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NepiAnyn

H neptBaidovtikn evaloBnoia €xel avénBel plika ta teAevtaia xpovia. Ma to Adyo

outo, €xouv KotoPAnBel peyaleg mpoomdBeleg o MAyKOOULO emimedo yla TOV
TLEPLOPLOUO TNG pUTIAVONG O€ OAEC TIG LOPdEC TNG. H mapouoa SutAwpatikn epyacia
€XEL WC AVTIKEUEVO TN HEAETN TWV A€PLwV PUTIWV TIoU odellovTal oToV TOPED TNG
VaUTIAlag, KaBwe autol avVTPoowWNEUOUY TEPUTOU TO 3% TNG TAYKOOULOG OEPLAG
pumavonc.

IKOTOG TNG epyaciag autng eivat n avaAutikn amotipnon twv Slabéoiuwy
TEXVOAOYLWV TIOU UIopolV va £PpapooTouV yLa T LEWON TwV OXETIKWVY pUTIWVY. Oa
KataypadoUVv TOCOTIKA Ol PBOOoKOTEPOL af€plol pUTOL TNG VauTWAiag armod
KpouollepOmAOL €VTOC TwV Baokotepwv Alpaviwv tng EAAAdag kot émerta Ba
OUYKPLOEl TO eEWTEPLKO KOOTOG KABE pUTIOU LE TO KOOTOG EYKOTAOTAONG Yyl KAOe
HEB0SO pelwong emumtwoewy Eexwplota. Etol teAdika Ba e€axbouv cuumepaopata
yla To moleg UEBodoL elval mpoTiuntéol Mpog¢ edapuoyn yla va emteuxBel n
HEYAAUTEPN UELWON TWV AEPLWY PUTIWV HUE TO ULKPOTEPO KOOTOC YLO TNV KOWWVLIKN
{wn og ouvbuaoud PE TO MULKPOTEPO KOOTOCG gykataotaong. H okiaypddpnon tng
umdpyouoa katdaotaong exel Sle€ayxBel xpnowuomowwviag mpaypatika dedouéva
oo MUETPACEL] TIOU €xouv TpaypatomolnBel oe kpouallepomAola, Tn XPOVLKN
Sldpkela Twv eTwv 2013 kat 2014.

ApxKad oto mpwto KeddaAalo mapouctdlovtal YeEVIKEG TTAnpodopie¢ mou adopouv
TOUG Q€PLOUG PUTIOUG OTNV VauTAia kKaBwg Kal To mw¢ autol oxetilovtal Ye TNV
emBapuvon NG uyelag Twv Kotolkwv mou {ouv Kovtd oe Alpavia. H emopevn
evotnNTa avadEPETUL 0TV CUPBOAN TwV 0EPLWV PUNWV OTO GUOIKO TepLBAAoV,
mapoucotalovtag Ula OXETIKN €peuva Tou adopd TG TTPOKAACELG TIOU OVTLUETWITIZEL
€va ALLAVL OTIC NUEPEC HOC ME BAon TNV ONUAVTIKOTNTA TOUG. XTn OUVEXELQ,
mapouotaletal GAAn pla €peuva TOU avadEPEL TOUG KUPLOUG TIAPAYOVTEG TIOU
emdpolv oTIG tpoomabeleg BeATIWONG TWV AEPLWV PUTIWV OE ALUEVEC, KOTOAYOVTOC
OTO CUUTEPOOHO OTL Ol BEATIWOELS OTNV HElWON TWV pUNMWV CUVEEOVTAL AUECA ME
TOUC auoTnPoUG £BVIKOUC Kol TOTILKOUC KaVOoVIoHoUG Ttou Beomilovtal Kal OxL TOo0
HE TNV avnouxia tng uyeiog twv gpyalopévwy ota Alpavia. Evw maAl oe emopevn
€peuva Slakpivetal 6tL mapoAn tnv cofapotnta TG ENidpAONE TWV AEPLWY PUTIWV
NO, kat SO, oto meptBailov, dev Aappavovral unmon tOco cofapd amo TIC
gtalpleg.

To SeUtepo kedpalalo avadEPeTal 0ToV SLaXWPLOUO TWV MAOLWV WE POC TNV Hopdn
TOUC KOl TOL XOPAKTNPLOTIKA Touc. ETol yivetal n avaluon Twv mAolwyv, o€ autd mou
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HETadEPOUV EMIPATEG KAl AUTA TIOU peTtadEépouv doptia. Emiong yivetal avadopa
OTOV SLaXWPLOUO TWV MAOLWV O€ OXEON LE TO HEYEDOG TNG UNXAVAG TOUG, KaBwG Kal
™G NAKIAG KATAOKEUNG TOuG. Evw TéAog avadépovral Kal ol Baclkotepol TUMOL
KOLUGLOU TIOU UTOpPEL va XpnoLoToL)osL KaBe mAolo.

To tpito kKeDAAALO AVADEPETAL OTLG TTNYEG EKTTOUTN G PUTIWY TIOU OXETI{OVTaL UE TNV
VaUTWAla KaBwg Kal oToug Tapdyovieg mou kabopilouv TNV MOcOTNTA TWV PUTTWY
TIOU eKTEUMOVTAL. Mepikol TETOLOL TTAPAYOVTEG €lval: 0 TUTOG TNG MNXAVAG TOU
XPNOLUOTIOLELTAL, TO KUPLO KOl SeUTEPEVOV KAUGOLUO, TO BAPOG KABWG KAl N GUVOALKNA
Kataotaon Asltoupyiag tou mAoiou. M'vwpllovtag autoug ToUG MOPAYOVTEG, UIopEL
v UTIOAOYLOTEL QVOAUTIKA TO HEyeBOC Twv ekmMounmwv KaBe mAoilou yla KAOe
Stadpopn mou akoAouBel. Eival onpavtiko va yvwpll{oUpE TIC EKTIOUMEG PUTTIWV TWV
mAolwv og KABe KaTAOTOON AELTOUPYLOG TOUG, £TOL WOTE va pmopouv va Bpebolv ot
anapaitnteg AUOELG yla TNV Helwon Toud. Eva tagidt umopel va Salpebel oe tpla
Aettoupylk@ otadla. Itnv eAevBepn mopeia, 6mou To TAoio Tafldevel pe otabepn
TaXUTNTO, OTNV KOTAOTAGCN EAYMWV OmMou PplokeTal TAEOV OTNV TEPLOXN TOU
Alpoviol Kot TEAOC OTnV OKivnTn Katdotoon Omou eival aykupoPoAnuévo oto
Awwavie. Eva akopn evladépov {AtnUa €ivol n KOTOVAAWON €VEPYELAC KATA TNV
Slapkela Asttoupyiag evog mAolou, n omolo oUVOEETAL KATA KUPLO POAO ME TO
HEyeBOC TOU, TOV TUTIO KLVNTNPA TIOU XPNOLUOTIOLEL KABWE Kal PE TO AELTOUPYLKO
otadlo mou Pploketal. lvwpilovtog autég T mAnpodopleq pmopoUUE va
KOTOVOI)OOUE OE TIOLEC KATAOTAOEL SAMAVATOL TIEPLOCOTEPN eVEPYELA, dnAadn Ta
onUelo MOV €va TAOLO EKTIEUTIEL TIEPLOCOTEPOUC pUTOUC. H avadopd OAwv Twv
TIOPOTAVW YIVETAL HECW EPEVUVWV TIOU €XOUV NON mpaypotomnolnBel. ITnv cuvexela
Tou kedalaiov emiong avadEpetal mo avaluTtikd n enidpacn Twv BAcKWY agpLwy
PUTIWV TIOU EKTIEUTIOVTOL OO Ta TAola oTou¢ avBpwrmoug Kal oto ¢uOoLKO
nieplBaAlov.

ITIC NUEPEG HaG oL pUTIOL OTNV VauTIAla €xouv auénBel dpapatikd kot tpoBAEneTal
va avénBouv 50-250% mneploodtepo £wg to 2050, avaloya MPE TIG TACELG TNG
HEAAOVTIKNG oOlKovoulag kol T evepyelakeég e€elifelc. To tétapto kedalato
mapouotalel pECO QnMO OPLOMEVEC HEAETEC TIOU €XOUV TipaypartonolnBesl, tnv
paydaio auty auvfnon Twv PUMOYOVWV OUCLWV amd TNV VOUTWAla. ApxLlKd
mapouotaletol pla PHeEAETN Tou mpayuatonolfnke ot Hvwpéveg MoAtteieg tng
ALEPLIKNAG KOL TIOPEXEL TIG HETPAOELC PUTIWV ylo OAa Tta pEoa UETOPOPAC. TNV
OUVEXELQ, N EMOUEVN €peuva avadEPETaAL 0TNV GULBOAN TOU TOPEX TWV UETODOPWV
OTLG OUVOALKEC EKTIOUIEC TWV KUPLWV aTpoodalplkwy pUTIWV yla To £€To¢ to 2009,
OTIOU KOlL EKEL O TOMEQG TNG VAUTIALOG KATEXEL TIPWTAYWVLOTIKO pOAo. AKOAOUBEL pLa
HEAETN TIOU TIAPEXEL TA TTOCOOTA TWV OEPLWV PUTIWV TIOU TIPOEPYOVTOL amd TnV
vauTAla oe maykooplo eminedo, ta mepacpéva €tn. TéAo¢ mapoucotalovtol ol
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EKTLUNOELG EPEUVWV YLA TNV TOPELD TWV PUTIWV OTIC XEPOALEG UETAPOPEG KAl TNV
VOUTIALQ TTOYKOOULWG OTO MEPAG TWV ETWV, €wg To 2050.

210 MEUMTO KEDAAALO TAPOUCLAIOVTOL AVAAUTLKA OL VEEG TEXVOAOYIEG TIOU €XOUuV
OKOTIO TNV UElwon TwV a€plwv pUNMWV OTNV VAUTIALA. 2TOX0G auToU Tou kKedaAaiou
elval va mopouolaotouv SLapopeTIKEG TEXVOAOYIKEG AUOELG TTOU VA KAAUTITOUV KABE
eldoug mhoio, KaBwWE Kal Ta TEXVIKA XOPAKTNPLOTIKA TouG. Map’ 6Aa autd, Adyw tou
OTL KAOe TAolo e€uTtnpeTel SLaPoPETIKEG avAyYKEC, elval oxedov aduvatov va Bpebetl
HLa YEVIKA armodektn AUon yla KaBe mAoio. ITnv mopovuoa SUTAWUATLKA gpyacia o
TUMo¢ Twv mAolwv Tou avalvovtal wg avadopd TOug puTouG, Eelval Ta
kpouallepomhota. Ot texvoloyieg Pelwong Twv pUTWV OTNV £PEUVA AUTH £XOUV
XWPLOTEL O TECOEPLC YEVIKEC KATNYOPLEC. ApXIKA avadEpovTal oL TEXVOAOYLEG Tou
0pOopoUV TPOTIOTIOLNOELG OTI UNXOVEC TWV TAOLWV Kol EmMelta akoAouBouv ot
TEXVOAOYLEC TTOU TMPOAYUATOMOLOUV TO £pY0 TOUG META TNV Sladikacia Tng Kavong
oToV Klvntnpa. Xuvexiletal n avadopd oe peBOdoug Helwong Twv pUNWV Pe aAAayn
™G KaUoWNG UANG Kol TEAOG 0OKOAoOUBOUV Ta &VOAAOKTIKA GCUOCTHHOTA
oavatpododoTnong eVEPYELOG ota MAola. € aUTO To KedAAaLo, yla KABe katnyopia
OO TLG MOPATIAVW TtapoUoLAlovTalL OE TIVAKEG Ol TEXVOAOYLEC TTOU TIG amoteAouv. Ot
Tiivakeg avadEpouv MANPOPOPLEC OXETIKEC E TNV TOTOBETNON TWV TEXVOAOYLWV OE
véa 1 Nén umapyxov mAola KAl yla TO €UPOC HEIWONG TWV O€pLwv PUTIWV TIOU
UmopoUV va ertuxouv. Emiong umapyxel CUVOMTIKY avaAucon yla kabe texvoloyia-
HéEBodo mou meplhapPdavel TOV TPOMO Aettoupyiag Toug KoBwg KAl T
TIAEOVEKTH LOTA-LELOVEKTH LATA TOUG,.

To €kto KedpaAalo avadEPETOL OTO KOOTOG Peiwong Twv punwv NOy, SO, kat PM pe
™V XPAon TwWV TOPOMAVW TEXVOAOYLWV. [EVIKA, UTIAPXEL QPKETA HEYAAN
aBeBatotnta 6cov adopd TIG EKTLUAOELS KOOTOUC TWV TEXVOAOYLWV HEIWONG pUTTWY,
Aoyw tou OtL Baocilovtat amd moAAou¢ moapdyovte. Metd amd €peuva TOU
TipayUaTomolOnke, poekuPav oplopéva oTolxeia mou adopolv ta KOoTn KABE
Texvoloyiag, Ta omola kataypadnkav o€ aVOAUTIKOUC TIIVAKEC. ZJUYKEKPLUEVQ, VLA TLG
Baolkotepeg teXVoAoyieg mou umnpxov Stabeoua dedopéva, ocuykevipwOnkav ta
amoteAéopota Slapopwv HEAETWYV OF TIVAKEG, OKOAOUBWVTOG MOPAKATW Ta
OLKOVOULKA amoteAéopata tng HeAETng Entec 2005 n omoia amoteAel tnv TLo
EUTEPLOTATWHEVN EPEUVA TIAVW OTO CUYKEKPLUEVO avTIKEiIpEVO. M kKABe texvoAoyia
mou umnnpxov Stabcoua Sedopéva, avadépovtal Ta AEITOUPYLKA KOOTN, Ta KOOTN
ouvtpnong, koBwg kat n Siapkela {wng tTou e€omAlopol KABe peBodou. Itn
OUVEXELA TIOPOUCLATOVTAL TA OLKOVOULIKA amoteAéopata tg Entec 2005 yia To
KOOTOG QTMOTEAECUATIKOTNTOG KABe peBodou. Itnv mapoloa SUTAWMATIKA €pyacia
AndOnkav Wlaitepa umoyn ta otoxeia ¢ Entec 2005, ta omoia opilouv To KOOTOG
KABe texvoloyia pe BAon TOug HELWUEVOUC PUTIOUG TIOU ETILTUYXAVOVTOL Ao KABE
TeEXVoAoyia.
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To £B6opo kedpdAalo mapoucLalel apxLKA TO LOVIEAD TIOU XPNOLUOTOLONKE yLa TV
HETPNON TWV pUNWV ota Kupla Atpavia tng EAAadag. OL petproetg éAafav umoynv
TNV mopeia mou akoAouBnoav ta mAola, To TUTOG TNG UNXAVAG, TO HéEyeBog Toug, TO
KQUGLUO TIOU XpnoLuomnolovoay, KaBwe Kal 0 XpOvog Imou Atav aykupoBoAnuéva oto
Alpave. Ztnv mopoloo SUTAWUATIKY epyacia, yla TNV oAOKANpwUEVN KaTaypadn Twv
QMOTEAECUATWY UTIOAOYIOTNKE OKOMUN, TO KOWWVIKO KOOTOC. O UTIOAOYLOMOG TOU
KOLVWVLKOU KOOTOUG TNG epyaciag €ylve pe Baon tn oxetikn peBodoloyia ev ovopartt
‘NEEDS’ yla Toug aéploug pUTIouG ota Kuplotepa Awdavia tng EAAGSAC TIG XpOVLIEG
2013 kot 2014. H peBoboloyia autr amoteAel tnv 1o ovyxpovn £€kdoaon yla Tov
UTTIOAOYLOUO TOU KOLWVWVIKOU KOOTOUG. META amod UTIOAOYLOMOUG, Ta amoteAéopata
TIC SuTAwpHATIKAC Ttapouotalovtol O TECOEPLS TEAKOUC Tiivakeg. OL mpwtotl duo
niivakeg mapouolalouvv mAnpodopieg yla OAeG TIG TeXVOAOyieg Tou UeAeTHONnKav,
omou adopolv TNV Mopdr TOU MTMopoUV va xpnowlomownBouv (oe Vvéo n
OVOKQATAOKEVOOMEVO TAOL0), TNV Slapketa {wng Tou eEOMALOUOU TOUC, TO EUPOC TWV
TIOOOOTWV HEIWONG TOU Kataypddnke amod TMAAOTEPEG UEAETEG, TO KOOTOG KABE
texvoloyiag pe BAaon to mMooootd pelwaong mou Tapéxel kabepia kat Ti¢ avadopEég
amo TIg omoieg cUAAEXTNKaV auta ta dedopéva. Anuloupynbnkav SUo mivakeg SLOTL
Sev umapyouv mMARpn Sabéotpa dedopéva yla To KOOTOG OAWV TWV TEXVOAOYLWV.
‘ETol €ylve 0 SLaXWPLOUOC TwV TEXVOAOYLWV O€ AUTEC TTou €xouv Slabéoua dedopéva
yla TO TEXVOAOYLKO KOOTOG TOUC KOL OE OUTEG TIOU O&V €lval OKOUO OPLOUEVO TO
KOOTOG TouC. O EMOUEVOG TTiVOKAC TAPoUoLAlel OAEC TIC amapaitnteg MANPodopIieg
yla Ta Algavia mou HEAETNOnKav. ZUYKEKPLUMEVA XwpIlel Ta AlUAvVIO OE QOTIKA,
NULOOTIKA KAl aypoTkA avdaloya Ttov TANBuoplokod Ttoug aplbuod. Emiong
mapoucotdlel To dbpolopa tNG akpPAG TIUAG TwV PUTIWV TIOU PEAETABNKAV yla TLG
XpoVLEG 2013 kat 2014, yia kaBe Alpavt kat kabe eidog pumou Eexwplotd. Evw TéNog
TIOPOUCLAlEL TO KOWWVIKO KOOTOG Tou amédepav oL pUTOL auTol KaBévag toug
Eexwplotd, KoBWC KoL TO OUVOALKO KOLWWVIKO KOOTOC ylo TIG SUO XPOVLEC TTOU
pHeAeTAOnkav. O TeAKOG Tivakag TOPEXEL OAeC TS TAnpodopie¢ amod TOUG
UTTIOAOYLOMOUG TIOU TpaypatonolOnkayv. ZUyKekpluéva, avaypddovtal OAeg ol
TeEXVOAoyiec pelwong tTwv pUTwyY, N Hopdr ToOuU UmopoUuV va xpnotlponolnBouyv, o
opLOPOC TV pUTIWYV TIoU ameAeuBepwBnkav ota Alpavia to 2013-2014 (aBpolotika),
TO KOWWVIKO KOOTOG Ttou amédepe Eexwplota Kabe pumog aAAd Kol aBpoloTikad, T
TOOA TWV MELWHEVWY PUTIWV HETA TNV XPHON TwV TEXVOAOYLWV, TO KOOTOG KABE
TeEXVOAoylag mou LEAETHBONKE, TO KOWWVLKO KOOTOC Tou Ba mapatnpouvtay HETA TNV
Xprion kaBe texvoloyilag Kot TEAOG To oplako TEPLBAANOVTLKO KEPSOG LETA TNV XPNON
KOs texvoloylag. MNa tnv eUKOAOTEPN AVAAUGH KOl EPUNVEILQ TWV ATTOTEAECUATWY
£€xouv dnuloupynBel anapaitnta Staypappota.
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Cha pter 1: Maritime industry

1. Introduction

Throughout the last decades, transport demand has strongly increased and maritime
trade has become the most important way for merchandise transfer. Everyday
thousands of ships carry products or transfer people worldwide. However, maritime
transport is one of the largest contributors to air pollution. In the present study the
emissions from maritime transport and emission reduction potential in the main
ports of Greece were studied. At first, is described general information about
environment and ships such as the environmental challenge and the ships
classification. Then, the pollutants that are emitted from marine diesel engines are
described and also their negative affect. Subsequently, some studies about the
energy demand during the modes of operation for a single port-to-port ship transit
are presented and then the propulsion emissions are mentioned. This study also has
some emissions estimation in order to show that shipping emissions are projected to
increase over the coming decades. Furthermore, a data collection has done in order
to find information about the emission abatement technologies in shipping. Thus,
from older studies we collected information about how each technology is used and
how much it can reduce the shipping emissions. After that, all the necessary data
gathered into tables that provide a summary of all these different reduction
technologies highlighted in this study. Also, a brief presentation of these
technologies is provided. In order to estimate emissions based on detailed individual
activities of cruise ships in the selected ports a “bottom-up”” method has been used.
Also, for every ship call, the emissions were calculated through a specific application
that is referred with more details below. The calculated emissions are referred on
years 2013 and 2014 in the studied Greek ports. In this study in order to make the
final conclusion required to have the technological cost of the reduction methods.
Generally, costs vary with ships size and may differ greatly when the technology is
installed in existing or in retrofitting vessels. For this reason it is quite difficult to
calculate the exactly cost of a reduction technology. A large number of studies have
estimated the total cost of available technologies for reducing ship emissions.
Generally, these studies are quite old and there are not be made very often. This is
because these kind of studies are extremely costly. The emissions reduction
potential in this study was evaluated based on already studies on emission reduction
technologies for ship engines. The most authoritative and comprehensive evaluation
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of the abatement costs is a study by Entec (2005) for the European Commission that
have been used also in this study. Furthermore, this study tried to use also newest
estimates of capital and operational costs, based on recent studies for abatement
technologies. In this report except from the cost of the abatement technologies, also
the external cost is calculated and taken into account for the study’s final results.
Thus, in order to estimate the total external cost due to emissions to air in studied
ports, is using one damage cost methodology named New Energy Externalities
Development for Sustainability (NEEDS). Through calculations and data analysis, the
net environmental profit of this study is calculated. This net environmental profit
shows us which method is the most beneficial from cost perspective, in order to
make our final conclusions.

