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Executive Summary

Following the decisior2019/4initiating the review of the Amended Gothenburg Protocol
(AGP, 2012)adoptedat thethirty-ninth session of the Exetive Body(EB) of the Convention

on Long RangeTransboundary Air PollutiofCLRTAP) in Decembe019andto satisfy its
revised mandatefrom decision20187 adopted at the thirtgighth session ofthe EB in
December2018,TFTEI prepared this reporin a first step, his reportprovidesinformal
technical background information enaritimeshipping emissions and techniques to reduce
them.Other shippingmissions will be consideddater by TFTEI.

Maritime shippingdeals with more than 80% of world global trade volumes, and its activity
still grows. Hence, the emissions fromaritime shipping, resulting mostly from fuel
combustion, globally increase, aitglworldwide contribution globally increasas sone other
sectors such as electricity generatisignificantly tackledheiremissions. In 2018naritime
shipping represen 9% of all anthropogenic G@missions

Thus, regulations at internatiahor regional levels have been implemented, suclthas
MARPOL Annex VI Regulationof the International Maritime Organisatioand its
amendmentsin order to comply with these past and upcoming regulations, reduction
techniques must hesedo reduce emissions fromarine diesel engines.

In thistechnical document, the different reduction techniques of pollutant emissions available
for martime shipping are presentetdihe different measures are presented in three different

parts:

1 Primary teciniques, which modify the combustion process, suctater injection,
slide valves, slow steaming or new propulsion systems, or sthigdtuel, commonly
bunker fuel oil for distillate fuels, LNG or alternative fuels (methanol, biofuels,
ammonia, hydroge, etc.)

1 Secondary measures, which are exhaust gaatrirent systemsuch as exhaust gas
recirculation, selective catalytic reduction systems, scrubbers or diesel particle filters,

1 Measures apmablein ports, such as shorpower supply system oshorebased
exhaust cleaning systems.

For each technique, adhnical description is provided, as well as the achiegddctionrates
per substance and the advantages and drawbadksms of reduction efficienciethe main
findings are as follows:

1 Scrubbers and switches to lower sulphur fuels such as mastikede fuels (diesel or
gas oil), LNG or methanol are efficient technigues to tacklge®issions,

1 A switch to LNG and the implementation of SCR are effective means to reduyce NO
emissions, fdowed by EGR,

1 PM and BC emissions can be significantly dawn with switch to LNG, methanol or
some lower sulphur distillate fuels. Diesel particulate filters are effebtitean be
usedonly with good quality distillate/light fuels, andesapplicableonly for high-speed
engines until nowmeanwhile the first tests on meditspeed engines areeing
realized In addition,scrubbers caalsoreduce the PM and BC emissiottssome
significant extent,

1 Improving energyefficiency and moving to alternative ndaossil fuels and new
emerging proplsion systems would also effectively reduce both air pollutant and
greenhouse gas emissions,
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1 On-shore power supply system at berth can reduce significantly the emissions of
pollutants and GHG from ships during hotelindid@e or bargebased exhaust gas
cleaning systemalso provide significant emission reductions and require no specific
ship modifications but as yet to be further proven.

Finally, the costdetermination of each thaique (when availabled givenin order to assess

the requiredinvestmentgdepending on the different emission reduction rates achiéed
following table summarizes ¢ collectedinformation, separating primary and secondary
techniquesOne must notéhatthe range of costs can be quite large depending on the available
data,the technology maturity, the range of engine powers,ltavever, it is observed that
switching to LNG or installing a scrubber are the most costly options, which can be justified
their relative high efficiency in reducing emissionsLAG switch is the mostexpensive
operation but this can be balanced with the operational and maintenance costs where savings
can be realized. Besides a switch to low sulphur fuels or biofuelsewber or even no
investment costs are required, installing slide valvesasrost economic technique (with no
operational and maintenance costs) but its emission reduction efficiencies are rather low
compared to other techniques.

