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ABSTRACT

Shipping is an important and growing source of air emissions, which affect climate change, but also have
extremely adverse effects both on ecosystems and on the health and quality of life of citizens. The
International Maritime Organization (IMO) and the E.U. recognizing this potential problem, albeit

relatively belatedly, has taken two key steps:

1) From the beginning of January 2020, a maximum sulfur content limit has been imposed on
marine fuels, in order to limit in this way the gaseous emissions of Sulfur Oxides (SOx) as well as
Particulate Matters (PM)

2) Since June 2013 it has defined a three-step strategy for the gradual integration of maritime
transport into the European policy to reduce greenhouse gas emissions, where as a first step,
ship owners arriving at or departing from EU ports, they should monitor, calculate and report
to the E.U. the air emissions of carbon dioxide (CO,) for each year, starting from 2018 (EU MRV
757/2015). At a later stage, targets are expected to be set to reduce these air emissions, while
ultimately further reduction measures will include the management and exchange of CO,,

within the framework of the European Trading System (ETS).

However, given that ship-owners do not publically publish data on the air emissions of their ships, nor
on the fuel consumption, we are forced to apply various calculating methodologies to estimate them
and it is of great importance to apply the most reliable and exact method, depending on available data.
One of the most important goals of our work is to implement such a calculation method and to compare

with real-reported date proving by this way its reliability and accuracy.

All the available options for the parameters involved in the various calculation methodologies were
analyzed, the most correct ones were selected and four calculation scenarios were implemented. The
proposed basic scenario is based on a detailed estimation of the Specific Fuel Qil Consumption (SFOC)

through regression analysis as well as the power of the ships' engines according to the manufacturer.

As a case study we examined the air emissions (CO5, SOx, NOx, PM,s and PM1o) from all passenger ships
(passenger ferries and cruise vessels) in the main ports of Crete (Souda and Heraklion) over a period of
five years, from 2017 to 2021. For any researcher dealing with the calculation of air emissions due to
shipping, the question is almost about the accuracy of the methodology and results. Since the actual
fuel consumption and air emissions were not available a few years ago, the EMSA/MRV-THETIS database
which implemented as a result of the EU-MRV Regulation 757/2015 is a very useful tool to retrieve the
actual fuel consumption and CO; emissions from all ships approaching European ports. One of the major
objectives was to compare the four different calculation scenarios with data from the EMSA/MRV-
THETIS database and establish by this way the reliability and accuracy of the proposed methodology.
From this comparative analysis we found out that the results of the basic scenario methodology are the
ones that are very close (6-12%) to those published by the EU MRV,
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Based on the accuracy of the calculated air emissions following basic scenario methodology, we
complete our study by calculating their external costs. These costs cover effects on human health,
damage to materials and buildings, damage to biodiversity and crop losses caused by gaseous
pollutants. Also, in line with the 'polluter pays' policy which appears to be the EU's gradual approach to
the commitment to reduce greenhouse gas emissions from shipping, we understand that the upcoming
EU policy for the shipping sector is the EU ETS.

As we have seen by calculating external costs, these are a significant percentage of shipping companies'
revenue (they are about 25-35% in the last years from 2019 onwards) which means that if the
companies are asked to pay, then there will be a significant revenue loss, with the worst case scenario
being that they will not be able to absorb this cost and probably pass it on to the ticket fare of each
passenger / vehicle / truck ticket. With this aim, an analysis and determination of this additional cost
was made (we called it "Externalities Surcharge") which shows the potential burden on tickets that will
arise in case shipping companies are asked to pay for the air emissions they cause during the approach

of their vessels in the ports of Crete.
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2YNTOMH MNEPIAHWH

H vauTtiAla amoteAel Yo onUOvVTIKA KAl QVamTUooOUEVN TINYN AEPLWY EKTIOUTWY, TIOU €MLOPOUV OTNV
KALLOTIKA aAAayr, 0AAG €XOUV Kal EEALPETIKA SUOUEVEIC EMIMTWOELG TOGO OTA OLKOCUOTHUATA 000 Kal
otnv uyela kat TNV moldTnTa {wng Twv moAttwy. O AteBvig Nautllakog Opyaviopog (IMO) aAhd kal n
E.E. avayvwpiloviag autd to SuvnTiko TPORANUA, €0TW Kal OXETIKA kKabuotepnuéva, £xel AdBel Suo

Baoikd pétpa:

1) Ano TG apyxeg lavouapiov 2020 €xel emPANBel avwTaTo OPLO TIEPLEKTLKOTNTAC Tou Oglou oTa
VOUTIALOKA KAUOLLA, WOTE VO TTEPLOPLOTOUV HE QUTO TOV TPOTIO OL AEPLEC EKTIOUTEC OEELS WV
Tou Oeiou (SOx) KabWC Kal alwPoUPEVWY cwiatidiwy (PM)

2) Amnod tov lolUvio tou 2013 €xel kaBoploel pla oTPATNYLIKA TELWV BNUATWY yla T otadlakn
EVowUAtwon Twv Baldoolwyv peTadopwy oTNV gupwraikn TOATIKA yla TN Pelwon Twv
EKTIOUMWY aepiwv Tou Bepuoknmiou, OMOU WC TMPWTO BAUA, OL TTAOLOKTATEC TAOLWV TtoU
nmpooeyyilouv 1 avaywpouv amd Aavia tng E.E. Ba mpémel va mapakoilouBoulv, va
urtoAoyilouv kal va avadépouv otny E.E. TIc aépleg ekmoumnég Soteldiou tou avBpaka (CO,)
yla kaBe €tog, Eekvwvtag and to 2018 (EU MRV 757/2015). & emdpevo otddlo avapévetal va
TeB0UV OTOXOL HEIWONG QUTWY TWV OEPLWY EKTIOUTIWY, EVW TEAKA TEPALTEPW PETPA Uelwaong
Ba mephapPBdavouv Slaxeiplon kol aviaAlayr oéplwy pUNwyY, 0TO TAAICLO TOU EUPWTAIKOU

OUOTAUOTOC EUMOPLag TWV SIKOLWUATWY EKTTOUTAG A€PLWY PUTIWV.

AeSOUEVOU OUWG OTL OL VOUTIALAKEG eTOLPELEC SEV OSNUOCLEVOUV OTOLXELO OYETIKA LLE TIG AEPLEG EKTIOUTIES
TwV TAO{WY ToUug aAAG OUTE KAl yLa TNV KATAVAAWGN KAUGTHWY Toug, avaykalopaoTte va epapuocouUE
Stadopeg LeBOSOUC UTIOAOYLOOU TWV OEPLWY EKTIOUWY, OTIOU O€ EPEUVNTIKO ETTESO €XEL TTAPA TTOAU
HeYAAn onuacia va ebappocoupe TNV TMAEOV aELOTILOTN Kal akplBr wéBodo, avaloya pe ta Stabéotua
Sebdopéva. ‘Evag amo Toug ONUAVIIKOTEPOUC OTOXOUG TNG €pyaciag uog eival va edappocoupe pia
Tétolo. pEBoSO umoAoylopoU kot va amodeifoupe e Mpaypatikd otolxela tnv aflomioTia Kol TNV

akpiPfela tng.

Ytnv mapovoa A.A. avaluBnkav ol S§LoBEotpeg EMIAOYEC yLa OAEG TIC TMAPAPETPOUC TIOU CUUUETEXOUV
otlg Sladopeg peBodoloyieg uToAoylopoU, eTAEXBnKav ol opBoTepes kal avaAuBnkav Técoepa
oevapla uToAoylopoU. To TPOTELVOUEVO PBaclko oevaplo Baoiletal oe AEMTOUEPN EKTLUNON TNG
TIAPAPETPOU TNC €LOIKAG KaTtavalwong kauoipou SFOC péow avaiuong maAvdpounong (regression

analysis) kaBw¢ kat TN¢ LoxVOog TWV KVNTAPWY TwV TAolwY cVUWVA LE TOV KATOOKEUAOTH.

Q¢ uehétn mepimtwong efetdoape TI agpleg ekmopmneg (COz, SOx, NOx, PMys katl PMyg) amod oAa ta
mhola emiBatwy (aktomhota kal kpouallépa) ota SUo Baoikad Alpavia tng Kpntng (Zouda kal HpdkAELo)
o€ pla meplodo mévte etwy, amod to 2017 €wg kal to TeAeuTalo €tog avadopdc 2021. Na kabe epeuvnt
TIOU OOXOAE(TOL PE TOV UTIOAOYLOUO TWV QEPLWV EKTTOUMWY OTn VAUTWAla, oxedov mavta tibetal To
EPWTNHA OXETIKA UE TNV aKpIBELA TWV ATOTEAECUATWY KOL CUYKEKPLUEVWY TIAPAUETPWV-TIOPAYOVTWY
mou mepAapBavovtal oToug UTTOAOYLOHOUG. AeSOUEVOU OTL N TIPAYUATLKA KATAVOAWOoN Kauaolpou Kat

OL AE€PLEG ekTTOUTIEG eV NTAV SLaBEotua TIpLY Ao UEPLKA Xpovia, n Bacon dedopévwv EMSA/MRV-THETIS

10
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Tlou €xel vAomolnBel w¢ amoTéAeoua Tou Kavoviopol EU-MRV 757/2015, eival éva moAU XprRoluo
epyoaleio yla tnv dnpoaotomnoinon g MPayUaTiKhG KATavAAwon Kauoipou kal ekmounwy CO; anod oAa
Ta mAola mou mpooeyyilouv EupwmaikoUg ALpEVEG. 'Evag amd Toug onUAvVTIKOTEPOUG 0TOXOUC NTAV Va
QVTUTOPOBAAOVUUE TO QATIOTEAECUATO TWV UTIOAOYLOMWY HE TIPAYUATIKA oTtolxelo amd Tn Bdaon
Sedopévwy EMSA/MRV-THETIS wote va Slamotwooupe tv aflomotia kat thv akpifela tng
TPOTEWVOUEVNG peBodoloylag. AmO auTEG TIC OUYKPLOELC 08NYOUUAOTE OTO CUMMEPACHA OTL Ta
amoTteAEoUATA TNG TIPOTEWVOLEVNC ueBodohoyiag oTo Bacikd oevaplo, elval auTtd mou Bplokovtal oAU

Kovta (6-12%) ota Snuooteupéva amod to EU MRV,

‘Exovtag wg Bacn tnv akpifela Twv UTIOAOYLOUEVWY AEPLWY EKTIOUTIWY, OAOKANPWVOUE TN LEAETN LOC
umoAoyilovtag Ta EWTEPLKA KOOTN QUTWV. Ta KOOTN QUTA KOAUTITOUV EMUTTWOELG OTNV UYEla Twv
avBpwWNwWY, {NULEC UAKWY Kal KTpiwy, {NULES 0TN PBLOTIOIKIAOTNTA KAl OMWAELEC KAAALEPYELWY TIOU
TipokaAoUvTal amod Toug aépLoug puToUC. Emiong, cUUpwva UE TNV TIOALTIKNA €O PUTIAIVWY TTANPWVEL»
niou Stadaivetal otL elval n otadlakn mpooéyylon NS EE mpog t déopeuon pelwong Twy VOUTIALAKWY
EKTIOUMWY aeplwv tou Beppoknmiov katalafaivoupe OTL N emepPXOUEVN TOATIKA TNG EE yla Tov

VOUTIALaKO Topéa, elval to EU ETS.

‘Onwc elbape wg amoTEAECUA TWV UTIOAOYLOUWY, TA EEWTEPLKA KOOTN E(val €V ONUAVTIKO TOCOO0TO TWV
€006WV TWV VOUTIALOKWY ETALPELWY (amoTeAoUV Ttep{Ttou To 25-35% katd ta teAeutalia €tn and to 2019
KL LETA) TTou onpalvel 6Tl av kKAnBouUv va TANpwoouV oL eTalpEieg, TOTE Ba UTIAPEEL ONUOVTIKY OMWAELQ
TwV €000WV TOUG, HE ETIKPATECTEPO CEVAPLO VA NV UTOPOUV VA amoppodrioouy auto To KOOTOG Kal
VL TO LETAKUANGOUV OTO ELOLTAPLO KABE Katnyoplag erupatn / oxApatoc / doptnyol. Me autd wg oTtdxo
EYLVE ULl AVAAUON KOl TPOCSLOPLOUOE QUTOU TOU ETUMPOCOETOU KOOTOUG TO OTOl0 TO OVOUACOE
“Externalities Surcharge” kat delxvel Tnv emiBdapuvon ota eloltrpla, mou Ba mpokLEL o mepimTwon
TIOU KANBoUV oL VOUTIALOKEG ETALPELQG VA TTANPWOOUV TIC AEPLEG EKTIOUTEG TIOU TTPOKAAOUV KATA TNV

TPOCEYYLON TWV TAOLWV TOUG 0ToUG ALUEVEC TNG KpARTNc.

11
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SYNOPSIS & THESIS STRUCTURE

Shipping is an important and growing source of gaseous pollutants, which have an impact on climate
change, but also have extremely adverse effects on both ecosystems and the health and quality of life
of people. Carbon dioxide (CO,) is considered to have a significant contribution to the phenomenon of
climate change, while particulate matter (PM), nitrogen oxides (NOx) and sulfur oxides (SOx) have
significant effects on public health. Studies have been carried out by the International Maritime
Organization (IMO) which conclude that without restrictive actions, these emissions are expected to
more than double by 2050, as shipping remains the only mode of transport (passengers and cargo) that

does not has been incorporated into the pan-European obligation to reduce greenhouse gas emissions.

The EU recognizing this potential problem, even relatively late, since June 2013 has set out a three-step
strategy for the gradual integration of maritime transport into European greenhouse gas reduction
policy. As a first step, vessels approaching or departing from EU ports should monitor, calculate and
report to the EU, CO, emissions starting from 2018 (EU MRV Regulation 757/2015). At a later stage, we
believe that targets are set to reduce these gaseous emissions, and eventually further reduction
measures will include the management and exchange of gaseous pollutants, under the European

emissions trading scheme.

In this context, ports are hubs of great importance, providing a connection between land and sea, acting
as gateways, enhancing trade and global communication in general. As we can understand, the
environmental impact of ports (in the form of gaseous pollutants) on the atmosphere and human health

(due to their proximity to densely populated areas) is extremely important.

However, since the shipping companies do not publish data on the air emissions of their ships nor on
their fuel consumption (which with appropriate emission factors we could calculate the air emissions)
we are forced to apply different methodologies to estimate the air emissions, while in research level it
is very important to apply the most reliable and accurate method, depending on the available data,
geographic area and ships type. One of the most important goals of our work is to apply such a

calculation method and to prove with actual (reported) data its reliability and accuracy.

For the calculation of fuel consumption and energy, a bottom-up methodology has been followed which
uses specific parameters that play an important role in the accurate calculation of air emissions. These

are:

=  Engine load factor (LF)
= Specific Fuel Consumption (SFOC)

=  Emission factors (EF)

In current study the available options and alternatives for these parameters were analyzed, the most
accurate were selected and four calculation scenarios were analyzed. The basic scenario is based on a

detailed assessment of the SFOC through regression analysis applied to the technical characteristics of

12
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fuel consumption of the engines (main and auxiliary) as well as their power according to the

manufacturer.

In addition to the above parameters, one of the most critical factors for accurately estimating gaseous
emissions is engine power. Usually for most ships the engine power is not known and only the IMO
number, the size of the vessel and the gross tonnage (GT) are widely available, so in this case, the
estimation of the installed engine power can be done following a standard methodology given in the
literature based on GT of vessel, with reference to 2010 passenger vessels world fleet (Poweryve =
9.55078-GT%757%) or 2006 Mediterranean Sea fleet (Powerwe = 42.966-GT%%%%), The above applies to the
main engines, while the installed power of the auxiliary engines is calculated from the average ratio of
Auxiliary Machines / Main Engines for passenger ships: 0.16 and 0.27 for the world and Mediterranean
fleets, respectively. The alternative scenarios that we examined beyond the basic one, calculate the
SFOC by applying specific factors (adjustment factors) that refer to the literature and the installed power

of the machines according to the above standard methodologies that have been mentioned.

As a case study we examined the air emissions (CO3, SOx, NOx, PM,s and PM1o) from all passenger ships
(passenger ferries and cruise ships) in the two main ports of Crete (Souda and Heraklion) over a period
of five years, from 2017 to the last reference year 2021. For the purposes of this study, a detailed
technical inventory was created containing all the required technical details for 10 passenger ships (from
three different shipping companies) operating daily year-round and 88 different cruise ships (which
approached both ports mainly during the summer season). All data on ship arrivals and the duration of
port approaches were collected and validated by the port authorities as well as by the Hellenic Ports
Association, the most reliable cruise portal. In addition, in order to confirm the above data and to
determine the required duration of each operating phase, an extensive search has been carried out in

the relevant AlS database for the itineraries in study.

For any researcher involved in the calculation of air emissions in shipping, the question is almost always
asked about the accuracy of the results and specific parameters-factors included in the calculations. As
actual fuel consumption and emissions were not publicly available a few years ago, the EMSA / MRV-
THETIS database implemented as a result of EU-MRV Regulation 757/2015 is a very useful tool for
publicizing actual fuel consumption and CO; emissions from all ships approaching European ports. One
of the most important objectives of our study was to compare the results of the calculations with
reported data from the EMSA / MRV-THETIS database in order to verify the reliability and accuracy of
the proposed methodology.

The structure of the text is developed in four chapters. In the first chapter we talked about the main
gaseous pollutants from shipping, we pointed out their effects; we saw the IMO forecasts on CO;
emissions by 2050 and the effects of climate change. We also reported the policies implemented for
the protection of the environment in the field of shipping and the benefits of these policies for human

health and the mitigation of climate change.

In the second chapter we analyzed the EU MRV regulation. EU publishes an annual report on CO;
emissions and other relevant information from shipping in order to inform the public. In addition to the

EU's MRV system, which focuses on CO, emissions from shipping in the EU region, there is also the IMO
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system which covers emissions from shipping worldwide, but these results are not made public or have
yet to be decided if, how and when the two systems will converge. Both systems have the overall goal
of mitigating climate change, as the result of both are annual reports reporting CO, emissions per ship
(EU MRV) or total fuel consumption (IMO DCS). The logical consequence would be that, given the
experience and results of these systems, the IMO and the EU would be able to decide further on setting
targets for greenhouse gas emission levels from international shipping.

In the third chapter we analyzed in detail the parameters that take part in the calculations of air
emissions in shipping, according to the existing methodologies and the four scenarios we described
above for the case study of the ports of Crete for the last five years. The results of the calculations are
the fuel and energy consumption for each sector (passenger ferries and cruise ships) and the air
emissions of CO,, NOx, SOx, PM,s and PMo. This chapter makes very important comparisons between
the results from the different scenarios and the reported data as derived from the latest published EU
MRV report on our study vessels. From these comparisons we lead with relative certainty to the
conclusion that the proposed methodology we described in the basic scenario is very close (6-12%) to
the reported data from EU MRV.

In the fourth chapter we complete our study by calculating the external costs of shipping air emissions
for our case study. The general definition of external costs is interpreted as the cost of the effects
resulting from the activities (social or economic) of one group of people to another group of people. In
order to assess the costs and benefits of shipping to society, it is necessary to take into account all costs,
including the external cost of gas emissions, in this case the cost of the impact of gas emissions on local
port communities. These costs cover health impacts, damage to materials and buildings, damage to
biodiversity and crop losses caused by gaseous pollutants. According to the "polluter pays" policy, which
seems to be the EU's gradual approach to reducing GHG maritime emissions, we understand that the
EU's forthcoming maritime policy is the EU ETS. In our case study we have calculated CO, emissions and
its market value seems to be a good indicator for calculating the external cost of CO, emissions. We
could see this as a variant of the avoidance cost approach, but it is understandable that additional policy
intervention is needed to force shipping companies to switch to different forms of fuel and energy in

general.

As we saw from the results in the last chapter, external costs are a significant percentage of the revenue
of shipping companies (about 25-35% from 2019 onwards) which means that if shipping companies
were called to pay, then there will be a significant revenue loss with the prevailing scenario this cost to
not absorb by the shipping companies. Most probably the shipping companies will pass this cost on to
the ticket fare of each transportation category (clients). As a final result of this chapter, an analysis and
determination of this surcharge was made for each transportation category (passengers, vehicles, cargo

vehicles).

14



PhD thesis: “Comparison of methodologies for the calculation of air emissions in shipping.
Model development and optimization of fuel consumption”

EKTETAMENH MNMEPIAHWH &
AOMH TH2 EPTA2IA2

H vauTAla amoteAel pla onUavTIKh KoL QVAImTUCGOOEYN TNV a€PLwY PUTTWY, oL oTtoloL emdpouv otnv
KALLOTIKA aAAayr, 0AAG €XOUV Kal EEALPETIKA SUCUEVEIC EMIMTWOELG TOCO OTA OLKOCUOTUOTA 000 Kal
oTNV Lyela kal TNV moldtnta {wHG TV TIOAITWY. To Slogeiblo tou dvBpaka (CO,) Bewpeital otL €xel
ONUAVTLIKA CUVELCHOPA OTO PALVOUEVO TNEG KALLATIKAC QAAQYNC, EVW T alwpouueva cwpatidia (PM),
Ta ofeidla alwtou (NOx) kat Belou (SOx) €xouv CNUAVTLKEC ETUMTWOELG yla T dnuoola uyeia. ‘Exouv
ekmovnOel pehéteg amod tov AteBvr) Nautihtako Opyaviopo (International Maritime Organization-IMO)
TIOU KATOARYOUV OTO CUUTEPACUA, OTL XWPLC TIEPLOPLOTIKEC SPATELC, Ol EKTIOUTIEG OLUTEC AVAUEVETAL VAL
umepSmAaciaocTouv péxpL To 2050, kabwe N vauTihia mapapével o LOVoG TPOMoG LeTadopdg (emBatwy
Kal dopTiwy) ou dev €xel evowpatwBel oTnV MaveUpwAikh UTIOXPEWON UEIWONC EKTTOUMWY AEpiwV

Tou Beppoknmiou.

H E.E. avayvwpilovtag autd To SuvnTiko mpoPANUa, €0TW Kal OXETIKA KaBuotepnuéva, amno tov louvio
ToU 2013 €xel kaBopioel pia oTpatTnyLkn TPLWY Bnpdtwy yla t otadlakr evowpdtwaon Twv BaAdooLwv
HETAdOPWY OTNV EUPWTIAIKA TTOALTIKH YLAL TN HELWON TWV EKTTOUMWYV aeplwv Tou Beppoknmiou. Q¢ mpwTo
Brua, oL MAOLOKTATEG TAOLwY Tou Tipooeyyilouv | avaywpouv amd Apdvia Tng E.E. Ba mpénel va
TapakoAouBouv, va umoloyilouv kal va avadépouv otnv E.E. TI¢ aépleg ekmopmeg Sloelbiov tou
avBpaka (COy) yla kaBe €1og, Eekvwvtag amo to 2018 (EU MRV). Ze emoOuevo oTASLO eKTLUOUUE OTL
QVOUEVETOL VO TEBOUV OTOXOL HELWONG QUTWY TWV OEPLWY EKTIOUMWY, EVW TEAKA TIEPALTEPW HETPA
uelwong Ba mepapPBavouv Staxelplon kat avtaAlayr aéplwy pUMWY, O0TO TAQICLO TOU EUPWTAIKOU

OUOTAUOTOC EUMOPLag TWV SIKOLWUATWY EKTIOUTAG A€PLWY PUTIWV.