1.1 Air Pollution in Shipping Industry

Nowadays, maritime transport activity is becoming one of the most important topics
on sustainability debate. Apart from industrial activity and energy production,
maritime transport is one of the largest contributors to air pollution. Throughout the
last decades, transport demand has strongly increased and maritime trade has
become the most important way for merchandise transfer. Today, almost 90% of the
world products are carried by sea and maritime transport accounts for over 90% of
European Union external trade and 43% of its internal trade [1]. Also, due to low
energy need, shipping is a highly carbon-efficient transport mode, namely carbon
dioxide emissions are low compared to the weight of cargo transported. Generally,
shipping can reach being up to four times more efficient than road transport. Since
its relatively small contribution to greenhouse gas emissions, shipping is also good in
terms of mitigation of climate change.

Nevertheless, until recently, air pollution from ships has been unregulated. Increased
air concentrations and deposition of air pollutants have had several negative effects.
Air quality problems associated with ship emissions, especially in coastal areas, are a
major concern because of their impacts on public health and greenhouse gas
emissions. Exposure to air pollution is associated with a great number of health risks
including heart and respiratory diseases, premature death and cancer. Port
communities have the most negative consequences. More specifically, air pollution
emitted from port-related activities adversely affects the health of port workers, as
well as residents of nearby port areas and this contributing significantly at regional
air pollution problems. Because of the fact that their air pollutant emissions still
remain comparatively unregulated, ships and port facilities are among the world’s
most polluting combustion sources per ton of fuel consumed [2].
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Since more than 50% of a ship’s operating expense is generally the cost of fuel oil,
most of the world’s ship operators use degraded residue heavy fuel oil in marine
power plants, for its advantages in fuel economy. During the last few years, certain
problems have appeared due to its use, these including: the barriers of compliance
with the new emissions regulations [3], the increase of the fuel cost, which presents
the main element in the ships operating cost as mentioned [4] and finally the
sustainability issue [5]. Uncontrolled emissions from ships burning traditional marine
fuel oils onboard, have a significant impact upon our environment, especially with
ship emissions’ quantity increasing: Nitrogen oxides (NOy), Sulfur oxides (SO),
Carbon Di-oxide (CO;), Mono-oxide (CO), Particulates Matter (PM) and Hydrocarbons
(HC) [6].

Currently, as a method to reduce ship emissions, the IMO regulations have forced
the ships to use expensive fuel type in Ship Emissions Control Areas (SECAs) and will
be forced to do so worldwide by year 2020 [7]. Also, currently, international shipping
and port industry has adopted new technologies such as improvement of fuel quality
and ship engine technology as well as operation changes at port in order to reduce
the air pollution from ship and other transport modes.

1.2 Environmental challenge

Air quality is the most challenging environmental issue within the ship-port interface
today. According to a research about the importance of air quality [8], a significant
majority of interviewees indicated air quality as a very much-perceived challenge, as
depicted in Figure 1. Port authorities gave the highest average score; illustrating the
impact that air quality challenges have on their everyday operations and on the
general future expansion plans. According to the survey results, the importance of
Greenhouse Gas (GHG) and noise are also high and follow air pollutants.

The contribution of ships and port activities to regional air quality started being a
serious issue for several large ports in the 1990s as the combination of increasing
land-side emissions and growing ports led to exceedances of the air quality
standards set. These same issues affected more and more ports in the next decade
as scientific studies on PM, ozone and other major air pollutants clarified their
impacts on human health. In the middle of the last decades the IMO worked to pass
Annex VI to MARPOL to reduce NO, and SO, emissions from the world maritime
fleet.

In Europe (in the context of Directive 2012/33/EU and its predecessors) and North
America, government authorities and ports implemented their own fuel sulfur
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programmes and have begun to devise strategies to further reduce NOy, and PM
from port-related sources. As we can see from the figure, nowadays, air pollutants
and GHGs are becoming more pressing concerns around the world. For that reason
ports are engaged in a renewed effort to limit these air emissions. An interesting
survey result is that noise exposure for the port community is also perceived as an
environmental challenge, although to a somewhat lesser extent. Finally, although
biodiversity is not specifically raised during the years, it has also been a challenge in
some cases.

irpoliutants |
P m Very much perceived
chc/co2 [ "ot

m Moderately perceived

Noise I = Siightly perceived
m Not perceived at all

Biodiversity NN e

0% 208 40% 60% 80% 100%

Figure 1: Environmental challenges perceived by ports [8].

1.3 Drivers

Many drivers play a role in reducing emissions in a port. For that reason recent a
study tried to calculate these drivers and after a research made the following results.
The most relevant drivers relating to reduce the environmental impacts in the ship-
port interface are illustrated in Figure 2.

Community/ public pressure

Localfregional regulation

National/ supranational ® Very much perceived

regulation |
CSR (Corporate Social
Responsibility) policy

W Perceived

B Moderately perceived
m Slightly perceived
Health/safety of workers m Not perceived at all
Client driven i Not specified

Other maritime industry peers

0% 200 40% 6e0%  BO%M  100%

Figure 2: Relative importance of drivers [8].
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The survey results indicate that there are four primary environmental improvement
drivers at the ship-port interface:

e Community and public pressure

e Local and regional regulation

e National and supranational legislation
e Corporate social responsibility (CSR)

The other environmental drivers, such as the health and safety of workers and
pressure of cargo owners and other maritime industry peers, are found less
important for the uptake of emission reduction measures, according to the
responses of the research. It is quite interesting to note that while worker health and
safety was indicated as a strong driver by ship owners, technology suppliers
evaluated this as having nearly no importance.

So by this figure we can understand that the most important reason for
implementing measures at the ship-port interface are local or national regulations.
That is the main purpose in order to measure the ship pollutants in ports and after
that is following the human health.

Another report that illustrate this issue about the importance of the reduction
emission problem is by Sustainalytics [9], that show us how important are new
regulations for shipping companies. In an attempt to answer this question, it
mentions the elements that a shipping company named Maersk has published by
used a materiality matrix method, which shows which ESG issues are most material
to the business and most important to stakeholders (i.e. employees, suppliers,
customers, communities etc). Factors such as impacts on cost, revenue and
compliance have been taken into consideration to measure the impact on the
business.
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Figure 3: Materiality Matrix [9].

Together with safety aspects and major oil spills, the issue of SO, emissions is the
sustainability-related issue that is currently most important to Maersk’s business. Of

the 30 sustainability issues listed by the company, the issues CO, emissions, energy

consumption and NO, emissions rank fifth, seventh and eleventh, respectively.

Regulations have major impacts on shipping companies, since they affect fuel costs,

which represent around 50% of total costs for a shipping company.
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C h a pte r 2 : Ships classification

Ships are difficult to classify, mainly because a plurality of criteria can be adopted in
order to make the classification. Excluding the military vessels, the most used
classifications for commercial ships generally take into consideration the vessels
activities, the engine size and the ship’s age. The first one makes the distinction
between passengers and cargo. The second one, based on engine size, is related to
energy consumption and is generally used to analyze the environmental impacts of
maritime transport. The last one considers the age of the vessels and the distribution
age between developed and developing countries [10].

2.1 Passengers and cargo

Based on the vessel activity, Passengers and Cargo is one of the most important
ships classifications for commercial vessels. The main difference between passenger
and cargo ships is that passenger ships have larger engines in relation to their
tonnage than cargo ships. Passenger ships are also faster than cargo ships especially

in the smallest size classes [11].
Passengers are ships that do not carry cargo but passengers. They include:

e Ferries which transport more than 120 passengers, vehicles and one or more
cargo decks for short-sea trips;

e QOcean Liners that transport passengers and cargo for longer-sea trips;

e Cruise ships used for tourism.

Cargo is a more heterogeneous category and can be further categorized according to
their structure and type of cargo. It includes all the vessels that carry cargo, goods,
commodities and materials form one port to another [12]. They include:

e Cargo ferries: they transport less than 120 passengers and cargo;

e Bulk carriers: they carry bulk solids or unpacked cargo such as coal;

e Other dry cargo vessels: are regular cargo vessels, which are loaded up with
derricks through hatchway

e Container ships: are designed to transport standard-sized containers;

e Tankers: are designed to transport crude oil, chemical or gas;
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¢ Roll on/Roll off (RoRo): they are classified as cargo ferries, because they carry
wheeled cargo: automobiles, trailers and railway carriages;

o Reefers: They transport dairy products that is needed to keep cool such as
fruits, vegetables, dairy products, fish and meat;

e Smaller vessels: the include fishing vessels, recreational boats or vessels of
sea salvage service. Depending the temperature control the reefers are
similar to other dry cargo vessels or containers [11].

Dry cargo and container are the most important shipments. Dry cargo account for
63.9% of total goods loaded, increasing by 12.8% in 2004, 8.7% in 2005 and 13.5% in
2006 [1]. There are also smaller vessels such as fishing vessels and boats, work
vessels and recreational boats. Work vessels include Barges and Icebreakers and are
the smaller shipping category.

2.2 Engine size

In general, the main engines consist almost without exception of one or several two-
or four-stroke diesel engines and they produce the energy needed for propulsion
system. In larger cargo ships (gross tonnage more than 5,000) the most common
main engines are the low-speed two-stroke engines. Low-speed diesels run at low
engine revolutions enabling a direct drive application to turn propellers. In smaller
cargo ships (gross tonnage less than 5,000) the most common main engines are
usually medium speed four-stroke engines. According to reports, the 96% of installed
engine power is produced by diesel engines and the vast majority of ships are
powered by slow-speed, two-stroke diesel engines [13]. The classification based on
Engines Size is generally considered as the most important one in order to analyze
the environmental impacts of transport activities, since pollution and energy
consumption are notably related to vessels size. Also the engines’ sizes vary a lot
depending on the energy demand on board, which is very different for different
kinds of ships. On average, the size of the auxiliary engines is about 10% of the size
of the main engines [12], [14]. In this paragraph two classifications are considered
but a classification based on vessels size category and vessels activities is also
reported.

The first one, proposed by the U.E. Environmental Protection Agency [15] identifies
tree ships categories according to their sizes.

Category 1 considers ships engines that are similar to land-based of-road engines.
They have a rated power at or above 37 kW and a specific displacement of less than
5 liters per cylinder.
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Category 2 considers the water-based counterparts of locomotive engines. They
have a specific displacement of 5 to 30 liters per cylinder.

Category 3 considers ships that have very large engines with a specific displacement
at or above 30 liters. These engines are the size of land-based power plant
generators and they are used for propulsion in the large ocean-going vessels. These
engines are designed for maximum fuel efficiency without considering the impacts
on the NO, emissions. According to this their NO, emissions levels are very high. Also
these engines already have advanced controls of charge air temperature and
pressure, which are considered to be emission control strategies for smaller engines
[15].

The second classification, notably related to energy consumption, considers the
engines used to produce the power needed on ships. It distinguishes between the
auxiliary and the main engines and classifies vessels into small, medium and large:

e Small vessels have a main engine size of 3,000 kW and an auxiliary engine
size of 500 kW.

e Maedium vessels have 10,000 kW of main engine and 1,500 kW of auxiliary
engine size.

e Large vessels have 25,000 kW of main engine size and 4,000 kW of auxiliary
engine size.

Based on the Entec report (2005) the small ships are the 60% of the total ships
worldwide. The medium are the 30% and the large only the 10%.

2.3 Age

Another way to classify the ships is based on age. Three categories are generally
considered: new, young and old. Vessels are new if built in the last year, young if
built in the last fifteen years and old if built before 1990 [16]. Assuming an annual
renewal rate of 4% [16], estimate that the new vessels are the 4% of the total
population, young vessels are the 56% and old vessels are the 40% of the total
population. The next table reports the distribution of vessels based on their ages and
world regions [1].
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Type of vessel -4 5-0  10-14 15-1% I0-+  Average

vears  vears vears vears vears age

Developed

Countries
Tankers 36.5 354 143 6.7 71 1.7
Bulk carmiers 196 255 239 6.1 249 11.9
General cargo 149 239 15.8 12.8 326 13.7
Containerships 306 316 191 88 09 39
All others 224 199 15.0 10.7 319 13.0
All ships 284 209 17.6 7.8 16.3 09

Developing

Countries
Tankers 280 21.0 17.7 17.5 15.8 10.8
Bulk carmiers 231 183 18.6 6 30.5 12.8
General cargo 06 10.9 10.7 B3 60.4 17.9
Containerships 350 244 19.3 7.2 13.1 01
All others 176 129 10.3 T8 51.2 159
All ships 246 18.9 17.1 118 27.7 12.4

Table 1: The distribution of vessels by ages and world regions in 2007 [10].

The results reported in table 1 show that a similar age distribution exists between
developed and developing countries: most ships are old, more than 20 years or
young, less than 4 years. A smaller percentage age of ship’s age is between 5 and 19
years old. Nevertheless, as we can observe from the table, the average age for the
ships of developing countries is higher than the average age of ships for developed
countries (12.4 vyears for developing countries and 9.9 years for developed
countries). Most interesting is the case of containerships due to the fact that in
developing countries, containerships are replacing general cargo vessels. As a
consequence, 35.9% of the containerships are younger than five years and the old
general cargo (more than 20 years) are the 60.4%. Containerships are the most
popular ships to transport goods globally, since shipping industry plays a major role
on the global transportation. That is why in both categories (in developed and
developing countries) the containerships are new ships in most cases. On the
contrary, in developed countries containerships have already replaced general cargo
because only 32.6% of them are more than 20 years old.

2.4 Classification of fuel oils

Fuel oil is a fraction obtained from petroleum distillation, either as a distillate or a
residue. Broadly speaking, fuel oil is any liquid petroleum product that is burned in a
furnace or boiler for the generation of heat or used in an engine for the generation
of power, except oils having a flash point of approximately 40°C (104°F) and oils
burned in cotton or wool-wick burners. In this sense, diesel is a type of fuel oil.
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Marine fuels are divided into two categories: heavy fuel oil (HFO) and light marine
distillates. The light marine distillates are further divided into marine diesel oil
(MDO) and marine gas oil (MGO), the latter often having the lowest sulfur content.
HFO more often than not has high sulfur content. Large ships mostly use HFO as
standard fuel but at the same time they might use lighter fuel in their auxiliary
engines. Small vessels use light marine distillates in their main engines as well [17].
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C h a pte r 3 : Considerations

There are plenty of considerations in order to reduce shipping emissions. First of all,
it is very useful to know the ship-related emission sources and generally everything it
has to do with these sources. For that reason this chapter refers on the ship-related
emission sources and on the level of ship emissions that depends on certain factors
such as shipping route, ship deadweight, engine type, fuel type and ship operation
condition. The emission amounts are thus computed on a detailed level and can be
applied to specific vessels and routes. A round trip can be divided into three
operational stages, namely free sailing, maneuvering and berthing. Thus, it is
important to know the emissions of a ship by mode in order to find measures that
will reduce them. Another interesting consideration is the energy consumption on
the base of vessel activity, size and engine in order to understand where one ship
needs more energy which means that in this point the ship emits more pollutants.
Air pollution and health impacts from port operation are also very serious too. The
diesel engines at ports, which power ships, trucks, trains, and cargo-handling
equipment, create vast amounts of air pollution that affect the health of workers
and people living in nearby communities and contribute significantly to regional air
pollution. Finally, a cost consideration is also referred in this chapter in order the
costs that are associated with ships.

3.1 Ship-related emission sources

Generally, all ship activities are responsible for air pollutant emissions. The emission
sources of ships are associated with their related operations and include: propulsion
engines, auxiliary engines, auxiliary boilers (boilers), VOC working losses associated
with bulk liquid cargos and refrigerants. Propulsion engines or main engines are used
to provide power directly (direct drive or gear drive) or indirectly (diesel-electric)
based on the ship’s configuration. On the other hand, auxiliary engines are usually
four-stroke engines which produce the energy needed on board for electricity,
pumps cooling and hydraulic device. On average, a ship has 1.4 main engines and 3.5
auxiliary engines installed on board [18]. Auxiliary boilers provide steam power for
pumps, inert gas for volatile organic bulk liquid operations, crew needs, etc. The
most common propulsion and auxiliary engines are diesel cycle engines, although
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there has been recent growth in natural gas engines running either as gas only or
dual fuel configurations.

One huge problem in shipping industry is emissions which are the result of engines
burning fuel oil in a diesel combustion process. Concerning air pollutants, vessels can
produce significant amounts of nitrogen oxides (NO,) and particulate matter (PM)
from burning of fuel in the propulsion engines, auxiliary engines and auxiliary boilers.
These three sources can either have the same magnitude in emissions or one or two
can be dominant over the others, depending on the geographical configuration of
the port area and type of vessels. According to the ship position in port area or in
open water, auxiliary engines and propulsion engines are typically the dominant
ship-related emission sources.

Diesel engines are the most common choice for use in maritime operations both on
ships and in terminal equipment, because of engines’ energy efficiency, reliability,
longevity and power. In the port area, marine engines are typically the last major
engine group to be regulated. That is why nowadays one of the most significant
challenges and opportunities related to improving air quality in port areas is to
reduce emissions from diesel engines on ships.
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Figure 4: Emissions comparison between main, auxiliary engine and boiler [19].
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3.2Emission sources through the various modes associated with the
port area

One unique challenge that marine industries have and associated with the port area,
is how to reduce ship emissions at each stage of its activities within the port area. To
achieve that is important to know how the emission sources listed above operate
through the various modes associated with the port area. The following figures
(figures 6,7,8) provide a graphical representation of how the three power systems
(propulsion system, auxiliary power system and boilers) change in activity by
operating mode on a typical ship, during each of its activities within the port area
[20].

In the transition and maneuvering modes, the propulsion engine is operating with
variable loads and is even turned off/on depending on the specific area the ship is
maneuvering through. Although emissions at port during maneuvering and berthing
account for only a small proportion of trip emissions, it is important to note their
harmful health effects on the local population. By contrast, emissions during free
sailing have less damaging effects on human health because of the sparse
population. In the next modules would be a specific analysis for this issue. The ship
emissions for a round trip between port i and port j are depicted in Figure 5:

Port i Free sailing (Eij!‘) Port j

& ey

<
- Manoeuvring (E,_) Manoeuvring (E;;)

Berthing (E,,) Berthing (E;,)

|
l Manoeuvning (E,,) Manocuvring (Eim). _.4.
@

=0

Free sailing (Ei,'r)
Figure 5: Ship emissions of the round trip [21].

Transit or free sailing - During this mode, a ship is sailing in the open
ocean/unrestricted waters. Typically,

e the shipis travelling at its sea-speed or cruising speed;

e propulsion engines are operating at their highest loads;

e auxiliary engine loads required by the ship are at their lowest loads;

e auxiliary boilers are off and economizers are on because of the high
propulsion engine exhaust temperatures;
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e vessel fuel consumption is at its highest level due to the propulsion system’s
power requirements and auxiliary fuel consumption is low.

Figure 6: lllustration of vessel systems in operation during transit mode [20].

Transitioning and maneuvering - During this mode, a ship is typically operating
within confined channels and within the harbor approaching or departing its
assigned berth. The distance associated with this mode is unique for each port
depending on geographical configuration of the port. Typically,

e the ship is transiting at its slowest speeds;
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e propulsion engines are operating at low loads;

e auxiliary engine loads are at their highest load of any mode;

e auxiliary boilers are on because the economizers are not functioning due to
low propulsion engine loads and resulting lower exhaust temperatures; this
generally does not apply to large diesel-electric powered vessels, which
produce sufficient exhaust heat to power economizers at maneuvering
speeds;

e vessel fuel consumption is very low for the propulsion system, is highest for
the auxiliary engines and low for the auxiliary boilers.

Figure 7: lllustration of vessel systems in operation during maneuvering mode [20].
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At berth or anchored - During this mode, a ship is secured and not moving. Typically,

e propulsion engines are off;

e auxiliary engine loads can be high if the ship is self-discharging its cargo, as
with general cargo vessels, auto carriers and roll-on roll-off (RoRo);

e auxiliary boilers are operated to keep the propulsion engine and fuel systems
warm in case the ship is ordered to leave port on short notice, for crew
amenities and, for certain types of tankers, for offloading cargo through the
use of steam-powered pumps;

e vessel fuel consumption can be medium to high for auxiliary engines and can
be medium to very high for boilers.

-

Figure 8: lllustration of vessel systems in operation during at-berth mode [20].
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3.3 Energy consumed

The majority of ship owners, operators and engine manufacturers focus their efforts
in reducing NO, and increasing efficiency for at-sea conditions, as opposed to the
port area. Typically, most ships move from one port area to another and for these
ships, a majority of the ship’s energy consumption over the life of the ship is at sea.
Ship emissions estimation studies show total ship carbon dioxide (CO;) emissions in
the port area range from 2% at the Port of Los Angeles as compared to the entire
voyage of the ship to 6% at the Port of Rotterdam as compared to greater North Sea
area. Figure 9 emphasizes this point by illustrating the magnitude of time and energy
spent at sea versus time and energy spent during the modes that define the port
area.
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Figure 9: Relative energy demand during modes of operation for a single port-to-
port ship transit [8].