Reduction technigues : Investments : ;
. SO, NO, PM BC fuel penalty| ¢ 0 s t s |Operation & maintenance co
Primary measures:
. 000 0-80% . B i "
- Switch to low suiphur fuels up to 97% 50-90% | - an: 3006) 88-223 0/
- Switchto LNG 90-100%| 64-90%| 60-98% 75-90% -5-10% | 219-1603 | - 43 u/t fusdg
- Switch to water-in-fuel emulsions - 1-60% | 20-90% 0-85% +0-2% 11-44 33-271%ku
- Switch to biodiesel and biofuels - - 12-37% 38-75% +8-11% - -
) 10-15 a/ MWh
- 0, 0, 0, 04 + Q0 -
Switch to methanol 1009 | 55% 99% 97% 9% 150-450 | 3 "4 4/ Mwh f o
- Slow steaming 13-50% | 21-64%| 18-69% 0-30% | - 15-50% 71 - 42-77% (fuel savingd)
- Slide valves - 20% 10-50% 25-50% +2% 0.33-1.43 (assumed to be null)
Secondary measures:
- Exhaust Gas Recirculation (EGR) - 25-80%) - 0-20% + 0-4% 36-60 17- 2 50/ kw, 3
assuming 8,000 hours/yea|
- Selective Catalytic Reduction (SCR) - 70-95%| 10-40% - 0-2% 19-100 3-10 u/ MW
- PM fitters (DPFs) - - 45-92% 70-90% + 1-4% 30-130 +1-4% in fuel penalties
0-90% 0-70% 06-12 G/ MV
- - 0, - -0, - 1
Scrubbers 90-98% (median: 14-4594 (median: 16-3794 +0.5-3% | 100-433 (~2% of capital investments

! theoretical conversion from a 3.5 wt% fuel to a 0.1 wt% fuel

2: only valid for distilate fuels

3. methanol does not contain sulphur

4. expected achieved reduction (based on drop in particle number)

% not directly reported but proportional to fuel savings

®: based on a lifetime of 12 years for all equipment but injectors, which are supposed to have a lifetime of 4 years

”: do not consider the eventual needs of additional ships in the fleet

8 the lower end of the range corresponds to open-loop scrubber where the only operational costs are due to fuel penalty of 1-3%
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1. Introduction

According to the Decision 2018Y6f the Executive BodyEB) of the Conventioron Long
range Transboundary Air Pollution (LRTARMirty-eighthsessionGeneva, 1014 December
2018Y%, the revised mandate of the Task Force on Teadtumomic Issues (TFTElhe Task
Forceii will continue to examine, assess, validate and provide m&ion on, emission
abatement technologies for stationary and mobile soaré@song thenewtasksassigredto
TFTEI, described in the revised mandaltes Task Forcéas to initiatethe work to assess
information on emission abatement technologies fordkection of air pollutaremissions,
from shippingactivities.

The biennial workplan20202021)for the implementation of theConvention aimsat
translaingthe vision and strategic prioritieset outin the longerm strategy for the Convention
(2020' 2030 andbeyondinto alist of activities to bearried oubytherespective bodies under
the Convenbn in accordance with their revised mandasssadopted by the Executive Body
atits thirty-eight and thirtyninth sessioa The workplaralsocontairs additional activities of
the task forces and centre®t mentioned in the mandateghich are decided by the EB, from
time to time, as needed

The work on shipping emissiorssigned to TFTEIls part of the preparatory work for the
review of the Amende@othenburg ProtocoAGP,2012),as highlighted in the document on
the review preparedetween April and September 2021y the Task Force supporting the
WGSRBureau.

The decision to review the AGP has been adopted at the&$ion of the ExecutiveoBly
(EB) [1] and the work programenand schedulareexpected to be officially adopted at thé40
session of the EB, in December 2020

The work of review shodllast till the end of 2022, when the EB will decide on the possible
revision of the AGP.

The presentinformdéchnical document is intended to focus on the NFR 1A3di International
waterborne navigationgxcludingNFR 1A3di(ii) International Inland waterways) and party
on the NFR 1A3dii national navigation for national sea traffic. Howemi&nd navigation,
personal watercrafts and motbioats are out of the scope for this document and will be
examined in a next phasden the annex VIl of the Gothenburg Protocol will be reviewed.

This draft document focuses on measures to address emiggionmaritime shiping and
journeys of vessels across the seas but also emissions from vessels, anchored at berthsin ports.