Méoa o aquTO To TAALCLO, Ta ALLAVIO ATTOTEAOUV KOWPBOUC peydAng onuaciag, mapéxovrag ouvdeon
avapeoa otnv Enpd kat otn 6aAacoa, AelToupywVTag we UAEC SlaoUvEeoN g, EVIoXUOVTAG TO EUMOPLO
KOL €V YEVEL TNV TAyKOOULA €TKOWwVia. ‘OMw YMOpPOULE VO KATAVOCOUUE, Ol TEPLBOANOVTIKEC
ETUWMTWOELG TWV ALLAVIWV (UE TN Hopdr a€plwy pUTWY) OTNV aTLoodhalpa KAl oTnV avBpwrivn uyeia

(AOyw NG eyyUTNTAC TOUC O€ TIUKVOKATOLKNEVEC TIEPLOXEG) Elval EQPETIKA ONUAVTLKEC.

AeS0UEVOU OLWC OTL OL VAUTIALAKEC ETALPELEC SEV SNUOCLEVOUV OTOLXED OYETIKA UE TIG AEPLEC EKTIOUTIEC
TWV AWV TOuG AAAG OUTE KaL YLA TNV KATAVAAWGN KAUG{HWY TOUC (OTTOU e KATAANAOUG CUVTEAEOTEC
Ba umopovoape va UTIOAOYIOOUE TIC QEPLEC EKTIOUTIEG) avayKalopaoTe va epapuoooupe Sladopeg
pueBOSouC uTOAOYLOPOU TWV AEPLWY EKTIOUTIWY, OTIOU OE €PEUVNTIKO eMinedo £xel mApa MOAD peyAAn
onuacia va epapuocoVUE TNV TAEoV aflomiotn kal akplpn péBodo, avaloya pe ta Olabéoiua
Sebopéva. ‘Evag amod Toug onuavTKOTEPOUG OTOXOUC TNG £pyaciag pag elval va epapuocoUUE UL
Tétola UEBoSo umoAoylopol kat va amodelfouue e MPayUATIKA otolxela tnv aflomiotia kol Tnv

akpifela tng.
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Lo ToV UTIOAOYLOWO TNG KATAVAAWONG KAUGTHOU Kal eVEpYELAG €xeL akoAouBnBel pla uebodoloyia amnod
KATw Tpog Ta mavw (bottom-up) n omola XpnNOLUOTIOLEL CUYKEKPLUEVEG TIOPAUETPOUC OL OTIOLEG

Stadpapatilovv onUavTko pOAO 0TOV aKPLPr UTTOAOYLOUO TWV AEPLWY EKTIOUTIWY. AUTEG elval :

= Juvteheotng doptiou Kvntpa (LF)
= Edkn katavaiwon kaucipou (SFOC)

= Yuvteheotég ekmopmnwy (EF)

YTnv mapouoa epyacia avahuOnkav ot SLaBECIUEC ETIAOYEG VLA QUTEC TLG TTAPOAUETPOUC, ETIAEXBNKAV
oL opBoTepeg Kal avaAubnkav Téooepa oevapla UTIOAOYLOHoU. To Baolkd cevaplo Baciletal oe
AemTopepn ekTinon tou SFOC péow availuong maAvdpounong (regression analysis) mou epopudoTnKe
OTO TEXVIKA XQPAKTNPLOTIKA KATAVAAWONG KAUGIHOU TwV KvnTnpwy (KUplwv Kot BondnTikwy) kabwg

KQLL TNC LOYXVOG TOUG oUUDWVA UE TOV KATAOKEUAOTH.

Mépa amod ToUC MOPATAVW TIOPALETPOUC, EVAC Ao TOUC TILO KPIOLOUG MapAYOVTES yla TNV akpLpn
EKTLUNON TWV QEPLWV EKTTOUTIWY €lval N LoxVUG TOU KWVNTAPA. ZUVABWC yLa Ta EPLOCOTEPA TTAOLA N LoXU
TWV KntRpwv dgv elval yvwotn Kal povo o aplBudc IMO, to péyeBog tou okAdoug Kal n OALKA
xwpntkétnTa (GT) elval esupéwg Olabéolua, omodte O QUTH TNV TEPUTTWON, N ektipnon tng
EYKATEOTNUEVNC LOXVUOC TOU KLvNTPa Umopel va mpayuatonolnBet ue Baon tumikr uebodoloyia mou
6ldetal otn BiBAoypadia pe Baon TNV OALKA XWPNTIKOTNTA TOU, HE avadopd oTOV MAYKOOULO 0TOAO
eruBotnywyv mhoiwv tou 2010 (Powerye = 9.55078-GT%7>7%) 1 atov otdlo ¢ Meooyeiou 2006 ( Powerye
= 42.966:GT%%%%), To mapanmdvw LoYUEL yla TG KUPLEC UNXAVEC, €VW N EYKOTECTNUEVN oYU Twv
BonBntikwy pnxavwy vrohoyiletal ard tn péon avoloyia Bondntikwv Mnyavwy / KUptwv Mnxavwv
yla emBatnya mioia: 0,16 kat 0,27 yla Toug 0TOAOUG TOU KOGUOU Kal TG Meooyelou, avtiotolya. Ot
EVOAMOKTIKEG TIPOOEYYIOELS (OevapLa) TIou efeTaoape Epa amod To Baotko, unoloyilouv tnv SFOC ue
ebapuoyr cUyKeKpLUEVWY ouvtedeoTwy (adjustment factors) mou avadépovtal otn BiPAloypadio kat
TNV EYKATEOTNHEVN WOYXU TWV HNXOVWV oUUbwvA PE TIC OVWTEPW TUTIKEC HeBodoloyieg mou

avadEpBnkav.

Q¢ peAETN MepimTwong e€eTaoape TG agpLeg ekmopmeg (CO,, SOx, NOx, PMas kat PMio) amo oha ta
mhola emiBatwy (aktomAota kal kpouallépa) ota SUo Baotkd Apdvia Tng KpAtng (Zouda kat HpdkAeLo)
o€ pla mepiodo mévte etwv, amod to 2017 €wg Kat To TeAeuTaio €Tog avadopdg 2021. MNa TG avAyKES TNG
napovoag HEAETNG SnuLoupynBnke €vag avoAUTIKOG TEXVIKOG KOTAAOYOC TIOU TIEPLEXEL OAEC TIG
QTALTOUEVEC TEXVIKEG AeMTOUEPELEG Yol 10 emiBatnyd mAola (amd Tpelc SLaPOPETIKEG VAUTIALAKEC
€Talpelec) moOu TPAyUATOTOOUV KaBnuepvd Opopoloyla 0Ao To Xpovo kol 88 SladopeTkA
kpouallepomAola (ta omola mpooéyyloav Kal Ta SU0 ALAvVIa KUPLwE KATA TNV KaAokalpvn meplodo).
‘ONa Ta Sedopéva oxetikd pe TI¢ adifelc mAolwv kal tn OLAPKELA TWV ALUEVIKWY Tpooeyyioewy
OUMEXBNKaV Kal eTIKUPWONKaV amo TG ALUEVIKES apxEG KaBwe kat amod tnv EAAnvIkA ‘Evwon Alpévwy,
Vv TA€ov aflomotn Swadlktuakr TUAN Kpouvadlépag. EmumpooBeta, ywa tnv emPefaiwon twv
mapanavw 6eS6OUEVWY KaL TOV TPOoodLopLoUO TNG amaltouevnc dLapkeLlag kaBe daong Aettoupylag €xel
npaypatonownBel ektevrg avalAtnon ot OXETIkEG Baocelg dedopévwy AlS yla ta 6pouoAdyla g

UEAETNC HOC.
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Ma k&Be epeuvntr) TOU AOYOAE(TOL PE TOV UTIOAOYLOLO TWV AEPLWY EKTIOUTIWY OTN VauTiAla, oxedov
navta TiBetol TO EpWINUA OXETIKA HPE TNV OoKp(Belad TwV OMOTEAECUATWY KAl OUYKEKPLUEVWY
TIOPOUETPWV-TIAPAYOVIWY TIou TepAaBAvoVTAL 0TOUG UTIOAOYLOUOUG. AeSouévou OTL N TTPAYHATLKA
KATAVAAWGON KOUGIOU Kal oL aépleg ekmopmeg Sev Ntav Slabeéoiua TpLv amo PEPIKA Xpovia, n Bdaon
Sedopévwy EMSA/MRV-THETIS mou é€xel uAomounBel w¢ amotéAeoua Tou Kavoviouou EU-MRV
757/2015, eival éva oAl xproluo epyaleio yla tnv dnpootonolinon g MPayuaTikig KatavaAwonc
kauaoipou kat ekmopnwy CO; amd 0Aa ta mAola mou poceyyilouv Eupwmaikoug Atpéved. 'Evag amo Toug
ONUAVTIKOTEPOUCG OTOXOUG ATAV va aviutapaBAAoupe Ta QMOTEAEOUATA TWV UTIOAOYLOUWY €
Tpayuotikd otoxeia and tn Baon Sedouévwv EMSA/MRV-THETIS wote va SLAMIOTWOOUME TNV

aflomiotia katl TNV akpifela tng mpotelvopevng uebodoloyiag.

H S1apBpwaon Tou KELEVOU avamTUOOETAL O€ TEOOEPA KEPAAALA. 2TO TpWTO KEDAAALo avadepBnKape
OTOUG KUPLOTEPOUG QEPLOUC PUTIOUC amod TN vVAUuTAla, emonUAvVOUE TIC ETUMTWOELS TOUG, €daUE TIG
nipoPAEPelc Tou IMO oxetikad Tig ekmopnég CO, uéxpl To 2050 Kal TIG EMUTTWOELS TNG KALLATIKAG
oMaync. Emiong etdape tig ebapuolOUeVES TTOALTIKEG YL TNV TPOOTAGLO TOU TIEPLBAAAOVTOC OTOV TOUEX
NG VAUTIALOC KOl T 0hEAN TWV TIOALTIKWY QUTWY YLa TNV UYElD TwV avBpwnwy Kal TOV LETPLACUO TNG

KALLOTIKAC aAAayAG.

210 6eutepo KedbAAalo avarloape Tov kavoviopd EU MRV. H E.E. nuootelel etnolwg €kBeon yla Tig
ekmopnég CO; kal AAeC OXETIKEG TANpodOpleC amd TN VAUTIALO UE OTOXO TNV EVNUEPWON TOU KOLWOU
kat tn duvatotnta afloAoynong twy ekmopnwy CO; kAl TG evepyelakng anodoong Twv BaAdoolwy
petadopwv. Ektéc amod to ouotnua MRV tng EE, To omolo €xel emikevipwBel otig ekmopnég CO, amo Tn
VOUTIALQ 0TV eploxn TNG EE, umdpyel kat To cuotnua tou IMO To ommolo KAAUTITEL TG EKTIOUTIES OO TN
VOUTIALG Ttaykoopiwe, xwplc Opwe va Snupoolomololvtal To AMOTEAECUATA QUTA KAl OUTE va €XEL
anodaoloTel akoun, eav, Twe Kal Tote Ba cuykAlvouv Ta SUo oxnuota. Kot ta SUo cuoThuaTa €XOLV
WG YEVIKO OTOXO TOV UETPLOOUO TNG KALUOTIKAG aAlayng, KaBwg To amoTéAeopa Kal Twy SVo elvatl
eTNoLeG ekBEoelg mou Ba avadépouv TG ekmopmneg CO, ava mholo (EU MRV) rj T cuvoALKn KaTavaAwon
kauoipou (IMO DCS). H Aoyikry ocuvémela Ba Atav otL Aapufavoviag umodn v eUmelpla Katl Ta
QMOTEAEOUATA TIOU TIPOKUTITOUV amod To cuothpata autd, o IMO kal n EE Ba umopécouv va
amodacioouy TEPALTEPW YLa TOV KABOPLOUO OTOXWY O OXEON UE TA eTiMeda eKTTOUTWY aepiwy TOU

Bepuoknmiou amo t Stebvr) vauthia.

>To TPlto KedDGAAlO QvVAAUCAPE QVAAUTIKA TIG TIOPAUETPOUC TOU AAUPAVOUV HEPOC OTOUG
UTTOAOYLOHOUG TWV OEPLWV EKTTOUTIWV arto TNV VOUTIALY, cUudwva e TIG uTtdpxouoeg uebodoloyieg kal
TO TECOEPA CEVAPLA TTIOU TIEPLYPAOLE TTAPATIAVW YLa TN UEAETN MEPIMTWONC TWV ALLEVWY TS KpATNG
yla ta évte TeAevtala €tn. Ta amoTeAE0UATO TWY UTIOAOYLOUWY ELval N KATOVAAWGN KAUGipou Kal
EVEPYELAC Yl KaBe kAAdo (aktomAoia, kpouallépa) kal oL agpleg ekmoumeg CO,, NOy, SOx, PMys kat
PMjio. & auto To KEDAAQLO yivovTal TTOAU CNUAVTIKEG CUYKPIOELG LETAEY TWY QTIOTEAECUATWY 0o TA
SladopeTikd oevapla Katl Twv SeSOUEVWY OTIWG ATOPPEOLV amod TNV TeAeuTala dnocleupEvn €kBean
Tou EU MRV yla mAola tn¢g LEAETNC HaG. ATTO QUTEC TIG OUYKPLoELG 0ONYOULAOTE OTO CUUMEPAOUA OTL
TQ ATTOTEAECLLATA TIOU TIPOKUTITOUV HE ebapUoyn TNG MPoTelvouevng ueBodoloyiag mou mepypadape

oto Baowkd oevaplo eivatl autd nou Bpiokovtat oAU kovtd (6-12%) ota dnpocteupéva amd to EU MRV.
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2TO TETAPTO Kal TeAeutaio kebadhalo, €xovrtag wg Pdon tnv akpifela Twv UTIOAOYIOUEVWY AEPLWY
EKTIOUTWY, OAOKANPWVOULE TN HEAETN Hag umoloyilovtag ta eEWTEPKA KOOTN aUTWV. QG YEVIKOG
OPLOUOC TOU €EWTEPLKOU KOOTOUG EPUNVEVETAL TO KOOTOCG TWV EMIMTWOEWY TIOU TIPOKUTITOUV OO TLG
5paoTNPLOTNTEG (KOWWVLKEG 1 OLKOVOULKEC) HLlag opadac avBpwrnwy o o aAAn ouada avBpwnwy.
Mpokeluévou va agloloynBel To kGoToC kal Ta opEAN TG vaUTIALag otnv kowvwvia, eival anapaitnto va
AndBoULV oY n OAa Ta KOOTN, CUUTIEPIAAUBAVOEVOU TOU €EWTEPLKOU KOOTOUC TWV QEPLWY EKTIOUTIWY,
EV TIPOKELUEVW TOU KOOTOUC TWV ETIUITTWOEWY TWV AEPLWV EKTIOUTIWV OTLC TOTIUKEG KOWWVIEG TWV
ApEvwy. Ta KOOTN AUTA KAAUTITOUV EMUMTTWOELG 0TNV UYElD, {NULEC UAIKWY Kal KTplwy, {NULEG oTN
BlomolkINOTNTA KO ATMWAELEC KAAALEPYELWV TIOU TIPOKAAOUVTAL ATTO TOUC AEPLOUC PUTIOUC. JUUPWVA LE
TNV TIOALTIKN €O PUTIALVWY TTANPWVEL» TTou Stadaivetal OTL elval n otadlakn mpoogyyLon tne EE mpog
Séopeuon HElWONG TwV VOUTIALOKWY EKTOUMWY aepiwv Tou Bepuoknmiou kataAaBaivoupe 6Tl n
ETEPYOUEVN TOALTIKA TNG EE yla Tov vauTAlakd Topéa, eival To EU ETS. 2tn peAéTn mepimtwon pag
€xoupue umoloyioel Ti¢ ekmopméc COz kal n xpnuatiotnplakn afla Tou, dalvetal va eival évag KaAog
SelkTng yla Tov UTIOAOYLOUO TOU €EWTEPLKOU KOOTOUG Twv ekmounwy CO,. Oa umopoUoaue va To
Bewprjoovpe WG mapaAayr TG TPOCEYYLONG TOU KOOoToug amoduyng, ala elval katavontd otl
amnatteital mpdobetn MOALTIKY TapEpBacn yla va avayKaoToUV ol VOUTIALOKES eTalpeles va otpadoly

o€ 5LadopETIKEC LOPDEC KAUGTLWY KaL EVEPYELAG YEVIKOTEPAL.

‘Onwc eldape oto tehevtaio kedbdhalo, Ta EWTEPIKA KOOTN Elval €va oNUAVTIKO TTOCO0TO TWV E008WV
TWV VAUTIALGKWY ETALPELWY (amoTeAolV Tepimou To 25-35% katd ta teAeutaia €tn anod to 2019 kal
LETA) TIOU onuaivel 6Tl av kKAnBouv va TANPWOOUVY Ol ETALPELEG, TOTE Ba UTIAPEEL ONUAVTLKY OTWAELA
TwV €006WV TOUG, HE ETIKPATECTEPO CEVAPLO VA NV UTTOPOUV VA amoppodroouy auto To KOOTOG Kal
VOl TO LETAKUAAOOUV OTO EL0LTAPLO KABE Katnyoplag emBavovtwy. Q¢ TEAIKO aMOTEAECA QUTOU TOU
kedalaiou €ylve pla avaluon Kat PooSloplopog autol TOU EMUMPOCHETOU KOOTOUG o€ KABe

katnyopla emPBaivovta (emiBatec, oxruata, GopTnyad EMayYEALATIKAC XPRONC).
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1.1 Introduction

In modern times, the effects of global climate change are constantly increasing and already have
observable consequences on the environment. Many people have in mind that climate change and
global warming are synonyms. This is not correct, as the term "climate change" is used to describe the
complex changes that are now affecting our planet's weather and climate systems, which include not
only rising average temperatures but also extreme weather events which occur in areas where no such

climatic behavior has occurred so far.

The Intergovernmental Panel on Climate Change (IPCC), is the United Nations body for assessing the
science related to climate change, forecasts temperature rise for decades to come, largely due to
greenhouse gas (GHG) emissions produced by human activities. This is one of the main global challenges
that humanity will have to face urgently and adopt measures in the way to mitigate the effects of climate
change. Four impacts are considered as more prominent and worth emphasizing (Doundoulakis &
Papaefthimiou, 2019):

= Rising temperatures. While temperature rises around the globe, longer heat waves and longer
periods of drought with higher frequency and intensity are expected globally, affecting wildlife
populations and habitats.

= Extreme weather effects (increased number of tornadoes, hurricanes and floods).

= Bad air quality (in addition to gas emissions resulting from combustion of fossil fuels, climate
change related processes, e.g. more wildfires due to longer-lasting dry seasons burdens the air
quality of the atmosphere).

= Vector-borne diseases (variable climatic conditions e.g. higher temperature and humidity in
more areas compared to the past, allows some insects benefiting under these conditions to

expand their population thus spreading out diseases).

Greenhouse gas (GHG) emissions can come from a range of sources (non-human and human activities)
and climate change mitigation can be applied across all sectors of human activities (since we cannot
control non-human activities) by limiting or preventing GHG emissions. These include energy
production, transport of people and goods, buildings construction and operation, all kinds of industry,
waste management, agriculture, forestry and land management in general. Shipping belongs to the
transport sector though emissions from international shipping cannot be attributed to any particular

national economy, due to its global nature and complex operation.

1.2 Maritime transportation

Shipping is the most efficient sector of mass transport and cities have traditionally developed
themselves around ports embracing their activities which usually take place close to densely populated
regions thus making ports' air emissions one of the main sources of urban air pollution. One of the main
challenges for ports in their relation with the local communities is to ensure that their activities
(including cruise and ferry operations) remain as environmentally sustainable as possible. In terms of
emitted GHG, total shipping CO, emissions have increased by 9.3% between 2012 and 2018, whereas

its share of global CO, emissions over this period grew incrementally from 2.76 to 2.89%. A smaller
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increase of 5.4% in absolute terms was observed in CO; emissions due to international shipping, which
throughout the years represents a relatively constant share of global CO; emissions, fluctuating around
2% (Fourth IMO GHG Study, 2020). The International Maritime Organization (IMO) agreed on an initial
GHG emissions reduction strategy with main objective to reduce total annual GHG emissions from
shipping by at least 50% by 2050 compared to 2008 levels, while cruise industry was the first to publicly
commit as a maritime sector, to reduce total carbon emissions by 40% by 2030 compared to 2008
(Cruise Lines International Association, 2021; Fourth IMO GHG Study, 2020).

On the other hand, the potential impact of emitted air pollutants to human health, has been emphasized
in reports issued by the European Environment Agency and the World Health Organization in a regularly
basis, while air pollution causes about 400 thousand premature deaths in the EU region and hundreds
of billions euros in health-related external costs (European Environment Agency, 2019). Since 1996,
European Sea Ports Organization (ESPO) has been monitoring the environmental priorities of European
port authorities, with air quality issues constantly being in its highest priorities, since more than 90% of
European ports are urban and air quality as a result of port activities is a key factor for public acceptance
(Darbra, Wooldridge, & Puig, 2020).

The land intensive character of modern ports is characterized by a continuous search for reducing costs,
resulting in economies of scale, larger terminal facilities and increasing ship sizes. In many cases new
terminals are built further away from city centers or freight ports are relocated on new port sites, with
less space constraints (Merk, 2013). Nowadays cruise ships and passenger ferries are often the only
large scale port activities that have remained close to the city, thus allowing an interaction between the
port and the close living citizens. Before COVID-19 pandemic, in all regions ports have developed strong
interest in expanding their cruise related activities. Predictions indicated that 32 million passengers
were expected globally in 2020, while almost 30 million passengers were assigned to 2019. Local
communities at visiting ports destinations around the world received significant economic benefits from
cruise passengers: before boarding $376 spent in port cities and during the cruise spent $101 at each

visiting port (Cruise Lines International Association, 2020).

COVID-19 spread has had devastating impacts on the cruise industry as between mid-March and
September 2020, a loss of about 50% compared to previous years' economic figures was recorded: $77
billion in global economic activity, 518,000 jobs, $23 billion in wages (Cruise Lines International
Association, 2021). An important aspect is that in most cases both cruise and ferries’ activities are
typically seasonal with high peaks and the induced economic benefits are transferred to another
location/attraction. At the same time, their proximity to densely populated residential areas has obliged
hosting ports to strengthen their efforts towards the reduction of environmental impacts due to the
cruise and ferry activities (ESPO, 2016).

An important parameter regarding the anticipated health effects of air pollution in ports is the
population density of the adjacent residential areas. In terms of European ports operating both freight
and cruise/ferries, Piraeus has the highest population density (it is one of the most populated areas in
Greece, with a population of 163,688 for an area of 11.2 km?, i.e. population density of 14,615 residents
per km?) (Hellenic Statistical Authority, 2022). Another interesting case is the port of Barcelona, that has
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two main areas for cruise ships: one at a very short distance (854 m) to the city center, while the other
(which hosts the main terminals receiving cruise ships every day) is located at a larger distance (about
2 —2.5km) from the Barcelona center. It is very likely that air pollution due to activities related to cruise
and ferries can affect the wider urban area of Barcelona and its residents (Perdiguero & Sanz, 2020).

