underscores noted improvements to the model, which are highlighted in

the following paragraphs.

Lastly bothregulatory metrics, the EEDI and EEOI, as well as the LCA formulation,
presented evidence of being ableinoorporate the FRC retrofit in their respective
calculations, and produce relative outcome savihgshe case of the EEDI, while
the savings procured where not calculated (sd#e4.21), it was demonstrated that
such a retrofit can be implemented by establishing the redutctiggower and
evaluatingthe impact on speed, and-menning the EEDI calculation with the

obtained power and speed inp(gse sectiod.4.1).

In turn, the EEOI was able to underscore2G&vings more directly, by summarising

the difference in fuel consumption relative to thdrifp trials, and consequently
highlighting the savings in emissions (or more simply subtracting the difference
among the 4rip results inTable4.22). This of course was straightforward for the 1

trip trials; nonetheless, the savings procured by a number of trips or voyages are to
be calculated using only the numerator of theDEEormula, as using the rolling
average EEOI equation, could generate a score proportional tettiperésults if

the ship kept @onsistenschedule andansported a regular amount of cargo on each

voyage.

The LCA appraisal was able to efficientlyghlight the savings procured by the FRC
retrofit, not only on resulting CONO, SO, or emissions capable of global warming
(i.,e. GWP), but additionally the savings generated through less consumption of
energy and material inputs, such as crude oil agghfwvater, respectively. The Life

Cycle Assessment was also able to pinpoint these savings to their respective
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processes, satisfactorily addressing the before and after phases of the proposed

retrofit.

While all three methods were able to emphasise orhbsenlow friction coating
retrofit, highlighting its environmental and energperationalsavings it would be
interesting to analyse the metrics using another type of resafih as waste heat
recovery or the use of biodiesel for example The last $ noted under

recommendations for future research.

The following are certain benefits and disadvantages worthy of relevaartieular

to the choosing of a certain metric or method over the remaining ones

1 An advantage of the LCA method over the EEDI/EE@trics is the ability
of offering specific details to resources consumed and emissions released,
such as the detailed descriptions found in the inventory results presented for
both cases. LCA&an be significantlynore complex than the EEDI and EEOI,
encanpassing several resources and emissions flows specific to the assessed

systembés different | ife stages.

1 Additionally, it has been stated and briefifescribedthat the Life Cycle
Assessment could add the maintenaplase to the operational, and would
sumplementany rdevant consumption and emissidactorsto the already
appraisedperational phase of the shifhe EEDI and EEOImetrics are not
designed to includany additional releases generated rbgintenanceor
repair operationsrhe last is also applicable to the construction and scrapping

phases.

1 Another characteristic edge of LCA over the regulatory metrics is the
capacityto pinpointandbr redesigrenvironmental hotspoisot only during
the operational phase of the vessebut also during construction,
maintenance and scrapping, réquired Also, the example of the HFO

production as an ancillary process to the operational phase of théesgbgi
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a minor evidence of the kind of supplementary processes that could be
apprased in orderto evaluate the overall environmental impact of a &lsp

upstream or downstreasupply chain

1 LCA, aside from being able to underscore,Nf@d SQ emissions efficiently,
can ultimately appraissoot, Arsenic, Cobalt, Vanadium, Zn, and other
contaminantdf so requireqd depending on the ends er 6 s need to
more specific environmental releases. The regulatory metrics are currently
defined solely to highlight C&emissions; nevertheless, an expressed need to
addressSOy, NOyx, and PM emissions has been voiced through the MRV
proposal.

1 The EEDI is a widespread shipping efficiency metric, with a highly practiced
and revised formulation, and additionally a clear timetable and limit reference
lines for different ship types. The LC#ormulation could benefit from
parallel application to that of the EEDI, for further revision and general
reception among the shipping stakeholders.