In the scope of the CLRTAP (as well as the UNFCCC), the criteria for distinguishing between
domestic and internationtahfficdepends only on tharigin and destination of trehip for each
segment of its journeyinternational shipping is represented by vessels of all tlagisare
engaged in international watborne navigationThe internationataffic may take place atsea,

on inland lakesndwaterways and in coastal watersintludegourneys that depart in one
country and arrive in a different country. Domestic navigation is represented by vessels of all
flags that depart and arrive in the same country. It majude small leiswe boats.This

Y http:/Mww.unece.org/fileadmin/DAM/env/documents/2002/eb/air/ EB%20Decisions/Decision_2018_7.pdf
2 http://ww.unece.org/index.php?id=45532
3 ECE/EB.AIR/142/Add.2, decision 2018/5, annex
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document addresses measures for reducing emission of pollutants from \esgEied in
maritime shipping, both national and international.

In this document, measures addressing emissions generategibgs, used asain propulsion
engnes during cruise, anloly auxiliary engines, used to provide power and services within
vessels, are considered. A focus is provided on measures for \ress#tsgandmaneuvering

in ports.Other sources of pollutants suab VOC emisens from loading ad urioading fuel

in tankersare also considered

Thisreportprovides concise information on reduction techniques available to abate air pollutant
emissions in the maritimghippingconcerningulphur oxides (SQ, nitrogen oxides (R),
Volatile Organic Compounds (VOCsnd particulate matter (i.e. TSP (total pesded
particles), PMo and PM s, including black carboBC) and polyaromatic hydrocarbons
(PAH)). Throughout this document, an assessment of the emissions of the maiant®‘nd
their evolutionover timeis realised, followed by the analysisf the existing andeveloping
policies and measures. Then, a review of the available reduction techniquesg, fck@nd

PM including black carbon and PAH is carried @albngside with the estimations of their
associated costdf implementationA specal focus is given on which techniques can be used
to comply with the restrictions on N@r SQ, emissions insulphur oxidegmission control
areas(SECA9 and nitrogen oxide emission control areas (NECA®s defined byhe
International Convention for the prevention of Pollution from ships (MARPOL), entered into
force in 1983. The MARPOL Annex VI, adopted in 199&tdimits to the main air pollutants
emissiongontained intheexhaust gases, including g&nd NQ, andthe emissions of ozone
depleting substances (OD&)dalso volatile organic compounds (VOC) from tankers.

This document has beeaddresed tothe TFTEI experts (from both industy\NGOs and
nationaladministrdions) in order to get thewaluablefeedbackand improve the completeness
and quality of théinal report.

(1)

TFTEIT Shipping emissiorisDecember 2020 1



2. General information on themaritime shipping

Dealing with about 80% of worldlobal trade volumel ][2], the international shifsansport

is an active and growing economic sectnr2018 3.6 billion bns of goods were transported
throughoutEU harbourswhichisan increase of 3% compared t€017[3]. Theglobal activity

in the EUOGs port se pas decademntd bawevenifedoeiced foom éhe t h
economic downturn of 2009, surpassing the preceding pkeg#ods transporteaf 2007by
6.5% (sed-igurel))[3]. Amongother countrie®oland, BelgiumGreecePortugalthe United
Kingdomand the Netherlandsad ths global increase of the maritime freight transportin the
EU since the economic recessiasthey all recordesignificantrelative incrase44][5]. The
number of passengers passing through EU ports has also incogdséé between 2017 and
2018 and reached 410 milli¢8]. Theworldwidefuel consimptionof the maritime transport
wasestimated tdoearound 280 Mt in 200(6], about217 Mtin 20047], and300 Mt in 2012
[2][13]. In the Fourth IMOGHG Study, the total marine fuel consumption is estimated to grow
from 248 Mt to276Mt between 2012 an2D17 and 299 Mt to 330 Mt over that same period,
for top-down and bottorup estimate&rreur ! Source du renvoi introuvable. According to

the Third IMO GHG Study (300 Mt estimated for 20123] the previous fuel consumptions
mentioned if2][6][13] should be compared to bottemp figures.The evoltion of the marine

oil product consumptionf shipping since 1971from Erreur ! Source du renvoi
introuvable.(a priori topdown fuel consumptions$ displayed inFigure 2 and reveals an
overall increasing trendn 2004,it was estimgéed thatll out of the 217 Mt oftotal fuel
consumedveremeantor hoteling and maneuverirgperations in ports].