Since energy consumption is strictly related to each operating activity (at sea, at
berth or maneuvering), a classification based on vessels size category and activity
can be useful to estimate the total amount of energy used. The next table reports
the main results provided by Entec (2005). It estimated the energy consumption on
the base of vessel activity, size and engine.
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Small  Medium Large

Main Engine

At Sea 14,400 48,00 120,000
At Berth 21 70 173
Manoceuvring 12 40 100
Total Main Engine 14433 48110 120275
Auxiliary Engines
At Sea 1,008 2.664 6,840
At Berth 57 414 1,064
Manoeunng 6 13 38
Total Auxiliary Engines 1.170 3.003 71,942
Total Usage 15603 51,203 128,217

Table 2: Assumed per vessel activity size and engine (MWh/year) [22].

As reported in table 2, if total energy consumption is considered, small vessels use
less energy than large vessels. However, in unitary terms, large vessels results to be
more efficient than small vessels. According to [23], in order to reduce the total
energy consumption, the use of large ships, like container ship, tankers and bulk
carriers, should be promoted.

3.4 Ship propulsion emissions

Studies about globally emission inventory for ocean going ship found that ocean-
going ships are major contributors to global emissions of nitrogen and sulfur, and to
a lesser extent, to global emissions of CO,, PM, hydrocarbons (HCs), and CO. They
insisted that approximately 80% of the worldwide fleet is either harbored (55% of
the time) or near a coast (25% of the time). This means most ships spend only about
20% of the time at sea and far from land [2]. It also means that most ship emissions
occur near enough to land to influence not only local air quality in coastal and harbor
areas but also soils, rivers, and lakes in those areas. Studies making use of
geographic marine activity data have estimated that about 70-80% of all ship
emissions occur within 400 km (248 miles) of land [24]. In North Sea, for example,
the 90% of emissions is emitted within 90 km of land [11]. Other studies estimated
CO,, NO,, and SO, emission and found that international marine vessels account for
about 30% of global NO, emissions from all sources and 9% of global SO, emissions
[25], [26].

In 2005 another report elaborated by Entec estimated the total amount of SO, and
NO, emissions. It calculated the emissions in EU water considering a distribution of
times spent in EU waters and distinguishing between engines, dimensions and
operations of vessels. It came to the conclusion that marine sources contribute
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about 14% of worldwide NO, emissions and 6.5% of all SO, emitted by fuel. Table 3
reports the main results and shows that the vast portion of emissions occurs while at
sea.

Small AMedium Large

NO;, SO, NO; 50, NO; SO,

Main Engine

At Sea 216 158 720 528 1,600 1,320
At Berth 0.3 0.2 1.1 0.8 2.6 1.9
Manoeuvring 0.2 0.1 0.6 0.4 1.5 1.1
Total Mamn Engine 216 159 722 530 1,805 1,323
Auxiliary Engines
At Sea 15 11 40 29 103 75
At Berth 24 1.7 6.2 4.6 160 117
Manoeuring 0.1 0.1 0.2 0.2 0.6 0.4
Total Auxiliary Engimnes 18 13 46 34 119 87
Total Usage 234 172 768 564 1924 1411

Table 3: Estimated annual NO, and SO, emissions per vessel (ton/year) [16].

3.5 Key pollutants in the port area

Air pollution and health impacts from port operation are also very serious. During
the burning process in marine diesel engines, boilers, and incinerators, these fuels
can produce significant amounts of black smoke, particulate matter (PM), volatile
organic compounds (VOCs), nitrogen oxides (NO,), unburned hydrocarbons (UHC),
sulfur oxides (SO,), carbon monoxide (CO), carbon dioxide (CO,), etc. NO, and VOC
are precursors of ozone, which is a common air pollutant of concern around port
areas. Ozone is not directly emitted from combustion sources but rather formed
from NO, and VOC mixing in the atmosphere and with the addition of sunlight.
Typically, NO, is the primary pollutant emitted by fuel-oil-powered sources that is
controlled in relation to ozone. Because of the physical and chemical properties
involved, the main challenge of emission control for diesel engines is reducing PM
and NO,. The challenge becomes even more complex because the formation of PM
and NO, is inversely linked by the physical and chemical characteristics of the
combustion process. Often, when one pollutant is reduced by engine process
changes, (for example by lowering the combustion temperature) the other pollutant
increases. Currently, controlling NO,, PM and SO, emissions is the central focus for
most national and regional regulatory agencies and therefore the same for ports and
maritime organizations throughout the world. GHGs, including CO,, are starting to be
seriously addressed by regulatory agencies, although in the port area, health effects
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typically take the priority over GHGs. Not all CO; reducing strategies also result in
reductions in NO, and PM and therefore in the port area consideration of control
strategy effects need to be aligned with the air quality regulatory agency’s goals. In
this report NO,, SO,, and PM emissions are considered.

Nitrogen Oxides (NO,)

NO, is a colorless and odorless gas that is formed when fuel is burned at high
temperatures, as in an internal combustion engine. Contributing to acidification,
formation of ozone and to smog formation, NO, are deemed between the most
harmful gases to the environment. They can be transported over long distances and
generate problems to areas not confined to areas where NO, are emitted. Also
another environmental impact from NO, includes acid rain, nutrient overload in
water bodies and visibility impairment when combined with atmospheric particles.

Health Effects of NO,: NOx does not have substantial direct human health impact.

Instead, through a complex series of chemical reactions in the atmosphere, NO,
combines with VOC to create ground level ozone (Os), a very potent human
respiratory irritant and short-term climate forcing gas. Ozone can be transported by
wind currents and cause health impacts far from original sources.

Also ozone it can compromise the immune system and can cause inflammation in
the respiratory system that leads to coughing, choking and reduced lung capacity
over long periods of exposure. It affects, in particular, children and people with
respiratory diseases and is common in urban areas with high ozone pollution. The
effects of ground level ozone are more frequent during the warmer summer months.
Children, elderly people and people who work or exercise outdoors are especially
vulnerable to the impacts of ground level ozone. Moreover, since particle smog is
formed by PM (ultra-fine particles of soot) it can contribute to damage hearth and
lungs.

Particulate matter (PM)

Unlike other pollutants that have a specific chemical definition, particulate matter is
a general term used to describe aerosols that can have a wide range of physical and
chemical properties. PM consists of mixtures of solid particles and liquid droplets
found in the air. Regulatory and control purposes define PM primarily by size. There
are two forms of particle pollution that are regulated due to their potential impact to
human health; inhalable coarse particles with diameter larger than 2.5 micrometers
and smaller than 10 micrometers (PMyo) and fine particles that are 2.5 micrometers
and smaller in diameter (PM,s). As a point of reference, the average human hair is
about 70 micrometers in diameter.
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Health Effects of PM: The effect of PM on public health is very direct, causing acute

respiratory stress and contributing to a range of chronic illnesses from long-term
exposure. PM contains microscopic solids or liquid droplets that are so small that
they penetrate deep into human lungs and cause serious health problems. For
example, particulates that are smaller than 10 micrometers can penetrate deeper
into the lungs and can even enter the blood stream. According to the above
information, the size of the particles is a key determinant of how severe PM’s effect
of human health can be. As measurement techniques and epidemiologic studies
have improved in recent decades, increasing attention is being given to the effects of
particles even smaller than PM,s. Many health authorities have listed PM that
specifically comes from diesel engines (diesel PM, or “DPM”) as a “toxic air
contaminant” indicating it has specific and demonstrated carcinogenic effects.

Sulfur Oxides (SOy)

Sulfur oxides are caused by the oxidation of the sulfur in the fuel into SO, and SOs.
Sulfur is found in raw materials such as crude oil, coal and ore that contain common
metals (aluminum, copper, zinc, lead and iron). Fuel containing sulfur, such as coal
and oil, when burned can lead to the production of SO, gases. Sulfur oxides gases in
an exhaust stream serve as an accumulation point for a range of toxic organic
chemicals and other substances in the exhaust stream creating additional PM.
Despite regulations that have helped to decrease sulfur concentrations in fuel
around the world, SO, emissions from ships and land-based equipment remain a
significant concern.

Health Effects of SO,: They are caused by the exposure to high levels of SO, and

include breathing problems, respiratory illness and worsening respiratory and
cardiovascular disease. While SO, gases can itself be harmful in high concentrations,
they interact with other substances in the air to create particulate matter. PM
created from SO, is harmful both as a physical lung irritant and for its chemical
characteristics, making it particularly harmful to sensitive groups. People with
asthma or chronic lung or heart disease are the most sensitive to SO,. They also
include people with developing, decreasing or hyperactive lung function such as
children, elderly people and active adults, respectively. In addition to health effects,
SO, in the atmosphere can create significant aerosols that impair visibility and can
contribute to the formation of acid rain.

Each of these ship emissions have not the same effect at the same ranges from the
emissions sources as mentioned above. The illustration in Figure 10 shows the actual
range of impacts that cause concern for pollutants varies from nearby to worldwide.
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Figure 10: Range of impacts for various pollutants related to the ship-port interface

[8].

Port communities facing bad consequences and health effects, because they are in
very close distance to port facilities. Especially, air pollution emitted from port-
related activities adversely affect the health of port workers, as well as residents of

nearby port area, and contribute significantly to regional air pollution problems.

Since for many years’ air pollutant emissions had

remained comparatively

unregulated, ships and port facilities are now among the world’s most polluting

combustion sources per ton of fuel consumed.
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C h a pte r 4 : Emissions estimation

Nowadays, shipping emissions has strongly increased and actually are predicted to
increase between 50% and 250% by 2050, depending on the future economy and the
energy developments. To understand this major emission increase this chapter
presents some emission estimations. Emission estimates are quite important for
developing emission control strategies in order to reduce the emissions. The
following tables contain emissions from the entire transport sector in order to
compare the shipping emissions between the other transport sectors.

4.1 Emissions estimation and fuel consumption for marine vessels
and on-road vehicles

An estimation of the proportion of air pollutant emitted from ships has been
proposed [27]. This estimation provides an intermodal comparison of transport
emissions for US case study. Specifically, they found that large ships generated the
30% of total nitrogen oxides emissions in year 2003. Moreover, they estimate that a
single cargo ship coming into harbor can release as much pollution into the sky as
350,000 cars in one hour. Also, 16 container ships in port can produce as many
emissions as one million cars and a cruise ship in port produces as many emissions as
12,400 cars. Table 4 reports the main results of their intermodal comparison

analysis.

Emissions Carbon = Fraction  Size of fueling No. of fueling
(g'kg fuel)* intensity"  of CO; station stations
NO, CO: ($10) (%0) (power)

Marine 71 16 950 6 175 MW 28-40°

Autos’ 14 130 2300 56 2.7 MW 180,000

Aircraft 3 17 2100 8.7 240 MW 728

Heavy trucks 30 17 2800 16 20 MW 5,500

Rail 76 9 3500 23

Table 4: Intermodal comparisons [27].

While greenhouse gas emissions from non-transport sectors fell 15% between 1990
and 2007, transport emissions increased by 33% over the same period. They have
started falling only recently due to high oil prices and improved vehicle efficiency.
More than two thirds of transport-related greenhouse gas emissions are from road
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transport, which contributes about 20% of the EU's total emissions of CO,. According
to EEA-32 report, Figure 11 has the contribution of the transport sector of total
emissions of the main air pollutants for the year 2009. Transport accounts more than
non-transport in NO,’s case, as it constitutes the 58% of total emissions. The
dominant cause of NO, pollutants in transport is created by road transportations,
followed by those of international shipping with 15% and domestic shipping with 4%.
Also, in SOy’ s case transport contains the 21% of total emission compared with non-
transport and this time international shipping is the dominant cause of SOy pollutant
with 19%. In case of PMyy and PM; s, it is estimated that the road transport exhaust
and the international shipping have the same contribution in world pollutant (by 7%
and 10% for each case).
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Figure 11: The contribution of the transport sector to total emissions of the main air
pollutants in 2009 [28].

Sea shipping results to be the most environmental friendly mode of transport for
goods, when measured in terms of emissions per ton-km (tones of goods per km).
However, for the absence of an emission reduction strategy, the growth rate of
maritime shipping, which is expected to continue in the future due to the global
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supply chain, will be translated in an emissions growth of the same magnitude. Many
similar reports support the finding that ship emissions are significant compared to
emissions from on-road sources [29], [30]. Also, other reports that reported below,
estimate the amount of pollutant emissions and other calculate the trend for the
future emissions.

4.2 Emission estimation in shipping industry

Shipping could in one way be considered a relatively clean transport mode. One of
the main aspects is that carbon dioxide emissions in many cases are lower for ships
than for road transports calculated in relation to amount of goods transported (per
tons km). Typical ranges of CO, efficiencies of ships are between 0 and 60 grams per
ton-kilometer, this range is 20-120 for rail transport and 80-180 for road transport
(IMO 2009). There is considerable variety between vessel types and CO, efficiency
generally increases with vessel size. As already mentioned, it has estimated that CO,
emissions from shipping are being around 2-3% of total global emissions. Also, the
emissions from sulfur dioxide are presently considerably larger than from road
transports and the nitrogen oxides emissions are about twice the emissions from
road transports in relation to amount of good transported (per tons km). According
to this, table 5 could help in understanding of the range between pollutants in the
port area. Specifically, non-GHG emissions are in the range of 5-10% for SOy
emissions and 17-31% for NO, emissions (Table 5).

Compared with other transport modes, shipping emissions are also substantial.
Whereas CO, emissions of shipping might be approximately a fifth of those of road
transport, NO, and PM emissions are almost on a par, and SO, emissions of shipping
are substantially higher than those of road transport by a factor of 1.6 to 2.7 [31].
According to Eyring et al. (2003) international shipping produces about 9.2 more NO,
emissions than aviation, approximately 80 times more SO, emissions and around
1200 times more particulate matter than aviation, due to the high sulfur content in
ship fuel. These emissions have increased at a large pace over the last decades and
are expected to increase in the future. Eyring et al. (2003) show that main shipping
emissions (CO,, SOy, NO, and PM) grew with a factor of approximately 4 over the
period 1950-2001, faster than the increase of the number of ships over that period,
which tripled. Shipping emissions are projected to increase over the coming decades.
For example, the IMO assumed in 2014 that shipping-related carbon dioxide
emissions would increase with a factor two to three up till 2050 [32].
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Although most of these emissions take place at sea, the most directly noticeable part
of shipping emissions takes place in port areas and port-cities. It is here that shipping
emissions have the most direct health impacts.

Estimation Year Share of total Source
{mln Honnes) emissions
249 2012 2. 7% IMO 2014
1050 2007 3.3% IMO 200%
244 2007 - Psaraftis & Kontowvas 2009
co, == ] 2006 - Paxian et al. 2010
213 2001 3% Evring et al. 2005
512 2001 3% Corbett & Koehler 2003
501 2000 2% Endresen et al. 20032
419 1996 1.5% IMO 2000
10 2012 - IMO 2014
15 2007 - IMO 2009
14 2003 10% ICCT 2007
50, 12 2001 9% Eyring et al. 2005
13 2001 9% Carbett & KDE;HEI' 2003
5.8 2000 5% Endresen et al. 2003
16.5 2005 - Cofala et al. 2007
17 2012 - IMO 2014
23 2007 - IMC 200%
22 2003 27% ICCT 2007
MO, 24.3 - Cofala et al. 2007
21.4 2001 2599 Evring et al, 2005
22.6 2001 21% Corbett & Koehler 2003
12 2000 17% Endresen et al. 2003
1.3 2012 - IMO 2014
1.8 2007 - IMO 2009
BM,, 1.9 - Cofala et al. 2007
1.7 2001 - Evring et al. 2005
1.6 2001 - Corbett & Koehler 20032
0.9 2000 - Endresen et al. 2003

Table 5: Overview of studies on global shipping emissions [33].

Ocean-going vessels contribute significantly to global emissions of nitrogen oxides
(NO,), sulfur oxides (SOy), and particulate matter (PM). Indeed it is estimated that by
2020, ship emissions contributions to the European Union (EU) NOx and SO,
inventories will surpass total emissions generated by all land-based mobile,
stationary and other sources in the twenty-eight nations. Because their air emissions
remain comparatively unregulated all these years and only recent in 2016 new and
more strict measures adopted, ships are now among the world’s most polluting
combustion sources per ton of fuel consumed [2]. Due to government policies
implemented over the last several decades, land-based pollutant emissions in many
countries have declined rapidly, even as energy use and transportation demand have
grown. Landbased SO, emissions in Europe have declined last decades, and are
projected to continue to decline as new standards are phased in. Land-based
emissions of other air pollutants such as NO, and volatile organic compounds (VOCs)
have also declined in many countries, but to a lesser extent.
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The emissions of air pollutants from ships engaged in international trade in the seas
surrounding Europe — the Baltic, the North Sea, the north-eastern part of the
Atlantic, the Mediterranean, and the Black Sea were estimated to have been 2.6
million tons of sulfur dioxide and 3.6 million tons of nitrogen oxides (expressed as
NO,) in year 2000. While pollutant emissions from land-based sources are gradually
coming down, those from shipping show a continuous increase.

Also several inventory studies suggested that in 2000, ocean-going ships have
emitted around (600-900) thousands tones of CO,, 15% of all global NO, emissions
and 4-9% of global SO, emissions [34]. While in 2007, the quantity of gases emitted
from ships estimated to be 25 and 15 million tons of NO, and SO, respectively, and
have estimated around 2.7% of all global CO, are attributable to ships [35]. Other
studies revealed that shipping-related PM emissions are responsible for 3-8% of
global PM, s related mortalities [36].

For the Baltic Sea, the North Sea and the English Channel, it is expected that shipping
emissions of SO, and NO, will increase by 40-50 % between the year 2000 and 2020.
By 2020 the emissions from international shipping around Europe are expected to
equal or even surpass the total from all land-based sources in the 25 EU member
states combined (see Figures 12 and 13).

25,000

[N LAND-BASED SOURCES
INTERNATIONAL SHIPPING

S0y EMISSIONS (1,000 METRIC TONS)

|ILLL

1990 1995 2000 2005 2010 2020 2025 2030

Figure 12: Inventories and Projections of SO, Emissions in Europe from Land-based
and International Shipping [31].
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Figure 13: Inventories of NO, Emissions in Europe from Land-based and International
Shipping [31].

It should be noted that these figures, high as they are, refer only to ships in
international trade. They do not include emissions from shipping in countries’
internal waterways or from ships plying harbors in the same country, which are given
in the domestic statistics of each country.

Nevertheless, if the recent international agreements for SO, and NO, emission
standards is implemented, by 2020 emissions of SO, should come down significantly,
and those of NO, will not increase as much as previously anticipated.

4.3 Estimated shipping emissions in ports in 2050 - Future Emissions
from International Shipping

The data that was used in this study bellow, collected by Lloyd’s Maritime
Intelligence Unit (LMIU)[37] and include vessel movements of ships world-wide.
Most shipping emissions in ports will grow fourfold up to 2050. This is the case for
CHy4, CO, CO, and NO, emissions. This would bring CO, emissions from ships in ports
to approximately 70 million tons in 2050 and NO, emissions up to 1.3 million tons.
The level of PMyy and PM, s emissions from ships in ports remains at the level of
2011 emissions and SO, emissions decline slightly compared to the 2011 level (Figure
14). The growth in most shipping emissions is driven by growing demand for certain
commodities and goods fueled by growth of population, economy and trade. The
projections are based on the ITF freight model that predicts the flows of 18 different
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cargo types between 226 places in 84 different countries. These growth rates for
cargo types have been translated into growth projections of port calls of the
corresponding ship types in each country. In this calculation assumed that ship
turnaround times remain at a similar level and that all international obligations that
have an impact on ship emissions will be implemented in the timelines currently
foreseen. Thus, the reduction of the maximum allowed sulfur content in fuels would
be reduced to 0.5% by 2020, and already from 2015 in emission control areas the
allowed sulfur content is 0.1% [33]. However, there is some probability that the
introduction of the 0.5% global limit would be postponed until 2025 [38].

450%

400%

350%

300%
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200%
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Figure 14: Increase in shipping emissions in ports 2011-2050 [33].

Many projects have similar results with the above study. Thus, the next study [31]
agree that commercial shipping is at the heart of an ongoing expansion of global
trade and that shipping emissions will be increased in the future. Ship traffic has
increased continuously over the last two decades and is expected to continue
growing for the foreseeable future. This growth has important implications for the
magnitude of the ship contribution to future air pollution and greenhouse gas
inventories. Figure 15 through figure 16 summarize emissions projections for marine
operations through 2050. Figure 16 and figure 17 present the shipping sector’s
contribution relative to projections of emissions from the Intergovernmental Panel
on Climate Change (IPCC) [39]. However, PM emissions are not included because an
estimate of global emissions for this pollutant is not currently available.
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Figure 15: NO, SO,, CO, HC, and PM Emissions from International Shipping: 1970—
2050 [31].

o A NOx —

P
w
F

20% S

FRAGTIUN of TUTAL EMISSIUNS
7]
&

=]
&

2%

0% « T T T T ]
1990 20040 2010 2020 2030 2040 2050

Figure 16: Shipping Emissions as a Fraction of Estimated Global NO,, SO,, CO, and HC
Emissions: 1990-2050 [31].
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Figure 17: Global CO, Emissions from International Shipping and Fraction of Total
Emissions: 1970-2050 [31].

This specific emission inventory of [31] study is based on a simplified bottom-up
approach in which global marine cargo shipments were used to derive historic and
future activity levels for the international shipping fleet. As with the Corbett and
Koehler (2003) [26] and the Eyring et al.(2005a) [29] analyses, the ICCT 2007 [31]
analysis did not rely on marine bunker fuel statistics. Energy consumption for the
international shipping fleet was calculated by multiplying global marine cargo
movements in ton-kilometers by global marine operating efficiency. The ICCT 2007
analysis [31] is more limited than the studies summarized in previous sections in that
it does not attempt to place emissions spatially. It also makes some judicious
simplifying assumptions that tend to underestimate rather than overestimate fuel
consumption and emission levels.