T While LCAG6s fuel C 0 nysadymaxirapplatathverage, ¢ 0 mmo
the EEOIlI &6s fuel consumption values be
shi pos . Anatleet adardage dhe EEOI over LCA is that it can
account for specific masses transported and distance per trip, while LCA
normally uses averages reldtd¢o the defined functional unit. This is
significant when the case vessel does not have a regular trade schedule, and
makes it difficult to outline a regular operational profile. The last underlines
the necessity to avoid large variances within the rgshbit including further
parameters within the LCA formulation, in order to address any changes
within fuel consumption, distance, and cargo transported, relative to each

different voyage.
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1 Lastly, the EEOI encompasses fuel consumption while on port asdaat
while the current LCA formulation disregards any use of the main engines
whil e at port,; I . e. the current LCAOG

engine(s) is only appraised during sailing.

The following are regarded a®levantlimitations, which shold be taken into
consideration as recommendations to expand and/or improve certain aspects of the

modelling appraisal, and to emphagiseingfurther similar assessments

1 Due to the fact that the timelated coverage of data dates back to a
maximum of ffteen years, the addition of more recent and crosschecked

processelated data represents a significant possibility for model refinement.

1 Additionally, more specific processes could be used, in order to enhance
detailed modelling (e.g. the inclusion ofintcr o pol | utants to
emi ssi ons, and the use of additional

releasesfor example).

1 Main engine(s) performance is assumed constant, disregarding operation of
the engines at port, as mentioned previouslg. t he current metr
is also considered a steaslyt at e val uation of the eng¢
last may not ban important requirement for the LCA model. Nevertheless,
addi tional parameters could bancée ncl ud

while at port, if any.

1 The above is similarly applicable to the inclusion of auxiliary generators, as

they are disregarded during the current LCA application.

1 The definition of regular operational profiles for the two case vessels,
including thedesgnation of their reached transpodapacity(i.e. 85%), is
noted as a limitation which could produce highly variant scores to that of

ships which have differing operational schedulesd variable masses
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transported Adding further parameters to the LCArmulation, relative to
specific voyage fuel consumption, cargo, and distance values, could serve to

address the last mentioned limitation.

In summary, this chapter is meant to emphasise on the characteristic flexibility of

LCA to ultimately address the ému s er 6 s needs, and produ
generating values equivalentttwat of the regulatory metrics (.EEDI and EEO) T

not only to be applied alternatiyelto the IMO efficiencyindicator§, but also

capable of beingmplemented in parallel to therwhen the need fodetailed

environmental information was essential.

Although futurework has beedescribed as necessary for the L@dAmulation, such
as the inclusion of additional parameters which would allow for detailed modelling,
the work herein isimed at evidencing the possibiliigr the LCA toolto emphasise

shipping energy efficiency, as satisfactoalythe current IM&@pproved metrics
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4.5 Concluding remarks

The following are the most significant remarks comprised in the chapter, and
underscored in the form of bullet points

1 The above chapter encompasses an LCA appraegrding two case
vessels. In preliminary context, the appraisal has generated relevant and
specific resources consumption and emissions rele@seilts for both case
vessels, respectiveto thar operational phasesand including different

processesomprisedwithin.

1 Additionally, the two case vessels are utilised uoderline the LCA
methodology and model presented previously. They also seagséss LCA

satisfactorilyin comparison to the EEDI and EEOI metrics.

1 It has been demonstrated that L@Aplaysindication of compliance asa
efficient shipping @ergy andenvironmental performance metric, even during
the appraisal of the before anflea phase of a retrofit (this last referring to
the ASTANDER case vessel).