Gross weight of seaborne freight handled in all ports, EU-27,

2002-2018
(million tonnes)

4000

3500

3000

Quarterly results for 2017 and 2018in EU-27 main ports:
growth rate on the same quarter of the previous year (%)

2500

2000

1500

1000 -

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Note: the y-axis is cut.
Source: Eurostat (online data code: mar_mg_aa_cwh and mar_go_gm) eurostatiF|

Figure 1: Evolution of the gross weight of seaborne freight transported to and fnm EU ports,
from 2002 to 2018 (sourcef3])
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Oil products in shipping
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Figure 2: Evolution of the oil product consumptions of shipping (international, domestic and
fishing) between 1971 and 2017 (sourcE&rreur! Source du renvoi introuvable.

Thewor | d 6 s me rearly 20h9as €ohsetigatly 96,295ships being over 100 gross
tons representing total of1,976 million deaeveight tons of capacityyhich undergonean
increase of 2.6% compared with early 2Q&8B Bulk carriers and oil tankers accotiot more
than 70%of the ship flee(with respectively 42.6% and 28.7%while 13.4% of the fleet is
composed of container ships (Sexblel)[8], andthe restbeing split betweearargq gas carriers
and ships fonontrading purpose such as offshore industry, fishing or sef¥ice

Table 1: Split of world fleet per type of vessels for 2018 and®.9, in percentage (sourcg8])

Principal types 2018 2019 Percentage
change

2019/2018
Oil tankers 29.2 28.7 0.98
Bulk carriers 42.5 42.6 2.87
General cargo ships 3.8 3.7 0.07
Container ships 13.1 13.4 4.89
Other types: 113 11.5 4.06
Gas carriers 3.3 3.5 7.25
Chemical tankers 2.3 2.3 4.14
Offshore vessels 4.1 4.1 2.79
Ferries and passenger shi 0.4 0.4 2.53
Others 1.2 1.2 -0.07
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3. Emissions of pollutants from maritimeshipping

3.1.Introduction

The emissions from th&hipping navigation ammostlythe result of the combustion of faél

the enginesised as main propulsion engines during cruise gralixiliary engines, used to
provide power and services within vessé@&lBus, the typical greenhouse gases (GHG)and
pollutants emitted are the ones associated with the engine technology and the fuel speciation,
and includg6]:

carbon dioxideCOy,);

NOy (NO and NQ);

SO and other sulphur compoun(aostly SQ);
particulate matter (TSP, Py PM, s and other size of PN
volatile organic compounds (VO(C)

carbon monoxide (CO);

black carbon (BG)

polyaromatic hydrocarbons (PAH)

= =4 =4 =4 -4 4 -4 -5 2

heavy metals (HM).

These are the main substances emittetchhyitime transportHowever, there are also some
fugitive emissions related to the loading and unloading operationgiakypeolatile organic
compounds (VOC), and from the use of refrigerants or air conditioning, which emit HFC
Erreur ! Source du renvoi introuvable. In addition NO, and some other ozone presots

such as methane and VO@=ad to the formation of tropospheric ozone)(@econdary
pollutant) SOx, NOx, VOCs are also precursors of secondary PM.

The emissions implied by thveholesector of théransport are among the ordnthropogenic
emissionsvhich keep on rising over the yed#s7% from 1990 to 201§9] and, in2019 it

was reported thatthe transpsettor allmeans consideredgnstitutecabout24% of the global

CO, emissions.The maritime transport ishough considered to be quite environmelgtal
friendly compared to other means of transport auwdprisingly,its emissions were barely
consideredo be a matter of great importanzefore 1980Nevertheless,wk to its intensive
activity, the maritime transpocbntributes to a lot of emissions of pollutants and greenhouse
gases over t H7#@buwaswell a/drinland eraterig@ss].

3.2.Inventories of emission

In the UNECEregon covered by the LRTAP (Convention on LondRange Transboundary
Air Pollution, also called Air Conventionjhe data ofannual, partyspecificemissions of
pollutantsrelated to maritime transpaatereportedand availablenthe CEIP web sitender
theNFR codes 1.A.3.d.i, 1.A.3.d.iiand 1.A.4.c.iii i®NAPcodes 080402, 080403, 080404
and 080304)1][11][12]. TheNFR 1.A.3.d.iis itself composed of the NFR.A.3.d.{i) for
international maritime navigatiomhich isreported in th&JNECEinventory aamemaitem,
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which meanst is estimated but not included in the country national total, and of the NFR
1.A.3.d.i(i) for international inland waterways, accounted ia tiatioral total.