In order to mitigate air emissions, cruise industry has invested $23.5 billion on new energy efficient
technologies and collaborations with local communities and governments in significant destinations.
The most important proposed technical interventions are (Cruise Lines International Association, 2020,
2021; IMO, 2019; Winkel, Weddige, Johnsen, Hoen, & Papaefthimiou, 2016):

i use of Liquefied Natural Gas (LNG) as main propulsion fuel in 44% of new build ships;

ii. extended use of Exhaust Gas Cleaning Systems (ECGS) as 68% of international fleet currently
employs EGCS, while 75% of non-LNG new-builds will have EGCS;

iii. use of Advanced Wastewater Treatment Systems in all new ship builds;

iv. 88% of new ship builds will be designed to host or support Shore-Side Power;

V. Other areas (battery propelled vessels, advanced recycling practices, reduced plastic use,

energy-efficient lighting, solar energy, and fuel cell).

The potential of shore side electrification of ships at berth (in economic and environmental terms) has
been analyzed and specific key policy actions for implementation in European ports were
recommended. It was estimated that if all seagoing vessels in European ports used shore side electricity
by year 2020, they would consume 3342 GWh annually which corresponds to almost 620,000 tons of
fuel consumption at berth. About 40% of this consumption is made from cruise vessels at berth, while
docked they need really large amounts of fuel and energy to provide power for leisure and "hoteling"
facilities, taking on-board (Winkel et al., 2016).

Ships produce a wide range of emissions causing different health and environmental issues. Key
compounds that are emitted are carbon dioxide (CO,), nitrogen oxides (NOx), sulphur oxides (SOx),
particulate matter (PM), ozone-depleting substances (ODSs) and volatile organic compounds (VOCs). In
the following, each of these air emissions is briefly explained along with the environmental and health
issues they can cause (Fourth IMO GHG Study, 2020; GEF-UNDP-IMOQ, 2018) :

1.2.1 Carbon Dioxide (CO>)

CO; is a heavy, colorless and odorless gas that is naturally present in the Earth’s atmosphere. It is
produced by natural processes, such as by respiration or the decomposition of organic substances, but
also by human activities, primarily the combustion of fossil fuels. CO; is the principal GHG and traps heat
in the atmosphere, thus contributing to the greenhouse effect, commonly known as global warming or

climate change.

1.2.2 Nitrogen Oxides (NOx)

NOx refers to a mixture of gases that are composed of nitrogen and oxygen, such as nitric oxide (NO)
and nitrogen dioxide (NOy). They are formed when oxygen and nitrogen react under high pressure or at

high temperatures, such as in engines. NOx contributes to acid deposition which can lead to adverse
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effects on aquatic ecosystems in rivers and lakes and damage to forests, crops and other vegetation.
Furthermore, NOx emissions can cause eutrophication and thus reduce water quality with subsequent
impacts including decreased biodiversity, changes in species composition and dominance, and toxicity
effects (EEA, 2020).

1.2.3 Sulphur Oxides (SOx)

SOx are compounds of sulphur and oxygen molecules; sulphur dioxide (SO3) is the predominant form
found in the lower atmosphere. Because petroleum-derived fuels contain sulphur (to a greater or lesser
extent) their combustion results in the formation of SOx. Exposure to SOx has been associated with
reduced lung function, increased incidence of respiratory symptoms and diseases and premature
mortality. With regards to adverse environmental effects, SOx emissions can damage vegetation and
cause acid rain (WORLD-BANK, 1998).

1.2.4 Particulate Matter (PM)

PM refers to a mixture of solid particles and liquid droplets found in the air. The formation of PM
depends on the efficiency and completeness of the combustion process, the amount of lubricating oil
used and the amount of hydrocarbons, ash and sulphur in the fuel. The link with sulphur is why PM and
SOx emissions are often grouped together. PM, especially finer particles, can enter the respiratory
system and cause breathing problems, irritation of the lung capillaries, deficiencies in lung function and
initiate or worsen heart diseases. In addition, PM arising from incomplete combustion of fossil fuel or
biomass primarily consists of black carbon (BC), a short-lived climate change agent. The climate change
impact of BC is second only to CO; (surpassing that of CHa, CFCs, N,O, or tropospheric ozone) and that
its impact is slightly more than half that of CO, (UNEP.org, 2022).

1.2.5 Ozone-Depleting Substances (ODSs)

ODSs are man-made substances that damage the stratospheric ozone layer. The ozone layer in the
stratosphere absorbs a portion of the radiation from the sun, preventing it from reaching the planet’s
surface. Most importantly, it absorbs the portion of UV light called UVB which has been linked to many
harmful effects, including skin cancers, cataracts, and harm to some crops and marine life (EPA.gov,
2022). Usually in the form of chlorofluorocarbons (CFCs), ODSs are used in refrigeration systems on
board ships, normally for the refrigeration of cargo, provisions and air conditioning systems (Third IMO
GHG Study, 2014).

1.2.6 Volatile Organic Compounds (VOCs)

VOCs are a large group of carbon-based chemicals that easily evaporate at ambient temperature and
can react to form ground-level ozone. They are usually divided into non-methane VOCs (NMVQOC) and
methane (CH4). They are formed when crude oil evaporates which can occur during loading, storage
and transportation of crude oil on ships. Methane emissions are associated with LNG-powered vessels.
They can occur as a result of: tank venting, fugitive leaks (pipework, flanges etc.) and methane slip during

combustion through incomplete combustion of intake gas and gas remaining in crevices in the
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combustion chamber and in sections of the gas intake ports. Methane is a potent GHG with a global
warming potential 21 times greater than CO,, thus significantly contributing to climate change (Third
IMO GHG Study, 2014).

1.3 Emission projections 2018 — 2050

Emissions projections from IMO shows increasing trends from about 90% of 2008 emissions in 2018 to
90-130% of 2008 emissions by 2050 for a range of plausible long-term economic and energy scenarios
(see Figure 1). Emissions could be higher (lower) than projected when economic growth rates are higher
(lower) than assumed or when the reduction in GHG emissions from land-based sectors is less (more)

than would be required to limit the global temperature increase to well below 2 degrees centigrade.

Although we haven’t projected until this point the results of our study, it is clear that the impact of
Covid-19 on air emissions for years 2020 and 2021 will be lower. Depending on the recovery trajectory,

emissions over the next decades may be a few percent lower than projected, at most.
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Figure 1: Projections of maritime ship emissions as a percentage of 2008 emission (source IMO)

1.4 Policy measures towards environmental protection within the shipping sector

IMO has been energetically pursuing the limitation and reduction of GHG emissions from international
shipping, in recognition of the magnitude of the climate change challenge and the intense focus on this
topic. IMO agreed on an initial GHG emissions reduction strategy with main objective to reduce total
annual GHG emissions from shipping by at least 50% by 2050 compared to 2008 levels, while cruise
industry was the first to publicly commit as a maritime sector, to reduce total carbon emissions by 40%
by 2030 compared to 2008 (Cruise Lines International Association, 2021; Fourth IMO GHG Study, 2020).
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In terms of emitted GHG total shipping CO, emissions have increased by 9.3% between 2012 and 2018,
whereas its share of global CO, emissions over this period grew incrementally from 2.76% to 2.89%. A
smaller increase of 5.4% in absolute terms was observed in CO, emissions due to international shipping,
which throughout the years represents a relatively constant share of global CO, emissions, fluctuating
around 2% 2008 (Fourth IMO GHG Study, 2020).

IMO has addressed ship pollution under the MARPOL convention and required a gradual decrease of air
emissions (NOy, SOx and Particulate Matters) originating from consumption of maritime fuel oil. In
addition, major energy efficiency improvements for vessels have been proposed, through the
application of the Energy Efficiency Design Index (EEDI) and Ship Energy Efficiency Management Plan
(SEEMP). Also Emission Control Areas (ECAs) were firstly introduced including European sea areas, North

American area and the US Caribbean Sea (see Figure 2).

Figure 2: Map illustrating the four emission control areas (ECAs) (source IMO)

Concerns about the impact of maritime transport on air quality were expressed through the Strategy
for Sustainable Development, published on the EU White Paper on Transport Policy (EC, 2011). As a
consequence EU actually adopted the enforcement of IMO MARPOL Annex VI sulphur cap to all
European seas by establishing the EU Regulation 2016/802 for sulphur content in marine fuels and
setting the same sulphur cap as IMO (0.5%). The Regulation also provides that during port stays, all ships
should consume low sulphur marine fuel with 0.1% sulphur content if stays longer than two hours or a

shore-side electricity connection.

The implemented timeline was that since January 2015 marine fuel for all ship operations in ECAs, must
have 0.1% sulphur content while the sulphur limit for all other areas is 0.5% due to IMO regulations
framework, initiated from January 2020 (see Figure 3). 2020 was a milestone year for the target of
reducing air emissions from shipping due of the implementation of above Directives and Regulations
and as we will see later in the results, there was a significant reduction of gaseous pollutants of SOx and
PM’s due to this. Also Climate Change in the Baltic sea 2021 Fact Sheet, published by Helsinki

26



PhD thesis: “Comparison of methodologies for the calculation of air emissions in shipping.
Model development and optimization of fuel consumption”

Commission (HELCOM, 2021) reported the impact of the implementation of ECA 0.1% SOx limit for ships
in this area and concluded that measures to reduce air emissions from ships can be effective and as a

case study since the limit has been introduced, the air quality in the Baltics has improved by 70%.
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Figure 3: IMO Marpol Annex VI fuel sulphur limits timeline

Due to the latest ESPO Environmental report (ESPO, 2021) air quality has been the highest
environmental priority for ports every year continuously since 2013 and is concerned as the main
parameter towards public acceptance of port activities which mainly take place very close to populated
port cities. As shipping is the main activity of ports it's obvious that this is the major source of air

emissions in ports area.

An alternative way to comply with fuel sulphur standards is by removing sulfur dioxide from the air
emissions instead of using lower sulfur fuels which are more expensive. This can be done by the use of
exhaust gas cleaning systems (EGCSs also known as scrubbers) attached on the exhaust of the ships
since IMO accepts this as an equivalent compliance option. Ships with scrubbers can continue to use
cheaper high-sulfur heavy fuel oil (HFO) while scrubbers are expected to reduce sulfur dioxide emissions

by the same, or more, as using compliant fuels.

International Council on Clean Transportation (ICCT) published a report where provides expert advice
to Environment and Climate Change Canada to enable them to update their Marine Emission Inventory
Tool such that air and water pollution discharges from ships equipped with scrubbers can be estimated
for ships. In this report ICCT compiled 8 different studies containing 23 representative samples providing
information on scrubbers air emissions and finally they presented that for a ship using HFO 2.60% (HFO

global average as of 2019) the relative emissions reduction by using scrubbers in the ship’s exhaust are:
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-98% for SOy, -79% for PM (10 or 2.5), no change for NOx and +2% for COs. It is obvious that there is a
significant reduction of SOx and PM air emissions by using scrubber and small increase for CO; (Comer,
Georgeff, & Osipova, 2020).

It is clear from the above that both EU and IMO have the will to implement policies to reduce emissions
from ships and especially the air emissions of SOx and PM, since this is the result of consuming fuel with
lower sulphur or by the use of scrubbers. CO, emissions depend on fuel consumption and as a result of
this two similar data collection schemes have been implemented:

= EU MRV implemented in accordance with the regulation 2015/757 (Council of the European
Union, 2015) collecting fuel consumption and CO, emissions (data collection started 1 January
2018)

= MO DCS collecting fuel consumption (data collection started 1 January 2019)

The above data collection schemes are mandatory for the shipping companies to follow their data
reporting requirements and intend to be the first steps in a process to collect, analyze and report
emissions data related to the maritime sector. These first steps are towards the action to cut emissions
by understanding the emitted quantities and where. Through EU MRV a large amount of CO, emission
data and other relevant information are publically available every year and an annual report is
published, providing a comprehensive and granular understanding of CO, emissions for ships covered
by the Regulation, providing also analysis on the characteristics and energy efficiency of ships, adding

value and helping identify the various factors influencing CO, emissions.

1.5 Ancillary benefits of climate policies in the shipping sector

The policy measures towards climate and environmental protection within the shipping sector and the
development of the existing regulation of various institutions are in a manner of continuous contribution
to global efforts, to limit and reduce GHG emissions, with ultimate goal the climate change mitigation
that comes from shipping sector. Climate change is already negatively impacting our health and if
permitted to continue unabated, it will exacerbate direct and indirect health impacts to varying degrees
across populations. Reduction of annual premature mortality and morbidity, in populations worldwide,
is one of the objectives of IMO global compliance with 2020 marine fuel sulphur standards. There are
significant benefits from consumption of cleaner marine fuels, especially in trading routes and ports
close to densely populated areas. Low sulphur marine fuels, still account annually for ~250k deaths and
~6.4M childhood asthma cases, so additional reductions beyond 2020 standards may prove beneficial
(Third IMO GHG Study, 2014)

The use of cleaner fuels in marine sector and the reduction of sulphur based emissions, may offer
collateral health and climate benefits that merit quantification. For example, 2020 compliant marine
fuels may enable or be accompanied with additional PM,s emissions reductions, such as organic carbon
and black carbon particles. Moreover, many control technologies for harmful particulates and ozone
precursor emissions, perform better under low-sulphur combustion conditions. International policy
making efforts jointly pursuing air pollution health benefits and climate targets may increase the

urgency for continued progress to control and mitigate GHG.
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1.6 Health impacts of Climate change and health co-benefits of mitigation measures

Accessibility to energy has been fundamental for human development and progress, but the
combustion of fossil fuels, contributes to climate change, resulting in direct and indirect health impacts.
While the attribution of these impacts on human health is challenging, researchers utilize more
sophisticated scientific methods and long-term datasets, which are able to quantify and attribute in a
better and more accurate way, specific health burdens to climate (Ebi, Ogden, Semenza, & Woodward,
2017; WHO, 2014). The Intergovernmental Panel on Climate Change (IPCC) classifies the health impacts
of climate change into three categories: direct impacts, ecosystem-mediated (indirect) impacts, and
human institution-mediated impacts (see Table 1) (Smith et al., 2015).

Table 1: An overview of health impacts of climate change

Classification Potential Impacts - Increased morbidity and mortality from :

Direct Increased exposure to extreme weather conditions; Hurricanes, storms,
floods; heatwaves, UV radiation.

Ecosystem-mediated Increased exposure to vector-borne and other infectious diseases; food
and water borne infections; air pollution and lung diseases.

Human institution-mediated Poor nutrition; occupational health; mental health; violence and conflict.

Projections of bad air quality, as a result of climate change, point out increasing premature deaths, due
to ozone and especially Particulate Matter in coming years (Silva et al., 2017). As a consequence to these
events, there are estimations for substantial external economic costs, attributable to climate change
and air pollution, which point out that global annual Gross Domestic Product (GDP) could be impacted
by up to 3.3% by 2060, while labor productivity constitutes one area that will be most significantly
impacted. Additional analysis by the Organization for Economic Cooperation and Development (OECD)
estimates, that, the economic consequences of outdoor air pollution will result in health care costs of
USS$176 billion and 3.7 billion lost working days annually by 2060 (OECD, 2016b; Workman, Blashki,
Bowen, Karoly, & Wiseman, 2018).

Realizing the size of current and projected health impacts, researchers highlight the potential health co-
benefits that result from ambitious mitigation efforts. The term “co-benefits” refers to multiple benefits
in different fields resulting from specific actions, strategies or policies. Co-beneficial approaches to
climate change mitigation, are those that also promote positive outcomes in other areas, such as
concerns relating to: the environment (e.g. air quality management, health, agriculture, forestry, and
biodiversity), energy (e.g. renewable energy, alternative fuels, and energy efficiency) and economics

(e.g. long-term economic sustainability, industrial competitiveness, income distribution).

To determine the potential health co-benefits from domestic and global action, new more complex
modeling technigues have been created and utilized by researchers and organizations. The findings are

consistent; despite the heterogeneity of study methods, prospective health co-benefits studies
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consistently conclude, that the implementation of ambitious mitigation measures, can reap significant
health benefits for local populations, and partially, if not completely, offset resulting implementation
costs. A strong effect of health co-benefits, is their immediacy and specifically, health benefits
associated with reduced air pollution, can materialize promptly after mitigation measures are
implemented (see Table 2) (Remais et al., 2014; Workman et al., 2018).

Table 2: Examples of potential health co-benefits from mitigation activities relating to the energy and
transport sectors, including the anticipated time lag for the realization of health co-benefits

Mitigation activity Potential health co-benefits Anticipated time lags
Reductions in fossil fuel use Reductions in sudden cardiac death Days to weeks; weeks and
risk; acute respiratory infections; months; weeks and months
Improvements in fuel economy; chronic obstructive pulmonary disease

incentivize electric vehicle use; tighten  exacerbations
vehicle emission standards

Increases in accessibility to active Reductions in type 2 diabetes; Years for all potential health
modes of transport, including walking  depression; breast and colon cancer co-benefits identified
and cycling incidence

EU has a defined policy development process for climate change and supporting governance structures
in place, to develop evidence-based integrated policies, with opportunities for input from diverse
stakeholders. Specifically, impact assessments developed for climate change mitigation policies, are
explicit in their consideration of health and other impacts, and are a good example of procedures and
tools that can support the incorporation of multiple considerations, into the development of a cross-

sectoral policy issue.

Despite a robust policy development process, health co-benefits ultimately play a limited role in the
development of climate change mitigation policies. In spite of the EU’s commitment to the equal
consideration of economic, social and environmental impacts, the realpolitik, considers economic costs
and energy supply security issues, as particularly influential in final climate change mitigation policies.
In reality, the Commission’s role in this issue requires balancing the provision of cost-effective and
evidence-based policy options, with politically palatable policy choices for the Member States with their
own national interests and diverse stakeholder groups to assuage (A. Workman, G. Blashki, K. Bowen,
D. Karoly, 2018).

1.7 Case for equity between Paris Climate agreement's co-benefits and adaptation

Whilst significant co-benefits have been associated with energy and transportation, adaptation offers
ancillary benefits for emission reduction through land and forest conservation, which merit to be
described as co-benefits, because they are enhanced with biodiversity management, nutrient recycling

and water purification as part of the indicators.

Although adaptation policy goals do not always have measurable indicators compared to mitigation, its

impacts extend beyond human developmentissues (e.g. land area loss, people displacement, ecosystem
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loss or change, economic value loss, infrastructure loss, cultural heritage loss, etc.) when viewed from
the UN Sustainable Development Goals (SDGs) perspective as outlined in the Article 8 of the Paris

Climate Agreement (Dovie, 2019). Mitigation co-benefits clearly aligns to:

(i) SDG 7 on affordable and clean energy,

(i) SDG 9 on industry, innovation and infrastructure,

(iii)  SGD 12 on responsible consumption and production, and

(iv) SDG 13, yet intersect with adaptation on the climate action
The SDGs are a call for action by all countries (poor, rich or with middle-income) to promote prosperity
while protecting the planet. They recognize that ending poverty must go hand-in-hand with strategies
that build economic growth and address a range of social needs including education, health, social

protection, and job opportunities, while tackling climate change and environmental protection.

Emphasizing mitigation (e.g. renewable energy, energy efficiency, sustainable transportation, cleaner
fuels) should not diminish adaptation but rather enhance it (e.g. forest protection, land use changes,
Infrastructure and green building design) which is comparable to co-benefits (e.g. green infrastructure,

distributed energy, water and energy conservation, low-input agriculture) (Dovie, 2019).

We can discern, that there is need for new forms of multi-level governance of the climate policy
schemes, including financing mechanisms and response measures, for enhanced adaptation to
effectively protect the integrity of emission reduction, hence the Nationally Determined Contributions,
that Paris Agreement requests from each country to clarify and communicate their post-2020 climate
actions. Nowadays, we can utilize further expansions and compilations of potential co-benefits and we

are able to suggest the categorization as depicted in Table 3 (Mayrhofer & Gupta, 2016).

Table 3: Co-benefits categorization of climate change policy.

Category Co-benefit

Climate-related = Reduce GHG emissions

= Enhance resilience to climate change

= Enhance energy security
= Trigger private investment

= |mprove economic performance

Economic
= Generate employment
= Stimulate technological change
= Contribute to fiscal sustainability
= Protect environmental resources
= Protect biodiversity
Environmental = Support ecosystem services
= |mprove soil quality
= Reduce air pollution
= Enhance energy access
Social = Reduce poverty incidence and inequality

= Contribute to food and water security

= |mprove health
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= Reduce stressors

= Contribute to political stability
Political & institutional * Improve democratic quality of governance

= Contribute to interregional collaboration

In order to have sufficiently positive impacts, climate policies need to look beyond climate impacts.
There are significant negative impacts and limited time available, to address the alarming pace of
observed global warming. The social and economic co-benefits of climate change mitigation, offer an
important opportunity to mobilize a strategic and interest-oriented approach, to support effective and
timely climate actions. Interest-oriented co-benefits of climate change mitigation, represent positive
net effects of policies and actions, beyond those directly related to climate change and global warming
processes (such as greenhouse gas emission reduction) that pertain to the following five key attributes
(Table 4) (Mayrhofer & Gupta, 2016).

Table 4: Key attributes of co-benefits of climate change mitigation.

Interest oriented Benefit can be defined in view of specific interests/interest
groups
Identifiable Benefit can be distinctly described, delimited from other

factors, measured, and evaluated

Timely Benefit unfolds in a timeframe crucial for the addressed
interest group (usually less than 10 years)

Attributable Benefit can be connected to a specific intervention and
allocated to a specific interest group and reconstructed by
members of this group

Opportunity oriented Benefit can be defined through a resulting opportunity or
profit, and not merely through avoided burdens, risks, or
losses

1.8 Guidelines for mobilizing the interest-oriented co-benefits of climate change mitigation

The global transformation toward green technologies, renewable resource energy or cleaner fuels,
seems to be irreversible in the long term, given its many advantages and additionally competitive
outlook. In contrast, current investments in heavy fossil fuel-based energy scheme are still present and
consists a serious threat for the climate of our planet. For this reason, IMO decided to apply a new

regulation for the maritime sector to control and set, lower sulphur limit content of marine fuels.

The interest-oriented co-benefits of climate change mitigation act as important players towards
enhanced transformation and additionally promote long-lasting political deadlocks, in order to prevent
environmentally harmful path dependencies. We can mobilize these co-benefits, by expanding the view
of traditional climate policy evaluation by specifically addressing the net effects of climate policy

measures and actions. Also, explicit strategic use of the multiple-benefits approach to climate policy
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must be promoted.

While at present there is no standard practice for climate change attribution for health outcomes, from
the literature, our empirical study, and various case studies, we can conclude that a proportion of the
current burden of climate-sensitive health outcomes can be attributed to climate change. Extreme
weather effects, undoubtedly increasing the probability to observe more deaths, during heatwaves or
floods, which are attributable to climate change and estimate the exact proportion using different
approaches.

A conservative and defensible approach would be by attributing deaths above a threshold, related to
the degree to which climate change increased ambient temperature over recent decades. Also,
sensitivity analyses and assumptions of the linearity between mortality and temperature, could be used

to provide an uncertainty range around the estimated impact (Ebi et al., 2017).

As climate change unfolds, climate sensitive health outcomes will continue to emerge. We must urgently
gain a better understanding of the distribution of climate change burden on human health, by achieving
more knowledge about the factors that contribute and affect our health, due to climate. Greater
knowledge sharing between different science sectors, reliable long-run datasets, refinement of analytic
techniques for detection and attribution, will all be important and help policy makers to adjust climate

change policy and achieve multiple targeted benefits.