1 The LCA appraisal wasaside from being able to efficiently account for £O
emissions, able to underscore relevant secondary emissions, not directly
gener at ed by Istorhmant girh referénse toptme ccpntributions
generated by the prodimh of HFO at refinery processyhile additionally
being able to account for supplementary emissions, with a warming potential

analogous to that of GO

1 Lastly, LCA wasalso validatedo beable to produce outcomes relative to
micro pollutants andNOx and SO releasesFurthermorethe LCA appraisal
was able to underlinthe savings generated through the reduction in HFO
producton and ship propulsion and generation emissirosn the FRC

retrofit, as well as the savings from emissions analogous to the detrimental
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effect of CQ. The abilityto identify exactly where do these savings odour
the matter ofa single trip,1 year of operation or more, with regards to
specific pra@esses or even individual substance contribution, continues to

underline a valuable advantage to the LCA application
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5 Discussion

5.1 Introductory remarks

The following chapter comprises the most relevant findings presented throtigdout
work herein, and gathers them within the following sections: contributions to the
field, difficulties encountered, and recommendations for future research and

improvement
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5.2 Contributions to the field

The Life Cycle Assessment methodology has been put forward as an environmental
performance indicator for ships, capable of also reporting energy efficiency.
Moreover,it has been documented thie methodology maintains a standardised
framework, which igeinforcedopenly by available guidelines and implementation

literature,with additionally widespread practice

LCA appraisals comprise various life phases such as construction, operation,
maintenance and scrappiiigll directly applicable to assessing tésvironmental
performance ohs hi p 6 si. Inthé aherihamd, the EEDI as well as the EEOI,
are designed to use data exclusively from the operational stage of the ship, and do
not directly involve factors from other stages such as constructiomppstga and

etcetera.

An up-to-date literature review on the global problematic caused by shipping
emissions and its potential impacts, as well as a contenydstamg of LCA studies
linked to the shipping industry has been provided. The following arentbst
significant issues summarised through the literature review chapter:

1 International shipping corresponds currenthatdeast3% of the global GHG
emissions total. Additionally, GHG emissions from shippingexgectedo
keep increasing in the future, due to the anticipated demand for maritime

transport.

T July 20116s amendments to MARPOLG6s Ar
new ships, and the SEEMP for all shggssmandatory since Januafj; 2013.
The SEEMP additionall emphasisegshe EEOI as a voluntaryndicator
endorsed by the IMOThis lastis regarded as the first ever global and legally
binding policy, underscoringenvironmentalefficiency reguléions for any
i ndustrial sect eancernewards essiiomwontroly | MOOG s
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1 Additionally to the above, it has been briefly documented thatetis a
relevant potential for GHG reduction, found through a range of technical and
operational measures currently, or stoioe available. These, together with
the implenentation of suitable policies, are regarded as a competitive

instrument to mitigate increasing emissions.

1 Furthermoreiti i s interesting to underline t|
harmonised MRV methodology, which is able to provide consistent ddta wi
regards to GHG emissions from shipping. It is also relevant to point out that
in the long term the MRV isntendedto addressall emissions, including
SOx, NOx and PM. The above can beectly related to LCA, as a
consolidated methodology that can oféeconsistent account of GHG, SOX,
NOx, and PM.

1 Of relevance as wellis the enphasised aimof supporting thesingle
performance metric approatly some industrgtakeholdersasanideal tool
for a harmonised redation across thentire fleet. Nonetheks, it has been
demonstrated that he real ity of the current ro
shortcomings, prevent the use of one single metric to serve as a measure of
overall efficiency for the entire fleet and different ship typEserefore an
evidentopportunity for the use offéexible standardised performance method
is accentuatedLCA could serve as an alternative environmental performance
metric, while showing indication gbarallel compliance and support to the

current regulatory framework.

1 Ladly, a brief summary of the background of the LCA methodology has also
been provided, with the intention of offering the reader a historical reference
i nto i ts devel opment , as wexterisive a s a
recognition and implementation. Acade and industry literature reference
has been provided, in an effort to evidence tise in interest of the

application of life cycle perspective methodologies and LCA, in relation to
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shipping, shipbuilding and repair. Additionally, some elements of the
devel opment of the shipsd LCA model h i

The LCA methodologyhas been validated through the CaseuSdi es 6 chapt e
tool able to be applied to different types of ships, and additionéllged to assess

the environmental impact of angjle voyage, a yearly average of them, or even go as

far as extrapolating potential environmental impact results to underscore the entire

life of a vessel

It hasalso been demonstrated thdte LCA formulation developed hereishows

i ndication of compliance to | MOOGsisregul a
important to note that it is possible to use the already established reference lines for

the different ship types, bgimilarly implementing correctionfactorsto the LCA

efficiency outcome# necessary.