In 2005, international shipping accounted for 27% of global NO, emissions, 10% of
global SO, emissions, and 3% of global CO, emissions. If current trends continue, the
ship contribution as a % of global emissions in 2050 is expected to rise to more than
30% for NO,, 18% for SO,, and 3% for CO,. Total ship emissions of fine particles are
also estimated to more than double in that period [31].
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Ch a pte r 5 : Techniques for reducing

emissions from ships

This chapter is about a presentation of the different technologies for reducing
shipping emissions. The goal of this part is to present different solutions for ships
and their technical drawings. These arrangements are compared to each other about
their emission reduction rate that could achieve and the complexity of their
technical drawings in order to find, at the end, the best settings for the ships. Since
every ship has different requirements, it is quite difficult to find a general acceptable
solution for every ship, thus each decision is based on different factors. In our report
the ship type that analyzed is cruise ship, without meaning that the solutions are just
for this type of ships only.

Technologies for emissions reduction can be divided into four general areas: In —
engine technologies, after-treatment technologies, fuel-related technologies and
alternative power systems. In this chapter, every emission reduction category will be
presented on a table with a summary of the different technologies for each category.
This table consists by five columns. The first column examined if a technology is
retrofittable on existing ships (Y-Yes) or limited to only new builds (N-No). The
following three columns denote the shipping pollutants that examine in this study
and the reduction rate that could be achieved with the use of each technology. Also
for each pollutant the table presents some darts that show if the use of one
technology affects some pollutant positive or negative. Thus, are used the following
indicators:

e ) forincreases
e | fordecreases
e { for either increase or decrease depending on various factors

Also, if the available data are limited such that the reductions cannot be quantified
at this time, they are denoted as “to be determined” (tbd). Finally, each application
of a measure needs to be evaluated on a case-by case (cbc) due to the different
conditions and specific parameters that have to be considered to determine the
most appropriate reduction level. The last column denotes the references-sources
that used in this study for each abatement technologies.
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The most emissions reductions technologies are concerned with NO, and SOy
emissions due to their bad effect on the marine environment [5]. These techniques
are also very cost-effective compared to further emission reduction costs for land-
based sources that are already relatively efficiently controlled. The most common
methods to reduce sulfur dioxide (SO,) emissions are the switch from fuels with a
high sulfur content to low-sulfur ones and also the introduction of the seawater
scrubbing technology. For nitrogen oxides (NO,) abatement the most promising
methods are internal engine modifications, selective catalytic reduction (SCR), water
injection techniques and exhaust gas recirculation (EGR). Particulate matter (PM)
emissions partially reduced with the sulfur dioxide reduction measures and for
further reduction oxidation catalysts and particulate filters can be used. Carbon
monoxide and hydrocarbon emissions from ships are usually low and therefore there
are no commercial techniques developed to reduce them separately from marine
engines. Nevertheless, some of the reduction methods, such as the SCR and EGR
systems, also lower amounts of CO and HC emissions. Also the emissions of the
different pollutants can be reduced by optimizing ships’ design, using alternative
power sources and using shore-side electricity at ports. In the following is given
more detailed presentation of various emission reduction methods.

Reduction by internal engine adjustments

Many parameters influence the combustion efficiency and emission formation in the
combustion process. These include fuel injection timing, combustion chamber
geometry, compression ratio, valve timing, turbulence, injection pressure, fuel spray
geometry and rate, peak cylinder temperature and pressure and charge air
temperature and pressure. Methods have the aim to reduce NO, emissions by
lowering the peak temperature and the pressure in the cylinder. Generally, this
decreases the engine’s thermal efficiency and increases the amount of particular
matter (PM) emissions (and also CO and HC emissions). Despite this fact, there are
some internal engine adjustments can be done to compensate the negative effects.
As a result, the control of several in-cylinder parameters is important in diesel
engines to ensure low emission levels and fuel economy. Three categories are
generally considered about the parameters that affect the combustion process and
the formation of emissions: charge air characteristics, fuel injection characteristics
and combustion conditions in the combustion chamber. The techniques to improve
those three segments are described in the sections below. The charge air
characteristics are improved with turbo-charging and after-cooling of the charged
air. For the development of fuel injection system, it is necessary to develop correctly
the fuel injection pressure, the nozzle geometry, the control of injection timing and
rate, the common rail fuel injection, the electronic-hydraulic control of fuel injection
and the exhaust valve actuation [40], [41]. Usually engine manufacturers use a
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combination of several engine modification techniques to limit the emissions from
diesel engines [18]. Table 6 provides a summary of all these different engine
technologies highlighted in this study with further details for each provided below.
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Engine Technologies
Increase of Injection Pressure -
"Common Rail Technology” Y 25 i o (8]
Exhaust gas re-circulation Y 10-60 75-99 tbhd [8], [10], [11], [16], [31], [42]
Rotating fuel injection controls N 25 cdc 40 [8]
Electronically controlled lubrication v i i 20-30 (8]
system
Automated engine monitoring /control N 55 3 tbd (8]
system
Internal engine
modifications (IEM) Y 20-40 - 50 [10], [11], [16], [31], [42]-[45]
Continuous water injection (CWI) Y 30 - 5-18 [8], [10], [43]
Direct water injection (DWI) Y 50-60 - L cbe [8], [10], [11], [16], [31], [43]-[46]
Fuel water emulsions (FWE) Y 10 - - (8], [11], [31], [42], [43], [47]
Humid air motor (HAM) Y 70-80 N cbc N cbc [8], [10], [11], [16], [31], [42], [44]-
[46], [48]

Two stage turbochargers Y 40 - tbd [8]
Turbocharger cut off Y 40 - tbd [8]
Selective Non-Catalytic Reduction Y 50 - - [10], [11]

Table 6: Summary of engine technologies that reduce ship emissions.
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Increase of Injection Pressure - "Common Rail Technology”

Common rail permits the continuous and load-independent control of fuel injection
timing, injection pressure and injection volume. In the common rail system injection
pressure and rate are controlled independently from the engine speed and load. It
has applicability on propulsion and auxiliary engines. Also it has the potential to
reduce emissions during sea, transition and maneuvering. The common rail system
comprises pressurizing fuel pumps, fuel accumulators and electronically controlled
fuel injectors. The fuel pumps are driven by the camshaft and each pump and
accumulator serve two cylinders. All system functions are controlled by the
embedded control system on the engine. Because of the flexibility of the fuel
injection process, NO, emissions, fuel consumption and exhaust opacity can be
improved by varying injection pressure when the fuel injection is started, relative to
piston location in the cylinder. It can achieve to reduce NO, emissions up to 25% and
CO, emissions up to 5% [8]. The system’s main advantages are that the fuel injection
pressure can be kept at a sufficiently high level over the entire load range, which
helps reduce NO, and eliminates visible smoke from the exhaust, at low loads.
Besides smokeless operation the common rail technology helps to achieve lower and
more constant running speed, reduces fuel consumption especially at part loads and
improves combustion process thus the efficiency due to optimized fuel injection
[49].

CH umit

High pressure pump

Figure 18: Common rail illustration, by MAN [8].
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Exhaust gas recirculation

In exhaust gas recirculation (EGR), engine exhaust gas is recirculated into the
charged air after the turbocharger, thus reducing the oxygen content in the cylinder
and increasing the specific heat capacity of the air. This in turn decreases the peak
temperatures and hence the formation of NO, during the combustion process. EGR is
sensitive to sulfur content of the fuel being combusted, as higher sulfur content can
lead to soiling and component corrosion.

Due to the reduced amount of oxygen and longer burning time the PM emissions
tend to increase especially at the high loads. This problem can be minimized by
reducing the recirculated gas flow during the operation at high loads. Thus EGR
works well with exhaust gas scrubber technologies that remove sulfur and PM from
the exhaust gas. It has applicability on propulsion and auxiliary engines. Also it has
the potential to reduce emissions during sea, transition and maneuvering. The focus
of EGR development has been on two-stroke, slow speed engines, but is under way
the development for four-stroke medium speed engine EGR.

EGR systems can achieve NO, reductions typically up to 60%, although some systems
are showing promise up to 80% support the most recent report by IMO 2015. Entec
also reports the reduction of 30% in NO, emissions with exhaust gas recirculation
[18]. Another study [42] reports the reduction of NO, be up to 10-30% after exhaust
gas recirculation technique. MAN B&W has made some tests at 75% engine load and
NO, emissions were decreased by 50% at the 20% recirculation rate. Also PM
emissions were decreased by 20% and HC emissions by 10%. However, fuel
consumption increased slightly and CO emissions doubled. Finally, US EPA 2003 [40]
outlines that a switch from 2.7% sulfur RO to 0.3% MD reduces PM by 63%. The PM
reduction to 0.1% MD will therefore be slightly higher than 63%. Generally, this
technique is not appropriate when residual fuel is used due to high sulfur content.
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Figure 19: EGR illustration, by MAN [8].
Rotating fuel injector controls

Rotating fuel injector systems are found on some electronically controlled marine
propulsion engines, specifically the Wartsila RT-Flex engine line, in conjunction with
use of a common rail system. At low loads, which occur when complying with vessel
speed reduction, these systems reduce the fuel injection from three nozzles, as in a
standard engine, to two or one nozzle(s) that are rotated one position with each
firing in order to maintain even cylinder wall temperatures. The result is that
reduced fuel amounts are injected into the cylinder at low loads when fuel demand
decreases, which optimizes the combustion process in the cylinder. Also it has the
potential to reduce emissions during sea, transition and maneuvering and can
achieve to reduce NO, emissions up to 25% and PM emission up to 20-40% [8]. The
system has been tested by Wartsila and shows promise for reducing both NO, and
PM with the co-benefit of CO, and fuel consumption reductions.
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= Smokeless mode: sequential injector operation at low loads

OO

3 nozzles 1-nozzle operation at slow steaming
Standard engine RT-flex with Wartsila Common Rail System

Figure 20: RT-Flex engine low-load nozzle cutout, by Wartsila [8].

Electronically controlled lubrication systems

Electronically controlled lubrication systems developed by both MAN and Wartsila
provide for more efficient cylinder lubrication, reducing the amount of lubrication
needed and improving the combustion cycle timing of lubrication oil
injection/dosing. The injection rate can be adjusted automatically or manually as
load changes, during startup and stoppage, at reduced loads in VSR, based on
varying fuel oil sulfur content, as cylinder liner temperature levels change, etc. The
systems have electronic controls that can be accessed by the ship’s onboard
engineering computers. In return, emissions associated with lubrication oil are
reduced with the co-benefit of reduced maintenance costs. It can achieve to reduce
PM and HC emissions up to 20-30% [8].

Automated engine monitoring/control systems

Automated engine monitoring and control systems that are typically found on
electronically controlled engines provide for automatic tuning or adjustment of
engine parameters during different operational conditions and engine loads. These
systems can control turbocharger shutoff, fuel system equipment, engine fuel
efficiency, adjust compression ratio, adjust exhaust valve timing, and adjust fuel
injection timing, etc. Engines with these systems can be set to reduce peak
combustion temperatures to reduce NO, (low NO, mode) and can include low load
tuning packages. It can achieve to reduce NO, emissions up to 25%, SO, emission up
to 3% and CO, emissions up to 5% [8]. Dynamic tuning of the engine allows for
efficient response to varying injection pressures and timing, which can be optimized
for fuel and/or NO, over all engine loads.
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Internal Engine Modifications (IEM)
Basic internal engine modification technique — slide valves

Slide valves are the most wide-spread internal engine modification technique and
involve the exchange of conventional fuel valves with low NO,. Slide valves are
specific for MAN two stroke slow speed engines, but the modification of the spray
pattern can be implemented on any injection nozzle. Slide valves are used for
optimizing spray distribution in the combustion chamber, while the engine
temperature is kept constant, which results in somewhat lower heat release than the
conventional fuel valves and gives a considerable reduction of NO, emissions.

According some studies, slide valves reduce NO, emissions by 20% and also provide
considerable reductions in VOC and PM emission [50], [51]. Wallenius Marine
reports that measurements on MS Aida indicated 50% reduction of particle emission
(PM). This is considered to be, due to the fact that slide valves provide a better
control of the combustion process. Nevertheless, like the techniques based on
affecting the combustion temperature for the reduction of NO,, slide valves may
increase the CO emissions [46], [52].

Slide valves are already standard on new vessels but constitute a retrofit option on
existing ships. Retrofit installations are easy to undertake. The retrofit only entails
removing the old valves, and enlarging the fuel injector holes in the cylinder covers.
Also the expected life span is around 5 years. Once installed the life time of the
valves will be the same as for conventional valves. During their life time they will be
effective.

Cormantional fusl vabag Sl fyp fusd widhe
o TR VL TR S wiodimue O s

Figure 21: Conventional and slide valve configurations, by MAN [8].
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Advanced internal engine modification technique

They are optimized combinations of a number of IEMs developed for particular
engine families. They include: retard injection, higher compression ratio, increased
turbo efficiency, common rain injection, etc. The most common combination used is
increased compression ratio, adapted fuel injection, valve timing and different
nozzles [40]. The IEM combinations can reduce NO, emissions by 30-40% below the
IMO NO, standard [40].

Water injection

Addition of water to the combustion process is a promising approach for NO,
reduction. The techniques using the water injection are continuous water injection
(CWI), direct water injection (DWI), use of emulsified fuel and humid air motor
(HAM). At these techniques, the water must have good quality to prevent clogging
and usually in most methods the fuel consumption tends to increase. At high NO,
reduction rates the emissions of unburned CO, HC and PM tend to increase [53].

Continuous water injection

Continuous Water Injection (CWI) involves the injection of high quality water at
relatively low pressures into the hot air stream after the turbochargers. CWI can be
installed in either two or four stroke engines as retrofits. Also it has applicability on
propulsion and auxiliary engines. CWI operates on the principle that peak
combustion temperatures and reduced oxygen results in NO, reductions during the
combustion cycle. The potential emission reductions with CWI are up to 30% for NO
and 5-18% for PM by [8]. Another study [43] also reports the reduction of 70% in NO,
emissions with continuous water injection technique. However, this high number
reduction is achieved when CWI is applied in combination with internal exhaust gas
recirculation (EGR) [10].
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Figure 22: Continuous water injection system schematic [8].

Exhaust

Direct water injection

Freshwater is injected into the combustion chamber in order to lower the
combustion temperature. Thus, water is injected into the engine cylinders right after
fuel injection when the temperature in the cylinders is optimal for the NO, reduction
process. In direct high pressure water injection, the water is injected into the
combustion chamber during the fuel injection. This enables cooler combustion space
and hence lower NO, emission level. The atomized water droplets vaporize
immediately in the combustion chamber and the peak temperature is lowered as a
combined effect of vaporization of liquid water absorbing heat and increased specific
heat of the gas around the flame. If too much water is added the volume of the
injected liquid increases leading to too long injection duration, which increases soot
formation [54]. The sufficient tank capacity with the necessary fresh water handling
system requires some space on board also [23]. The cruise ships have the source of
fresh water already since the drainage water for example from showers could be
filtered and used in the DWI system.

The technigue of DWI can reduce NO, emissions by 50-60% [8], [10]. The DWI has
advantages over the other water injection techniques. The liquid water is close to
the flame and away from the wall and the fuel-water can be changed for various
operating systems [54]. The possibility to use high water-to-fuel ratio enables a high
NO, reduction potential with DWI.

However, a few disadvantages are also related to DWI technology. Major design
changes are necessary for fitting the system on an engine. The system increases the
fuel consumption and smoke emissions and it cannot be used at low loads at least at
the full efficiency in order to avoid formation of white smoke and increase in black
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smoke [55]. The costs are higher than with the other water injection techniques
because high amounts of fresh water and additional equipment for engine are
needed [13]. Also the lifespan of the water injection nozzles is short [55]. The DWI
technology is not recommended to use with fuel with high sulfur content (more than
3% sulfur).

Figure 23: Direct water injection components, by Wartsila [8].

Emulsified fuel

In the method of emulsified fuel, water is mixed with fuel oil by means of
homogenizer before injecting the fuel into combustion chamber. The injection of
emulsified fuel enables effective atomization and good distribution of the fuel in the
combustion chamber. This leads to more complete combustion with lower fuel
consumption, a cleaner engine and a reduction in the amount of the main ship
pollutants. In order to have the optimal spray into the combustion chamber, it is
recommended that the water droplets in the fuel oil after emulsification are as small
as possible. Moreover, the system requires a water distiller since the water used for
emulsification must be clean and without salts [56], [57]. To obtain better reduction
rates also at the full load it is fundamental to redesign the fuel injection system,
camshaft and its drives etc. Moreover, the injection nozzles have to be adapted to
the increased amount of fuel. With the new nozzle design the fuel consumption and
temperatures might deteriorate if the engine is used without water. The proportion
of water is also limited by the viscosity of the emulsion and the amount of heat
required to reduce the viscosity for injection. However, this property of the water
fuel emulsion cannot be affected by engine or system design [23].

Generally, a reduction of 10-30% NO, emissions is possible to achieve with the usage
of emulsified fuel [8]. In the report [58], they study about water-fuel emulsion with
Caterpillar marine engines using heavy fuel. They were comparing the method to the
direct water injection and found out that emulsified fuel system was better method
in simultaneous NO, and soot reduction. Also, Wartsila has made some research on
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emulsified fuel, but used Orimulsion to run the engines. The rate of NO, reduction
has been up 30% compared to normal heavy fuel oils [53].

Scavenging air moistening/humid air motor

The scavenging air moistening (SAM) used for large two-stroke engines, and humid
air motor (HAM) used for four-stroke engines. Both of them humidify hot charged air
from the turbochargers’ compressor, allowing it to absorb more heat, while at the
same time reducing the oxygen content of the air. Specifically, the SAM system
reduces NO, emissions by spraying sea and fresh water into the hot scavenging air
for cooling and humidification. The water injection takes place in three stages. First
sea water is used for humidification and cooling and then two fresh water stages for
removal of any salt from the scavenging. From each of the stages, surplus water will
be drained back into three different tanks. The Humid Air Motor technique uses hot
charge air to which water vapour is added to cool down and reduce the NO,
formation during the combustion process. The humidified air is generated through
heating seawater (unlike CWI) through a heat exchanger in the humidifier and then
interfacing the humid air with the charged air from the compressor. The result is a
lower combustion temperature in the cylinder, and thus NO, can be significantly
reduced. Co-benefits from the system include: low operational costs, good engine
performance via lower thermal loads and also the system requires no additional
maintenance. The disadvantage is that HC and PM are increased due to cooler
combustion temperatures, and there is a fuel consumption penalty of approximately
3%.

The reduction efficiency of HAM is reported to be 65% of NO, emissions in IMO
2015. However, another report claimed that HAM technology can reduce NO,
emissions up to 80% down to level of 4 g/kWh. To achieve that about three times as
much water vapour as fuel must be introduced into the combustion chamber [13].
Also Entec and other studies report 70-80% reduction for NO, [46].
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Figure 24: Wetpac humidification system, by Wartsila [8].

Figure 25: Humid air NO, reduction by piston position illustration, by MAN [8].

Two stage turbocharging

High pressure, two stage turbocharging combines the use of low pressure and high
pressure turbochargers in series to generate increased air pressure, airflow and
more efficient turbocharging effect. By using two stage turbocharging NO, and CO,
emissions, as well as fuel consumption are reduced and more specifically it can be
achieved 40% of NO, emission reduction.
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Figure 26: Two stage turbo charger illustration, by MAN [8].

Turbocharger cut-off system

Turbocharger cut-off systems lower fuel oil consumption and improve propulsion
engine performance during low load operation. There are two methods in which can
be achieved Turbocharger cut-off. The first method is by Installing swing gate valves
on the turbocharger air outlet and exhaust inlet and the second by installing blinding
plates on the turbocharger air outlet, turbocharger exhaust gas inlet and outlet. By
installing a turbocharger cut-off system with swing gates and controls, the ship
operator has the option of disabling one of the turbochargers for low load operation.
By using two stage turbocharging can be achieved 40% of NO, emission reduction
and fuel saving can be up to 7 grams/kilowatt-hr (g/kWh) [8].
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Figure 27: Turbocharger cutout illustration, by MAN [8].

Selective non-catalytic reduction

Selective non-catalytic reduction (SNCR) works similarly to SCR method (referred
below) but without use of catalyst. In SNCR a reducing agent (ammonia NHs) or urea
is injected into the engine’s combustion chamber or in the exhaust gas and it reacts
with nitrogen oxides formed in combustion converting them to nitrogen and water.
The reaction requires a high temperature within the range of 900 - 1000 2C and
sufficient reaction time to be efficient. If the process is run above the sufficient
temperature range the production of NO, increases and below it the ammonia
emissions increase. Because of the required high temperature the reducing agent
must be injected into the combustion chamber or cylinder right after the combustion
or into the exhaust gas immediately thereafter.

Using selective non-catalytic reduction system, NO, emissions can be reduced by
50% [56], [59]. The down side of this system is that it is less efficient that the
Selective Catalytic Reduction, because only 10-12% of ammonia react with NO, and
the rest is just burned off. In order to achieve NO, reduction of 50% is required four
times the stoichiometric amount of ammonia. Since the cost of ammonia is about
the same as the cost of heavy fuel oil [60] and since the system requires extensive
modification to engine, the SNCR don’t seems to be competitive. Also another
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problem of SNCR system is that requires extensive modifications to be made on the
engine. Thus, it lowers the overall engine performance and degrade the fuel

economy [59].