1.9 An overview of wider impacts

The realization of the potential multiple impacts of climate change to our planet and our civilization, will
lead to a strong engagement, towards mitigation and adaptation actions. Possible behavioral changes,
including sensitivity to environment, decreased air pollution, recycling, employment of renewable
resources and sustainable agriculture practices, are some of the actions that can be developed. An

overview of the wider key impacts associated with these actions is provided below:

= Significant health benefits through decreased air pollution, has associated multiple economic
benefits, by reduction in health care costs and increase of the size of the workforce, as more
working-age people are in good health.

= Reduced air pollution and reduced noise as a consequence of alternatively fueled vehicles (ships,
trucks, buses, cars) provide health and wellbeing benefits. However, one of the most significant
potential wider benefits, comes from a reduced demand for fossil fuels thus increasing energy
security.

= Energy efficiency improvements in constructions (vehicles, ships, buildings) provide reduced
exposure to cold or hot living environments and increased income, due to lower energy bills. Energy
efficiency can provide significant health and wellbeing, energy security by reduced fuel dependence
and affordable living benefits.

=  Measures towards sustainable agriculture and environmentally friendly farming practices, protect
the environment and natural resources. Reduced nitrogen runoff or less fertilizers or pesticides use

is a key outcome and has benefits for water quality, biodiversity and human health.

Education and behavior change are closely linked and should complement any technical measures.
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However, there are barriers that prevent the implementation of these actions or minimize the wider

benefits that can be gained. Some actions are needed to overcome these barriers:

Clear messages that translate targets into local actions, accompanied by comprehensive and
consistent performance monitoring across policies and sectors. By effective communication across
various levels of government and relevant stakeholders the most effective policies can be applied
and people engagement can be increased.

Lack of “political appetite and willingness” may occur due to restricted time (i.e. four-year)
governmental changes. Thus the precariousness of political actions, combined with the potential
costs (economic and/or social) of climate change policies, can lead to a lack of long-term thinking
and probably inaction. This barrier can be overcome through reliable political will, awareness raising
among the public and global funding for implementation of climate change actions.

Climate change is a complex global issue, which is hard to understand by individuals who don’t
actually comprehend the impact that they can exhibit and are reluctant to change their beliefs
which are rooted in experiences, knowledge and tradition. This barrier can be overcome by
educating communities, about all the benefits they spring up from climate change policies. For
some, the health of their children or the quality of life is a priority, whilst for others this may be
house prices or noise reduction.

Recognition of the barriers and specific conditions for each geographic area, as these affect the
magnitude of wider impacts that can be experienced, will contribute to maximized efficiency. To
overcome these barriers, targeted actions are required, climate change policy and action needs to
be embedded into wider governmental strategies, as a way of bringing together community,

environmental and economic goals.
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CHAPTER 2: THE EU MRV
REGULATION
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2.1 Introduction

The EU MRV regulation 2015/757 for maritime transport applies to ships above 5,000 gross tonnage
(G.T.) and refers to CO, emissions released during their voyages, excluding warships, naval auxiliaries,
fish-catching or fish-processing ships and government ships used for non-commercial purposes. EU MRV
applies for all ships, regardless of their flag, for voyages:

= intra-EU

= from the last non-EU port to the first EU port of call (incoming voyages)

= from an EU port to the next non-EU port of call (outgoing voyages)
Ship operators must follow specific monitoring plans, to monitor data on per-voyage and annual basis.
The monitoring plan, emission reports and the issuance documents of compliance, will be accredited by
third party verifiers. It's mandatory that verifiers shall be independent of the company or operator of
the ship concerned and be accredited by a national accreditation body, according to European

Commission (EC) regulation No.765/2008 (European Commission, 2012).

2.2 Monitoring

The actual monitoring of the maritime emissions started in January 2018. Ship owners and operators,
will not get confirmation of compliance, until the first annual report has been satisfactorily verified by
their chosen verifier, by the end of April 2019. Based on the monitoring plan, for each ship arriving in,
or departing from, and for each voyage to or from a port under a Member State's jurisdiction, companies

shall monitor the following parameters (European Commission, 2012):

= port of departure including the date/hour of departure
= port of arrival including the date/hour of arrival
= for each type of fuel, the amount consumed in total
= emission factor and quantity of CO; emitted
= distance travelled and time spent at sea
= cargo carried, transport work.
Reporting on a per-voyage basis is not needed, if both of the below criteria apply during the reporting

period:

1) all of the ship's voyages, either start from or end at a port of EU region and
2) according to its schedule, the ship performs more than 300 voyages.
In this case, a summarized yearly reporting per-ship is needed. Based on the monitoring plan, for each

ship and for each calendar year, companies shall monitor the following parameters:

= amount and emission factor for each type of fuel consumed in total
= total aggregated CO, emitted:
a. within the scope of the Regulation
b. from all voyages between ports under a Member State's jurisdiction
c. from all voyages which departed from ports or arrived at a port under a Member
State's jurisdiction

d. which occurred within ports under a Member State's jurisdiction at berth
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= total distance travelled, total time spent at sea
= total transport work
= average energy efficiency.
To calculate CO, emissions, the following formula is typically applied:

CO; emissions = Fuel consumption x CO, emission factor

The fuel consumption includes fuel consumed by main engines, auxiliary engines, gas turbines, boilers
and inert gas generators. Ships are using different types of engines, which are burning different types
of fossil fuels. Fuel consumption at berth, shall be calculated for each voyage, using one or a
combination of the following methods:

(i) Bunker Fuel Delivery Note (BDN) and periodic stocktaking of fuel tanks
(ii) Bunker fuel tank monitoring on board

(iii) Flow meters for applicable combustion processes, or

(iv) Direct CO, emissions measurements.

The company must define in the monitoring plan, which of the above mentioned methods will be used,
to calculate fuel consumption for each ship under its responsibility and ensure that once the method

has been chosen, it is consistently applied.

For emission factors, default values are used unless the operator decides to use data from the Bunker
Fuel Delivery Note (BDN). The BDN is part of the existing legislative requirements for ships, to monitor
the total amount of fuel bunkered and used for demonstrating compliance with applicable regulations
of sulphur emissions. A BDN contains information of the total quantity of fuel bunkered in metric tons
and density at 15°C, as well as sulphur content. The default values for emission factors, are based on
the latest available values from Annex VI of the Intergovernmental Panel for Climate Change report

(European Commission, 2003).

2.3 Reporting

From 2019, by 30 April of each year, companies will have to submit to the EC and to the relevant
authorities, an emissions report regarding CO, emissions and other relevant information for the entire
reporting period, for each ship under their responsibility, which has been accordingly verified. Maritime

companies must include in their emissions report the following information:

(a) data identifying the ship and the company, including:
(i) name of the ship, IMO identification number, port of registry or home port, ice class of
the ship, if included in the monitoring plan,
(ii) technical efficiency of the ship: Energy Efficiency Design Index (EEDI) or the Estimated
Index Value (EIV) in accordance with IMO Resolution MEPC.215 (63),
(iii) name, address and principal place of business of the ship-owner or the managing
company, telephone and e-mail details of a contact person
(b) the identity of the verifier that assessed the emissions report

(c) information on the monitoring method used and the related level of uncertainty
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(d) annual monitoring of the parameters in accordance with the Regulation.

2.4 Verification and accreditation

In the case that the verifier's assessment identifies non-conformities with the requirements of the
regulation, the company revises its monitoring plan accordingly and submits the revised plan, for a final
assessment by the verifier, before the reporting period starts. In particular, the verifier assesses whether
the CO, emissions and other relevant information included in the emissions report, have been
determined in accordance with the regulation and the monitoring plan. When the verification
assessment concludes with reasonable assurance from the verifier that the emissions report is free from
misstatements, the verifier issues a verification report, stating that the emissions report has been
verified as satisfactory. The verification report specifies all issues relevant to the work carried out by the

verifier.

In the case that verification assessment concludes that the emissions report includes misstatements or
non-conformities with the requirements of the regulation, the verifier informs the company thereof in
a timely manner. The company then corrects the misstatements or non-conformities, so as to enable
the verification process to be completed in time and submits to the verifier the revised emissions report
and any other necessary information, to correct the non-conformities identified. The verifier states
whether the initial misstatements or non-conformities have been corrected by the company. If the
misstatements or non-conformities, are not corrected and, individually or combined, lead to material
misstatements, the verifier issues a verification report stating that the emissions report does not comply

with the regulation (European Commission, 2012).

2.5 Publication of information and report

By 30 June each year, European Commission will make publicly available the information on CO;
emissions reported. 2019 is the first year that Commission initiated this process and the following

information are publicly available:

) identity of the ship (name, IMO identification number and port of registry or home port)
) technical efficiency of the ship (EEDI or EIV, where applicable)
c) annual CO; emissions
) annual total fuel consumption for voyages
) annual average fuel consumption and CO, emissions per distance travelled of voyages
f) annual average fuel consumption and CO, emissions per distance travelled and cargo carried
on voyages
g) annual total time spent at sea in voyages
h) method applied for monitoring
) date of issue and the expiry date of the document of compliance
j) identity of the verifier that assessed the emissions report

k) any other information monitored and reported on a voluntary basis.

The Commission publish an annual report on CO, emissions and other relevant information from
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maritime transport, including aggregated results, aiming at informing the public and allowing for an
assessment of CO, emissions and energy efficiency of maritime transport, per size, type of ships, activity,
etc (Dnv.com, 2022).

2.6 EU MRV against IMO DCS

Whilst the EU scheme has focused on CO; emissions from shipping in the EU area, the IMO scheme
covers emissions from shipping globally. It should be noted that it is not yet decided, if, how and when,
the two schemes will converge. Both schemes have overall as objective to mitigate climate change. The
outcome of both schemes will be annual reports stating CO, emissions per vessel (EU MRV) or
aggregated fuel consumption (IMO DCS). The logical consequence would be that considering the
experience from EU MRV and IMO DCS schemes, IMO and EU, will further decide on setting targets with
respect to GHG emission levels from international shipping. Table 5, depicts an overview of the

requirements from the two schemes, in terms of scope and reporting.

Table 5: Comparison of EU MRV and IMO DCS (IMO MEPC-72, 2018)

EU MRV IMO DCS

Applicability:

Ships > 5,000 GT calling any EU ports. Ships > 5000 GT trading globally.

First reporting period:

= 2018 (01/01-31/12) = 2019 (1Jan- 31 Dec)

= Reporting to verifier by end of Jan 2019 =  Reporting to verifier by end of March

2020

Monitoring plan:

= Separate document describing the = Data collection and reporting
methodology for data collection and methodology shall be described as Part
reporting. [l'in an integrated part of the Ship

Energy Efficiency Management Plan

* Pre-defined format published by the (SEEMP).

European Commission (EC).
=  Conformation of compliance by

= Subjectt ification b
ubject to verttication by an Flag/Recognized Organization (RO).

independent and accredited verifier.
= Deadline for submission of SEEMP Part

= The deadline for submission of Il was 31 Dec 2018,

monitoring plan was 31 Aug 2017.

Reporting details:

=  Amount and emission factor for each ]
type of fuel consumed in total

= Total CO2 emitted and additionally
differentiated to aggregated CO2

Period of calendar year for which the
data is submitted

=  Distance travelled

emitted (trips to and from EU ports,
trips between EU ports, at berth)

Total transport work (time at sea and
in port, cargo carried)

Amount of each type of fuel consumed
in total

Hours underway under own propulsion
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= Average energy efficiency =  DWT to be used as cargo proxy
Reporting to:
European Commission: Flag state:
= Company reports annual emissions to = Annual emission report to be verified by
the EMSA data base (“Thetis MRV”). Flag Admin.
= Annual report to be verified by an = Flag State or RO reports to IMO data
accredited verifier base
Disclosure:
EC will make data publicly available Individual ship data will be kept confidential

In November 2017, EU decided that international shipping will not be incorporated into the EU
Emissions Trading System (ETS) as part of the wider overhaul it is undertaking due to the existing ETS
for CO, emissions. This decision was a result of intensive negotiations, between EU Member States, the

European Parliament, the European Commission and shipping stakeholders.

In conjunction with the European Community Ship-owners Associations (ECSA), International Chamber
of Shipping (ICS) has consistently argued that the application of a regional EU ETS to all ships calling at
EU ports regardless of flag would have been completely inappropriate and would have led to serious
market distortion. Many ships would have simply diverted to non-EU ports (including potentially a post-
Brexit United Kingdom) in order to minimize cost exposure to the EU system. Additionally, as happened
several years ago when the EU tried unsuccessfully to impose ETS on international aviation, the

unilateral application to shipping could generate trade disputes with China and other Asian nations.

This EU decision does not remove the pressure from IMO. Notwithstanding the industry’s doubts about
the real CO; reductions that can be delivered via Market Based Measures (MBM), the only appropriate
forum to have this debate, is IMO. The terms of the EU political agreement, are that continued exclusion
from some form of regional MBM, may be dependent on IMO adopting some kind of alternative
measure by 2023, which is understood to mean, that the EU believes there should indeed be a global
MBM.

Moreover, the EC will be required to make an annual report to the European Parliament and EU Member
States, on progress being made by IMO. In effect, this could mean that if at any time, the EC deems
progress insufficient, it may seek to justify the need, to continue working on unilateral measures.
Nevertheless, the EU decision in 2017 seems to represent a recognition, that IMO is the best forum in

which to have the debate about the appropriateness or otherwise of applying an MBM to shipping.

In November 2017, ICS and ECSA submitted detailed comments to an EC consultation, on the possible
alignment of its MRV Regulation with the global CO, Data Collection System (IMO DCS) which is up and
running through 2019. The EU had previously underlined its willingness to consider this alignment, in

order to help persuade non-EU governments to agree to the establishment of the IMO DCS.

The IMO DCS adopted in 2016 and was viewed as an acceptable compromise between IMO Member

States, which are interested to collect reliable information about fuel consumption (and calculate CO,
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emissions) in order to adjust future IMO work and those Member States that wish to collect some more
detailed information about transport work and fuel efficiency of ships. The necessary support for this
IMO compromise, was given with the understanding that the DCS should be simple for the ships and
primarily be based on fuel consumption and most importantly, data relating to fuel consumption under
the IMO system, will remain anonymous. The purpose of the IMO DCS, is to inform future policy making,

rather than to penalize or reward individual ships or ship owners.

The EU MRV Regulation was adopted in 2015 and in addition to the submission of data by ships on fuel
consumption some international shipping stakeholders believe that includes controversial provisions
for the transport work, using different metrics to those currently agreed by IMO. Moreover, the
verification and certification method that has been developed by the EU seems to be complex. The
greatest concern about the EU MRV regulation is that the EC will annually publish commercially sensitive
information, along with ship name and company identifiers. This is with the intention of facilitating
comparison of the supposed operational efficiency of individual ships. In general, the EU regulation
contains many of the elements, which most IMO Member States chose to reject when adopting the
global IMO DCS. From this fact, we can clearly understand the major competition concerns and possible

reactions, of ship-owners, in view of the publically publication of emission report.
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3.1 Introduction

Maritime passenger vessels are categorized in two main categories: ferries and cruise ships. Cruise
vessels have annually scheduled routes depending on country, region or touristic importance and as we
can understand can vary highly between years, while ferries routes are characterized according to fixed
time schedules. The major part of maritime transportation passengers (excluding cruise) in the
European Union (EU) is carried out between ports located in the same country (74 % in 2020), pointing
by this way the significant role of national ferry sector (Eurostat, 2021). Generally, each continent with
populated or touristic islands has frequent ferry connection between islands and large volume of freight
and passengers. Due to Eurostat, this applies to Italy and Greece which classifies them as the two leading
maritime transportation passenger countries and some other Mediterranean countries follow, like

Spain, Portugal Croatia and Malta.

ESPQ’s latest environmental report (ESPO, 2021) shows that ports constantly focus on green
environmental priorities. Since 2013, air quality has been the top environmental priority for ports,
whereas climate change is the second priority for the last two years. Additionally energy efficiency is
ranked as third priority. Air pollution in port areas is caused mainly from ships during navigating in the
port, maneuvering and at berth. Related land traffic within the port area and industrial port activities
that can be often found are also burden air quality. Air quality is not only a ranking of ESPO or an
environmental concern but it’s very important to safeguard and protect the health of the citizens,
working people around the port and visitors, since the majority of European ports are located near

densely populated city areas.

Typical example is Piraeus port which is one of the most populated areas in Greece, with a population
of 163,688 for an area of 11.2 km? (population density of 14,615 residents per km?) (Hellenic Statistical
Authority, 2022). Another interesting case is the port of Barcelona, that has two main areas for cruise
ships: one at a very short distance (854 m) to the city center, while the other (which hosts the main
terminals receiving cruise ships every day) is located at a larger distance (about 2 — 2.5 km) from the
Barcelona center. It is very likely that air pollution due to activities related to cruise and ferries can affect

the wider urban area of Barcelona and its residents (Perdiguero & Sanz, 2020).

One of the main challenges for ports in their relation with the local community is to ensure that cruise
and ferry operations remain as sustainable as possible. The potential impact of air pollutants to human
health, is emphasized in reports issued by the European Environment Agency (EEA) and the World
Health Organization (WHO) in a regularly basis. Air pollution and the effect to air quality is very often
the target of regulatory control measures and has constantly high priority in public concern, not only
for locals but also for visitors or workers in burdened air quality urban regions and port cities. A worrying
fact that justifies the above, is that every year, air pollution causes about 400 thousand premature
deaths in the EU region and hundreds of billions euros in health-related external costs (European

Environment Agency, 2019).

The fuel and energy consumption of ships during their stay in ports are quite significant, while the
creation of accurate ships emissions inventories is a case specific, rigorous and time-consuming process

that entails precise application of a selected methodology and detailed screening of several technical
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parameters and processes. Typically, these studies are based on empirical or, in the best cases,
operational data from ships or shipping companies and the accuracy of the presented results is in many
cases quite ambiguous. A recent study presented a comparative analysis of reports and academic papers
published in EU and USA regarding the calculation of ship emissions (Moreno-Gutiérrez et al., 2019).
The fuel consumption was evaluated based on factors derived from four different methodologies and
finally the use of STEAM (Ship Traffic Emission Assessment Model) was recommended (Jalkanen et al.,
2012). Authors use a parabolic second degree polynomial to estimate Specific Fuel Qil Consumption
(SFOC) and point out that there are two factors that play a significant role for the best possible accuracy
for the quantification of fuel/energy consumption and air emissions in shipping: the engine's SFOC and
the load factor of Main (ME) and Auxiliary Engines (AE). Thus, since many papers presenting inventories
of ships' air emissions do not contain details on the performed calculations and the identification of
SFOC values at specific engine loads (we assume that the parabolic relationship between SFOC and
engine load is not actually taken into account), there are several misconceptions that need further
clarification regarding the completeness and accuracy of ships air emissions calculations. Typically
emissions inventories are created based on emission factors which due to lack of technical data, are
largely based on the professional or empirical assessments of the researchers. These factors estimate
air emissions in conjunction with energy or fuel consumption and vary depending on the pollutant,
engine type, type of fuel and operating phase. Thus technical proposals that will allow for more precise

SFOC estimations are necessary for accurate bottom-up approaches.

One of the scopes of current study is to focus on the main technical discrepancies (i.e. engine load,
SFOC, emissions factors) of the existing methodological approaches for calculating ships' on-board
emissions and propose a framework that will allow various stakeholders to conduct accurate air
emissions calculations based on ships' operational data. The calculation of fuel/energy consumption and
air emissions (CO,, SOx, NOx, PMss, PM1o) will be presented, for a 5 year period (2017-2021) in the two
major ports of Crete island in Greece (i.e. Souda and Heraklion), for both cruise vessels and passenger
ferries. A detailed technical inventory has been created containing all technical details for 10 passenger
ferries (owned by three different shipping companies) operating every day following various itineraries
all year around and 88 different cruise vessels (which approached both ports mainly during the summer
period). All data regarding ships arrivals and duration of port calls were collected and validated from
Port authorities and one of the most reliable web based cruise portal (Hellenic Ports Association, 2022).
Additionally, in order to confirm the above data and determine the required duration of each operating
phase an extensive search in the related AIS databases has been conducted for the itineraries of this

study.

Regarding the studied ports, Heraklion (with population of 151,324 people) is the largest city and the
administrative capital of Crete and the fifth largest city in Greece, while Souda is the commercial port
of Chania city (the second largest in Crete with population of 80,224 people). Both ports are arrival
points for ferries to/from mainland Greece via Piraeus port and constitute significant Mediterranean

destinations for cruise vessels.
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3.2 Methodologies for the estimation of air emissions due to shipping

Depending on the availability of data and technical parameters there are various studies regarding the
existing methodologies for estimating ship’s air emissions with many different case studies
(Doundoulakis & Papaefthimiou, 2021; Maragkogianni, 2017; Maragkogianni & Papaefthimiou, 2015;
Moreno-Gutiérrez et al., 2015, 2019; Papaefthimiou, Sitzimis, & Andriosopoulos, 2017; Perdiguero &
Sanz, 2020; Trozzi & Lauretis, 2019). The criteria for the selection of the appropriate methodology vary
depending mostly on the availability of relevant data and technical parameters. A top-down approach
is based on fuel consumption reports and is typically used when there isn’t available information about
the ship's detailed activity and/or status on various operational phases. On the other hand, a bottom-
up approach is employed when the data availability, guarantees detailed calculation of fuel
consumption and air emissions at each operational phase (i.e. cruise, maneuvering, at berth) of the ship,
thus providing spatial allocation of the air emissions.

Regarding air emissions calculation, the Environmental European Agency’s air pollution emission
inventory guidebook (Trozzi & Lauretis, 2019) presents a procedure to select (depending on each case
study and data availability) the most appropriate approach between three candidates (called Tiers). Tier
1 and 2 use fuel sales reports as the main parameter for the evaluation of the ships' activity and
regarding the emission characteristics they assume an average vessel in order to estimate the emissions
inventory. Tier 3 methodology can be more accurate and is recommended when technical parameters
(e.g. engine power and technology, total power installed, fuel type) and detailed data regarding
individual ships movements are available. The total emissions (Etip) for a trip are calculated as the sum
of emissions for the different operational phases, i.e. hoteling (or at berth), maneuvering and cruising),
as follows (Trozzi & Lauretis, 2019):

ETrip = EHoteIing + EManeuvering + ECruising (1)

For the estimation of air emissions, the energy and/or fuel consumption of the studied ships needs to
be calculated in conjunction with specific emission factors depending on the air pollutant, engine, duty
cycle and type of fuel. If SFOC is available, it doesn’t matter if emissions factors are energy-based (g
pollutant/kWh) since it’s possible to convert energy-based emissions factors to fuel-based emissions
factors (g pollutant/g fuel consumed) by dividing them by SFOC (Third IMO GHG Study, 2014). An
engine's fuel consumption is calculated by combining two terms: the energy demand (in kWh) and the
SFOC (in units of fuel mass per unit of energy). The energy depends on the maximum continuous rated
power (MCR) of the engine (in kW), the load factor of the selected operational phase (hoteling,
maneuvering and cruising) and the duration of operation. The total air emissions for a trip (Ewip) are

estimated through the following equation:
Eripei = Z(MCRE-LFE-TD-SFOCE-EFJ (2)
p

where: e = the specific engine for which the calculations are made, i = type of air emission (CO;, NO,
SOy, PM10), MCR = maximum continuous rated power (kW), LF = engine Load Factor, T = duration of the
operational phase p (h), SFOC = Specific Fuel Qil Consumption of engine (g/kWh), EF = emission factor
(g pollutant/g fuel).
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In this study we estimated the quantities of PMyg, as it is reported that “there is virtually no difference
between total PM and PM with sizes less than 10 microns for diesel-based fuels” (Smith et al., 2015).
Additionally, in the most recent Forth IMO GHG Study, PMyo are estimated while PM, s are assumed to
represent 92% of PMag (Fourth IMO GHG Study, 2020) providing this way a simple formula to estimate
PMysalso.