The above couldepresent an added bendét the LCA formulationwhilst used in
parallel with the EEDlas the regulatorframework is already in place; for example,
LCA could supplement consumption and emissiorioiacrelative to other phases
not included within the EEDImethodology (construction, maintenance and
eteetera), and assesfurther potential emissions based on theoretical fuel
consumptionand added releases relative to other ship pha#té@wately geneating

more comprehensivesultsthan the actual EEDIThe lastcould entail redefinition

of existing ship emission baselinesand reference lines but would strive to
implement better emission control throughout the life of the vessel, rather than only

the operational stage.

Several advantageéswardsL CA 6 s cappiigatoni atorig the regulatory metrics
havealsobeen higplighted while summarisingthe Case 8 di es & chapter.
most relevant benefits is the€CA, aside from being able to undersedNC, and SQ
emissions efficiently, can ultimately assess soot, Arsenic, Cobalt, Vanadium, Zn, and
other contaminants if seeededwhile additionallybeing able to underlinmaterial

and energy requirementalthough not discussed herein, anotbenefit worthy of
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mention i s LCAOGS a b i ltechhigal perfarmarce and costk e d  t
indicators, as demonstrated BlancoDavis and Zhou (2014and BlancoDavis et

al. (2014a)among others.

Furthermore, given tharticulatedi nt ent i on of the ECO6s MRV
the operational efficiency of the existing fl§&C, 2013e) and additionallyBallou

(2013) sstatementwith regards to fleetmanagementand the use of multiple
efficiency metrics asnecessaryit is interesting to highlight that LCA hdseen

validated herein as complianto | M@entsenergy efficiency and environmental
requiremets, and additionally documented ByancoDavis et al. (2014a3s a tool

with the possibilityto assess fleenvironmentaperformance.

It is also relevantto note that LCA utilises fuel esumption and the proper
emissions factor relative to the fuel assessed, as directly as the EEOl and MRV
formulation does. Underlining the already emphasised advantagbsing able to
generatamicro pollutants as well as N@nd SQ outcomes, the implementation of

LCA couldbe consideredssap ot ent i al aid for the MRVOGs
serve to monitoand report maritime transport emissions hvid widely accepted
methodology, apable ofconsistentapplicationacross not onlshipping divisions,

but additonally across indusy sectorsas a common performance metric.
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5.3 Encountered difficulties

A list of limitations has beenrpsented while summarising the Caselsdi es 6 chap
The most relevant are due to the fact of the span of time regarding the coverage of
the process el at ed dat a, and additionally the
under constant cargo carried and distance travelled. Both of these limitations pose
difficulties to gather more refined results, and they are catlied lack of
availability of openrecords with regards to current LCA procedsfinition datafor

key system components, amdore understandably sship cargo manifest and
voyage logsWith regards to the LCAelated data that is available, some of it is

often obsolete, incomparable, or of unknown quality.

Similarly, the model presented herein is based on a previous LCA model formulated
by Johnsen and Fet (1998)iven that current LCA models regarding ships are not
publicly available. This predecessor model is significant due to the fact that it
encompasses consumption and emissions data for phases such as construction and
scrapping, which represent a challenge
gathering. The last alsonderlines that while there is a relevant amount of LCA
literature with regards to other industries, e.g. car manufacturing, the shipping
industry in the other hand could benefit from the implementation and publishing of

more LCArelated studies.