After-treatment technologies

The after-treatment technologies are systems that are installed to remove pollutants
from the exhaust gases that come out of the engine. The after-treatment systems
have no effect on engine process and formation of emissions. Table 7 provides a
summary of these technologies highlighted in this study with further details for each

provided below.

c c c
g = o 0o -
) © = (3] o
3 = 3 3 =
& o K ? o
S . = s K
g 2 3 g K
X X X
After-Treatment Technologies
Selective catalytic reduction (SCR) Y 90-99 - - (8], {10}, [11][’6[11]6]’ [421-148],
11], [1 1], (47 2
Exhaust Gas Scrubbers (EGS) Y 5 75-99 20-80 [11], [26], Ez?j [471, [621,
Diesel Particulate Filter (DPF) Y 1-10 - 80-90 [11], [47], [64][48]
Shore/Barge Based-After-treatment v 95 95 95 (8]
Systems

Table 7: Summary of After-Treatment Technologies.
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Selective catalytic reduction

Selective catalytic reduction (SCR) is a technique that removes nitrogen oxides from
marine diesel engines. It is done by spraying aqueous urea (CO(NH,);) or ammonia
(NHs) as reducing agent into the exhaust gases at a temperature of 290 — 350 Celsius
(°C) and the exhaust gases are guided through a catalytic converter. A selective
chemical reaction (in minimum temperature of 160°C) takes place in the catalyst that
breaks down NO, to nitrogen (N;) and water. The reactions are:

NOy + NH; - N, + H,0
NO, + CO (NH2), > N, + H,0 + CO;

The limiting factor for the effectiveness of SCR systems is temperature. If the exhaust
temperature is too low, the urea or ammonia forms hydrogen sulfate, which
gradually blocks, or “plugs”, the catalytic converter. With regard to engine
operations in the port area, engine temperatures decrease throughout the transition
and maneuvering modes and it is likely that exhaust temperatures could be below
the 250° C level. Further, if combined with scrubber or waste heat recovery systems,
the exhaust will be even more likely to drop below the minimum required
temperature.

The catalytic reactor is a steal box which contains several layers of replaceable
catalyst elements made of some precious metal, a dosing and storage system for the
reducing agent and a control system. The injection of urea or ammonia is controlled
by nozzles with a feedback loop, which reacts to the amount of NO, in the flue gases.

The lifespan of the catalyst elements is from three to five years for liquid fuels and
longer for engines operating on gas. When the SCR is installed the housing usually
replaces silencer in the exhaust uptakes. This reduces noise and also makes the
system suitable for both new and retrofit installations. The SCR is an add on system
meaning that it does not interfere with the basic engine design and is not dependent
on the engine manufacturer [53], [18].

The reduction of NO, emissions by using the SCR system is more than 90% [17].
According to [13], the SCR system is able to reduce NO4 emissions by 90-99%, HC
emissions by 80-90%, CO emissions 80-90% and soot emissions 30-40%. ABB Flakt
had the longest running SCR system in a merchant ship in 2001 with about 50,000
hours in operation. During the whole time the reduction of NO, emissions have
remained in the range 97-98%. Also the HC emissions have been decreased 88% and
CO emissions 53% [56]. Kjemtrup (2002) [65] reports a reduction rate of more than
93% in MAN B&W engine deliveries equipped with SCR. Finally, most recent IMO
2015 [8] reports that SCR systems have the potential to reduce NO, emissions from
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80% to 98%. The majority of SCR systems installed on over 500 marine ships over the
last 30 years have been on 4-stroke engines [8], although there have been limited
applications with large 2-stroke main/propulsion engines. This method is to
beneficial, not only because it can achieve NO, reduction in high level, but also
because does not require low sulfur diesel fuels in order to work and it does not
require additional maintenance.

One of the drawbacks of the SCR method is that it consists a high cost investment.
The volume of the system is equal with the size of the engines and it consumes lots
of urea which is needed to store on board and handle by the ship crew [14]. To
achieve high reduction rates the size of the SCR system must be increased and more
complicated premixing and injection systems are needed. Thus, in order to provide
the correct measure of ammonia into the exhaust stream to reduce engine-out NO,,
it requires an elaborate injection or “dosing” mechanism. Also a high number of
ammonia compared with NO, ratio is needed to achieve the high reduction rate. All
these reasons increase the initial unit cost is higher and the installation cost. The
high NH3/NO, ratio may lead to increased ammonia emissions too. Besides being a
pollutant ammonia also causes corrosion in the exhaust channel, so it requires a
carful injection strategy to avoid ‘ammonia slip’ [18]. In order to avoid excessive NO,
formation SCR requires a strict monitoring of exhaust temperature. Also, SCR system
may require the use of low-sulfur fuel or the low-sulfur fuel at least benefits the
application of the system. In the SCR some of the SO, in the exhaust gases is oxidized
to SOs, which can form sulfurous acid (H,SO3) or sulfuric acid (H,SO4). Sulfurous acid
combined with ammonia forms ammonia salt, which is a solid with high melting
point, leads to increased PM emissions. Furthermore, sulfuric acid in turn causes
rapid corrosion in the SCR and in the other exhaust system facilities. Nevertheless, a
SRC system combined with usage of a sulfur fuel content of 2.6% , has proved to
work without problems [60], [56].
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Figure 28: SCR system diagram and SCR placement options, by MAN [8].

Scrubber Technologies

Exhaust gas scrubbers remove sulfur and PM from the engine exhaust stream
through a wet or dry interface. One of the major benefits of exhaust gas cleaning are
that the ship can use high sulfur fuels and meet IMO and Emissions Control Area
(ECA) requirements. Two different scrubber technologies will be described: the Wet
Scrubber and the Dry Scrubber. Scrubber systems can be designed for treating both
propulsion and auxiliary engines.

Exhaust Gas Dry systems Open loop

Scrubbers for
Marine Use Hybrid

(Open/Closed)

Closed loop

Figure 29: Exhaust gas scrubbers classification [38].
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Exhaust Gas Scrubbers — Wet

Scrubbers reduce SO, emissions coming out from the exhaust gas up to 99% by
washing it in different ways. They work with the use of HFO, due to all other fuel
types maintain less SOy, which could be reduced by the engine. The most common
are Wet scrubbers and utilize an open loop, closed loop, or hybrid configuration.
Specifically, open loop systems utilize sea water, closed loop systems utilize
freshwater, and hybrid systems can utilize either, depending on operational mode.
Generally, all of these scrubber technologies could even set in as a retrofit model or
completed in a new ship building process. Hybrid systems provide the highest
operational flexibility.

The first stage in the main scrubbing process is to cool the exhaust gas which is up to
350°C down to 160-180°C. In the second stage, the exhaust gas is treated in a special
ejector where it is further cooled by injection of water. There the majority of the
soot particles in the exhaust gas removed. In the third and last stage, the exhaust gas
is led through an absorption duct where it is sprayed with water and so cleaned of
the remaining Sulfur dioxide.

Open loop wet scrubber systems spray the exhaust gases with seawater, which
causes reaction between SO, and seawater and form sulfuric acid. Thereafter, the
sulfuric acid is neutralized by the natural alkalinity of seawater. Closed loop scrubber
systems utilize fresh water that is generated on board and mixed with caustic soda
(NaOH) as wash water, in order to neutralize SO,. Finally, Hybrid System operates
with seawater in an open loop, and freshwater in a closed loop. When the ship is on
open sea, the system operates with seawater. In harbours and ECAs, the system can
operate with freshwater, without generating any significant amount of sludge to be
handled at port calls. The main advantage of hybrid system is, when on open sea the
system switches to the open loop, the accumulated water of the tank could slowly
be removed back to the sea, having no NaOH consumption. Thus, only the sludge
tank has to be removed at the harbours.

Nowadays, there are approximately 30 to 40 ships operating with wet scrubber
systems and with the 2015 IMO Sulfur requirements of 0.1% sulfur in the ECA
(emission control area) and SECA (sulfur emission control area), orders and
installations have rapidly increased over the past two years to well over 300 globally

[8].
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Figure 30: Open loop, by Wartsila [8].
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Figure 31: Hybrid system, by Wartsila [8].
Exhaust Gas Scrubbers — Dry

Scrubbers remove at least 80% of the Sulfur dioxides (SO,) contained in the exhaust
gas. Dry scrubbers operate with an absorber utilizing granulated pellets of lime
(Ca(OH),). The hot exhaust gases react with the lime to produce gypsum (CaSOy).
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During the direct desulfurization process, limestone is used in the combustion
chambers at temperatures between 850°C and 1100°C. The Dry EGCS desulfurization
is supposed to be operated at approximately 320°C. The lime pellets are moved
through the system at an engine load-dependent rate, and the gypsum is removed
from the system and stored for removal from the ship. The gypsum pellets are
typically sent to land-based power generation stations where they are reused in dry
scrubbers. Exhaust Gas Scrubbers work using HFO, since all other fuel types maintain
less SOy, which could be reduced by the engine. An SCR can be located downstream
of the dry scrubber. The benefit over a wet scrubber is that the exhaust gas is not
cooled by interaction with water and is therefore more effective in combination with
SCR [8].

The reduction test for Marine Exhaust Solutions EcoSilencers for auxiliary motors
onboard the Pride of Kent (Nov 2004), report that taking all factors into
consideration, the final result in their measures was a conservative estimate of 25 %
for PM emissions. However, some other studies report that the reduction potential
of Exhaust Gas Scrubbers method is 90-99% for NOy [8], [4], [5], [14], [43] [18] and
60-80% for PM [10], [22], [58]. One benefit of using HFO fuel on this method is that
is a low cost fuel. Also, scrubber method has lower CAPEX cost than LNG method and
generally is a global available method for many ships. However, it has also some
drawbacks. At first, it requires a quite big space to install the equipment. Also, the
maintenance of these systems has a considerable big complexity. Finally, from now
on are applied IMO Tier lll rules that require the installation of SCR or EGR systems in
a ship.
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Figure 32: Dry scrubber illustration, by MAN [8].

Diesel Particulate Filters (DPFs)

Diesel particulate filters (DPFs) are one of the most effective emission control
technologies to reduce particulate matter on appropriate equipment. Diesel
particulate filters have been developed for high-speed diesel engines. This system is
comprised of silicon carbide ceramic fibers and a self-cleaning mechanism. The filter
collects particulate matter (PM) as exhaust gas is forced through it. Also the self-
cleaning element automatically combusts and eliminates particulate matte buildup
in the filter. This allows for continual operation without clogging the filter and
requires no maintenance. Using diesel particle filters could be achieved NO,
reduction by 1-10%. Also when use in conjunction with a catalyst, DPFs are capable
of reducing up to 90% of PM. The DPFs can be divided into two subcategories, on
Passive DPFs and Active DPFs. Passive DPFs do not use an external source of heat to
promote regeneration. Exhaust temperatures are elevated by the increased
backpressure in the exhaust as the DPF fills with PM. On the other hand, on active
DPFs the heat is added by one of a number of external means to promote
regeneration such as electric heating, injection of diesel fuel into the exhaust, or
engine calibration to temporarily raise the exhaust temperature. Active DPFs are
mainly used when the engine exhaust temperatures are too low for the use of
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passive DPFs. Diesel particulate filters are a very attractive retrofit option, but also
linked with some drawbacks. Despite their high cost, in order to have DPFs on the
engine as an after treatment system, is required the use of Ultra-Low Sulfur diesel
fuel. Also, it requires threshold exhaust temperatures in order to ensure
regeneration.

Shore/Barge Based-After-treatment Systems

Nowadays, Shore or barge based after-treatment systems are being developed and
evaluated at the Port of Long Beach and Port of Los Angeles. These after-treatment
systems are based on the concept of collecting ship stack emissions using special
ducting and treating the emissions with specific shore/barge-sited emission control
units that include exhaust gas scrubbing in combination with Selective Catalytic
Reduction. These systems were first attempted when a ship is at the berth (shore-
side), although some terminal operations need to be considered when a ship siting
on a terminal. Furthermore, ship emissions from the units that power the emission
reduction equipment and the barge are also treated in the system. These systems
aim to reduce ship emissions to the same level or even better than on-shore power
(when considering grid-generated emissions). Shore or barge based after-treatment
systems are currently in final testing and are being evaluated by CARB (California Air
Resources Board). The barge systems are moved in position on the water near the
ship and the ducting mechanism is connected remotely to the ship’s auxiliary and
boiler stacks. The main advantage of this system is that it doesn’t require expensive
modifications to the ship, as is required with on-shore power systems. Shore/Barge
systems are capable of treating emissions when a ship is at anchorage as well as at
berth. Also, the combination of scrubber and SCR technologies that utilized by these
systems are already established methods for reducing ship emissions. The key
evaluation effort is to demonstrate and quantify capture efficiency and effectiveness
at a wide variety of exhaust loads [8]. Due to this method is quite new the reductions
rates cannot be quantified at this time. However, IMO 2015 expected that the
reduction of the main shipping emissions (NO,, SO,, PM) could be above 95%.

Fuels

Fuels have been in the “spotlight” due to a number of requirements including IMO
fuel sulfur limitations, recent IMO requirements in ECA and SECA, EU at-berth
requirements, CARB marine fuel requirements and many various market based
measures that encourage the use of cleaner fuels. Table 8 provides a summary of the
different types of fuels and further details for each type provided below.
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Fuel Technologies
Switch to low-sulfur fuel (2.7 -> 0.1 % S) Y J cbc 60-96 80 [10], [16[1;6[?2]' [44],
. [10], [11], [31], [42],
- - ) - -
Switch to low-sulfur fuel (2.7 -> 0.5 % S) Y { chc 60-81 5-20 [44], [47], [63]
. [10], [11], [16], [31],
- - ) -
Switch to low-sulfur fuel (2.7 -> 1.5 % S) Y { cbc 44 5-18 [42], [44], [46], [61]
Liquefied Natural Gas (LNG) Y 80 100 88-99 [8], [64]
Biodiesel Y e cbc 10-70 [11], [47], [64]
Methanol Y J thd 100 tbhd [8], [64]

Table 8: Summary of fuel methods.
Low sulfur fuels

Use of low sulfur diesel fuels instead of fuels with high sulfur content (residual fuel )
has been one of the most effective strategies utilized in the port area, not only to
reduce PM and SO, emissions but also to achieve some reductions in NO, emissions.
The reason low sulfur fuels have been so attractive is that it consist the easiest and
cheapest method for reducing sulfur dioxide emission and also their use doesn’t
require significant capital cost to implement in a ship. However, one disadvantage is
that the strategy can significantly raise operating expenses, since the major
component of ship operating costs is fuel cost. Moreover, since lower viscosity and
density of the low sulfur fuel, during fuel switching the ship operators must follow
specific operating practices for their engines and other components such as fuel lines
and valves. Generally, the rise in operating expenses comes from the cost differential
between high sulfur and low sulfur fuels, which can run over $300 per ton. Another
quite important aspect is the service and the maintenance guidelines that every ship
have to do when it use low sulfur fuels. Thus, both service and the maintenance
guidelines, have to be followed by fuel switching crew to avoid damage to fuel lines
and valves due to lower viscosity and density of the low sulfur fuel. Moreover, the
increased cost of low sulfur fuel may encourage a mode shift from sea to over-the-
road for current short sea transportation services. Consequently, careful evaluation
is needed while considering fuel switching for short shipping routes.
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Generally, many studies have shown the reduction potential of low sulfur diesel
fuels. Specifically, the study of Ritchie et al., (2005) shows that a switch from 2.7% to
1.5% sulfur content on fuel will reduce PM emissions by 18% and a switch to fuel
with 0.5% sulfur content will decrease PM emissions by more than 20%. Along with
this study many others [10], [22], [31], [43], [46], [58], [61] have result the same
conclusion about the reduction potential of low sulfur fuels on the main shipping
emission pollutants. Furthermore these studies claimed that low sulfur diesel fuels
can also reduce SO, emissions by 44% with the use of 1.5% sulfur content on fuel
and by 60-81% with the use of 0.5% sulfur content on fuels. Finally, is reported that a
switch from 2.7% to 0.1% sulfur content on fuel will reduce PM emissions by 80%
and SO, emissions by 60-96% [42].

Ultra-Low Sulfur diesel fuel: It is the fuel that contains fewer than 30 parts per
million sulfur (0.03%). Furthermore, in this case, capital investments are needed to
re-equip the vessel’s fuel storage and also the delivery system. In addition, since the
ultra-low Sulfur fuel doesn’t contain enough sulfur to provide lubrication, a synthetic
lubricant additive have to be mixed with the fuel before use [23].

Alternative fuels: Other fuels can be used to replay diesel fuels. Biofuels, natural gas

and hydrogen are some of them. Generally, for fuel switching techniques, vessels
have the option of either entirely switching to alternative fuels or operating on dual-
fuel mode, with separate fuel storage tanks for each fuel. The EU has set a goal of
replacing 20% of the fuels used in transport with alternative fuels by 2020.

Liquefied natural gas

Using liquefied natural gas (LNG) as ship fuel has recently gained worldwide
attention. Natural gas is generally methane. Wartsila produces a dual-fuel four-
stroke engine, which during operation can switch between natural gas and light fuel
oil. Thus, an LNG fueled ship might choose to operate continuously on gas or only
switch to gas when operating inside an ECA. After 2016, a newly built dual fueled
vessel operating in NA ECA will need to operate solely on gas mode if not fitted with
NO, abatement systems [38]. Switching to the diesel mode will be used only in an
emergency situation such as gas supply disruption.

One of the major benefits of using natural gas as ship fuel is that will reduce sulfur
oxide (SO,) and particular matter (PM) emissions by 90-95% [8], [64]. Also, NO,
emissions are reduced to below the IMO Tier lll limits for Otto-cycle engines without
the need for exhaust gas treatment system. LNG technology is available for many
types of gas and dual fuel engines, as well for the onboard gas storage and handling
systems. Another benefit is that LNG is expected to be less costly than marine gas oil
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(MGO) which will be required to be used within the ECAs if no other technical
measures are implemented to reduce the SO, emissions [66].

Generally, LNG fares batter than other technologies economically or technically. The
investment cost (CAPEX) for an LNG fueled ship will be higher than a ship operating
only on diesel fuel, and the space required for LNG storage tank(s) will for some
vessels reduce the cargo capacity. Also, it considered as a high flammability and
toxicity fuels.

Biodiesel fuels

Biodiesel fuels considered as cleaner burning fuels and a fuels additive, if mixed in
concentration with petroleum diesel that is biologically derived from domestic and
renewable sources. Specifically, biofuels are produced from animal or vegetable fat
base (palm oil, coconut oil, rapeseeds). During the refining process, glycerol and fatty
acids are removed and the residue of methyl or ethyl ester is used as a combustion
fuel source.

Biodiesel and its blends have lower particulate matter and hydrocarbon emissions at
full load compared with conventional diesel fuel. Thus, many advantages can be
reached with the use of biofuels. Reductions of 10 to 70 % in PM emissions have
been reported with different blends, engines and test cycles. The reduction potential
of CO emissions is 40-45%, but the NO, emissions may increase up to 10%.
Furthermore, the availability of this fuel is limited and the costs remain an issue [58].
Another drawback that appears by using biofuels is the potential to lose some of the
engine power (about 2%). On the other hand biofuels have also some benefits, as it
consist a renewable source and biodegradable. Also with the use of these fuels can
be achieved a better lubricity in the engine.

Methanol

Methanol, similar as LNG, has no sulfur and thus is a capable energy source for ships
operating in ECAs and SECAs. Also, similar to natural gas, methanol generates less
CO, emissions at the stack and at low loads, doesn’t have the methane slip like LNG
Otto Cycle engines. Bio-methanol can be produced from a variety of biomasses and
mixed with methanol produced from fossil fuels. Methanol is liquid at ambient
temperature and pressure and used in Otto Cycle engines. Emission estimates for
methanol as fuel are not established at this time. It is anticipated that for methanol-
fueled engines to meet IMO Tier I, it will be needed additional emission control
technologies, such as EGR. Methanol can be used in 4-stroke dual fuel engines and 2-
stroke dual fuel engines but EGR would still be needed because they do not have fuel
slip. Methanol is toxic if ingested and is miscible in water thus easily degrades in the
environment. Also it has nearly the half the energy density of diesel. However,
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methanol can be used both on land and on ship-side and its cost ranging similar to
HFO infrastructure. Finally, is considerably cheaper than LNG since methanol does
not need to be cryogenically stored. The reductions rates cannot be quantified at
this time for NOx and PM, as IMO 2015 report, but it is capable to reduce SO,
emissions up to 100% [8].

Alternative power systems

Nowadays, the interest about alternative power system is high and many studies
occupied with this issue. The most important aspect of these systems is that it
reduce the generation of emissions by ships with diesel powered engines while at
berth and requires the use of alternative power systems such as solar and LNG which
are lower in emissions compared to diesel auxiliary power engines of the ship. These
systems can also benefit health as air pollutants are emitted at remote onshore
electricity facilities, as opposed to ports near highly populated areas. One good
example are cruise ships that consist the main pollutant source in the ports. Thus,
85% of emissions from cruise ships are produced while the ship is docked. For that
reason alternative power systems are under great development nowadays. Table 9
provides a summary of these technologies highlighted in this study with further
details for each provided below.
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Alternative power systems
Shore side power (cold ironing) Y 95-100 95-99 95-99 [8], [11], [31], [61]
Barge power supply Y 80 100 98 [8]

Table 9: Summary of alternative power systems.