3.2.1 Determination of engine Load Factor

The determination of the load factor for vessels ME and AE engines, during their activities in ports
involves serious uncertainties. Research efforts (De Meyer, Maes, & Volckaert, 2008) propose load
factors for cruise and passenger ship engines during maneuvering and anchorage, which are significantly
higher compared to other values prepared by ENTEC on behalf of the UK Government (ENTEC, 2002).
In previous studies authors have acknowledged the significant effect of local climate conditions on
auxiliary power demand and tried to use more realistic engine load factors especially for cruise vessels
approaching Greek ports (Maragkogianni, 2017; Maragkogianni & Papaefthimiou, 2015; Papaefthimiou,
Maragkogianni, & Andriosopoulos, 2016; Tzannatos, 2010). It was found that passenger ferries and
cruise vessels demand high power from auxiliary engines to operate and provide electricity for hoteling
services, as well as support for other ship's operational systems. Also due to variation in weather
conditions between seasons there is different demand of power for summer (where temperatures are
higher and the capacity of passengers is increased) and the rest year. For the calculations thereafter the
engine load factors for the mooring and maneuvering phases in port are depicted in Table 6
(Doundoulakis & Papaefthimiou, 2021; Maragkogianni & Papaefthimiou, 2015; Tzannatos, 2010).

Table 6: Load factors for ME and AE engines.

Cruise ships Passenger ships
Summer* Rest of the year Summer* Rest of the year
ME AE ME AE ME AE ME AE
Maneuvering 0.20 0.75 0.20 0.60 0.20 0.75 0.20 0.60
At berth 0 0.60 0 0.40 0 0.45** 0 0.30***

* In Mediterranean region June, July and August is characterized as summer period
**0.70 for 50% and 0.20 for the rest 50% of the duration while at berth phase
*** 0.40 for 50% and 0.20 for the rest 50% of the duration while at berth phase

For normal cruising speed, the load factor of the propulsion system for the main engines is typically
between 0.8-0.85, depicting the most efficient operation range for the engine. For lower speed (e.g.
navigating in the port) the determination of the load factor for the propulsion system is based on the
theoretical fact that the propulsion engine’s load is equal to (Styhre, Winnes, Black, Lee, & Le-Griffin,
2017):

LF = (Actual speed / Max speed)? (3)

The load factor for the auxiliary engines varies, depends on the operational phase (Table 6) and the type
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of engines. The exact values of load factors for both main and auxiliary engines introduce uncertainty in
the creation of emissions inventories, mainly due to different auxiliary engines size and model (i.e. kW,
SFOC).

3.2.2 Determination of Emission Factors

Due to the fact that typically main and auxiliary engines operate under partial load, correction factors
for the emission factors are introduced. An extensive work regarding these issues has been conducted
elsewhere (ENTEC, 2002). Based on this report, the emission factors for the main engines when the ship
is in normal cruise mode (operating at about 0.8 - 0.85 MCR) were obtained by measuring and averaging
all emissions in 0.7 - 1 MCR engine load range, while for auxiliary engines were obtained in 0.4 — 0.8
MCR engine load range. In addition, the average emission factors for the main engines when operating
at low loads (<0.4 MCR) were evaluated based on the IVL/Lloyds database and the methodology
approach is based on adaptation of the ME emission factors during the normal cruising phase (as we
described earlier, derived from constant state engine loads with MCR 0.7 - 1) by multiplying them with
0.8 for NOy, 3 for HC and 3 for PM1q. At these low engine’s loads, SFOC (and thereby air emissions i.e.
SOx and CO, emissions) has been assumed to increase by 10%. It is clear that this approach introduces
significant uncertainty and needs further investigation by future studies and research. It is thus evident
that emission factors are dependent on the engines’ load and its variability, but furthermore on the
sulfur content and the type of fuel consumed by each engine. It is worth noting that the emission factors
during maneuvering and/or at berth, involves increased uncertainty compared to the corresponding
values during the normal cruising phase mainly for two reasons:

1. Typically main engines start when they are cold and this causes significantly different emissions in
quantity and quality (especially for HC and PM1o) compared to operating the engines when they
are not cold.

2. The engine load is not constant during maneuvering thus increasing emissions variability.

All these parameters should be taken into account for the accurate estimation of the emission factors.
Occasionally correction factors (FCF) are used to adjust emission factors for used fuel type (as fuel

composition changes from year to year):

EI:actual (gp(’”“ta”t/gmel) - EFbaseIine (gpo\lutant/g ) - FCF (4)

Depending on the specified air pollutant we use the following equations for CO,, NO,, SOx and PM1o
(Fourth IMO GHG Study, 2020; Third IMO GHG Study, 2014):

fuel

CO, (8, yp) (3114 07 3.206) - SFOC (e (5)

where 3.114 for HFO, LSFO and 3.206 for MGO are the CO, emission factors based on fuel type.

_ . »-0.20 .

NOX(g/kWh) =45-n (6a) IMO Tier |
AN . 1023 .

NOx(g/kWh)—M n (6b) IMO Tier II
_q . n-0.20 .

NOX(g/kWh)—9 n (6¢) IMO Tier Il
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with n being the engine revolution speed.

SO, (g/kWh)=SFOC( ) 2-0.97753 - (% Fuel Sulfur) (7)

gfuel/kvvh

where: 0.97753 is the sulfur conversion factor of S to SOx and 2 is the molecular weight ratio of SOx and
S.

PM )= 1.35+ SFOC( ) -7 -0.02247 - (% Fuel Sulfur - 0.0246) (8a)

g g
10,HFO (/i fuel/ wh

PMsonigo () = 0-23 + SFOC )7+ 0.02247 - (% Fuel Sulfur-0.0024)  (8b)

gfuel/kWh

It is well understood from the above equations that:
i. CO, emissions depend exclusively on the fuel type, as depicted by equation (5),
ii. NOx emissions depend exclusively on engine rev. speed (n), as depicted by equations (6a), (6b) and
(6c),
iii. SOx and PM1g emissions depend solely on the fuel type and particularly on its sulphur content, as
depicted by equations (7), (8a) and (8b).

3.2.3 Determination of engine power

One of the most crucial factors for the accurate estimation of air emissions in a bottom-up methodology
is the engine power. Typically for most ships the detailed power per engine is not known and only the
IMO number, size of the vessel and gross tonnage (GT) are widely available. Due to the lack of relevant
data in many cases engine power estimations are carried out based on average GT power. Thus, in
literature there is a typical methodology to estimate the installed main engine power based on GT
(Trozzi & Lauretis, 2019), with reference to 2010 passenger vessels world fleet (Powerme =
9.55078-GT%7>7%) or 2006 Mediterranean Sea fleet (Powerye = 42.966-GT%®0%), The installed auxiliary
engine power is estimated from an average ratio of Auxiliary Engines / Main Engines for passenger

vessels: 0.16 and 0.27 for the world and Mediterranean Sea fleets, respectively (Trozzi & Lauretis, 2019).

In the case of ships employing diesel-electric engines, all the required power for the regular ship’s
operation (including propulsion) results from main engines (which operate to generate electricity while
electric motors are used for propulsion). Diesel electric power generation scheme allows the most
flexible and efficient utilization of the fuel and thus it is usually implemented in most of the large scale
newly built vessels which have extensive power demand. For diesel-electric engines, various studies use
the average ratio of 0.278 for Auxiliary Engines / Main Engines for passenger vessels to estimate the AE
power (Moreno-Gutiérrez et al., 2015, 2019; Tzannatos, 2010).

For the current study the technical characteristics of all ships approaching the two ports under study,
i.e. type or model of main and auxiliary engines, were available from the DNV GL database
(vesselregister.dnvgl.com, 2022). Since now, DNV GL is the only major international accredited registrar
and classification society that provides free public access to basic ships’ data (IMO number, year of build,
flag, vessel length, width, draught, propulsion system, engines model). For those vessels that data were
not available through the DNV GL database, all necessary info were acquired from IHS Sea-Web

(SeaWeb, 2022). The current study will focus on the calculation of air emissions (CO,, SOy, NOx, PM1o)
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from the 10 passenger ferries and 88 different cruise vessels that operated in total in the studied ports
for five years period (2017-2021). 7 passenger ferries and 34 cruise vessels used conventional
propulsion, while 3 ferries and 54 cruisers had diesel-electric engines. The necessary technical details
for the 98 vessels were retrieved, thus providing a detailed inventory for 41 different engine models

mainly extracted from relevant technical datasheets and manufacturers’ websites.

The average gross tonnage (GT) based on real data for the ships in the studied ports has been used as
input for the estimation of ME and AE via both the abovementioned methodologies (i.e. Powerye =
9.55078-GT%757% or Powerye = 42.966-GT%%%%) and the calculated engine data are depicted on Table 7.
These data refer only to vessels with conventional propulsion and separate ME—AE engines, since for

diesel-electric vessels AE power must be estimated using a ratio of total power.

Table 7: Comparison between different engines power estimation approaches.

Average technical characteristics of ships in studied ports
. Based on Based on
Vessels Based on real technical data ME = 9 55078*GT0757 ME = 42.966*GTO6035
Tvpe Number ME AE AE/ME ME AE AE/ME ME AE AE/ME
P (kW) (kw) | rato | (kw) | (kw) | ratio | (kW) | (kw) | ratio
Cruise 14,128 2,260 11,579 3,126
hips 34 28,096 | 18,956 | 0.675 (45.7%) | (:88.19%) 0.16 (55.8%) | (:83.5%) 0.27
Passenger 16,715 2,674 15,379 4,152
ferries / 28,935 | 4369 1 O.I1 1 45 ha) | (38.8%) | O1° | (-a6.8%) | (0.05%) | O

The comparison of the calculated engines’ values clearly shows that using the two methodologies (based
on average GT power), leads in all cases in underestimation of the engine power values and the
observed differences between the real technical data are extremely high (reaching deviations of more
than 58% and 88% for ME and AE respectively). Thus we can infer that the estimation of the main engine

power as a function of GT (for both methodologies) is not a reliable approach.

3.2.4 Determination of SFOC values

Over the years, ship engines have evolved due to the application of modern electromechanical
technologies. However, it is not possible to operate with maximum fuel economy across the full range
of engine loads. For this reason, engines are adjusted according to their operational status (i.e. the type
of routes and the typical engine load they employ) in order to optimize their performance within a
specified load range, thus achieving fuel economy and less air emissions (for the specified operational
thresholds). Usually the "optimal" range of engine load is at 0.75 - 0.85 of their nominal engine power
and the operation outside this range leads to higher SFOC, fuel consumption per unit of power (gr /
kWh). In relatively new engine technologies, the on board engineer can electronically adjust in advance
the optimal range of engine load, but older engines require mechanical settings that demand actions

from the engine manufacturer (e.g. valve timing, fuel injection mode, etc) (MAN Diesel &Turbo, 2019).

One important parameter for diesel engines is SFOC, which shows the amount of fuel needed for the
production of 1 kWh of energy. This parameter varies over the lifetime of the engine, while increments

in SFOC may occur between service intervals and they can be attributed to various factors: dirty intake
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air filters, partly blocked turbocharger and/or charged air coolers, dirty nozzle rings, worn injection
pump elements and injection nozzles, etc. Additionally other factors can cause continuous variations in
SFOC, for example differences in fuel quality (e.g. fuel water content, low fuel heat value, fuel sulphur
content and fuel ash content). Typically, a regular periodic engine service according to manufacturer's
instructions, can decrease, or in the best case, eliminate these increments (Lundh, Garcia-Gabin, Tervo,
& Lindkvist, 2016; MAN Diesel &Turbo, 2019) and since maritime companies have a big concern about
the reduction of fuel consumption, this is a major assumption that we made in our study (all engines
follow a regular periodic service according to manufacturer's instructions). Moreover, large ships like
cruise vessels or big passenger ferries have a set of engines with identical or in many cases with different
power capacity and varying number of operating hours, thus in most cases the operator’s selection on

which engine(s) will operate may lead to optimal performance and fuel consumption.

The instantaneous fuel consumption of the engine is calculated by the product of instant SFOC value
(gr/kWh) with the instant power of the engine (kW), thus resulting in a relatively linear relationship
between fuel consumption and instantaneous engine power. It is well understood that not all engines
have the same SFOC as they differ both in size (kW power), revolution speed, manufacture year and
technology used. For a complete study for a ship, all engines (ME and AE) should be modeled separately
to accurately calculate fuel consumption and finally air emissions. However, in practice this is not so

simple, as the engine manufacturers do not publicize all required data.

The major engine manufacturers for each new engine model launched in the market, usually provide in
public the technical specifications including the SFOC, but only at representative engine load levels (e.g.
0.5, 0.75, 0.85, 1), while in most cases SFOC values are given for only one or two engine load values.
Thus in general SFOC data are not publically available from maritime companies. In our case, it is
necessary to estimate the SFOC values in all needed engine loads and then proceed to calculate fuel

consumption and total air emissions as described in paragraph 3.2.

Indicatively, Table 8 depicts SFOC values of three of the most commonly used engines both in passenger
ferries and cruise vessels of our study, as provided from the manufacturers technical datasheet
(Caterpillar Marine Power Systems, 2008; MAN, 2019; Wartsila 38 Project, 2008). In the case that SFOC
values are known for at least more than three different engine load levels, we can employ a regression
analysis via a second degree regression polynomial (via a typical statistical software package, i.e.
Minitab, SPSS or even Excel) in order to determine the whole SFOC vs engine load curve. These
polynomials have been used in the literature and have the form (Jalkanen et al., 2012; Lundh et al,,
2016; Third IMO GHG Study, 2014):

SFOC=a-l?+bL+c 9)

where Lis the engine load (values ranging from 0 to 1), while the coefficients a, b and ¢, depend on the

respective engine.

Table 8: SFOC values for major manufacturers' typical engines.

Engine SFOC (gr/kWh)
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load Wartsila 12V38 | Caterpillar MAK SM43C | MAN 8L48/60B
0.50 185 185 -
0.75 179 178 -
0.85 178 176 182
1 182 177 186

The curve provided from the regression analysis allows the calculation of the consumption at every level
of the engine load. For the two engines with four SFOC values available, i.e. Wartsila 12V38 and
Caterpillar MAK 9M43C, the polynomials derived from the regression analysis are: SFOC = 217.4 -
95.64-L + 59.59-L.2 and SFOC = 220.2 - 97.32-L + 53.95:L?, respectively. For the third engine (i.e. MAN
8L48/60B) that not enough SFOC values are available, we used the second degree SFOC polynomial
(eq.10a, 10b), described in STEAM?2 model (Jalkanen et al., 2012). The STEAM and the updated STEAM?2
models assume a parabolic function for all engines, derived after a regression analysis of the
comprehensive SFOC measurement data taken from major engine manufactures (Wartsila, MAN,

Caterpillar).
SFOCrelative = 0.455:L.2—=0.71-L + 1.28 (10a)

The typical engine consumption, SFOC, is calculated by multiplying SFOCrelative (for the specific load level

we are interested) with the specific engine base consumption (SFOCpase). That is:
SFOC = SFOCrelative - SFOCpase (10b)

The SFOChase is the lowest SFOC value (normally this is observed at 0.75-0.85 load range) and for MAN
8L48/60B as we see from Table 3 the lowest value is 182 gr/kWh. Thus from equations 10a and 10b we
can calculate SFOC for the missing load levels, i.e. for 0.5 and 0.75 the SFOC is 189.1 gr/kWh and 182.6
gr/kWh respectively. Due to literature the abovementioned process is the most reliable (Jalkanen et al.,
2012; Moreno-Gutiérrez et al., 2019; Third IMO GHG Study, 2014) to calculate missing SFOC values
when experimental data are not available. After the additional SFOC data calculation for MAN 8L48/60B,
we can proceed to the regression analysis, which gives the following polynomial: SFOC = 232.96 -
129.22-L + 82.81:L% The abovementioned process has been followed for all 41 engines, as in the best
case 4 or 3 SFOC values were provided by the manufacturers (i.e. for 11 and 6 engines respectively),

while in most cases less than 2 SFOC values were available.

Figure 4 represents the calculated (lines) and real values (markers) of SFOC vs the engine load for the
three engines depicted in Table 8. We can easily infer that there are differences in consumption at each
engine load level, and the dependence between SFOC and engine load is not linear but almost parabolic.
The minimum fuel consumption is for engine load of 0.8 to 0.85, which corresponds to the optimal
working conditions in terms of consumption and efficiency. On the other hand, it is evident that the use

of the regression analysis provides an accurate estimation of SFOC for the whole range of engine load.
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Figure 4: Typical SFOC curves for Wartsila, Caterpillar MAK and MAN engines.

As already mentioned the calculation of air emissions from ships largely depends on the employed
emission factors, which typically due to lack of data are based on the professional or empirical
assessment of the researcher. In order to emphasize the importance of the current study and validate
the role of accurate SFOC values in the calculated air emissions we have calculated the fuel consumption
and CO, emissions for a typical hoteling phase of a Wartsila 12V38 engine using SFOC values based on

the regression analysis and on conventional methods widely used in the literature.

Wartsila 12V38 is a 4-stroke diesel engine, turbocharged and intercooled with direct injection of fuel,
8700 kW nominal power and 600 rpm nominal speed, and it has been designed to be used as a main
propulsion and/or auxiliary engine (Wartsila 38 Project, 2008), while its SFOC (as described earlier) is
given by the regression equation 217.4 - 95.64-L + 59.59:L2. As presented in Table 6 the load factor
during the hoteling phase varies from 0.3 to 0.6, depending on the type of vessel (i.e. cruise or passenger

ferry) and the season (i.e. summer or rest of year).

Apart from the use of the regression analysis as described above, SFOC values at various engine load
levels are calculated in the literature either by using adjustment factors (Faber, Freund, Kopke, &
Nelissen, 2010; Styhre et al., 2017) or based on scientific reports of IMO (Third IMO GHG Study, 2014)
and/or ENTEC UK (ENTEC, 2002). Based on the former methodology for 4-stroke engines and for engine
load greater than 0.5 MCR the recommended SFOC is the nominal, while for engine load less than 0.25
MCR or 0.25 — 0.50 MCR, the recommended SFOC is 1.7 times and 1.15 times the nominal value
respectively. The creation of emissions inventories via the use of emission factors reported by either
the IMO and/or ENTEC is common in the literature, but the provided emission factors from both reports
are based on SFOC value equal to 227 gr/kWh at 0.75 engine load. In Table 9 we present the

manufacturer’s SFOC values, those calculated via the regression analysis, the IMO-ENTEC studies and
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the application of the adjustment factors.

As we can see the application of the adjustments factors on the manufacturer’s SFOC value (column 5)
results to differences ranging from -1.6% to 54.2%. For engine load levels more than 0.5 the two
methodologies provide similar values but for lower engine load levels the application of adjustment
factors increases the SFOC values. On the other hand, the application of adjustment factors on the
IMO/ENTEC SFOC value (column 6) provides significantly increased SFOC values with differences ranging
from 22.7% to 92.3%. From this analysis it is evident that in both cases of application of adjustment
factors, the SFOC values especially during the "hoteling" phase are systematically overestimated
compared to the values provided by the regression analysis methodology.

Table 9: Comparison of SFOC values for engine Wartsila 12V38 estimated with different
methodologies.

SFOC (gr/kWh) Difference
rone | Mo | S | o | M et
(3) (5) (6)

0.20 - 200.7 - (182 x 1.7) = 309.4 (227x1.7)=3859 | +54.2% | +92.3%

0.30 - 194.1 = (182 x1.15)=209.3 | (227x1.15)=261.1 | +7.8% | +34.5%

E" 0.40 = 188.7 = (182 x1.15)=209.3 | (227x1.15)=261.1 | +10.9% | +38.4%
gﬂ 0.45 = 186.4 = (182 x1.15)=209.3 | (227x1.15)=261.1 | +12.3% | +40.1%
E 0.50 185.0 185.0 - 182.0 227.0 -1.6% +22.7%
0.60 - 181.5 - 182.0 227.0 +0.3% +25.1%

0.75 179.0 179.0 227.0 182.0 227.0 +1.7% +26.8%

0.85 178.0 178.0 - 182.0 227.0 +2.2% +27.5%

1.00 182.0 182.0 - 182.0 227.0 0% +24.7%

The importance of the above findings is obvious when it comes to the quantification of air emissions. In
Table 10 we present the results for total fuel consumption and CO, emissions for a Wartsila 12V38

engine for 10 hours operation at hoteling phase (almost average duration for the ships of our study).

In the parentheses we present the additional amounts compared to the values derived when the SFOC
with regression analysis is used. It is evident that the employment of low accuracy SFOC values results

to the calculation of significantly increased fuel consumption and air emissions.

Table 10: Total fuel consumption and CO; emissions for a Wartsila 12V38 engine during 10h operation
at hoteling phase.

SFOC with adjustment
factors on
manufacturers' values

SFOC with adjustment
factors on IMO/ENTEC

Engine | SFOC with regression

Vessel-Season ;
Load analysis
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Fuel (t) COz (t) Fuel (t) CO2 (t) Fuel (t) CO2 (t)
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e | | o | | o | o s [ o
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3.3 Case study results

The calculation of fuel/energy consumption and air emissions (CO,, SOx, NOx, PMyo) for passenger ferries
and cruise vessels was carried out for the two major ports of Crete island in Greece, i.e. Souda and
Heraklion (see Figure 5), for a 5 years period (2017-2021). An important part of the current study is to
present a comparative analysis between different approaches for calculating on-board ship's emissions
and fuel consumption based on operational data and to make clear the differences and accuracy of each
method. A bottom-up calculation methodology has been employed for each ship, based on equation
(2), mainly depending on data for engine power and load factor, operating phase duration, SFOC and
emission factor for each gas emission. One of the main parameters that vary is SFOC, and we have
analyzed in previous paragraphs the different approaches for its estimation, i.e. based on regression

analysis or via the application of specific adjustment factors.

Engine power can be determined accurately from the manufacturer technical datasheets, or if not
available it is estimated via expressions for the average 2010 World fleet or the 2006 Mediterranean
Sea fleet. The duration of the operational phases for both passenger ferries and cruise ships was based

on a thorough study of the itineraries.

54



PhD thesis: “Comparison of methodologies for the calculation of air emissions in shipping.

Model development and optimization of fuel consumption”

Figure 5: Map of Greece — Ships route from Piraeus to two major Crete ports (Souda and Heraklion)

Based on the variations in engine power and SFOC estimation methodology, four basic scenarios (1A,
1B, 2A and 2B) have been studied and compared as presented in Table 11. The SFOC base value is taken
from the manufacturer technical datasheet for scenario 1B, while for 2A and 2B from the IMO GHG

Study (Third IMO GHG Study, 2014).