Other dificulties worthy of statement are also related to the nature of the LCA
met hodol ogy. For exampl e, given LCA6s ho
certainaspectsaind factors of the assessed syg®roould have resultad subjective

and irrelevat outcomes

Lastly, it should be recalled that LCA data gathering is ‘bmesuming, and the
implementation of the methodology requires a certain familiarity wighguidelines
of the approachwhile it is commonlyunrealisticto gather all necessary data for the
LCA appraisals, a major difficulty would have been underlined ifda& for the
available case ships had not been provided.
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5.4 Recommendations for future research

The Case Studi dsward cehtaanpssuethat averworthy dhotice
for further lines of investigation. For examplde regulatory metricsEEDI and
EEOQI, as well as the LCA methodologlgave presented evidence of being able to
incorporate the FRC retrofit itheir formulation, and produce reige savings. It
would be interesting to note gimilar results could be gathered with other typés
retrofits, sich as optimised propeller desgymull air lubrication systes) waste heat
recovery systems, the utilisation of wind or solar power, aceterta.

Moreover, titure work couldalso encompass includingssels with shafjenerators
and motors, and additionally other energy saving technologies the LCA

formulation while also including these variablegarthe LCA process definition.
The indusion of parameters which would allave appraisabf the environmental

impactgenerated by the usederfigines while at portyould also be relevant

The aboveunderlines the previously mentioned possibility for model improvement,
emphasising the addin of further parameterwithin the LCA formulation, to
address for example specific fuel consumption, distance, and cargo transported
relative to each voyag@he addition of the auxiliary powelefinition into the LCA
formulation, simiarly as it is dondén the EEDI, wouldalso be essential for using

both methods in parallel.

Furthermore,the micro pollutantsvhich are characteristic of the main engihes
operation, could beencompased within the LCA formulatioras wel as other
processes or phaseksuch as maintenangefor examplé, making a more
comprehensivassessmenwhich couldultimatelyunderline specific substar(sgor
phase redesign information as required.

The application of the proposddfe Cycle Assessmenmnethodology on different
case stdies, including differenttypes of shipsis essential to the potential

application as supplemento the current metrics. It would be interesting to see how
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the methodology fares against ships with less regular operational profiles, and ships

with comple functionalities.

Lastly, while out of the scope diie work hereinit would be interesting to gauge
LCA against the regulatory metrics for retrofits that are not deemed so influential
within the operational phase of tis@ip For exampleBlancoDavis et al. (2014b)
have put forward an absorption cooling system implementation as a retrofit for a
fishing vessel and while it is true that ships under 400 gross tonnes are not required
to comply with the regulatory nmétsi, this retrofit shows indication of being able to
provide cooling while using waste heat from the engine exhaitigut the need to

be energisedthe reader should refdéo BlancoDavis et al. (2014h)for further

details).

This type of retrofit could entail an environmental benefit ultimately difficult to be
appraised by the EEDI or EEOI, given that 8ystem under assessmelttes not
consume fuel directly. While further research with regards to an LCA appraas

not carried out for the cooling system, there is strong suggestion that an LCA could

evaluate the system in question more efficiently than the regulatory metrics.

Another such interesting retrofit could be the additiom &WTS onboard. As the

IMO6s Ball ast Water Management Convention
have become widely available, and are regarded as a first line of defence towards the
transportation of alien invasive species. The last calsidsignify an environmental

beneft, given that the risk for unwanted speciesa@vertised aseduced by the

implementation othesetreatment systems.

This type of retrofit also poses a difficult assessment for the EEDI and EEOI, as they
will not be able to gauge the environmental imgment resulting from its
implementation.Interestingly so the current alien invasive specifamework is

under research foapplication within the LCA methodology and presently the
approachwould likewise not be al# to draw environmental benefttutcomes,

resulting from the reductioregarding thespecieétransportation
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5.5 Concluding remarks

The following are the most significant remarks comprised in the chapter, and

underscored in the form of bullet points

1 The LCA methodology has been put forwaab an environmental

performance indicator for ships, capable of also reporting energy efficiency.

T Further mor e, the methodol ogy has been
chapter as a tool able to be applied to different types of ships, and
additionallyutilised to assess the environmental impact of a single voyage, a
yearly average of them, or even go as far as extrapolating potential

environmental impact results to underscore the entire life of a vessel.