On-Shore power supply/shore power

On-Shore power supply or Shore Side Electricity consists one of the most recent
known methods to reduce ship pollutants while are at berth, since it results in fewer
emissions than burning fuel on the ships themselves. Shore Side Electricity involves
connecting ships to the port electricity network to supply the ship’s power needs,

while they are at berth.
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There are several challenges that arise in the design of the shore-based
infrastructure and electrical equipment. Firstly, it requires investments and some
modifications to be made in the ports and on-board, so they can be connected.
Another challenges are the frequency of the grid and the ships being shore powered,
the voltage system on-board the ship, dynamic or static loading of power, number of
connecting points, available power shore-side, cost of electricity and many others.
Also, the modifications on retrofit ships are often more complicated than building
new ships designed.

Many studies have been made for shore power systems. One of these studies [67]
found usage of shore-side electricity to be two to four times more expensive than
generating the electricity on-board by heavy fuel oil engines when they only took the
direct costs into account. Nevertheless, when the external costs were also evaluated
the usage of shore-side electricity proved to be the cheaper option, since the
external costs are much lower for vessels connected to shore-side electricity supply.
According to IMQO’s 2015 report, all ship pollutants could be reduced up to 100% at
the stack while using grid power [8].

il
20-100kV

Figure 33: Typical shore-side power connection principles [68].

Barge power supply

Barge power supply provides power to a ship at berth, similar to on-shore power
supply. However, the power is generated by a cleaner engine than located on the
ship and typically using an alternative fuel, such as LNG. A barge equipped with an
LNG Otto Cycle only engine that can provide up to 7.5 megawatts and will be used by
cruise ships calling at Hamburg Port Authority [8]. The barge system’s advantage
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compared to terminal-based shore power is that it does not require costly terminal
infrastructure improvements and the system can be moved from one berth to
another. One attention point is that the mooring infrastructure needs to be
constructed depending on port/terminal, so that the barge is secured while in use
and not in the way of other ship traffic. In order the ship has the correct power, is
needed to have appropriate connection and electrical equipment on board to
receive the barge-based power (similar to on-shore power). The potential emission
reductions are based on several facts. More specific, the difference in emissions of
the engine, after-treatment system and fuel of the power barge supply compared to
the on-board power that is otherwise used to generate the ship’s power. Assuming a
barge equipped with an LNG powered Otto Cycle engine the reduction potential
could be up to 80% for NO, emissions, 98% for PM emissions and 100% for SO,
emissions [8].
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Cha pter 6: Costs

This paragraph of the study investigates the costs of specific NO,, SO, and PM
reduction measures on ships. Some of the technologies are well established and
have been installed in numerous vessels and others are in an early stage of
development. Generally, large uncertainty exists and many costs estimation have
been provided, since the costs assessment is depended on the measure. Costs vary
with ships size and may differ greatly when the technology is installed in existing
vessels (retrofitting). A reduction technology installed on a new ship is generally
more appealing than on a retrofit, because dependent systems can be integrated
during the overall design process and sufficient space can be allocated for the
reduction system. For this reason it is quite difficult to calculate the exactly cost of a
reduction technology. Actual overall application costs of emission control and energy
efficiency measures (ECEEMs) are a compilation of individual costs that begin with
the cost of a specific technology but may expand as other expenses are added. In
this report except from the cost of the abatement technologies, also the external
cost is calculated and taken into account for the study’s final results.

The costs associated with an emission reduction technology can be divided into
CAPEX (capital expenses) and OPEX (operating expenses). These two general
categories incorporate a range of other cost categories that can be varied based on
the technology and the specific application. Capital costs (CAPEX) include the
expenses associated with purchasing and installing the equipment on board, so
includes the construction, the work, the license fees, the delivery of the installation
etc. Operating costs (OPEX) are related to the annual expenditures such as the cost
of maintenance and administrative overhead. Also include variable costs, such as the
additional labor demand or the increased energy demand for operating the device.

A large number of studies have estimated the total cost of available technologies for
reducing ship emissions. The methodologies which have been used in these studies
to characterize capital and operation costs vary, as each one do baseline choices and
take other key assumptions. The most authoritative and comprehensive evaluation
of the abatement costs is a study by Entec (2005) for the European Commission.
Generally, this kind of studies are extremely costly and for that reason later reports
base their economic analysis on Entec’s study [63], [69] (e.g. Cofala et al, 2007,
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Kageson et al, 2007). Some of the below figures have also been taken from the Entec
report. However, this study reports also cost measurements from more recent
studies([63], [70], [71]) in order to take into account a bigger range of values for the
final conclusion. The following table has the costs analysis of these recent studies.
Again, although these studies are recent, they are using data from older sources-
studies.

Tables 10, 11 and 12 present estimates of capital and operational costs, based on
recent studies for abatement technologies.

More specific, the table above is mentioned on the abatement technologies that
reduce the main shipping pollutants by engine process modifications. One of these
studies [43] have taken the cost values from previous studies [13], [41], [57], [72]—
[75] and indicates the capital cost and the installation cost for each reduction
method. From the Table, we can see that the Retrofitting of the Abatement
Measures are more costly compared to Newbuilding, due to the fact that the Fixed
Investment Cost of the equipment is approximately 80-90% of the Capital

investment.
sy Continuous Internal engine . .
Humid air water iniection modifications Direct water Fuel water emulsions
motor (HAM) ( CV\;I) T injection (DWI) (FWE)
Capltal'cost (UsD 98 35 13 30 )8
per kilowatt)
Installation cost 86000 10000 410 27000 100000
(USD)
Operating cost
1400 -2 161 27
(USD) New Build 00 - 2500 6100 9800 68000 000
Costs per year for
retrofit (USD) - - - - 328367 — 354367
Costs per year for
New Build (USD) 148889 — 174889
Sources [43], [48] [43] [43], [47] [43] [43], [64]

Table 10: Cost of engine abatement technologies.
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The following table (table 11) has the same information with the above table. The
only difference is that this table created by Entec 2005 and considered as a more
complete study, but not so new.

New build capex Equipment Capex per kW Retrofit capex Equipment Capex per kW
(Euro) lifespan (year) | installed (€/KW) (€) lifespan (year) |installed (€/KW)
Small (SSD ME only) 462800 15 131 4628 12.5 131
G Medium (SSD ME 1292400 15 113 1392400 12.5 121
only)
Large (SSD ME only) 2744000 15 95 3244000 12.5 113
Small (SSD ME only) 1160 2.5 0.39 6060 2.5 2.02
Costs of Basic IEM -
(slide Valves) Medium (SSD ME 3120 25 031 8020 25 0.7
only)
Large (SSD ME only) 7320 2.5 0.29 12220 2.5 0.42
Small (SSD ME only) 107286 25 30
Costs of Advanced -
IS UICSSRINE 119.764 25 10
only)
Large (SSD ME only) 17258 25 6
Small (SSD ME only) 135732 25 38
Costs of DWI Medium (SSD ME 270.578 25 24
only)
Large (SSD ME only) 548933 25 19

Table 11: Cost of engine abatement technologies by Entec 2005 report.

Generally, Entec’s report and the reports of later studies do not have many
significant differences, as the ranges of the values are quite same in all cases.

Humid Air Motors

From price perspective, Humid Air Motors consists one of the most expensive
technique instead the other methods, as it has the higher capital cost from all the
other techniques. Also HAM has a significant high installation cost than other NO,
abatement measures. One reason for this is the high pre-installation costs, for
example the costs related to research and development. However, it has also the
least operating cost, which means that the costs of maintenance and administrative
overhead are not so high. The main cost involved with HAM is humidifier. Thus, if the
humidifier is made out of durable material, such as non-corrosive or galvanized
materials, then it is likely the humidifier will last for approximately 25 vyears.
However, if the humidifier is made out of mild steel, the lifespan will be significantly
shorter. An approximate lifespan of 15 years is assumed based on information from
the MS Mariella. For retrofitting the lifespan will be the remaining ship’s average
lifespan of 12.5 years.
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Continuous water injection (CWI)

Continuous water injection is identified as the best option at this moment when cost
related concerns are taken into account, as it has the less Capital cost (USD per
kilowatt) than the other methods. Additionally, the recent improvement of the CWI
technology in terms of reducing of NO, from a 30% reduction in 2000, to a 50% to
70% reduction subsequently has clear strengths.

Basic IEM (Slide Valves)

Engine modifications require the least capital investment by Entec’s report. Basic
IEM includes changing the air injection nozzle to slide valves which allow improved
combustion conditions. This change is low cost and simple. Installation costs for a
retrofit are not significant, and therefore costs will not vary considerably from
installation on new ships to existing ships. Also, there are no operating costs
associated with the use of slide valves. There may be some engine service benefits
such as reduced fuel oil consumption for lubrication, but these benefits have not
been quantified so total costs are assumed to be equal to the capital costs. The
lifespan of a fuel valve is assumed to be 2.5 years [52].

Advanced Internal Engine Modifications

Advanced IEM includes a range of engine alterations to optimize combustion, fuel
injection and charge air characteristics. IEM costs can be split into two components,
firstly fuel injection costs and secondly engine modifications. There are no operating
costs associated with the use of advanced IEM. Therefore total costs are equal to the
capital costs. As we can see from the above tables, advanced engine modifications
are the second cheaper technique from capital cost perspective. The lifespan of IEM
Combinations will be up to the life of the engine, assumed to be 25 years for new
build engines. In practice, the lifespan will depend on the specific details of the
particular IEM combination.

Direct Water Injection (DW!I)

The cost premium of retrofitting DWI is likely to be high, since it may require
installation of additional cylinder heads (Spencer 2005). Water injectors are likely to
have a lifespan of around 4 years, and are routinely changed every four years. The
rest of the equipment, including pressure modules, water tank, piping and control
unit, is likely to last around 25 years. Direct water injection (DWI) has the higher
operation cost from all the other techniques, which means that the costs of
maintenance and administrative overhead are high. However, the installation cost of
this method is quite less than the operating cost. On the other head, fuel water
emulsions (FWE) method has exactly the opposite characteristic; the installation cost
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of this technique is higher in comparison with the oration cost. All studies finally
conclude that Internal Engine Modification seems to be the best technology to
reduce NO, emissions, following the Continuous water injection method and the
large vessels results to be the most cost effective both in terms of pollutant abated.
This is because a bigger ship has a lower specific consumption per unit of grow weigh
than a lighter one. The “size factor” is important on cost efficiency evaluation.

The two following tables (Table 12, 13) are mentioned on the abatement
technologies that reduce the main shipping pollutants by After-Treatment

Technologies.

Selective catalytic
reduction (SCR)

Seawater scrubbing

Diesel Particulate Filter (DPF)

Capital cost (USD) New Build

60000 - 360000

3199000 - 5840000

40000 - 79000

Capital cost (Euro) Retrofit

= 8149708
Capital cost (euro per kilowatt) 100 118 -
New Build
Capital cost (euro per kilowatt) i 168 i
Retrofit
(sl e o [ W) 304500 1000000 - 5000000 )

Operating cost (USD) New Build

45000 - 153000

40000 - 72000

Operating cost (Euro/MWh) New

Build ] 03

Operating cost (Euro/MWh) i 0.3 ,

Retrofit ’

Operating and maintenance costs i 23417 -

(Euro/year) New Build

Operating and maintenance costs i 23417 -

(Euro/year) Retrofit

Costs per year for retrofit (USD) ) 822927 - 10390927 280618

Costs per year for newbuild (USD) ; 369741 - 9937741 77749
[9], [21], [47], [64], (48], [64]

Sources

[43], [47], [48]

[76], [77]

Table 12: Cost of after treatment abatement technologies by recent reports.

Selective Catalytic Reduction

On Entec’s report, Costs for Selective Catalytic Reduction (for main engines) were
based on estimations made by the US EPA (2003) [40] and for auxiliary engines are
based on estimations from CITEPA (2003, 1). The capital cost for a new built ship is
ranged from 60000-360000 USD and the operating cost is ranged from 45000-

-82 -




Alexandros Koutsoupis Diploma thesis

153000 USD. The remainder of the equipment, including tanks, piping, wiring etc.
and has an estimated lifespan of 15 years.

Seawater scrubbing

The scrubber method is reportedly expanding. The price for installing a scrubber in a
ship typically ranges from 1-5 million euro per ship, depending on the size of the
vessel. Wartsila predicts that the market size will consist of 2,000 vessels over a five
years period. However, there are not all vessels suitable for the addition of
scrubbers; factors such as the age of a vessel can make the adoption of the
technology unfeasible.

Diesel Particulate Filter (DPF)

Diesel particulate filters (DPFs) are one of the most effective emission control
technologies to reduce particulate matter on appropriate equipment. As we can see
from the table 12 DPF require the least capital investment in comparison with the
other after treatment techniques. A paper by Eelco den Boer, “Emissions from the
Legacy Fleet” [78], estimates the installation cost of DPF on inland waterway vessels.
The estimated CAPEX cost was reported to be EUR 50/kW = USD 63/kW and the
CAPEX including installation costs for a typical retrofit case to EUR be 110/kW = USD
139/kW (EUR to USD exchange rate = 1.26).

All studies had the same conclude for after treatment abatement technologies that
by reducing the 90-95% of emissions, the Selective Catalytic Reduction seems to be
the most efficient technology in environmental terms along with Sea water
scrubbers, but the costliest in economic terms.
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New build capex Equipment Capex per kW Retrofit capex Equipment Capex per kW
(Euro) lifespan (year) | installed (€/KW) (€) lifespan (year) | installed (€/KW)
Small (SSD ME only) 225950 15 64 338925 12.5 96
Costs of SCR. Ships
using RO. Outside | Medium (SSD ME 525410 15 46 788115 12,5 69
S02 ECA only)
Large (SSD ME only) 1207403 15 42 1811104 125 63
Small (SSD ME only) 225950 15 338925 125 -
Costs of SCR. Ships
using RO. Inside SO2 | Medium (SSD ME 525410 15 ) 788115 125 B
ECA only)
Large (SSD ME only) 1207403 15 = 1811104 12.5 =
Small (SSD ME only) 225950 15 338925 12.5 s
Costs of SCR. Ships "
Med SSD ME
using MD edium ( 525410 15 788115 12.5 -
only)
Large (SSD ME only) 1207403 15 = 1811104 12.5 =
Small (SSD ME only) 418656 15 118 598080 12.5 168
Costs for sea water "
Med SSD ME
scrubbing edium ( 1350048 15 118 1928640 125 168
only)
Large (SSD ME only) 3386880 15 118 4838400 12.5 168

Table 13: Cost of after treatment abatement technologies by Entec 2005 report [52].

Table 14 is mentioned on the abatement technologies that reduce the main shipping

pollutants by using Shore side power (cold ironing) or Natural gas LNG. This table is

created by recent papers that are not too old as Entec’s repot.

Shore side power
(cold ironing)

Natural gas (LNG)

Capital cost (USD)

1000000 - 15000000

38850000 - 50000000

Sources

[47]

[38], [64]

Table 14: Cost of abatement technologies by recent reports.

Liguefied Natural Gas (LNG)

There are some main disadvantages that linked in with LNG retrofits. At first, LNG

requires at least double the fuel tank volume of fuel oils, which is a challenge for

vessels with limited or no deck space. For example container vessels, cruise liners

and bulk carriers will need more complicated shapes to fulfill space restrictions. Cost
estimates for LNG fuel tanks range from USD 1,000/m3 - USD 5,000/m>. Second,
MAN Diesel advised that an LNG retrofit is not possible on a two-stroke mechanically

controlled fuel system, thus a conversion to an electro-hydraulic common rail fuel

system (ME-B) is required. If the existing engine is an electronic controlled common

rail engine (ME-B, RT-Flex), the cost saving could be up to 20%.
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The price of LNG depends for many years on HFO price, but often is cheaper. Taken
into account the cost of LNG is about 60% of HFO. On gas carriers the cost of boil-off
gas is decreasing due to savings of re-liquefaction process. Natural gas prices
(including LNG) have been reduced the last couple of years due to the introduction
of shale gas in the US market [64].

Shore side power (Cold Ironing)

Based on the range of recent studies done by ports in the US and Canada, a normal
range of costs to provide shore power at a berth can be between 1 - 15 million
dollars. However, these costs vary significantly depending on the extent of terminal
rebuilding, the proximity to adequate electricity supplies, and the ability to locate
the shore-side infrastructure. Many new ships currently being built are including cold
ironing systems or implementing designs that would make future retrofits less costly
[47]. Generally, capital investments for shore-side power differ from the other
methods, because they are highly variable depending on the infrastructure upgrades
needed, both to make electric power available dockside and to connect ships to a
power supply.

Also, another cost evaluation is made by Entec 2005, Rahai and Hefazi, 2006, Lévblad
and Fridell, 2006 and IIASA 2007 and calculated the marginal cost of each abatement
measure per ton of pollutant abated. Comparing cost-effectiveness per unit of
pollution reduced is often more useful than simply comparing absolute costs.

Entec (2005a, 2005b, 2005c) found that all control strategies to reduce NO, and SO,
cruising emissions on a large vessel, except for fuel switching, cost less than $700 per
ton of SO, or NO,. Table 15 presents this estimation of cost-effectiveness of the NO,
abatement techniques, expressed in terms euro per ton NO, abated.
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: NO, reduction measures per €/ton abated
Technology Ship type
Small Medium Large
Basic IEM New 12 9 9
(Two stroke, low speed, young engines)
Basic IEM

R fi 12-60 9-24 9-15

(Two stroke, low speed, old engines) L
Advanced IEM New 98 33 19
Direct Water Injection New 411 360 345
Humid Air Motors New 268 230 198
Humid Air Motors Retrofit 306 282 263
SCR outside SO, ECA New 240 563 526

(ships using 2.7% S resid. Qil)
SCR outside SO, ECA .

809 612 571

(ships using 2.7% resid. Qil) RATEE
S.CR in%ide SO2 ECA New 543 424 308

(ships using fuel 1.5% S)
SCR inside SO, ECA .

613 473 443

(ships using fuel 1.5% S) Retrofit
SCR, ships using MDO New 413 332 313
SCR, ships using MDO Retrofit 483 381 358

Table 15: Cost effectiveness of NO, reduction measures per €/ton abated.

Taking into consideration all the related reports, the cost effectiveness of reducing
NO, from ocean-going ships ranges from $9 to $809 per metric ton abated and for
SO, ranges from $320 to 2053$ per metric ton abated.

Generally, the cheapest reduction method for NO, is the installation of slide valves
that consist a part of basic IEM technology. Thus, the costs for emission reduction by
introducing slide valves to new or young engine are approximately 12-9 euro per ton
NO, reduced for small, medium and large size vessels, respectively. Also for the older
engines the costs are 60, 24 and 15 euro per ton NO, reduced for small, medium and
large size vessels. According to the table below the cheapest reduction method for
NO, is internal engine measures that divided in basic IEM and advanced IEM. The
costs of ton NO, reduced applying a combination of internal engine measures, such
as retard injection, common rail injection, increased turbo efficiency etc. are 98, 33
and 19 euro for small, medium and large size vessels, respectively. These costs are
calculated for new engines. ‘Older’ engines require development costs to enable
retrofitting of basic IEM. Costs for retrofitting Advanced IEM were not included due
to a very high uncertainty in cost estimation.
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The costs of the water injection are estimated for DWI and HAM technologies. For
Direct Water Injection system the costs for new engines per ton of reduced NO, are
411, 360 and 345 euro for small, medium and large size vessels, respectively. Costs
for retrofitting DWI were not included due to a very high uncertainty in cost
estimation.

In HAM technology the costs vary from 198 euro to 268 euro per ton NO, reduced
for new engines depending on vessel’s size and for retrofitting engines the costs
would be between 263 and 306 euro per ton NO, reduced.

With the SCR system the NO, abatement costs depend on the fuel used. The
installation of SCR is most expensive for ships using fuel with high sulfur content.
Thus, the costs vary between 526 and 809 euro per ton NO, reduced depending on
vessel’s size and whether the system is installed on a new engine or retrofitted to an
old engine. Also, for ships that sailing in areas where the sulfur content in fuel is
limited, the system is cheaper due to the usage of low-sulfur fuel. Specifically, in this
case NO, abatement costs are between 398 and 613 euro per ton NO, reduced.
Moreover, for the case that ships using very low-sulfur marine diesel oil the costs are
in the range of 313-483 euro per ton NO, reduced. These costs do not include the
cost of switching between fuels. Also as described in previous chapter, the cost of
equipping an existing vessel with SCR may fall in the range of €300 and €809 per ton
depending on the size of the ship and the exactly technology that is used.

Technology Ship type SO, reduction measurjes per €/ton abated
Small Medium Large
Sea water scrubbing New 330 351 320
Sea water scrubbing Retrofit 576 535 504
Fuel switching: New 2053 (1230) 2050 (1230) 2045 (1230)
2.7% S fuel to 1.5% S fuel
Fuel switching: Retrofit 2053 (1230) 2050 (1230) 2045 (1230)
2.7% S fuel to 1.5% S fuel
Fuel switching: N 1439 (1690) 1438 (1690) 1434 (1690)
2.7% S fuel to 0.5% S fuel
Fuel switching: Retrofit 1439 (1690) 1438 (1690) 1434 (1690)
2.7% S fuel to 0.5% S fuel

Table 16: Cost effectiveness of SO, reduction measures per €/ton abated.

Table 16 presents Entec’s estimation of cost-effectiveness of the SO, abatement
techniques, expressed in terms euro/ ton SO, abated.

Also, according to calculations of Entec [23] and other studies more recent, Sea
Water Scrubbing for new and retrofit vessels results to be the best technology, in
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terms of cost-effectiveness, to reduce SO, emissions. Entec 2005 estimates that for
this method the costs range from 320 euro to 390 euro when the system is installed
on a new engine and from 500 euro to 580 euro when the system is retrofitted.