Table 11: Alternative scenarios based on engines power and SFOC estimation methodology

ME = 42.966*GT06%3> | AE/ME=0.27

SFOC based on SFOC based on
regression analysis adjustment factors
Manufacturer's technical datasheet 1A 1B
Average 2010 world fleet HA
ME = 9.55078*GT%7°7°  AE/ME=0.16
2006 Mediterranean sea fleet -8
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3.3.1 Ship calls at the studied ports

Passenger ferries (10 different ships, owned by three different shipping companies) are operating on
daily routes all year around between the two studied ports and the port of Piraeus in mainland Greece,
while cruise ships (88 different vessels) sail mainly during the summer period in both ports. All data
regarding ships arrivals and duration of port calls were collected and validated from Port authorities and
a web based cruise portal (Hellenic Ports Association, 2022). To confirm the above data and determine
the required duration of each operating phase we conducted an extensive search in the related AlS
databases for the itineraries of our study.

As resulted from the available data for the last pre-Covid era (year 2019), the 10 major Mediterranean
cruise ports hosted a total of about 18.5 million cruise passenger movements. While this is a 9.23%
increase compared to its last year (2018) as an example Barcelona reaches an all-time record as a major
Mediterranean cruise port for second consecutive year, hosting more than 3 million cruise passenger
movements (MedCruise, 2019). Cruise industry was expected to have continuously increased trend not
only in the Mediterranean region but globally also. But as already known the forecasts have been
negatively overtaken by Covid-19 pandemic, following the social distancing measures and travel
restrictions. Cruise industry was the travel sector, which has been particularly badly hit with revenues

nearly zero for months.

As depicted in Table 12 and presented in Figure 6, the ports under study reported significant decreased
cruise ship calls during the last two Covid-19 years 2020, 2021 (2020 comparing to 2019: -90.7% for
Heraklion and -100% for Souda and 2021 comparing to 2019: -43.1% for Heraklion and -52.7% for

Souda) and this affected to fuel and energy consumption also (as it is obvious from the data in table 12).

Table 12: Cruise and passenger ferries fuel & Energy consumption (Souda and Heraklion ports)

Ship Port stay Fuel Energy
Year  Sector Port calls Duration (h) (t) (kwh)
Cru Souda 89 9:58:58 1,239.250 6,616,670.7
ruise
~ Heraklion 129 8:03:15 1,594.064 8,445,920.1
< ) Souda 382 12:32:59 3,163.416 15,232,445.3
Passenger ferries
Heraklion 690 14:20:08 11,785.039 61,426,194.3
Crui Souda 80 10:13:18 1,431.407 7,478,354.7
ruise
9 Heraklion 188 9:09:47 2,557.107 13,300,590.1
< ) Souda 536 13:21:59 3,725.798 18,218,715.2
Passenger Ferries
Heraklion 731 12:32:55 11,671.577 60,686,025.0
Crui Souda 148 9:06:41 1,877.984 9,813,756.1
ruise
) Heraklion 204 10:26:12 2,619.560 13,675,825.8
5 ) Souda 709 9:06:13 7,628.536 38,208,089.7
Passenger ferries .
Heraklion 745 10:05:39 11,318.339 58,434,802.8
] Souda 0 - - -
Cruise )
S Heraklion 19 15:06:19 470.068 2,533,515.7
< ) Souda 677 9:38:15 6,896.137 35,118,325.9
Passenger ferries )
Heraklion 722 10:49:42 11,882.128 61,726,969.4
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i Souda 70 10:25:43  1,080.044  5,673,167.6
ruise
= Heraklion 116 15:13:57  2,291.526  12,427,257.7
S . Souda 683 10:52:27  7,804.122  40,001,254.7
Passenger ferries )
Heraklion 707 11:47:12  12,237.923  63,667,330.9

Although the assumption that passenger ferries’ ship calls would decrease due to Covid-19 as happened
with cruise sector seemed reasonable, finally the observed reduction is not so significant (2020
comparing to 2019: -3.1% for Heraklion and -4.5% for Souda and 2021 comparing to 2019: -5.1% for
Heraklion and -3.7% for Souda). Table 13 depicts the variation of relevant data comparing to 2019
(passengers, vehicles and freight cargo vehicles). It is evident that even if the trend of all transportation
types units (passengers, vehicles, cargo) from 2017 to 2019 is increased, in 2020 there is a significant
decrease especially to passengers (around 50% for both ports) and vehicles (-39.6% for Souda and -

37.9% for Heraklion), due to Covid-19 applied travel restrictions and the insecurity of people to move

freely.
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Figure 6: Annual ship calls for ports Souda and Heraklion (years 2017-2021)

Even 2021 was not a recovery year since significant reduction occurred: passengers -41.9% for Souda
and -43.4% for Heraklion, vehicles: -16.2% for Souda and -17.3% for Heraklion. After 2019, cargo
vehicles had a decrease also, but not so large (2020: -12.8% for Souda and -5.7% for Heraklion, 2021: -
1.3% for Souda and +8% for Heraklion) like passengers and vehicles. This is because population has
continuously needs of goods and freight cargo and this part of transportation is not affected as much

as other.
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Table 13: Passenger ferries data difference comparing to 2019

Souda Heraklion
Year Passengers Vehicles Cargo Passengers Vehicles Cargo
2017 379,553 60,457 26,530 523,448 77,637 59,804
2018 439,043 +15.7 69,287 +14.6 30,067 +13.3| 500,163 -44 76,490 -15 59,138 -1.1
2019 463,669 +5.6 78,669 +13.5 33,431 +11.2| 550,590 +10.1 86,530 +13.1 57,607 -2.6
2020 224,707 -51.5 47,503 -39.6 29,150 -12.8| 271,103 -50.8 53,744 -37.9 54,309 -5.7
2021 269,259 -419 65,922 -16.2 33,009 -1.3 311,596 -43.4 71,591 -17.3 62,237 +8.0

All the above significantly affected the income of the shipping companies. The Greek state from the
beginning of this crisis realized that passenger ferries are closely linked to the viability of Greek islands,
the preservation and increase of their population, the tourist development, the Greek economy and
supported shipping companies to compensate for the losses of income due to Covid-19 travel
restrictions. This is mainly the reason why we observe significant decrease of transportation units

(passengers, vehicles, cargo) and we don’t observe similar decrease of ship calls.

3.3.2 Results for the basic scenario

The basic scenario that will be used for comparison with all other cases is 1A, with the SFOC being
calculated based on manufacturer’s technical datasheet and regression analysis to fit all engine load
levels. The calculations for both main and auxiliary engines of fuel/energy consumption and air
emissions were performed for every ship call of each passenger ferry and cruise vessel approaching the
two studied ports. The fuel consumption for cruise ships and passenger ferries are summarized and
presented for each port per year in Figure 7, while in Table 14 the annual fuel and energy consumption
data (split for ME and AE) are depicted.

Table 14: Total annual fuel and energy consumption for passenger ferries and cruise ships

Main Engines (ME) Auxiliary Engines (AE) Total (ME+AE)

Year Sector Port Fuel (t)  Energy (kWh) Fuel (t) Energy (kwh) Fuel (t) Energy (kWh)
Cruise Souda 80.620 387,139.5 1,158.630 6,229,531.2 1,239.250 6,616,670.7

™ Heraklion 109.081 543,035.9 1,484.982 7,902,884.3 1,594.063 8,445,920.2
S Passenger Souda 778.721 3,602,467.5 2,384.695 11,629,977.8 3,163.416 15,232,445.3
ferries Heraklion 1,177.750 5,701,667.8 10,607.289 55,724,526.5 11,785.039 61,426,194.3

) Souda 87.319 409,068.8 1,344.088 7,069,285.9 1,431.407 7,478,354.7

® Cruise Heraklion 148.673 724,724.6  2,408.434 12,575,865.5 2,557.107 13,300,590.1
S Passenger Souda 1,160.621 5,504,666.7 2,565.176 12,714,048.5 3,725.797 18,218,715.2
Ferries Heraklion  1,754.589 8,526,966.6 9,916.989 52,159,0584 11,671.578 60,686,025.0

Cruise Souda 169.348 777,669.3 1,708.636  9,036,086.8 1,877.984 9,813,756.1

a Heraklion 149.805 733,528.5 2,469.755 12,942,297.4 2,619.560 13,675,825.9
< Passenger Souda 1,747.410 8,362,197.1 5,881.127 29,845,892.6 7,628.537 38,208,089.7
ferries Heraklion 2,733.563 13,356,848.3 8,584.776 45,077,954.5 11,318.339 58,434,802.8
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Souda = = = = - -
Q Cruise Heraklion 19.603 100,322.7 450.465  2,433,192.9 470.068  2,533,515.6
S Passenger Souda 1,535.285  7,519,517.7 5,360.853 27,598,808.2  6,896.138 35,118,325.9
ferries Heraklion 2,411.153 11,779,995.9 9,470.975 49,946,973.5 11,882.128 61,726,969.4
Cruise Souda 93.704 389,026.1 986.339  5,284,141.5  1,080.043  5,673,167.6
= Heraklion 107.294 543,043.6 2,184.232 11,884,214.1  2,291.526 12,427,257.7
S Passenger Souda 1,495.250  7,359,168.8 6,308.871 32,642,085.9  7,804.121 40,001,254.7
ferries Heraklion 2,344.681 11,458,172.1 9,893.243 52,209,1589 12,237.924 63,667,331.0

We observe that there is a big difference in fuel consumption for AE compared to ME for both types of

ships during their stay in ports. This is perfectly normal, as the auxiliary engines of ships operate

continuously during mooring and maneuvering and at a relatively high load, while on the other hand

main engines operate for significantly less time during the maneuvering phase and at a lower rate and

engine load.

The most fuel/energy consuming sector per ship call differs for the two ports (Table 15): the passenger

ferries dominate in terms of fuel/energy consumption in Heraklion (until 2019) while for Souda cruise

ships prevail for all years. For years 2020 and 2021 Heraklion cruise has a significant increase on average

fuel and energy consumption in port and as we observe to our dataset (table 12, column 5) this is due

to longer average duration of stay at port for the cruise vessels. Longer stay means more fuel/energy

consumption at port.
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Figure 7: Annual fuel consumption for passenger ferries and cruise ships (2017-2021)
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Table 15: Fuel & Energy consumption per ship call for passenger ferries and cruise ships

59



PhD thesis: “Comparison of methodologies for the calculation of air emissions in shipping.
Model development and optimization of fuel consumption”

Fuel per ship  Energy per ship

Year Sector Port call (1) call (kwh)
) Souda 13.924 74,344.6
Cruise )
~ Heraklion 12.357 65,472.2
Q , Souda 8.281 39,875.5
Passenger ferries
Heraklion 17.080 89,023.5
) Souda 17.893 93,479.4
Cruise )
] Heraklion 13.602 70,747.8
Q . Souda 6.951 33,990.1
Passenger Ferries )
Heraklion 15.967 83,017.8
. Souda 12.689 66,309.2
Cruise )
) Heraklion 12.841 67,038.4
Q , Souda 10.760 53,890.1
Passenger ferries )
Heraklion 15.192 78,436.0
) Souda - -
Cruise )
S Heraklion 24.740 133,342.9
Q , Souda 10.186 51,873.5
Passenger ferries )
Heraklion 16.457 85,494 .4
) Souda 15.429 81,045.3
Cruise )
< Heraklion 19.755 107,131.5
Q , Souda 11.426 58,567.0
Passenger ferries )
Heraklion 17.310 90,052.8

The detailed quantities for air emissions have been calculated for all ship calls in both ports during five
years period 2017-2021, and in all cases as depicted in table 16, CO, emissions are the vast majority of

all other gas emissions in study. Actually they account for about 97-98% in terms of total air emissions

every year.
Table 16: Air emissions for Souda and Heraklion port (years 2017-2021)

Year Sector Port 32”: C(?)z S(?)X ’\:SX P'Z{cl)z > P('\:l)m
Cruise Souda 89 3,965.619 20.029 71.376 3.873 0.337
™ Heraklion 129 5,100.533 21.942 99.770 4.446 0.387
S Passenger Souda 382 10,070.270 30.501 185.018 5.833 0.507
ferries Heraklion 690 37,674.482 284.899 670.167 50.652 4.405
Cruise Souda 80 4,581.057 19.504 80.448 3.763 0.327
9 Heraklion 188 8,184.408 25.472 161.019 5.775 0.502
S Passenger Souda 536 11,838.131 52.079 215.637 9.413 0.819
ferries Heraklion 731 37,257.655 287.396 661.509 50.700 4.409
Cruise Souda 148 6,005.236 29.397 112.526 5.460 0.475
Q Heraklion 204 8,384.526 26.239 157.995 5.603 0.487
< Passenger Souda 709 24,296.325 155.804 427.945 27.509 2.392
ferries Heraklion 745 36,035.107 275.153 637.946 48.201 4.191

~N o Cruise Souda 0 - - - - -
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Heraklion 19 1,493.066 0.478 13.085 0.509 0.044

Passenger Souda 677  21,967.771 14.162 391.039 9.591 0.834
ferries Heraklion 722 37,872.275 18.993 671.593 16.522 1.437

Cruise Souda 70 3,430.522 1.098 40.197 1.215 0.106

< Heraklion 116 7,278.528 2.350 95.801 2.700 0.235
& Passenger Souda 683  24,882.451 14.847 444.048 10.908 0.949
ferries Heraklion 707  39,019.071 17.709 692.375 16.718 1.454

Air emissions are not all considered as air pollutants. CO; is the primary greenhouse gas emitted through

human activities, which is naturally present in the atmosphere as part of the Earth's carbon cycle (the

natural circulation of carbon among the atmosphere, oceans, plants, animals etc). Human activities are

altering the carbon cycle—both by adding more CO; to the atmosphere, and by influencing the ability of

natural sinks, like forests and soils, to remove and store CO, from the atmosphere. So obviously CO; is

not a pollutant and we have to present it separately. The detailed annual CO; air emissions quantities

during five years period 2017-2021 are graphically presented in figure 8.
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Figure 8: Annual CO, emissions for Souda and Heraklion ports
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Figure 9: Annual gaseous pollutants (NOx, SOx, PM’s) for Souda and Heraklion ports

Gaseous pollutants SOx, NOx, PM,s and PM1g are also depicted in Table 16. The detailed annual summary
of gaseous pollutants quantities during five years period 2017-2021 are graphically presented in figure
9. We observe that the most polluting sector in quantity terms is the passenger ferries in Heraklion
followed by passenger ferries in Souda. Cruise ships sector at Heraklion port is at the third place while

at last is cruise at Souda port. In figure 8 we observe similar status for CO, emissions also.

Figure 10 presents the quantity of air pollutants (NOyx, SOx, PMss, and PMyp) for the five years in study
for both sectors (ferries, cruise). As we see NOx emissions are the majority of all other gaseous pollutants
in study We also notice a significant reduction for SOx and PM’s for the last two years (2020-2021) and

this is due to new regulations initiated from 2020 (scrubbers, 0.5% S fuel).

An important finding is that the most air emission sector per ship call differs for the two ports (Table
17): the passenger ferries dominate in terms of air emissions in Heraklion (until 2019) while for Souda
cruise ships prevail for all years. For years 2020 and 2021 Heraklion cruise has a significant increase on
air emissions per ship call in port and as we observe to our dataset (Table 12, column 5) this is due to
longer average duration of stay at port for the cruise vessels. Longer stay means more fuel/energy

consumption and air emissions at port.
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Figure 10: Air pollutants quantity for Souda and Heraklion ports

Table 17: Air emissions per ship call for passenger ferries and cruise ships

CO2 per ship call  Air pollutants per

Port Year Sector (t) ship call (t)
Cruise 44.558 1.074
2017
Passenger ferries 26.362 0.581
Cruise 57.263 1.301
2018
Passenger Ferries 22.086 0.519
©
o Cruise 40.576 0.999
> 2019
8 Passenger ferries 34.268 0.866
Cruise = =
2020
Passenger ferries 32.449 0.614
Cruise 49.007 0.609
2021
Passenger ferries 36.431 0.689
Cruise 39.539 0.981
2017
- Passenger ferries 54.601 1.464
ke Cruise 43.534 1.025
= 2018 .
P Passenger Ferries 50.968 1.373
S
< Cruise 41.101 0.933
T 2019
Passenger ferries 48.369 1.296
2020 Cruise 78.582 0.743
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Passenger ferries 52.455 0.981

Cruise 62.746 0.871
2021

Passenger ferries 55.190 1.030

3.3.3 Results for the alternative scenarios

The four scenarios presented in Table 11, were selected in order to validate the effect of different SFOC
estimations on the estimation of fuel/energy consumption and air emissions. Scenario 1A depicts SFOC
values based on engine’s manufacturer’s technical data estimated via regression analysis, while SFOC
was calculated through adjustment factors applied on engine’s data (scenario 1B) and ME power
estimated through ship’s GT using data based either on average World fleet (scenario 2A) or
Mediterranean sea fleet (scenario 2B). In order to perform a reliable comparison between the three
alternative approaches (1B, 2A and 2B) and the basic scenario (1A), we have calculated for both
passenger ferries and cruise ships the 5-year average and the total values for fuel/energy consumption
and air emissions for ME and AE per approach for the studied ports. These results are presented in Table
17a and Table 17b, while in Figures 10, 11a and 11b the total fuel/energy consumption and air emissions
are depicted respectively. We can observe the following regarding the comparison of the results from
the four different approaches 1A, 1B, 2A and 2B.

Table 17a: Fuel and energy consumption per ship call and scenario for years 2017-2021

Souda port Heraklion port
Passenger ferries Cruise ships Passenger ferries Cruise ships
. Fuel Energy Fuel Fuel Fuel Energy
Scenario Energy (kWh Energy (kWh
© | wh | o [Fersr W Eneray (WRIE ST o)
ME | 2.249 10,829.6 1.114 5,072.1 2.899 14,137.3 0.815 4,031.5
1A
AE 7.533 38,309.6 |13.431]| 71,367.0 13.484 | 70,964.6 13.716 | 72,772.0
Total | 9.782 | 49,139.2 | 14.545| 76,439.1 |16.383( 85,101.9 | 14.531| 76,803.5
ME 3.415 10,829.6 1.667 5,072.1 4,488 14,137.3 1.225 4,031.5
1B
AE 8.096 38,309.6 |[13.990| 71,367.0 13.754 | 70,964.6 14.357 | 72,772.0
Total | 11.511 | 49,139.2 | 15.657| 76,439.1 |18.242( 85,101.9 | 15.582| 76,803.5
ME | 2.518 7,755.7 2.394 7,432.0 2.376 7,485.3 2.174 6,497.3
2A
AE 4.457 20,864.0 |12.243 | 59,950.4 5.338 24,649.3 13.572 ] 63,996.3
Total | 6.975 28,619.7 | 14.637 67,382.4 7.714 32,1346 15.746 | 70,493.6
ME | 2.055 6,305.1 2.048 6,348.7 2.227 7,015.8 1.938 5,762.0
2B
AE 6.169 28,771.7 |113.679 66,945.7 7.773 35,987.7 14.740 | 69,621.2
Total | 8.224 | 35,076.8 | 15.727| 73,294.4 |10.000( 43,003.5 |16.678| 75,383.2
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Table 17b: Total Fuel and energy consumption per scenario for years 2017-2021

Souda port Heraklion port
Passenger ferries Cruise ships Passenger ferries Cruise ships

Scenario Fuel Energy Fuel Energy Fuel Energy Fuel Energy

(t) (kWh) (t) (kwh) (t) (kwh) (t) (kwh)
ME | 6,717.287 | 32,348,017.8 | 430.991 1,962,903.7 [10,421.735| 50,823,650.8 534.456 2,644,655.3
1A AE |22,500.722]114,430,813.0| 5,197.694 | 27,619,045.4 148,473.271|255,117,671.8 | 8,997.868 | 47,738,454.2
Total [29,218.009| 146,778,830.8 | 5,628.685 | 29,581,949.1 | 58,895.006 | 305,941,322.6 | 9,532.324 | 50,383,109.5
ME |10,201.137| 32,348,017.8 | 645.150 | 1,962,903.7 |16,133.342| 50,823,650.8 803.639 2,644,655.3
18 AE |24,183.013]114,430,813.0] 5,413.966 | 27,619,045.4 149,447.030| 255,117,671.8 | 9,418.475 | 47,738,454.2
Total |34,384.150( 146,778,830.8 | 6,059.116 | 29,581,949.1 | 65,580.372 | 305,941,322.6 | 10,222.114 | 50,383,109.5
ME | 7,520.520 | 23,166,338.8 | 926.564 | 2,876,170.5 | 8,542.101 | 26,909,614.3 | 1,426.052 | 4,262,198.5
2A AE |13,314.254] 62,320,726.4 | 4,738.158 | 23,200,806.0 1 19,191.156| 88,614,092.1 | 8,902.918 |41,981,547.1
Total |20,834.774| 85,487,065.2 | 5,664.722 | 26,076,976.5 | 27,733.257 | 115,523,706.4 | 10,328.970 | 46,243,745.6
ME | 6,136.890 | 18,833,393.0 | 792.626 | 2,456,954.8 | 8,005.049 | 25,221,964.2 | 1,271.207 | 3,779,874.8
28 AE |18,428.181] 85,941,125.0 | 5,293.671 | 25,907,995.5 |27,943.456| 129,375,924.5| 9,669.265 | 45,671,511.6
Total |24,565.071| 104,774,518.0 | 6,086.297 | 28,364,950.3 | 35,948.505 | 154,597,888.7 | 10,940.472 | 49,451,386.4

Scenario 1B vs 1A: Comparing the basic scenario approach 1A and the alternative approach 1B, we see
that the values of average energy consumption are identical for all sectors and ports. This was expected
since all data for energy consumption calculation (as described in paragraph 3.2) depend on the MCR
of the engine, the load factor of the selected operational phase (hoteling, maneuvering and cruising)
and its duration, which are equal for both approaches. The use of approach 1B provides higher fuel
consumption values for both ME & AE, with significant difference for ME while for AE the values seem
to be similar. In terms of the air emissions, the use of approach 1B seems to provide slightly higher air
emissions values in total. We observe similar air emissions for both scenarios, except for the CO, which
is slightly higher for 1B. NOx and energy consumption values are identical for both scenarios, as the
emission factor depends exclusively on engine rev. speed (n), as depicted by equations (6a), (6b) and

(bc) at paragraph 3.2.2 which is the same for the two scenarios.

Scenario 2A vs 1A: In contrast with the results from the previous comparison we observe that total fuel
and energy consumption (for ME and AE) is significantly lower for the scenario 2A compared to 1A for
all sectors and ports. We observe a big difference for total fuel and energy consumption for passenger
ferries for both ports, while total fuel consumption for cruise ships at Souda port seems to be similar
between the two approaches and fuel consumption for cruise ships at Heraklion port seems to be close
to 1A approach. As a result, we clearly understand that approach 2A underestimates both fuel and

energy consumption (Figure 10) and thus these results to significantly reduced air emissions (which is
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proved from the results of Figures 11a and 11b).
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Figure 10: Total fuel and energy consumption for Souda and Heraklion ports (years 2017-2021)
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67



PhD thesis: “Comparison of methodologies for the calculation of air emissions in shipping.
Model development and optimization of fuel consumption”

Scenario 2B vs 1A: The use of scenario 2B results to lower fuel/energy consumption and air emissions in
almost all cases compared to approach 1A (except from cruise ships ME fuel consumption at Souda
port). For the cruise sector we observe similar fuel consumption for both scenarios at both ports: using
2B results to slightly lower fuel consumption for Heraklion port and slightly higher for Souda. Regarding
the energy consumption, approach 2B also leads to significant underestimation in all cases. As a result
we can conclude that approach 2B also underestimates both fuel and energy consumption and thus this

reflects to an underestimation of air emissions.