1 It has also been demonstrated that the lf@Wnulation shows indication of

compliance to | MO6s regulatory metri c:
T Sever al advantages towards LCAG6s conj
metrics have also been highlighted w

chapter.The most relevant emphasigbat theimplementation of LCA could
be considered as a p o tatdon,iwhilesérvingasd f or
tool to monitor and report maritime transport emissions with a widely

accepted methodology.

1 A list of encountered difficultie$as well asssues for further woik have
been documented with the intention of expanding and imprasigrgficant
aspects of the modelling appraisal, @amdphasisingotential candidates for

similar researchiefinement.
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6 Conclusion

The workpresentedhereinhas initially documented a literary review underlining the
widespread environmental problematic caused by hegeaerated detrimental
emissionsAdditionally demonstrated was how the shipping industry was related to
this global problemat; and how the IMO has reacted proactively by establishing
methods aimed at striving to get shipping emissions under control.

Nevertheless, thisssue of greenhouse gas emissions is expected to intensify, before
any substantial improvement may becdiaeud. Therefore, IMO igxpectedo use

all available technical and operational measuasswell as the implementation of
suitable policies, in ordeto efficiently mitigate shipping emissionsn a timely

manner

Life Cycle Assessment is one of thasailable measures, which can be readily used
handin-hand with the existing regulatory metrics, in order to serve to monitor and
report maritime transport emissions as a common performance metric, with the

capability of also serving as aid to tingplement at i on of the EUG6Ss

The above proposais intended toaddessin longer termthe accounting of SO
NOx, PM, and other significant contaminapt®duced by maritime transpoAside
from being able to efficiently appraise the above releak€# has shown a
comprehensiveaccountingof CO» emissions while additionally being able to

underline any produced emission wathvarming potential analogous to €O

M

Lastly,LCAGs potential should not ibpplicablegl!| ect .

to both newbuilds and existing vesdelandwhich in parallel to thémplementation
of the regulatorymetrics is ableto offer reliability and accessibility of information,
aside from providing efficient reporting and verification of environrakestores and

energy efficiency
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Appendices

Appendix A: EEDI sample calculation

A.1 Excerpt from IMO (2012d): 2012 Guidelines on surey and
certification of the EEDI, Appendix 1

APPENDIX 1

SAMPLE OF EEDI TECHNICAL FILE

1 Data

1.1 General information

Shipbuilder JAPAN Shipbuilding Company
Hull No. 12345
IMO No. 94111XX
Kind of ship Bulk carrier

1.2 Principal particulars
Length overall 250.0 m
Length between perpendiculars 240.0 m
Breadth, moulded 40.0 m
Depth, moulded 20.0m
Summer load line draught, moulded 14.0 m
Deadweight at summer load line
draught 150,000 tons

1.3 Main engine
Manufacturer JAPAN Heavy Industries Ltd.
Type 6J70A
Maximum continuous rating (MCR) 15,000 kW x 80 rpm
SFC at 75% MCR 165.0 g/kWh
Number of set 1
Fuel type Diesel Qil

14 Auxiliary engine

Manufacturer JAPAN Diesel Lid.
Type 5J-200
Maximum continuous rating (MCR) 600 kW x 900 rpm
SFC at 50% MCR 220.0 g/kwWh
Number of set 3

Fuel type Diesel Qil

1.5 Ship speed

Ship speed in deep water at summer

load line draught at 75% of MCR 14.25 knots
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2 Power Curves

The power curves estimated at the design stage and modified after the speed trials are
shown in figure 2.1.

17,000

15,000 [ Summerload draught
13,000 | 14.25 knot
75% of MCR \

11,000 |

BHP / kW

9,000 |
Trial Condition

7,000

5,000 1 1 1 1
12 13 14 15 16 17

Speed / knots

Figure 2.1: Power curves
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3 Overview of Propulsion System and Electric Power Supply System
3.1 Propulsion system
3.1.1 Main engine

Refer to subparagraph 1.3.