However, the cost of fuel switching is strongly dependent on the quantity required
of low-sulfuric fuel. A low quantity of low sulfuric fuel, for example, can be produced
by re-blending distillate fuels. On the contrary a large quantity of low-sulfuric fuel
would require refinery investments. Generally, three different ways can be used to
provide low sulfur diesel. The cheapest option is the re-blending. The second one is
the processing of low-sulfur crude oil. The last one is the desulfurization of the HFO
that is the most expensive [17]. According to Entec’s estimation the costs of ton SO,
abated are approximately 2050 euro when the fuel switching is done between the
fuels with sulfur contents of 2.7% and 1.5% and approximately 1440 euro when the
switching is done between the fuels with sulfur contents of 2.7% and 0.5%. The table
also has the latest published estimates from Concawe that are related with the fuel
prices. These numbers are values in brackets ().

Also Nera’s study based on information by Entec 2005 create a little different report,
that consider the cost of abatement technologies per ton Reduced by Ship Size and
Age, by Geography (€/Ton). Thus, focus on emissions in ports or within 12 miles from
shore, on the presumption that these nearby emissions are primarily responsible for
the environmental effects of shipping emissions. In cases where the geographic area
of interest is smaller, the costs per ton of abatement rise significantly because fewer
“geographically relevant” emissions are reduced for a given control technology.

Table 17 shows the cost per ton of NOy reduced for each measure described above,
when the reductions are applied to all vessel emissions occurring in the different
geographic regions. Also note that costs for the use of shore-side electricity are only
shown for in-port emissions.
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Small Medium Large
Young Young Young
New and Old New and Old New and Old
All Emissions

Basic IEM 12 60 9 24 9 15
Advanced IEM 98 N/A 33 MN/A 19 MN/A
HAM 268 306 230 282 198 263
DWI 411 N/A 360 MN/A 345 MN/A
S5CR 740 809 563 G612 526 571
Shore Power - - - - - -

12-Mile Emissions
Basic IEM 60 300 46 125 48 TT
Advanced IEM 489 N/A 166 N/A 96 MNIA
HAM 1,285 1,472 1,095 1,351 930 1,257
DWI 920 N/A 669 N/A H95 N/A
SCR 1,125 1,467 838 1,086 7Ty 1,003
Shore Power - - - - - -

In Port Emissions
Basic IEM 8,220 41,100 6,362 14,929 5,725 8723
Advanced IEM 8583 N/A, 3,517 M/A 1,942 MN/A
HAM 22 311 25,602 22 868 28,271 18,609 25,243
DWI 11,488 MN/A, 8,481 MN/A 6,651 MN/A
5CR 9,149 15,211 7,723 12,938 6,846 11,451
Shore Power 9 662 12,086 5371 6,631 3,847 4704

Table 17: Cost of NOy Technologies per Ton Reduced by Ship Size and Age, by
Geography (€/Ton) [44].

The cost of basic IEM for young vessels is the same as that for new vessels. Also it is
important to note that basic IEM becomes less cost-effective at berth because it is

less effective on auxiliary engine emissions.

Table 18 shows similar costs for SO, technologies for the same geographical areas.
The measures involving low-sulfur fuel have the same cost per ton for all vessel types
because is assumed by Entec that vessels are able to use the low sulfur fuels only
when necessary without incurring any additional capital costs or fuel-switching costs.
Thus, is assumed that vessels can switch entirely from high Sulfur fuel oil to low
sulfur fuel, to simplify the cost-effectiveness calculations. Vessels therefore do not
need to install additional fuel tanks or modify existing tanks to accommodate
multiple fuels, so the fuel switching measures involve no capital costs. Note that the
fuel costs alone are not varying across vessels. Again, the costs of measures where
the relevant emissions reductions occur only while in port (including the use of 0.1 %
MDO and shore power) are only shown in the last section of the table.
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Small Medium Large
Young Young Young
New and Old New and Old New and Old
All Emissions

1.5% Sulphur 1,230 1,230 1,230 1,230 1,230 1,230
0.5% Sulphur 1,690 1,690 1,690 1,690 1,690 1,690
0.1% Sulphur - - - - - -
Scrubber 390 579 351 535 320 504
Shore Fower - - - - - -

12-Mile Emissions
1.5% Sulphur 1,230 1,230 1.230 1,230 1,230 1,230
0.5% Sulphur 1,690 1,690 1,690 1,690 1,690 1,690
0.1% Sulphur - - - - - -
Scrubber 1,850 2,600 1,600 2,500 1,430 2,360
Shore Fower - - - - - -

In Port Emissions
1.5% Sulphur 1,230 1,230 1.230 1,230 1,230 1,230
0.5% Sulphur 1,690 1.690 1,690 1,690 1,690 1,690
0.1% Sulphur 2326 2,326 2,326 2,326 2,326 2326
Scrubber 30,060 46,200 36,040 56,800 29,460 45070
Shore Power 9,889 12,370 5,498 6,788 3,937 4,815

Table 18: Cost of SO, Technologies per ton Reduced by Ship Size and Age, by
Geography (€/Ton) [44].

Note: 0.1 % Sulfur fuel is also referred to as Marine Distillate Oil (“MDQ”)

In Table 18 is presented the cost effectiveness of the shore-side electricity

technology for ships using 2.7% sulfur that is related with port emissions.

Entec’s report assumes that shore-side power is one of the less cost-effective control

options, due to the high cost of this method. Nevertheless, from another perspective

this method could be very useful if someone accounts the massive energy that

consumed when ships are at berth. For example, 85% of emissions from cruise ships

are produced while the ship is docked because in order to satisfy their passengers’

needs required to consume a lot of energy by activating the auxiliary engines.
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Ch a pte r 7 : Emissions calculation

methodology

The environmental effects of ports to the atmosphere and human health, due to
their proximity in densely populated areas, are extremely important. An
independent evaluator finds it very hard to access and elaborate relevant emissions
data, as in most cases port authorities are not obliged to measure and publicize
them. The induced costs of these emissions are practically addressed primarily to the
local society, which will have to pay, in due time, the consequences [79].

Generally, the existing approaches for creating ship emission inventories are divided
in “top-down” and “bottom-up”’ (or “activity-based’”’) approaches. The former are
fuel-based methods that estimate emitted air pollutants relying on the reported
amounts or marine bunker fuel sales, while for the latter fuel consumption-based or
ship movements-based methods are employed. “Bottom-up’”’ approaches would
generally be more accurate than top-down[35], [80]. In the present study a “bottom-
up” method has been used to estimate emissions based on detailed individual
activities of cruise ships in selected ports. For each studied port and for all
approaching cruise vessels, activity profiles have been created; i.e. a breakdown of a
ships’” movements during modes of operation (i.e. maneuvering or at berth), with
engines’ types and sizes, engines’ load factors, type of fuel consumed and time spent
in each mode. In this context, information required were: rated power of both main
and auxiliary engines of each ship, load factors on both types of engines, scheduled
arrival and departure times in order to estimate the amount of time spent in
different operating modes and engines’ emissions factors.

For every ship call, each of the air pollutants (i.e. NO,, SO, and PM,s) produced
during the ship’s activity in the port was estimated through the application of the
following expression:

Ei = Z(T] 'Pk' LF]',k. EFi,k)
jk

where E denotes the amount of ship emissions (tons); i is the specific type of
emissions (NO,, SO, or PM,5); j is the ship’s activity stage (i.e. moving—maneuvering
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or hotelling); k is the engine type, i.e. main (ME) or auxiliary (AE); P is the engine
power (kW); LF is the engine load factor during the specific activity; EF is the
emissions factor (g/kW h); T is the time spent at each of the ship’s activity stages
(hours) (for maneuvering T = D/U, where D is the distance traveled by the ship in the
port before docking, U is the moving velocity of the ship during moving—
maneuvering. The total emissions are calculated for each port by summing for all
cruise ships visiting during the selected time period. All necessary data regarding
cruise ship calls in Greece during 2013 and 2014 , i.e. vessels’ names, date and call
duration (arrival and departure time), were carefully collected from local Port
authorities and compared with similar data of other sources to harmonize any
discrepancies [81], [82].

The IHS Sea-web online database was employed to obtain various technical
characteristics and data on main (ME) and auxiliary (AE) engines for all cruise ships
[83]. Extensive work on main and auxiliary engine load factors and emission factors
of main and auxiliary engines for cruise ships during maneuvering and while at berth
has been provided elsewhere [35], [84]-[86]. The load and emission factors applied
in this study for the operation of main and auxiliary engines running on specific fuels
and load condition, for ships maneuvering and hotelling during summer and the rest
of the year were taken from a similar survey that has been conducted for the port of
Piraeus [87].

The least possible uncertainty in all adopted values has been maintained during the
estimation of the emissions inventories. Cruise ships’ hotelling duration and
technical characteristics were collected from official local Port authorities and from
IHS Sea-web database respectively. The distance traveled by each vessel in the port
(for the calculation moving and maneuvering times) was evaluated and a ‘““generic”
cruise ship path has been created and assigned to each studied port individually.
Thus the above mentioned parameters are considered to be as accurate as possible.
The dominant uncertainties in all “bottom-up” approaches are due to the
determination of auxiliary engines’ power and the estimation of the average load
factors and emission factors of the main and auxiliary engines. In this study, and for
almost 30% of the studied cruise vessels, detailed and accurate data regarding their
AE power rating were collected from the Sea-web database, while for the remaining
the typical auxiliary to propulsion power ratio for cruise ships (0.278) was employed.
The employed load factors were based on the most updated recent relevant studies
and have taken into account the unique nature of cruise vessels, the ports specific
characteristics and local climatic conditions. Emission factors were also determined
based on detailed vessel information such as engine and fuel type, but they may also
contain uncertainties [79].
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7.1 External cost

This report, in order to estimate the total external cost due to emissions to air in
studied ports, is using one damage cost methodology named New Energy
Externalities Development for Sustainability (NEEDS). NEEDS is the most recent
methodology that is an updated version of the EcoSense model, which was used to
calculate the damage cost in HEATCO study. In order to cover dominant pollutants
and all Member States, the values provided in NEEDS have several features that are
especially relevant for the purpose of policy application. First of all, their values
cover all European sea territories, which is very relevant for correctly calculating the
external costs of maritime transport. Secondly, they associate not only health effects
(that correspond to over 90% of the total external effects) but also the side effects of
emitted NO, and SO, on materials (i.e. buildings), biodiversity and crops [88]. In this
study, we choose to use the values from NEEDS so as to find the total external cost
of each port.

7.2 Specific methodology

HEATCO study estimate the health damages linked to PM and ozone exposure. Some
of the health effects that considered are: new cases of chronic bronchitis, respiratory
and cardiac hospital admissions, restricted activity days, and days of lower
respiratory symptoms. This study also distinguishes between chronic and acute
health effects, referring to short- and long-term exposure to air pollution
respectively. Moreover, when assessing the health impacts, it determines different
risk groups affected by the health impacts. The principal risk groups are classified
into the following categorize: children below 14 years, adults of age between 15 and
65 and adults older than 65 years, with only small (i.e. one or two years) differences
between the studies. In the majority of cases, the risk groups related to the different
health effects coincide. Nevertheless, in HEATCO the mortality effects due to PM and
ozone exposure is quantified for the population as a whole. About the health
endpoint ‘respiratory medication use’, the risk groups in HEATCO are children and
adults already suffering with asthma and considers that chronic mortality are
exclusively valued based on years of life lost (YOLL) [88].

One of the most active on-going discussions in the specialised literature concerns the
relative toxicity of different PM components. However, it is impossible to make a
precise quantification with existing tools and data. Consequently, it is recommended
that in the impact assessment all traffic-exhaust particular matter (PM) components
are weighted as equivalent to PM, s in terms of their health impacts. Thus, in this
study is used the approach with no differentiation of PM, s toxicity with respect to
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source (i.e. assume same health effects from fine particles emitted by vehicles or by
power plants).

For this study, the damage costs of PM categorized by area on: rural, suburban, and
urban, due to the importance of accounting for the actual exposure to health risks
when evaluating the impacts of local pollutants (highly correlated with population
density).

7.3 Final results

All the final results of the study are gathered in the following four tables. Table 19
and table 20 present the information about the reduction technologies such as,
lifespan, reduction rate and the technological cost for each method. Both tables
present the same information. However, only the first table includes the
technological cost of each method since only these technologies have available
information about their cost. In the rest methods these information are not available
as well as the lifetime of each method.
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ifeti % reduction Cost (€/ton abated
Technology Ship type Lifetime 0 (€/ ) References
(years)
NO, | so, PM NO, SO, PM
Basic IEM
(Two stroke, low speed, New 2.5-5 20-40 - 50 9-12 - - (10], [11], [16],
) [31], [42]-[45]
young engines)
Basic IEM
(Two stroke, low speed, Retrofit 2.5 20-40 - 50 15-60 - - (10], [11], [16],
. [31], [42]-[45]
old engines)
Advanced IEM . 3 ] ) ) [10], [11], [16],
New 25 20-40 50 19-98 [31], [42]-[45]
Direct Water Injection ) . 3 3 ) ) ) [8], [10], [11], [16],
New 4-25 50-60 345-411 [31], [43]-[46]
. 8], [11], [12], [18],
Humid Air Motors New 1525 | 70-80 - - 198-268 - - (33], [44], [46]-
[48], [50]
e 8], [11], [12], [18],
Humid Air Motors Retrofit 125 | 70-80 - - 263-306 - - (33], [44], [46]—
[48], [50]
SCR outside SO, ECA i i i i i i (8], [10], [11], [16],
(ships using 2.7% S) New 15| 9099 >26-740 [42]-[48], [61]
SCR outside SO, ECA . [8], [10], [11], [16],
(shiis vsing 2755 Retrofit 125 | 90-99 571-809 142)148], (6]
SCR inside SO, ECA [8], [10], [11], [16],
(ships using fuel 1.5% S) New 15 90-99 398-543 [42]-[48], [61]
SCR inside SO, ECA , i i i i i i (8], [10], [11], [16],
(ships using fuel 1.5% 5) | Rewofit | 125 ) 90-99 443-613 [42]-[48], [61]
SCR, ships using MDO y 3 ) ) ) ) [8], [10], [11], [16],
New 15 90-99 313-413 [42]-[48], [61]
SCR, ships using MDO : . 3 3 ] ) ) [8], [10], [11], [16],
Retrofit 12.5 90-99 358-483 [42]-[48], [61]
) [10], [11], [16],
Sea water scrubbing New 15 5 75-99 | 20-80 - 320-390 - [22], [31], [45],
[47], [62], [63]
. [10], [11], [16],
Sea water scrubbing Retrofit 12,5 5 75-99 | 20-80 - 504-576 - [22], [31], [45],
[47], [62], [63]
Fuel switching: 2.7% S New/ 44 5-18 2045-2053 {;(2)}’ EH, 512}’
o . - - - - - - ’ ’ ’
fuel to 1.5% S fuel Retrofit [44]-{46], [61]
Fuel switching: 2.7% S New/ a4 518 1230 [[21;)]]’ [[311]]’ [[ig]]’
0, . - - - - - ’ ’ 7
fuel to 1.5% S fuel Retrofit [44]-[46], [61]
Fuel switching: 2.7% S New/ (10], [11], [22],
fuel to 0.5% S fuel Retrofit ) i 60-81 >-20 i 1434-1439 i [31], [42], [44],
.5% [45], [47], [63]
Fuel switching: 2.7% S New/ 60-81 5-20 1690 [[;f]]’ [[:21]]’ [[::]]’
0, . - - - - - - ’ ’ 7
fuel to 0.5% S fuel Retrofit [45], [47], [63]

Table 19: Final results of the study for each method (methods with available cost

information).
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Ship Lifetime % reduction Cost €/ton abated
Technology References
type | (years) NO, SO, PM NO, SO, PM
Increase of Injection
Pressure - "Common New - 25 - 50 - - - [8]
Rail Technology”
Exhaust gas re- [8], [10], [11], [16],
circulation New ) 10-60 7599 ) ) ) ) [31], [42]
Rotating fuel injection New i 25 i i i i i (8]
controls
Elec.tror.ncally controlled New ) ) ) 20-30 ) ) ) (8]
lubrication system
Automated engine
monitoring /control New - 25 3 - - - - [8]
system
Continuous water
injection (CWI) New ) 30 - 5-18 - - - (8], [10], [43]
Fuel water emulsions [8], [11], [31], [42],
(FWE) New 10 [43], [47]
Two stage
N - 4 - - - - -
turbochargers ew 0 (8]
Turbocharger cut off New - 40 - - - - - [8]
Selective Non-Catalytic
Reduction New - 50 - - - - - [10], [11]
?E;‘:)SFT Particulate Filter | New - 1-10 - 80-90 - - - [11], [47), [64](48]
Shore/Barge Based-
After-treatment New - 95 95 95 - - - [8]
Systems
Liquefied N I
NGy led Natural Gas | ey - 80 100 88-99 - - - (8], (64]
Biodiesel New - - - 10-70 - - - [11], [47], [64]
Methanol New - - 100 - - - - [8], [64]
h -
f’cglflifnein”;wer New - 95-100 | 95-99 | 95-99 - - - | 181,121, [31], [61]
Barge power supply New - 80 100 98 - - - [8]

Table 20: Final results of the study for each method (methods with not available cost
information).

More specific, the first two columns of this table include all the reduction
technologies that are described in this study and the ship type of each method. Ship
type is very useful because it affects the lifespan of the equipment of each
technology as well as the cost of the technology itself. Thus, it has been a separation
of ship types, in new and retrofit option. Costs vary depending on ships’ size and may
differ greatly when the technology is installed in existing vessels. Generally, a
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reduction technology in a new ship is more efficient concerning cost and
equipment’s lifespan, as it operates more years than on an old ship.

The method with the highest lifespan of 25 years is Humid Air Motors (HAM) if
durable non-corrosive or galvanized material is used. Also the equipment of Direct
Water Injection (DWI) estimated to have the same lifespan of 25 years but the
general lifespan of DWI system is estimated to around 4 years. We can observe that
the lifespan of the technologies in a retrofit ship would have a certain reduction than
in @ new ship and for that reason the HAM method in an old ship would last
approximately 12.5 years. Another case that this happens is on the installation of
Selective catalytic reduction (SCR) and the Sea water scrubbers (SWS) where the
lifespan ranges from 15 years for the new ships to 12.5 years for the old ships. For
the rest of the methods there is either not available information about their life or it
cannot be estimated with accuracy. For instance switching to a fuel that contains less
sulfur is a reduction method that doesn’t have an exact lifespan as it depends on the
lifespan of the engine. Moreover, technologies such as shore/barge based-after-
treatment systems, shore side power (cold ironing) and barge power supply has the
same difficulty in calculating their lifespan as they consist of quite complex methods.
The fourth column includes for each pollutant separately the reduction rate that
could be achieved by using a reduction technology. For example, we can observe
that sea water scrubbers and more specifically Dry scrubbers as mentioned below,
can reduce 5% NO, emissions, 15-99% SO, emissions and 20-80% PM emissions. The
next column involves the marginal cost of each abatement measure per ton of
pollutant abated. Through this column we can observe that fuel switching method
from 2.7% sulfur fuel to 1.5% sulfur fuel, Selective catalytic reduction (SCR) and
Direct Water Injection (DWI) are the most expensive technologies as opposed to
Basic IEM (internal engine modification) for new and for old ships which is the
cheapest one. Finally the last column refers to the references used for this table.
Also important to mention that in the table, when a dash is used, it means that the
information for these elements are not yet available.

Table 21 refers to the ports that this study takes into account. The studied Greek
ports are Piraeus, Thessaloniki, Santorini, Corfu, Rhodes, Heraklion, Volos, Kavala,
Mykonos, Katakolo, Patmos, Argostoli, Kos, Chania, Zakynthos, Lavrio, Igoumenitsa,
and Milos. These ports are considered as the most popular ports for cruise ships in
Greece. At first, we divided these ports into three categories depending on the
number of local residents. So, the first category consists of the urban areas in which
Piraeus and Thessaloniki are included. The second category is suburban including
Santorini, Corfu, Rhodes, Heraklion, Volos and Kavala and the last category is rural,
concerning Katakolo, Patmos, Argostoli, Kos, Chania, Zakynthos, Lavrio, Igoumenitsa,
and Milos ports. Table 21 also refers to the emissions data that this study has used,

-97 -



Alexandros Koutsoupis Diploma thesis

based on detailed individual activities of cruise ships in selected ports for years 2013
and 2014. For the calculations of this study, the sum of these two years has been
used in order to estimate the total amount of pollutants (in tons). For each port the
value of NO,, SO, and PM pollutant for these two years is described as well as the
social cost in million euro that these pollutants cost. It is worth recalling that the
social cost, due to emissions to air in studied ports, is estimated in this study by using
the damage cost methodology named New Energy Externalities Development for
Sustainability (NEEDS). Finally, the last column calculates the total social cost by
adding the social cost of each main pollutant for the two years.

Below table 21, the first three charts show the elements of the table by mentioning
the categories of ports respectively. Thus, they represent the social cost and the
amount of the emissions in each area.