Due to the lack of publically available SFOC data, the application of various methodologies provides
results with significant differences. SFOC is considered as one of the most significant factor for the

precise calculation of fuel consumption, and consequently for the accurate estimation of air emissions.

The above mentioned methodologies aim for the estimation of air emissions from ships in ports based
on specific technical data. It is clear that no data based on real time air pollution monitoring from either
ports or ships are available in large scale nowadays. We can assume that online air pollution monitoring
through marine emissions monitoring systems, might be widely used in the near future. The new era of
shipping needs to demonstrate environmental responsibility as charterers and the public, demand high
standards of performance and reliability. The only robust and reliable method for the authorities to
monitor and control the air pollutants from ships and investigate non-compliance and possible violation

of the emissions regulations is the installation of onboard Marine Emissions Monitoring Systems.

3.4 Discussion on case study’s results

In this chapter we presented in detail all the main parameters, i.e. engine load, SFOC, emissions factors,
included in existing methodologies for calculating ships’ on-board emissions and emphasized on the
importance of having accurate SFOC values especially for low engine load levels. The proposed technical
approach to define SFOC via publically available operational data was compared to typical
methodologies (i.e. application of adjustment factors either on manufacturers' values or on IMO/ENTEC
data) and the results indicated that the application of adjustment factors leads to systematically
overestimated SFOC values especially during the "hoteling" phase. The importance of these findings was
validated via a bottom-up methodology employed for the quantification of fuel/energy consumption
and air emissions (CO3, SOx, NOx, PM,s and PMyg) in two major ports (Souda and Heraklion) of Crete
island in Greece for passenger ferries and cruise ships for five years period (2017-2021) for both main

and auxiliary engines of all vessels.

A detailed comparative analysis has been performed between different approaches for calculating on-
board ship's emissions and fuel/energy consumption, mainly focusing on the effect of SFOC and engine
power in the obtained results. The most accurate estimations were performed when SFOC was
calculated based on a regression analysis on widely available engines' technical data, and this was
considered as the basic scenario for comparison to alternative approaches. The use of SFOC values
calculated through adjustment factors applied on engines' data resulted in average energy consumption
identical for all sectors and ports, while in terms of air emissions it provided slightly higher values in

total. On the other hand, when the SFOC values were calculated through adjustment factors and the
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ME power was estimated via ship’s GT (using data based either on average World fleet or Mediterranean
sea fleet), both fuel and energy consumption were underestimated thus leading to a significant
underestimation of air emissions. The basic scenario reflects a complete methodological framework that
various stakeholders can follow to conduct air emissions calculations based on ships' operational data.

Regarding the comparison between passenger ferries or cruise vessels for the studied ports, in terms of
air emissions the results from the current study clearly show that the most polluting sector differs for
the two ports: passenger ferries dominate in Heraklion (until 2019) while for Souda cruise ships prevail
for all years. For years 2020 and 2021 Heraklion cruise has a significant increase on air emissions per
ship call in port and as we observe to our dataset (table 12, column 5) this is due to longer average
duration of stay at port for the cruise vessels. Longer stay means more fuel/energy consumption and air

emissions at port.

3.5 Reported fuel consumption vs Estimated Fuel consumption and CO, emissions.

For any researcher involved in the calculation of air emissions in shipping, there is almost always the
guestion regarding the accuracy of the results following a bottom-up methodological approach and
specific determination of parameters-factors that are included in the calculations. Since actual fuel
consumption and air emissions were not publically available before some years, EMSA/MRV-THETIS
Database (EMSA, 2022) is a very useful tool to provide actual (as reported from ship-owners) fuel

consumption and CO; emissions from ships.

In our current case study a bottom-up methodology was followed to calculate the fuel/energy
consumption and air emissions (including CO; emissions) of passenger ships for five year period (2017-
2021). An important detail on the above methodology is the accuracy of the specific approach that we
believe we have achieved. The main objective of this paragraph is to perform a comparative analysis
between fuel consumption and CO, emissions estimation (from the above mentioned results) and actual

fuel consumption.

Since detailed actual fuel consumption for ships is not publically available, as actual we assume the data
from the EMSA/MRV-THETIS database (EMSA, 2022) which provides annual reporting of fuel
consumption and CO, emissions. For reliable results we studied vessels that operated throughout one
year between ports under the EU MRV regulation. After studying the itineraries for passenger ferries
and cruise vessels for Souda and Heraklion for the most recent available data (2020) the presented
results hereafter focus on 5 passenger ferries which operated from Souda to Piraeus and Heraklion to
Piraeus. These ships do not use scrubbers and they consume fuel with 0.5% Sulphur content for ME and
0.1% for AE. Table 18a depicts the vessels that meet the above criteria and additionally their MRV
operational data that are available from EMSA/THETIS-MRV Database. The ships were using two

different monitoring methods of fuel consumption, which correspond to:
A. Bunker Fuel Delivery Note (BDN) and periodic stocktaking of fuel tanks and

B. Bunker fuel tank monitoring on board
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To fully understand the type and size of ships in study, table 18b depicts some more technical

parameters (length, width, GT, ME power, AE power, and percentage of each engine type to total).

During cruising (between ports) all engines (ME and AE) are operating in a relatively high rate (0.85 for
ME, 0.75 for AE at summer period (Jun-Jul-Aug) 0.60 for AE for all other months). This is reflected in fuel
consumption and CO, emissions and as it is normal, there is a big difference in the quantity of CO,

emissions occurred within ports and between ports.

This is depicted in Table 19 and represented in Figure 13 where we can observe that CO, emissions
between ports are more than 70% to total and depending on each ship is from 72.14% to 93.67%. Thus
itis critical to estimate as accurately as possible the fuel consumption and CO; emission especially during

the normal cruise operational phase, since this phase is a large part of the total.
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Table 18a: MRV data of passenger ferries exclusively operated during 2020 between major Crete ports and Piraeus port

IMO Ship Monitoring Time spent at sea Total fuel CO, emissions CO; emissions Total CO,
Number Name method annually consumption occurred within ports between ports emissions
(h) (t) (t) (t) (t)
7814046 F/B KRITI | A 781.48 2652.90 2319.86 6007.84 8327.70
7814058 F/B KRITI Il A 2739.52 9482.68 3854.53 25778.13 29634.66
7907673 F/B EL.VENIZELOS A 1210.72 3485.59 2251.85 8674.30 10926.18
8616336 F/B BLUE HORIZON B 1960.00 5354.22 1963.00 14788.00 16751.00
9035876 F/B BLUE GALAXY B 2651.38 9214.79 1819.31 26929.39 28748.70
Source EMSA/THETIS-MRYV Database (EMSA, 2022)
Table 18b: Technical characteristics of passenger ferries in study
IMO Ship Length Width Gross Main Engines Auxiliary Engines Total power

Number Name (m) (m) Tonnage power (kW) % power (kW) % (kw)
7814046 F/B KRITI | 192.0 29.4 27239 24,800 85.5 4,200 14.5 29,000
7814058 F/B KRITI 11 192.0 29.4 27239 24,800 85.5 4,200 14.5 29,000
7907673 F/B EL.VENIZELOS 175.5 28.5 38261 29,828 86.6 4,610 134 34,438
8616336 F/B BLUE HORIZON 187.0 27.0 27320 22,400 83.8 4,320 16.2 26,720
9035876 F/B BLUE GALAXY 192.0 27.0 29992 29,160 90.0 3,240 10.0 32,400
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Table 19: MRV data of CO, emissions variation within ports and between ports

CO, emissions  Participation CO, emissions  Participation Total CO,

IMO Shi s .
'P occurred within ~ to Total CO2  between ports  to Total CO2 Emissions
Number Name . .,
ports (t) Emissions (t) Emissions (t)
7814046 F/B KRITI | 2319.86 27.86% 6007.84 72.14% 8327.70
7814058 F/B KRITI Il 3854.53 13.01% 25778.13 86.99% 29634.66
7907673 F/B EL.VENIZELOS 2251.85 20.61% 8674.30 79.39% 10926.18
8616336  F/B BLUE HORIZON 1963.00 11.72% 14788.00 88.28% 16751.00
9035876 F/B BLUE GALAXY 1819.31 6.33% 26929.39 93.67% 28748.70
35000
0 CO; emissions between ports
v
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+ 30000
25000 —
20000 -
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10000 14788.00
8674.30
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Figure 13: CO, emissions based on MRV within ports and between ports.

In order to determine the required duration of each operating phase (at port or at sea) after studying
and validating ships itineraries, arrivals and duration of port calls and AlIS activity, table 20 depicts the
variation of annual time spent at sea between the EMSA/THETIS-MRV Database and our study. MRV
reports the duration of “Annual Time spent at sea” which is similar to the analytical itineraries presented
here, except for F/B EL.VENIZELOS that has a significant variation on annual time spent at sea. As it will
be explained in the results later, this is probably a reporting mistake in EMSA/THETIS-MRV Database,
since all other results for this ship have a much less difference. The small difference on annual time

spent at sea duration is a first good sign that the validation of operational phase’s duration that was
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performed during this study is correct. Also this factor takes part in the air emissions calculation and is
important to be as accurate as possible.

Table 20: Passenger ferries operational phase’s duration

IMO Ship Ship Annual Annual time MRV Annual Difference
Number Name calls time at at sea time spent at
port (h) (h) sea (h) (h) (%)

7814046 F/B KRITI | 81 1372.00 769.50 781.48 11.98 1.9%
7814058 F/B KRITI I 294 4293.75 2719.50 2739.52 20.02 0.7%
7907673 F/B EL.VENIZELOS 63 958.00 651.00 1210.72 559.72 46.2%
8616336 F/B BLUE HORIZON 177 2543.25 1829.00 1960.00 131.00 6.7%
9035876 F/B BLUE GALAXY 307 4415.00 2686.25 2651.38 -34:87 -1.3%

Table 21 compares the results of fuel consumption calculation for the five specific vessels for year 2020
following the bottom-up methodology described earlier in our case study and total fuel consumption
reported by MRV. The annual total fuel consumption is presented separately for ME and AE. This
separation is necessary later for accurately estimation of CO; air emissions, since ME and AE consume
different type of fuel (0.5% and 0.1% sulphur content respectively) with different emission factor for
each of them (3.114 or 3.206 respectively).

Table 21: Annual (2020) calculated total fuel consumption comparison with actual reported by MRV

IMO Ship ME Fuel AE Fuel Total MRV Total fuel Difference
Name (t) % (t) % (t) consumption (t)
7814046 F/B KRITI | 1,940.13 67.69 92594 3231 2,866.07 2,652.90 -8.04%
7814058 F/B KRITI II 6,847.77 68.35 3,171.26 31.65 10,019.03 9,482.68 -5.66%
7907673 F/BELVENIZELOS 2,327.28 62.27 1,410.19 37.73 3,737.47 3,485.59 -7.23%
8616336 F/BBLUE HORIZON 4,613.60 81.25 1,064.55 18.75 5,678.15 5,354.22 -6.05%
9035876 F/B BLUE GALAXY 8,965.84 86.99 1,340.91 13.01 10,306.75 9,214.79 -11.85%

As depicted in Figure 14 there is increased consumption of fuel at ME (depending on ship it is from
62.27% to 86.99%) comparing to total fuel consumption. This is normal since ME are bigger engines in
power (kW) and they need more fuel to operate (compared to AE). Actually ME power account for about

83.8% to 90% comparing to total and the rest percentage belongs to AE (table 18b).

Comparing the results of total fuel consumption from the bottom-up methodology and MRV report
(Table 21) and as graphically presented in Figure 15 it is clearly inferred that total fuel consumption
calculation has a small difference compared to actual fuel consumption (MRV). The variation is from -

5.66% to -11.85% (Table 21-last column) and can be rated as particularly low.
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Figure 14: Bottom-up methodology results - Annual fuel consumption per ship and engine type
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Figure 15: Comparison of total fuel consumption results of bottom-up methodology and MRV report
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By multiplying the fuel consumption of each engine type (fuel type) by CO, emission factor (per fuel
type) we finally estimate CO, emissions of fuel consumption. The estimation of CO, can allow the
confirmation that the results of the presented methodology are very close to actual CO, emissions
reported by MRV. These are depicted in Table 22 and presented in Figure 16, where it is observed that
the difference between estimated and actual CO, emissions is very small and in similar levels of fuel
consumption variation. By all these we can conclude that all parameters point to a successful application
of the calculation methodology that leads to results very close to CO; emissions reports to MRV for the

ships and ports in study.

Table 22: Passenger ferries total estimated CO, emissions comparison with actual reported by MRV

IMO Ship ME CO2 AE CO2 Total CO2 CO2 MRV Difference
Number Name (t) (t) (t) (t)
7814046 F/B KRITI | 6,041.57 2,968.57 9,010.14 8327.70 -8.19%
7814058 F/B KRITI Il 21,323.96 10,167.04 31,490.00 29634.66 -6.26%
7907673 F/B EL.VENIZELOS 7,247.15 4,521.06 11,768.21 10926.18 -7.71%

8616336 F/B BLUE HORIZON 14,366.75 3,41295  17,779.70 16751.00 -6.14%
9035876 F/B BLUE GALAXY 27,919.61 4,298.97  32,218.58 28748.70 -12.07%
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Figure 16: Comparison of total CO, emissions of bottom-up methodology and MRV report.
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In paragraph 3.3 we examined four alternative scenarios on fuel consumption and air emissions
estimation and in current paragraph we followed the methodology described as basic scenario
(determining SFOC through regression analysis and ME, AE based on manufacturer’s data). The rest
three scenarios were using different typical methodologies of determining SFOC (through adjustment
factors) ME, AE power and AE/ME ratio (using data based either on average World fleet or
Mediterranean Sea fleet).

Different estimations on main parameters of the calculation methodology lead to different results and
in the case of scenario for estimating SFOC through adjustment factors, provides higher fuel
consumption values for both ME & AE, with significant difference for ME while for AE the values seem
to be similar and in terms of the air emissions, seems to provide slightly higher air emissions values in
total. In the case of scenarios for estimating SFOC through adjustment factors and ME, AE power and
AE/ME ratio using data based on average World fleet and Mediterranean Sea fleet, both fuel and energy

consumption is significantly underestimated and thus this results to significantly reduced air emissions.

Focusing on the results of the basic bottom-up methodology scenario of fuel consumption and CO;
emissions of ships for year 2020 and comparing them to reported emissions data from EMSA/MRV-
THETIS Database, we find that the difference for the total fuel consumption is about -5.66% to -11.85%
and the difference for total CO, emissions is about -6.14% to -12.07%. As we understand from the
comparison between the four scenarios, none of the alternatives is appropriate to be used for air

estimation based on the itineraries, ships and ports in study.
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CHAPTER 4: EXTERNAL COSTS
ESTIMATION
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4.1 The concept of external costs

An external cost (or externality), in general, is interpreted as the cost of the impacts that arise from the
activities (social or economic) of a group of people to another group of people (CE Delft, 2019). External
costs are not simple to calculate and they can be distinguished into seven categories: accident, noise,
congestion, habitat damage, air pollution, climate change and well-to-tank emissions. In most cases,
these costs are not taken into account by the group of people who cause them (Ramalho & Santos,
2021) and, for example, shipping companies argue that external costs should not be considered at all
for their sector due to the social nature of their activities. This is certainly not very realistic, and even
though maritime transportation promotes economic growth and removes isolation between islands or
different geographic areas in general, it also contributes to the above-mentioned seven impact
categories. In order to evaluate the costs and benefits of shipping to society, it is necessary to consider

all benefits and costs, including the externalities.

Using market-based instruments to internalize external costs is generally regarded as an efficient way
to limit the negative side effects of transport and/or to generate income for the government (CE Delft,
2019). Applying these instruments in an efficient way requires detailed and reliable estimates of external
costs. This is the main objective of this study, which progresses compared to relevant previous studies
and publications from the authors. The European Commission (EC) recently stated (European
Commission, 2019) that the full impact of transport may only be accounted for by implementing the
main principles of “polluter pays”. This urges the internalization of external costs, which means making
the transport user accountable for the full costs of their transport decisions. Towards this, the EC will
propose to extend the European Emissions Trading System (ETS) and include the maritime sector, and

to reduce the EU emissions trading system allowances allocated for free to airlines.

4.2 Air emission costs

This chapter focuses on the external costs due to air emissions from passenger ships (ferries and cruise
vessels). As we described already in chapter 1, the air emissions from shipping can lead to various types
of damage, with the most relevant being the health impacts due to air pollutants. Further, also relevant

is the damage caused to various buildings and monuments, biodiversity and crop losses.

Hofbauer and Putz (Hofbauer & Putz, 2020), in their recent publication, presented a literature review
to estimate the number of studies found in academic databases dealing with external costs for the
transportation sector and identified the most commonly used external cost calculation methods for
inland waterways. The results show that while there is already a significant amount of papers dealing
with the external costs for road (556) and rail (242), the amount of papers focused on external costs for
shipping is rather low (i.e., 20 for inland waterways and 30 for maritime transport). Thus, it is clear that
there is available research space for more studies on the external costs of shipping with suitable and
original case studies. Further, as far as we know, by the time of this analysis, there has been no recent
similar study for passenger ships (both cruise and passenger ferries) for the presented ports.
Additionally, it is always useful for the local communities to know the environmental burdens of specific

sectorial activity (in our case ferries and cruise vessels), which promote economic development and
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growth, but ultimately, can cause external costs to local societies due to emitted air pollutants.

4.3 External Costs Estimation Methodologies

The externalities in this study cover health effects, materials and building damages, biodiversity and
crop losses loss caused by air emissions. There are two levels of calculation, which results in the total
external costs per pollutant and these are explained by the block diagram in Figure 17.

In the first level, we perform a calculation of the fuel/energy consumption of ports/ships in study
(applying the bottom-up approach which extensively described in chapter 3) and in conjunction to
specific emission factors (per emitted air pollutant) we calculate the total air emissions.

In the second level for the calculation of the total external costs, we use as input values the cost factor
per pollutant which is originally calculated based on the New Energy Externalities Developments for
Sustainability (NEEDS) approach and by taking into account the most recent results presented in the
“Handbook on the external costs of transport” (CE Delft, 2019). This handbook was prepared for
European Commission Directorate-General for Mobility and Transport and it presents the best practices
on the methodology to estimate different categories of external costs of transport, extended to all EU

member states, including emissions from other sources and maritime sector.
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Figure 17: Total external costs methodological framework

The maritime sector and specifically the inland waterway transport is the part of the handbook that we
focused on. The estimation of cost factors includes a broad update of the values originally provided by
NEEDS. Overall, the cost factors per country and per air pollutant are derived from the updated cost

factors, although further update is recommended, since NEEDS has not been updated and developed
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further from 2009. Additionally, the other similar method for estimation of cost factors, i.e., the “Clean
Air for Europe” (CAFE) Program of the EU, was updated recently, as International Institute for Applied
Systems Analysis (IIASA) reported (Amann & Wagner, 2014). For this reason the cost factors presented
in NEEDS have been adjusted as presented in “Handbook on the external costs of transport” and in our
detailed methodological approach.

4.4 Cost factors

In Table 23 (first line) we see the external cost factors for inland waterway transport of Greece, derived
from CE Delft (CE Delft, 2019). “Metropole” applies to port-cities with more than 500 thousand

I”

residents, while “City” applies to population under 500 thousand and “Rural” area is named when the
port is outside of city/metropole. In the first line of table 23 the cost prices are per kg of gaseous
pollutants during the year 2016. Because our study focuses to the last five years (2017-2021) we have
to adjust these cost prices using the country-specific Harmonized Index of Consumer Prices (HICP). For
Greece the official authority to calculate and publish HICP is Hellenic Statistics Authority, which for 2016
published 100.02. From 2016 and following years (for 2017-2021) we filled in extra lines with HICP and

adjusted cost prices.

Table 23: Greece's air pollution external costs in €/kg emission for inland waterway transport

Year HICP SOz NOx NOx PMzs PM2s PMzs PM1o
(City)  (Rural)  (Metropole) (City) (Rural)  (Average)
2016(base) 100.02 5.90 5.10 3.10 267.00 86.00 33.00 8.50
2017 100.15 591 5.11 3.10 267.35 86.11 33.04 8.51
2018 100.94 5.95 5.15 3.13 269.46 86.79 33.30 8.58
2019 102.46 6.04 5.22 3.18 273.51 88.10 33.81 8.71
2020 101.17 5.97 5.16 3.14 270.07 86.99 33.38 8.60
2021 101.75 6.00 5.19 3.15 271.62 87.49 33.57 8.65

4.5 EU Emission Trading Scheme (ETS)

The overall EU policy regarding the reduction in maritime-originated GHG emissions focuses on the
“polluters pay” principle and the implementation of the MRV system; the definition of reduction targets
and the application of market-based measures (European Commission, 2013) aim at this direction with

a long-term target on, including these in the EU ETS.

The estimated CO; emissions in this study seem to be a good proxy to calculate the anticipated future
cost of CO, emissions. We could consider it as a variant of the avoidance cost approach but it is
understandable that additional policy interventions are required to force users to switch to different

forms of fuels and energy resources in general.

Figure 18 shows the analytical development of the market price of CO, emissions (€/tCO,), data

provided by European Energy Exchange (EEX), where the increasing trend is obvious until the end of
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2020 and the strong increase for year 2021.
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Figure 18: EEX Emissions CO, market (2017-2021 average price in €)

At this point, we have to clarify that this price is the CO, emissions cost and not “Carbon cost”, since

3.67 tons of CO, emissions are equivalent to one ton of carbon (OECD, 2016a). The air emissions

estimation results (chapter 3) presented annual CO, emissions and the annual average market price was

taken into account. In Table 24 and Figure 19, the annual market price cost of CO, in EUR/t CO, for years

2017 to 2021 is presented. We observe a significant annual increase, even from year to year (+168.6%
from 2017 to 2018, +68% from 2018 to 2019 and +121% from 2020 to 2021) or from the first year 2017
(+340.5% from 2017 to 2019, +869.5% from 2017 to 2021).

Table 24: EEX Emissions CO, market price for years 2017-2021 in €/tCO, (EEX, 2022)

Year Min Max Average Variation from Variation from
(€/tCO2) (€/tC0O2)  (€/tCO2)  Previous year (%) 2017 (%)

2017 4.30 7.87 5.58

2018 7.65 24.86 14.99 +168.6

2019 18.33 29.42 24.58 +64.0 +340.5

2020 14.47 30.93 24.48 -0.4 +338.7

2021 32.61 87.48 54.10 +121.0 +869.5
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Figure 19: Annual EEX Emissions CO, market price (2017-2021, min, max and average price in €)
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4.6 External Costs Estimation

4.6.1 Air emissions

As depicted in table 16, CO; emissions are the vast majority of all other gas emissions in study. Actually
they account for about 97-98% in terms of total air emissions every year. Air emissions are not all
considered as air pollutants. CO; is the primary greenhouse gas emitted through human activities, which
is naturally present in the atmosphere as part of the Earth's carbon cycle (the natural circulation of
carbon among the atmosphere, oceans, plants, animals etc). So obviously CO; is not a pollutant and we
have to present it separately. The detailed annual CO; air emissions quantities during five years period

2017-2021 are graphically presented in figure 8.

Gaseous pollutants SOx, NOx, PM,s and PMy are also depicted in Table 16 and Figure 10 presents the
quantity of air pollutants (NOyx, SOx, PM. s, PMyo) for the five years in study.

4.6.2 External costs

Applying the methodology described in paragraph 3.2 and by combining table 16 (air emissions) table
23 (air pollution cost factors) and table 24 (average CO, market price) leads to the estimation of air
pollutants” external costs. The results depicted in table 25a (cruise sector) and 25b (passenger ferries

sector).