3.1.2 Propeller

Type Fixed pitch propeller
Diameter 7.0m
Number of blades 4
Number of set 1

3.2 Electric power supply system

3.2.1  Auxiliary engines
Refer to subparagraph 1.4.

3.2.2 Main generators

*——( accomopATiON |

Manufacturer JAPAN Electric
Rated output 560 kW (700 kVA) x 900 rpm
Voltage AC 450V
Number of set 3
| AUXILIARY ENGINES |
| SWITCHBOARD I ={ BALLAST PUMPS
() | wmEepumps |
i g MAIN ENGINE i

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 3.1: Schematic figure of propulsion and electric power supply system
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4 Estimation Process of Power Curves at Design Stage

Power curves are estimated based on model test results. The flow of the estimation process
is shown below.

/~ _ .
( Ship Design J

N S

|- a
i Tank Tests i
E Resistance Test Self-Propulsion Test Propeller Open :
! Water Test i

Estimation of Estimation of Estimation of

. . Propeller Open

Resistance of Full Self-Propulsion Water
Scale Ship Factors Characteristics

Calculation of
Propulsion Power
of Full Scale Ship

|/ Speed and \1
"\ Power Curves /

— —

Figure 4.1: Flow-chart of process for estimating power curves

5 Description of Energy Saving Equipment

5.1 Energy saving equipment of which effects are expressed as Pageryy and/or Pegy in
the EEDI calculation formula

N/A

5.2 Other energy saving equipment

(Example)

521 Rudder fins
5.2.2 Propeller boss cap fins

(Specifications, schematic figures and/or photos, etc., for each piece of equipment or device
should be indicated. Altematively, attachment of the commercial catalogue may be acceptable.)
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6 Calculated Value of attained EEDI

6.1 Basic data

Type of Ship | Capacity DWT S'(’f:;'.;*'
Bulk Carrier 150,000 14.25
6.2 Main engine
““(E;';E Shaft Gen. | Puc(kW) | YPeof Crue (;‘%ﬂﬁ)
15,000 N/A 11,250 Diesel Oil 3.206 165.0
6.3 Auxiliary engines
ctom | TR | o | sron
625 Diesel Oil 3.206 220.0
6.4 Ice class
N/A
6.5 Innovative electrical energy efficient technology
N/A
6.6 Innovative mechanical energy efficient technology
N/A
6.7 Cubic capacity correction factor
N/A

6.8 Calculated value of attained EEDI

M nME
{l_[ /:r][ Z Pug iy Crur gy 'SFCME(:'}] + (P/[E “Crup - SFC 4 )
j=1 i=1
fi- fe-Capacity - fu-Veer
M nPTI neff’ neff
1_1 fj : ZPPTIU} - f::ff(;} 'PAEEJ{}’ i) |Crag *SFC 4p p = 2 f::ﬁ'(:} 'Pq}'fr'} -Cryg -SFC e
Jj=1 i=1 i=1 il
fi+ fe-Capacity - fu Ve

1x (11250 x 3.206 x165.0)+ (625 x 3.206 x 220.0)+ 0—0
1-1-150000-1-14.25

EEDI =

+

=299 (g-CO,/ton - mile)

attained EEDI: 2.99 g-CO./ton mile
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7 Calculated value of attained EEDlcather
71 Representative sea conditions
Mean wind | Mean wind Significant | Mean wave | Mean wave
speed direction wave height period direction
BF6 12.6 (m/s) 0 (deg.)* 3.0 (m) 6.7 (s) 0 (deg.)*

Heading direction of wind/wave in relation to the ship's heading, i.e. 0 (deg.) means the ship is heading
directly into the wind.

7.2 Calculated weather factor, f,,
[f, [ 0.900 |
7.3 Calculated value of attained EED|yeatrer

BlancaDavis, E., 2015

attained EEDly cather: 3.32 q-CO,/ton mile
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A.2 Screenshot oEEDI calculator by BIMCO (2011)
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