Ports Total emissions 2013-2014 {tons) Social cost {Million €}
NOx SOx M NOx SOx M Total
Urban piraeus 1114.10 24870 55.67 4.29 3.68 11.01 18.99
Thessaloniki 26.06 910 0.88 0.10 0.07 017 035
Santorini £07.06 328.79 43.26 3.11 2.70 2.19 2.00
Corfu 528.43 214.27 26.21 2.03 176 133 512
Rhodes 415.32 165.35 19.17 1.60 136 0.97 3.93

Suburban

Heraklion 23125 81.08 837 0.89 0.67 0.42 198
Volos 38.72 14.54 1.66 0.15 0.12 0.08 0.35
Kavala 2339 818 0.81 0.09 0.07 0.04 0.20
Mykonos 659.03 25217 28.40 254 2.07 055 5.16
Katakolo 356.18 150.04 19.29 137 123 037 298
Patmos 5532 1932 191 0.21 0.16 0.04 0.41
Argostol 94.13 35.48 3.95 0.36 029 0.08 0.73
| Kas 59.64 21.08 2.05 0.23 017 0.04 0.44
Rura Chania 77.17 32.81 4.27 0.30 0.27 0.08 0.65
Zakynthos 27.41 9.75 1.00 0.11 0.08 0.02 0.20
Lawrio 19.44 6.14 0.51 0.07 0.05 0.01 0.14
lgoumenitsa 6.87 2.19 0.18 0.03 0.02 0.00 0.05
Milos 16.06 582 0.60 0.06 0.05 0.01 0.12
Total 4555.57 1304.80 21820 17.54 14.82 17.42 49.78

Table 21: The studied Greek ports, their emissions and their social cost for years
2013-2014.

We can observe that in urban ports, Piraeus is more polluted port than Thessaloniki.
That is reasonable due to the fact that Piraeus is the largest port of Greece, and one
of the largest in terms of passengers and freight in Europe compared to
Thessaloniki’s port that is not such a tourist destination. The rectangular bar shows
the social cost that has been created by cruise ships in Piraeus these two years, that
is up to 19 million euro. The most costly pollutant is PM and following are NO, and
SO, pollutants. Also we can see how emissions values are ranged, with NO, emissions
dominating and following SO, and PM. Although PM emissions in Piraeus are less
than the other emissions, they have the higher social cost due to the health effects
they cause. Moving on, the next chart shows the emission rates and the social cost
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of the suburban ports of the study, predominant being the port of Santorini, as far as
pollutants are concerned. Again here we can observe that the NO, emissions are the
highest ones with 807.06 tons for the years 2013-2014, causing 3.1 million euro
social cost and PM emissions ranging up to 43.26 tons and causing 2.19 million euro
in social cost. The next chart is about rural ports and shows that Mykonos port is the
most polluted port in this category, causing 5.16 million euro social cost. Finally, the
last chart contains the emission data analysis of all the studied Greek ports, in order
to give an overall view of the emissions emitted and the social cost for these two
years in Greece.

Urban ports
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Figure 34: Total amount of social cost and emitted pollutants in the studied urban
area.
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Figure 37: Total amount of social cost and emitted pollutants in the studied Greek
ports.

Through calculations and data analysis table 22 was created. This table presents the
total results of this study concerning which method is the most beneficial one in
order to reduce emissions and the social cost, and at the same time being financially
advantageous. The first two columns of this table include all the reduction
technologies that are described in this study and the ship type of each method. The
second column, as mentioned above, divides the technologies into two categories,
based on whether the technologies would be installed on a new ship from the first
place or on older ships by a retrofit structure. The next column includes the total
emissions of the main pollutants (NO,, SO,, PM) in all studied Greek ports, that cruise
ships emitted for a two year period (2013-2014). Also the table includes the social
cost for the year 2013-2014 that cruise ships created by polluting the port
communities with the previous amount of pollutants. Moreover, we can see the
abated emissions that could be achieved in each pollutant depending on the
reduction rate of each technology. One of the most important information to get a
result of which method is the most beneficial to reduce ship pollutants, is to know
how much a technology may cost to ship owners. Thus, the following column
contains information that was reported by Entec in 2005 and other studies which
have been mentioned in an above chapter and contains the cost of each technology
expressed in terms of euro per ton pollutant abated. However, this information is
limited and is not provided for all reduction technologies. For these methods, when
the information is not available, an asterisk (*) is placed in the corresponding
position. For this reason, in this study, the reduction technologies are divided into
two categories. The first category refers to the reduction technologies for which
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their cost information is available from older studies by the form that is mentioned
above. The second category refers to the remaining emission reduction technologies
for which the costs information is not available. The next column contains the social
cost after the reduction method for each technology. More specifically, in this
column we can see how social cost has been modified by installing some of these
technologies, which is calculated by using the emissions of 2013-2014, instead of the
initial social cost that is referred to in the fourth column for these two years without
the use of the reduction methods mentioned earlier. Finally, the last column includes
the net environmental profit of this study that is calculated by subtracting the social
cost of an after reduction emissions method and the cost of each technology from
the total social cost of the two years for the main pollutants.

Below table 22, are presented the basic results of this table into two charts. These
charts (figure 38 and 39) show the minimum social cost that every technology-
method can achieve for each main pollutant and the minimum technological cost of
each method (if exist). Also, these figures present the maximum and the minimum
net environmental profit for each technology that have calculated in this study.
These charts was created in order for someone to understand how the costs (social
cost and cost of a technology) ranged for each technology in comparison with the
total social cost that calculated in this study for the years 2013-2014. Note that all
the technologies are illustrated in these two charts with the same turn where are
mentioned in tables 19 and 20.
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Figure 38: Basic results of table 22 (cost of technologies exists).
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Figure 39: Basic results of table 22 (cost of technologies is not exists).

For the first category of technologies for which we have information about their
installation cost, we can see that Sea Water Scrubber technology consists the most
efficient method with the higher net environmental profit. Based on the marginal
external costs of air emissions, the environmental profit could range from 14.4 up to
29.1 million euro for installing the SWS (new builds and retrofits) for two years. Thus,
despite the high installation cost of this method that ranges from 433,153 up to
696,835 it is a highly beneficial method which can reduce the main ship pollutants
and increase the profit of the ship owners. Also because of a longer lifespan, the
scrubber system on a new- built ship has slightly larger net environmental profit
(29.1 million euro) than retrofits (28.8 million euro). Thus, Sea Water Scrubber
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installed on a new ship is generally more appealing than on a retrofit. An old ship is
not suitable for a scrubber installation when its remaining lifespan is less than 4
years. Moreover, the next technology with the biggest net environmental profit is
Selective Catalytic Reduction as well as Internal Engine Modification. Specifically, on
SCR the higher profit can be reached by using MDO fuel on new- built ships (16.1
million euro) and retrofits (15.9 million euro). The MGO solution is the most
appealing in the above example. However, the price of ship fuel is subject to fast
changes and is greatly uncertain. The price spread for MDO and MGO instead of HFO
is expected to increase due to the sulfur regulation introduced in 2015-2016 as a
result of the higher demand in lower sulfur fuels. The lifespan of this method is
about 15 years for new builts and 12.5 years for retrofits. IEM follows close, being
the second technology with the higher profits. Thus, Basic IEM and even more
Advanced IEM have net environmental profit 12.1-15.7 million euro.

This study considers that Basic IEM and the Advanced IEM are reducing both NO,
and PM emissions at the same level;, however, the cost of each technology is
different. The cost of the Basic IEM for retrofit ships is higher than for new ships;
however it does not affect the net environmental profit due to the fact that both
methods have low technological cost. Nevertheless, Advanced IEM is more efficient
than Basic IEM since the lifespan of this method could be 25 years while basic IEM’s
that could be only 2.5 years. This is due to the fact that basic IEM is generally a
simple modification. In most cases, an installation of slide valves is enough to reduce
some emissions, although they have only a few years of life.

On the other hand, Direct Water Injection has the less net environmental profit (7.8-
8 million euro). One reason that justifies this result, is that DWI reduces only NO,
emissions up to 50-60% and also the cost of this method is quite high compared to
others. Moreover, DWI system’s life span is estimated to around 4 years and the rest
of the equipment is estimated to have a life time of 25 years.

The other half table is related with the second category of technologies that reduce
NO,, SO, and PM emissions but their installation cost is not available by the exact
way which the previous methods referred above. Thus, although this information
does not exist, in this study the capital and installation cost for most of them is
mentioned in order to compare all technologies.

More specifically, the most profitable solution is to install a Shore Side Power System
on ports. By installing this method a profit of 47.3-48.59 million euro could be
achieved. A normal range of costs to provide shore power at a berth can be between
1 to 15 million dollars. Although it can achieve a huge reduction for all emissions, the
costs of these systems vary and depend on several facts. Similar to shore power
systems are the On-Shore Power Supply and Barge Power Supply Systems. These
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methods can reduce almost all the main ship emissions that are produced in ports
and they can also achieve a high profit of 47.3 and 31.11 million euro respectively.
Also one of the most beneficial techniques is the Liquid Natural Gas (LNG) that
reached a net environmental profit of 44.19-46.11 million euro for the years 2013-
2014. This method could not reduce NO, emissions but it can almost eliminate all the
SO, and PM emissions. For this fact, using Liquefied Natural Gas (LNG) as ship fuel
has recently gained worldwide attention. Also recently, in cruise ship industry, for
the first time, four new vessels have been equipped with dual fuel engines that run
on clean burning LNG to generate 100% of power while at sea.

On the contrary, Common Rail Technology, Automated Engine Monitoring/Control
System and Electronically Controlled Lubrication System have the least net
environmental profit as opposed to the other technologies with 4.39, 4.83 and 3.48-
5.23 million euro for each method respectively.

From another perspective, the highest NO, reduction can be achieved by using
Selective Catalytic Reduction (SCR) or Humid Air Motors (HAM) for the first category
of technologies and by using Shore Side Power Systems or Shore Based-After-
treatment Systems for the second category. In particular, the abated emission of NO,
by using SCR is calculated between 4,100-4,510 tons for the two years that this study
refers to and for HAM ranges between 3,189-3,644 tons. NO, emissions can be
reduced by engine design systems or after-treatment technologies. Most commonly
used techniques are internal engine adjustments, which include several methods for
optimizing the combustion conditions and fuel injection and charge air
characteristics in terms of nitrogen oxides and particulate matter emissions. With
these modifications a reduction of 30% in NO, emissions can be achieved. For further
reduction of nitrogen oxides the most potential techniques are water injection to the
engine process by direct injection, water-fuel-emulsion or humid air, exhaust gas
recirculation and selective catalytic reduction. With exhaust gas recirculation the
NO, reduction potential is 35-50%, with DWI and fuel-water-emulsion 50-60%, with
HAM 70-80% and with SCR 90-99%. Fuel quality and many of the NO, reduction
technologies also affect the emissions of PM, CO and HC.

Furthermore, the highest SO, reduction can be achieved by using Sea Water
Scrubbing Systems with 1,354-1,787 tons of abated emissions both on a new built or
on a retrofit ship. However, the cost for this technology differs between new and
retrofit option, with the installation cost of an older ship being higher than on a new
built ship by 0.68-1.03M and 0.433-0.70M respectively. On the second category of
methods, Liquid Natural Gas (LNG), Methanol, Barge Power Supply Systems and
Exhaust Gas Re-circulation have the highest SO, abated emissions with the three first
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methods being able to achieve 100% reduction with 1.805 tons of SO, abated
emission. EGR system follows with 1,354-1,787 tons of SO, abated emissions.

Particulate matter (PM) emissions generally can be reduced with the sulfur dioxide
reduction measures and for further reduction oxidation catalysts and particulate
filters can be used. The highest PM reduction can be achieved by using again Sea
Water Scrubbing Systems with the value of abated emissions ranging between 44-
175 tons and by using Shore Side Power Systems, Liquid Natural Gas or Diesel
Particulate Filter (DPF) with 207-216, 192-216 and 175-196 tons of abated PM’s
emissions for each method respectively.

7.4 Reduction potential

Large emissions of NO,, SO, and PM are a cause of major environmental problems in
the sea area and most importantly in the port areas. Ships account for a large and
growing share of these emissions. For that reason organizations like IMO try to
diminish this issue by applying very stringent rules, with the most recent of these
applied from 1 January 2016. However, a problem in the context of the new rules is
that they will apply to new ships only, and the turnover of the fleet is slow.

This study is associated with social emission effects and private abatement costs in
order to provide a cost-benefit analysis of main reduction measures for shipping.
This could be achieved in two ways. When a ship operator needs to choose a new
technology in order to comply with the shipping regulations, it is essentially a matter
of balancing high investment costs for retrofitting of new equipment or in new built
ships against long-term operational costs depending on the type of fuel selected.
Also it has to find if it is more efficient to invest only in one new technology or invest
in a combination of technologies. In addition to these basic calculations there may
be other factors that also need to be considered, such us the space that the new
technology may require or the lifespan of the equipment that will be needed.

The most feasible and cost-effective technologies may be found among Sea Water
Scrubbing, Selective Catalytic Reduction or LNG and Shore Side Power (cold ironing).
But Basic Internal Engine Modification is also a relatively simple method to reduce
emissions with a reasonable cost-effectiveness. Also, several of the abatement
technologies may be used in combination with one another in order to increase
efficiency or to reduce more efficient the main pollutants for shipping.

Many studies have made researches in order to examine this issue and find out
which combination of methods are the most efficient. For example, some studies
found out that Exhaust Gas Re-circulation systems work very well with Diesel
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Particulate Filters. DPFs not only function to reduce PM but are also very important
to the functionality and effectiveness of an EGR system. Since EGR systems require a
clean exhaust supply before the exhaust gases are directed back to the engine, the
use of a DPF fulfills this process while reducing PM at the same time. Diesel
Particulate Filters are a very attractive retrofit option, but are also linked with some
drawbacks. Despite their high cost, in order to have DPFs on the engine as an after
treatment system, the use of Ultra-Low Sulfur Diesel Fuel is required. Also, it
requires threshold exhaust temperatures in order to ensure regeneration.

Moreover, significant results can be gained by combining an EGR system for NO,
removal with an exhaust gas cleaning Scrubber (EGCS) system for SO, removal. The
purpose of the Exhaust Gas Recirculation (EGR) scrubber is to remove sulfur and PM
from the engine exhaust gas so that this gas can be re-introduced to the engine
without damaging the cylinder liners or other engine components. This process
removes a big amount of sulfur and PM that does not have to be removed again in
the EGCS, as well as the total exhaust gas flow is reduced. For that reason, the EGCS
can be made smaller in comparison with the size it would have had for a similar sized
engine without EGR scrubber. However the reduced scrubber size requires some
operation changes of the EGR system or fuel switch to a low sulfur fuel at engine
loads above approximately 80% outside NECA [77].

The study showed that EGR and EGC scrubber can be combined in a beneficial way in
order to reduce the main pollutants and almost eliminate them. This way, they can
work together to reduce 10-60% NO, emissions, 75-99% SO, emissions and 20-80%
PM emissions. Also both of their net environmental profit is quite high, due to the
high social cost that would be able to save. Also, another study [77] has shown that
the benefit of installing EGR and EGC scrubber as a combined system is a potential
reduction in CAPEX around 20% if the EGC scrubber is reduced according to the
reduced exhaust gas flow when operating with EGR. If the full EGC scrubber size is
kept, the saving in CAPEX is around 5%. The OPEX savings by operating on HFO with
EGR and EGC scrubber systems compared to operation on MGO/MDO is around 20%
to 30% giving a payback time below two years [77].

MGO is considered to be an attractive strategy with quite low investment costs for
actors who believe that LNG may have a breakthrough sometime in the mid-term
future. However, if many use that strategy, the MGO demand, and hence price, may
increase further in the near future.

Another beneficial combination of shipping reduction techniques is SCR with
biofuels. As far as PM is concerned, the use of biodiesel in combination with a
catalyzed such as, continuously regenerating trap and Selective Catalytic Reduction
System (CCRT-SCR) would avail to further remove the solid PM component from the
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exhaust in order to achieve a reduction up to 90% of PM. Alternatively, operation of
engines on high quality fuels, in combination with DPFs will produce significant SO,
and PM reductions, although both of these options come with a cost penalty.

Another perspective regards the use of different combination of methods by using a
shore side system. A Shore-Side emission treatment system could be demonstrated
as an alternative to shore-side power at ports. This system could be connected to
the ship exhaust stack and the exhaust respectively could be funneled to a combined
SCR and scrubber system installed on a barge or on a dock. These kinds of systems
are expected to reduce NO, emissions by 95% and SO, emissions by 99%. However,
they could be two to four times more expensive than generating the electricity on-
board by heavy fuel oil engines if someone takes the direct costs into account.
Nevertheless, when the external costs were also evaluated, the usage of shore-side
electricity proved to be the cheapest option and the most efficient, since the
external costs are much lower for vessels connected to shore-side electricity supply
systems.

7.5 Conclusions

In the present study after taking into account the emissions from maritime for the
years 2013-2014 in the main Greek ports tried to find out which reduction
technology that already exist is the most beneficial. The results after the study show
that there is a great reduction potential in NO,, SO, and PM emissions from ships.
However, reduction in emission levels is not the same in all kind of ships. For that
reason each ship has to decide which technology is the most beneficial in order to
cover its needs and also have the maximum profit. In this study, the used pollutants
referred in cruise vessels that generally are a particular form of vessels. Cruise ships
require a lot of space for the amenities of the passengers. Thus, a reduction
technology with big installation system that requires specific facilities and plenty
space, perhaps is not acceptable in this case.

In order to estimate emissions based on detailed individual activities of cruise ships
in the selected ports a “bottom-up’’ method has been used. For every ship call, the
emissions were calculated through a specific application. The total emissions are
calculated for each port by summing for all cruise ships visiting during the selected
time period. All necessary data regarding cruise ship calls in Greece during 2013 and
2014, i.e. vessels’ names, date and call duration (arrival and departure time), were
carefully collected from local Port authorities and compared with similar data of
other sources to harmonize any discrepancies.
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In this study in order to make the final conclusion required to have the technological
cost of the reduction methods. The information about the technological cost of each
method in this study was evaluated based on already related studies. The most
authoritative and comprehensive evaluation of the abatement costs that have been
used also in this study, is a study by Entec (2005) for the European Commission.

In this report except from the cost of the abatement technologies, also the external
cost is calculated and taken into account for the study’s final results. The total
external cost due to emissions to air in studied ports is estimated by using one
damage cost methodology named New Energy Externalities Development for
Sustainability (NEEDS). For the calculation of the total external cost are used the
pollutants in the main studied Greek ports for the years 2013-2014. Also, in order to
find out which technologies are the most beneficial, the social cost of after reduction
emissions is calculated. Finally, the net environmental profit of this study is
calculated by subtracting the social cost of an after reduction emissions method and
the cost of each technology from the total social cost of the two years for the main
pollutants. This net environmental profit shows us which method is the most
beneficial from cost perspective, in order to make our final conclusions. The
conclusion of the study not only presents the better solutions for maximum profit,
but also presents combinations of different technologies that could be used in order
to achieve better results in emission reduction and in increase of profit.

There are several techniques to reduce the shipping emissions. The level of SO,
emissions is mainly depended on the sulfur content of fuels used. Another possibility
to diminish SO, emissions is by using Sea Water Scrubber to clean the SO, from
exhaust gases. In this study totally found out that Sea Water Scrubbers are the most
beneficial method as it has the highest net environmental profit and also can be
used during the free sailing of a ship. However, this technique requires too much
space inside so some passenger cabins need to be removed. The only solution that
can be installed in cruise ships is the closed loop system because of the space that it
requires and due to the fact that utilizes sea water that is generated on board. The
other scrubber system, the dry system although is not polluting, is not a possible
solution for the cruise ship, because it needs a higher than two car decks and there
would be a significant loss of ship capacity. The highest SO, reduction can be
achieved by using Sea Water Scrubbing Systems with 1354-1787 tons of abated
emissions both on a new built or on a retrofit ship. This range in abated emissions is
relates with the fact that SWS can reduce SO, levels up to 75-99%. Sea water
scrubbers are also recommended due to the fact that except from SO, it can reduce
as well PM emissions up to 80% and NO, emissions up to 5%. Nowadays, more and
more ships operating with wet scrubber systems and with the IMO Sulfur
requirements in the ECA (emission control area) and SECA areas (sulfur emission
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control area) that increase, installations are expected to have rapidly increased over
the next years. However, the cost of this technology is quite high as it requires large
equipment to be installed and also has high maintenance cost. The cost for this
technology differs between new and retrofit option, with the installation cost of an
older ship being higher than on a new built ship by 0.68-1.03M and 0.433-0.70M
respectively. Despite that, in this study the SWS system seems to be the most
beneficial method. Together with this technology goes also selective catalytic
reduction system. The exhaust gas, produced by the engine with the use of HFO,
goes directly to the boiler, from where it is led to the SCR and then to the silencer.
The scrubber is the last part, where the exhaust gas is going through. Thus, SCR is
also a technology that it is recommended in this study in order to minimize NO,
emissions is Selective Catalytic Reduction. The reduction of NO, emissions by using
the SCR system is more than 90%. Also, as we saw earlier the capital cost for a new
built ship is ranged from 60000-360000S and the operating cost is ranged from
45000-153000S instead scrubber technology that cost much more.

A method that every day is getting more and more renowned is Liquid Natural Gas
(LNG). LNG has also a high net environmental profit, so it is the second method that
this study recommends. LNG is not considered as a technology, however, using LNG
as ship fuel promises less emissions and given the right circumstances, less fuel
costs. In some conditions the emission reduction can be up to 100% for SO,, 80% for
NO, and 88-99% for PM emissions. Actually, very recent was made the world’s first
cruise ship which can be operated with liquefied natural gas (LNG) while docked in
port resulting in major reduction in emissions. As mentioned earlier it requires also a
lot of space to store it which is a challenge for vessels with limited or no deck space.
This problem can be solved by using specific tank systems that hasn't so high
investment cost as scrubber tanks. Also, the price of LNG depends for many years on
HFO price, but often is cheaper. Taken into account the cost of LNG is about 60% of
HFO. Furthermore, for larger vessels such as cruise ships the LNG system has the
shortest payback time as some studies have shown.
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