Figure 20 presents the external costs in EUR per ship call, and it is evident that the sector of passenger
ferries at Heraklion port leads for all years, followed by the cruise sector at Souda port (for 2017-18—
19) and cruise at Heraklion port (for 2020-21). For Souda port, the cruise sector leads with a wider

difference for years 2017-18-19 and a small difference for the last year 2021.
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As we notice from the air emissions results (Table 16) there was a significant reduction for SOx and PMs
for 2020-21 due to new regulations initiated from 2020 (scrubbers, 0.5% S fuel). This reduction affected
external costs also, even if at the last year (2021) CO, price was +121% higher.
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Figure 20: External costs in € per ship call (2017-2021 for passenger ferries and cruise ships)
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Table 25a: Air emissions externalities for cruise sector of ports Souda and Heraklion

Year Port Ship CO2 SOx NOx PM2s PM1o Total Externalities per
calls (€) (€) (€) (€) (€) (€) ship call (€)
Souda 89 22,128.15 118,369.90 364,733.01 333,481.46  2,865.83 841,578.35 9,455.94
2017 Heraklion 129 28,460.98 129,676.67 509,823.88 382,819.91  3,289.82 1,054,071.26 8,171.10
Souda 80 68,670.04 116,048.24 414,308.20 326,579.29  2,807.43 928,413.19 11,605.16
2018 Heraklion 188 122,684.28 151,557.98 829,246.10 501,255.48  4,309.02 1,609,052.87 8,558.79
2019 Souda 148 147,608.71 177,559.80 587,383.39 481,044.66  4,135.52 1,397,732.08 9,444.14
Heraklion 204 206,091.65 158,485.30 824,735.95 493,608.37  4,243.53 1,687,164.80 8,270.42
5020 Souda 0 - - - - - - -
Heraklion 19 36,550.26 2,852.98 67,517.90 44,299.72 380.83 151,601.68 7,979.04
Souda 70 185,591.22 6,588.04 208,622.98 106,288.12 913.79 508,004.14 7,257.20
2021 Heraklion 116 393,768.38 14,101.34 497,205.97 236,237.65 2,031.00 1,143,344.34 9,856.42
Table 25b: Air emissions externalities for passenger ferries of ports Souda and Heraklion
Year Port Ship CO2 SOx NOx PMzs PM1o Total Externalities per
calls (€) (€) (€) (€) (€) (€) ship call (€)
2017 Souda 382 56,192.11 180,261.68 945,440.72 502,320.85 4,316.77 1,688,532.13 4,420.24
Heraklion 690 210,223.61 1,683,750.39 3,424,553.70 4,361,635.10 37,482.41 9,717,645.20 14,083.54
2018 Souda 536 177,453.58 309,871.90 1,110,530.98 816,949.37 7,022.87  2,421,828.70 4,518.34
Heraklion 731 558,492.25 1,710,003.49 3,406,769.74 4,400,244.95 37,826.54 10,113,336.98 13,834.93
Souda 709 597,203.67 941,058.00 2,233,870.96 2,423,568.90 20,835.30 6,216,536.84 8,768.04
2019 Heraklion 745 885,742.94 1,661,924.97 3,330,075.83 4,246,471.25 36,506.70 10,160,721.69 13,638.55
Souda 677 537,771.02 84,548.36 2,017,762.39 834,327.89 7,172.46  3,481,582.12 5,142.66
2020 Heraklion 722 927,113.29 113,388.98 3,465,418.71 1,437,278.01 12,355.83  5,955,554.82 8,248.69
Souda 683 1,346,140.60 89,081.16 2,304,611.58 954,338.26  8,204.69 4,702,376.29 6,884.88
2021 Heraklion 707 2,110,931.74 106,254.73 3,593,428.12 1,462,692.28 12,575.14  7,285,882.01 10,305.35
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4.7 Understanding the financial cost of externalities

One way to understand the true cost of the externalities is by comparing them with the shipping

companies’ revenues and estimate the impact they would incur if they were asked to pay this cost.

Currently, this comparison is possible only for the passenger ferries sector, since there are publicly

available data: average ticket fare price per transportation category of passengers, vehicles and cargo

vessels, shipping companies’ annual financial statements and/or info from travel agents, which allows

the calculation of the annual revenue per transportation category and route line (Table 26).

Table 26: Annual revenue per transportation category for passenger ferries

Vear Port Ship Passengers Vehicles Cargo Vehicles Total Revenue
Calls | Quantity Price (€) | Quantity Price (€) | Quantity Price (€) (€)

Souda 382 379,553 26.58 60,457 44 .96 26,530 220.90 18,854,631.91

2017 Heraklion 690 523,448 25.33 77,637 44,72 59,804 250.49 31,941,528.12
2018 Souda 536 439,043 26.54 69,287 42.30 30,067 199.24 20,486,784.86
Heraklion 731 500,163 24.55 76,490 42.89 59,138 249.97 30,643,770.70

2019 Souda 709 463,669 26.95 78,669 36.24 33,431 207.08 22,363,264.02
Heraklion 745 550,590 21.40 86,530 38.63 57,607 255.69 29,908,545.52

2020 Souda 677 224,707  29.79 47,503 38.64 29,150 218.50 14,940,490.81
Heraklion 722 271,103 23.64 53,744 40.59 54,309 256.19 22,654,566.23

2071 Souda 683 269,259 31.90 65,922 39.59 33,009 219.20 18,415,386.68
Heraklion 707 311,596 25.90 71,591 42.11 62,237 258.78 27,361,421.93

Table 27 depicts the total annual revenue and by combining the externalities per port and year, we can

derive some important findings (blue columns). Thus, the externalities represent a significant amount
of total revenue (about 25—-35% from 2019 to 2021), which about 7-8% (for year 2021) comes from CO,

external cost and the rest from NOy, SOy, PM.

Table 27: Annual revenue and external costs for passenger ferries

Ship Revenue Externalities

Year Port Calls Total CO2 NOx, SOx, PM Total
(€) (€) (%) (€) (%) (€) (%)
5017 Souda 382 18,854,631.91 56,192.11 0.3 1,632,340.02 8.7 1,688,532.13 9.0
Heraklion 690 31,941,528.12 210,223.61 0.7 9,507,421.60 29.8 9,717,645.20 30.4
Souda 536 20,486,784.86 177,453.58 0.9 2,244,375.12 11.0 2,421,828.70 11.8
2018 Heraklion 731 30,643,770.70 558,492.25 1.8 9,554,844.72 31.2 10,113,336.98 33.0
5019 Souda 709 22,363,264.02 597,203.67 2.7 5,619,333.16 25.1 6,216,536.84 27.8
Heraklion 745 29,908,545.52 885,742.94 3.0 9,274,978.75 31.0 10,160,721.69 34.0
5020 Souda 677 14,940,490.81 537,771.02 3.6 2,943,811.10 19.7 3,481,582.12 23.3
Heraklion 722 22,654,566.23 927,113.29 4.1 5,028,441.53 22.2 5,955,554.82 26.3
091 Souda 683 18,415,386.68| 1,346,140.60 7.3 3,356,235.69 18.2 4,702,376.29 25.5
Heraklion 707 27,361,421.93| 2,110,931.74 7.7 5,174,950.27 18.9 7,285,882.01 26.6

That means if shipping companies are called to pay for these costs, then a significant revenue loss will
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occur. Most likely, this is not something that ship owners could absorb and they would probably pass
this cost to ticket fares and adopt it as “Externalities Surcharge”. From this point of view, this
“Externalities Surcharge” was estimated and we decided to estimate separately the “expected
externalities surcharge” due to CO; and “indirect externalities surcharge” due to NOy, SOx, and PM. The
cost of CO; is the most immediate and feasible to pay, since there is a statutory procedure and way if
the sector joins the CO; trading system and that’s why we call it as “expected”. In the other hand the
cost of gaseous pollutants NOy, SOx and PM, is not something that is paid until now and there is no

system that charges these pollutants.

Assuming that the total annual revenue represents the total annual external costs, then according to
the revenue sharing per transportation category and year, we can share the external costs. According
to the data of table 26 by multiplying quantity and average price (€) for each transportation category

we calculate the percentage of annual revenue sharing which is depicted to table 28.

Table 28: Annual revenue sharing per transportation category of passenger ferries

Passengers Vehicles Cargo Vehicles
Year Port o
% % %

2017 Souda 54.2% 14.7% 31.1%

Heraklion 42.0% 11.1% 46.9%
2018 Souda 56.9% 14.2% 28.9%

Heraklion 40.7% 11.0% 48.3%
2019 Souda 56.3% 12.7% 31.0%

Heraklion 39.6% 11.2% 49.2%
200 Souda 45.2% 12.3% 42.5%

Heraklion 28.9% 9.7% 61.4%
2091 Souda 46.5% 14.1% 39.3%

Heraklion 30.0% 11.1% 58.9%

By combining the above data with annual external costs of passenger ferries (Table 25b), we can

estimate the total annual external cost per transportation category (Table 29).

Table 29: Passenger ferries total annual external costs per transportation category

Year Port Passengers Vehicles Cargo Vehicles
€ € €

Souda 914,974.03 248,452.75 525,105.35
2017 Heraklion 4,077,030.88 1,082,065.49 4,558,548.83

Souda 1,379,052.53 343,807.97 698,968.21
2018 Heraklion 4,116,792.29 1,114,360.19 4,882,184.49

Souda 3,499,181.43 789,317.74 1,928,037.67
2019 Heraklion 4,024,674.45 1,134,300.26 5,001,746.98

Souda 1,572,985.68 428,022.32 1,480,574.11
2020 Heraklion 1,718,974.43 579,360.60 3,657,219.80

Souda 2,188,378.56 663,637.69 1,850,360.03
2021 Heraklion 2,187,078.84 809,982.08 4,288,821.08
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By this, it is possible to make an approach to the “Externalities surcharge”, by dividing the external cost
amount, in EUR, of each category by its transportation units, provided by Table 26 and then share by
the percentages provided in Table 27 for CO, and NOy, SOx, PM. This is depicted in Table 30a for Souda
port and 30b for Heraklion port, where we observe a remarkable additional amount and corresponding

surcharge percentages for each category (especially for the last year 2021).

Table 30a: Passenger ferries additional fare cost per transportation unit for Souda port

Passengers Vehicles Cargo Vehicles
Year CO2 NOx, SOx, PM CO2 NOx, SOx, PM CO2 NOx, SOx, PM
5017 0.08€ 2.33€ 0.14€ 3.97€ 0.66€ 19.13€
(+0.3%) (+8.8%) (+0.3%) (+8.8%) (+0.3%) (+8.7%)
2018 0.23€ 2.91€ 0.36€ 4.60€ 1.70€ 21.54€
(+0.9%) (+11.0%) (+0.9%) (+10.9%) (+0.9%) (+10.8%)
2019 0.72€ 6.82€ 0.96€ 9.07€ 5.54€ 52.13€
(+2.7%) (+25.3%)  (+2.7%)  (+25.0%)  (+2.7%) (+25.2%)
2020 1.08€ 5.92€ 1.39€ 7.62€ 7.85€ 42.95€
(+4.6%) (+19.9%) (+3.4%) (+19.7%)  (+3.1%) (+19.7%)
2021 2.33€ 5.80€ 2.88€ 7.19€ 16.05€ 40.01€
(+7.3%) (+18.2%)  (+7.3%)  (+18.1%)  (+7.3%) (+18.3%)

Table 30b: Passenger ferries additional fare cost per transportation unit for Heraklion port

Passengers Vehicles Cargo Vehicles
Year CO2 NOx, SOx, PM CO2 NOx, SOx, PM CO2 NOx, SOx, PM
017 0.17€ 7.62€ 0.30€ 13.64€ 1.65€ 74.58€
(+0.7%) (+30.1%) (+0.7%) (+30.5%) (+0.7%) (+29.8%)
5018 0.45€ 7.78€ 0.80€ 13.76€ 4.56€ 78.00€
(+1.9%) (+31.7%) (+1.9%)  (+32.1%)  (+1.8%) (+31.2%)
5019 0.64€ 6.67€ 1.14€ 11.97€ 7.57€ 79.26€
(+3.0%) (31.2%) (+3.0%)  (+31.0%)  (+3.0%) (+31.0%)
5020 0.99€ 5.35€ 1.68€ 9.10€ 10.48€ 56.86€
(+4.2%) (+22.6%)  (+4.1%)  (+22.4%)  (+4.1%) (+22.2%)
B~ 2.03€ 4.99€ 3.28€ 8.04€ 19.97€ 48.95€
(+7.9%) (+19.2%) (+7.8%)  (+19.1%)  (+7.7%) (+18.9%)

4.8 Discussion on external costs results

The main objective of this chapter is to present an analytical methodological framework to estimate
the external costs of air emissions from passengers shipping. The ports under study reported significant
decreased cruise ship calls during the last two Covid-19 years 2020, 2021 (2020 comparing to 2019: -
90.7% for Heraklion and -100% for Souda and 2021 comparing to 2019: -43.1% for Heraklion and -52.7%
for Souda) and this affected to fuel and energy consumption also. Although the assumption that
passenger ferries’ ship calls would decrease due to Covid-19 as happened with cruise sector seemed
reasonable, finally the observed reduction is not so significant (2020 comparing to 2019: -3.1% for
Heraklion and -4.5% for Souda and 2021 comparing to 2019: -5.1% for Heraklion and -3.7% for Souda).
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Due to our study it is evident that even if the trend of all types (passengers, vehicles, cargo) from 2017
to 2019 is increased, in 2020 there is a significant decrease especially to passengers (around 50% for
both ports) and vehicles (-39.6% for Souda and -37.9% for Heraklion), due to Covid-19 applied travel

restrictions and the insecurity of people to move freely.

Even 2021 was not a recovery year since significant reduction occurred: passengers -41.9% for Souda
and -43.4% for Heraklion, vehicles: -16.2% for Souda and -17.3% for Heraklion. After 2019, cargo
vehicles had a decrease also, but not so large (2020: -12.8% for Souda and -5.7% for Heraklion, 2021: -
1.3% for Souda and +8% for Heraklion) like passengers and vehicles.

The most fuel/energy consuming sector and as a consequence the air emissions sector per ship call
differs for the two ports: the passenger ferries dominate in terms of fuel/energy consumption in
Heraklion (until 2019) while for Souda cruise ships prevail for all years. For years 2020 and 2021
Heraklion cruise has a significant increase on average fuel and energy consumption in port and this is

due to longer average duration of stay at port for the cruise vessels.

The externalities in study cover health effects impacts, materials and building damages, biodiversity and
crop losses loss caused by the air emissions. We also examined and presented annual CO; emissions
and calculated the annual market price cost of CO; for years 2017 to 2021, where we see significant
annual increase, even annually (+168.6% from 2017 to 2018, +68% from 2018 to 2019 and +121% from
2020 to 2021) or from the first year in study (+340.5% from 2017 to 2019, +869.5% from 2017 to 2021).

The external costs in € per ship call evident that constantly at the first place for all years and all ports is
the sector of passenger ferries at Heraklion port followed by cruise sector at Souda port (for 2017-18-
19) and cruise at Heraklion port (for 2020-21). For Souda port cruise sector is at the first place with
wider difference for years 2017-18-19 and small difference for the last year 2021. As we noticed, SOx
and PM'’s significantly reduced for 2020-21 due to new regulations initiated from 2020 (scrubbers, 0.5%
S fuel). This reduction affected external costs also, even if at the last year (2021) CO; price was +121%

higher.

From all the above we conclude that externalities is a significant amount and in comparison with
revenues it ends up being about 25-35% for the last years of our study (2019 and after). Obviously is a
significant revenue loss for shipping companies and assuming that ship-owners will pass these costs to
ticket fares, an attempt was made to estimate “Externalities surcharge” (which we define it as the
burden of external costs to ticket fares per transportation category). “Externalities surcharge”

estimation indicates a significant additional ticket cost and specifically for the last year 2021:

= Souda, about +25.5% to all transportation categories: +8.13 € for passengers, +10.07 € for
vehicles and +56.06 € for cargo vehicles,
= Heraklion, about +26.6 to +27% to all transportation categories: +7.02 € for passengers, +11.31

€ for vehicles and +68.91 € for cargo vehicles.
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CONCLUSIONS

Ports and shipping activities are essential for global economic activity. Despite this important place they
hold in our international economy, ports and the shipping industry create harmful air pollutants and
particles which negatively impact human and marine health, the surrounding air, and the environment.
Ports and the shipping industry both impact air quality; however, both can take action to improve their

harmful emissions near coastal towns and cities

Nowadays with even more tightening regulations for the shipping industry and increased public concern
for the environment, keeping close tabs on what vessels are emitting has become more important than
ever. As we see in current study top-down air emission estimation methodology and specifically the
basic scenario is a reliable approach to quantify the air emissions from ships. Until now air emissions
were monitored in some ports through specific procedures from port state control. Checking is done at
the port, with inspectors boarding a ship usually chosen at random or because of suspicious indicators

(e.g. smoke darkness or quantity).

Regulatory enforcement is certainly the main driver for ship emissions monitoring, but there are also
significant efforts being put into tracking emissions that aren't currently regulated at all, namely CO,.
Awareness and concern about the impact of greenhouse gasses, of which CO; is the prime culprit, have
reached all levels of the industry. Monitoring the combined carbon output of the global fleet has thus
far been done using a bottom-up approach, with owners and operators of vessels larger than 5,000 GT

required to report fuel consumption and CO, emissions to both the IMO and the EU.

Apart from these the most harmful and most regulated gases in shipping industry, are SOx and PM and
nevertheless are not monitored from EU or IMO. SOx and PM emissions are directly dependent on the
Sulphur content of the fuel. For ships that do not have emission reduction devices (scrubbers) installed,
the emissions can be derived from the BDN reports and a fuel sample from the fuel tank to verify and
confirm Sulphur content. This is an easy way of monitoring emissions because anything that goes into
the ship as fuel, burned in the engine and is coming out as exhaust. The fuel sample is examined through
a certified lab to extract the fuel's Sulphur percentage to see whether it complies with regulated limits
—0.1% for ports or Sulphur Emissions Control Areas (SECAs) and 0.5% everywhere else. The challenge
for the maritime industry is to use alternative, greener and more expensive fuels or alternatively exhaust
gas treatment systems (scrubbers). Of course all these are extra costs that ship-owners are facing or will

face in the future.

Air quality standards are a major priority for European and American ports. With standards becoming
stricter, it is important that ports and shipping companies know their air quality impact in real-time.
Ports have a key role for the economy, so it is important that they monitor air quality to ensure they
comply with regulations for continued activity by knowing the exact source of pollutants and how to
reduce them before it becomes a problem. When ports care about how their activities are impacting
air quality, they gain more community support for their activities. This improves the image of the port
authorities. For example, when an air-polluting event occurs, port authorities are notified in real-time

and can handle this event quickly.
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Ports are adopting air quality monitoring systems to have real-time information about the current air
quality of their port and surrounding area. With environmental monitoring systems, port authorities can
monitor air quality impacts in real-time, in turn helping the surrounding community. To improve air
quality, ports need to know the cause of pollution. Once the source is identified, ports can then develop

a strategy to reduce pollution.

By implementing an air quality monitoring system, ports can see real-time key indicators which give
them situational awareness of all activities. Ports can see which activities could increase air pollution
during which time periods, allowing them to use concrete data to make key decisions and be more

aware of which activities are causing harm.

Other more hi-tech monitoring procedures are monitoring emissions through optical sensors. This
method is getting some space while experimental applications with passive measurement systems are
operating nowadays. Solar light is reflected on the ocean, and it's reflecting up into sensors in telescopes
that there are on an aircraft. From this, the scientists can see the ratio of SO, to CO,. The more close-
up tools for checking are ships sensors that come into contact with the exhaust itself. Flying sensor-
equipped drones can measure air emissions near ships' plumes or, as they are in Denmark and Germany,
air emissions sensors can be mounted under bridges where ships should pass to approach port. The one
drawback of all these high-tech solutions is that they are a few years ahead of the legislation. Courts in
the EU and elsewhere cannot accept these findings as proof on their own, so the systems are mainly

used as indicators, showing Port State Control officers where to target their onboard fuel checks.

For the other highly-regulated types of emissions, NOx policing is more complicated. Neither NOy is
monitored from EU or IMO. Though technically speaking, optical and sensor monitoring of NOx can be
done in the same way as with SOx, NOx emissions allowances for each ship depends on the engine type,
year of build and other factors. For this reason, NOx controls typically happen at the stage of engine

installation.

In this study we presented in detail all the main parameters, i.e. engine load, SFOC, emissions factors,
included in existing methodologies for calculating ships’ on-board emissions and emphasized on the
importance of having accurate SFOC values especially for low engine load levels. The proposed technical
approach to define SFOC via publically available operational data was compared to typical
methodologies (i.e. application of adjustment factors either on manufacturers' values or on IMO/ENTEC
data) and the results indicated that the application of adjustment factors leads to systematically

overestimated SFOC values especially during the "hoteling" phase.

A detailed comparative analysis has been performed between different approaches for calculating on-
board ship's emissions and fuel/energy consumption, mainly focusing on the effect of SFOC and engine
power in the obtained results. The most accurate estimations were performed when SFOC was
calculated based on a regression analysis on widely available engines' technical data, and this was
considered as the basic scenario for comparison to alternative approaches. The use of SFOC values
calculated through adjustment factors applied on engines' data resulted in average energy consumption
identical for all sectors and ports, while in terms of air emissions it provided slightly higher values in
total. On the other hand, when the SFOC values were calculated through adjustment factors and the

ME power was estimated via ship’s GT (using data based either on average World fleet or Mediterranean
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sea fleet), both fuel and energy consumption were underestimated thus leading to a significant
underestimation of air emissions. The basic scenario reflects a complete methodological framework that

various stakeholders can follow to conduct air emissions calculations based on ships' operational data.

Regarding the comparison between passenger ferries or cruise vessels for the studied ports, in terms of
air emissions the results from the current study clearly show that the most polluting sector differs for
the two ports: passenger ferries dominate in Heraklion (until 2019) while for Souda cruise ships prevail
for all years. For years 2020 and 2021 Heraklion cruise has a significant increase on air emissions per
ship call in port and as we observe from our dataset this is due to longer average duration of stay at port

for the cruise vessels. Longer stay means more fuel/energy consumption and air emissions at port.

Focusing on the results of the basic bottom-up methodology scenario of fuel consumption and CO;
emissions of ships and comparing them to the most recent annually reported emissions data from
EMSA/MRV-THETIS Database, we find that the difference for the total fuel consumption is about -5.66%
to -11.85% (MRV reported is less) and the difference for total CO, emissions is about -6.14% to -12.07%
(MRV reported is less) which we characterize it as particularly low. Because the results of the basic
scenario are very close to the reported data and as we saw from the comparison between the four
scenarios the alternatives are significantly underestimating both fuel/energy consumption and air
emissions we conclude that none of them is accurate for current case study and only basic scenario is

appropriate to be used for air emissions estimation based on the itineraries, ships and ports in study.

By estimating the external costs for the air emissions we notice that this cost is a significant amount of
the shipping companies revenues and as we calculated it ends up being about 25-35% for the last years
of our study (2019 and after). Obviously this is a significant revenue loss for shipping companies and
assuming that ship-owners will pass these costs to ticket fares, an attempt was made to allocate the

“externalities surcharge”: the burden of external costs to ticket fares per transportation category.
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