Several methodologies of emission estimation are presented in the guidelines of EMEP/EEA
2019[12], associated with differentlevels of accuracy and needatg which arecalled Tiers.
The simplest methodogy is the Tier 1 whereas the most complex and accurate one is Tier 3.

Tier 1

In the Tier 1 approach, the consumptions of the different types of fuel (e.g., bunker fuel oil,
marine diesel oil, maringas oil and gasolinej)sedin ships arenultiplied tothecorresponding
emission factors (EFjor each pollutantl2]. The following equation can be used:

0O 0 Ww0G

with: E the emission of pollutant i, £the consumption of the fuel of type m, aBé ., the
emission factor for the pollutantiand the fuel type m.

Tier 2

For the methodology of Tier 2 addition to the Tier 1 and the distinction made on the fuel
type, the type of engine is aldistinguihed and different EF are used dependingtohe
distinct types of engine encountered are the following ones (this list is informative but not
exhaustive): slow medium and highspeed diesel engines, gas turbines or steam turbines for
large ships ; disel, gasoline twatroke and foustroke fo small vesselgl2]. The equatiofior

the estimation of pollutant emission then changes as fallows

(@) 0  WOG i

h

with j the engine type, and now the emission factor EF and the fuel corienr@pteed to be
disaggregated per type of engine in addition of the type of fuel

Tier 3

Finally,forthe Tier 3 approach, tleelditional parameter to be coneidd is th@hase of sailing:
cruise hotelingor manoeuvringWhen the fuel consumption peaibng phase is not knowa
model based othe following equation can be usg®]:

O § # WO ML OO & &ht D WO, ki
hh
in which:
A 1 on = s hangldtsship'atitgdet u d e
A = tlate and time of thehip on each lat/lon location data
A p differert phase of trip (cruise, hotelingaroeuvring,

A et = duration since the | ast geographical
A e = engine cat,egory (main, auxiliary)

A LF = engine |load factoy (%) at each geogr a
AP = engine nominal power (kW)
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3.3. Historic al situation and recent evolution
3.3.1. Overall situation

The global annual emissions of C@in 2000were estimated to be around 800 Mfor shipping [6]
and increased to about 938 Mt in 201213] and up to 1,056 Mt in 2018 which is equivalent to
about 2.9% of all anthropogenic CO2 emissionsErreur! Source du renvoi introuvableCompared
to other transport means and considering the carried good amounts, marine shippingas
relatively low emissionsof GHG 1 only rail transport has lower GHG emissions per torkilometre
(seeTable 2 and
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Table 3)[88]. Marine shipping emits slightly less NOx emissions than large trucks per ton
kilometre, but higher PM1o emission levels. Moreover, marine shipping hasthe highest SQ
emission levelgper tonne-kilometer (cf.
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Table 3)[88]. SO, emissions arenainly due to the high mean sulphur content of theingar
fuels while NQ emissions are mainly due to the high operating temperatures and pressures in
the engines.

Due to the implementation of limits on the fuel sulphur contents in global seas as wejl in SO
emission control areas (SECA), it can be expettad the SQ@ emissions have recenty
decreasewvhile NO, emission aftertreatment requirements are only on specificdo@trol
areasHowever,at a global levelthe emissions of SONOy, VOC, PMy, PM, 5 and BC have

all been observed iacreasedetweer2012 and 2018eeFigure 3). SO, and PM emissions
increased over the period 202018 in spite of theeduction othe consumption of heavy fuel

oil (HFO, - 3%) for marine diesel oil (MDQ+ 6999 and liquified natural gas (LNGt30%y),
duetotheincrease in the average fuel sulphur cabtestir ! Source du renvoiintrouvable.
However, large emission reductions should be achieved for 2020 thanks to the sulphur content
limit imposed to 0.5 wt% (cf. Chaptd). However, thisanalysis shows the necessary efforts
required to improve environmental impact of shipping at the worldwide level.

Table 2: Representative emission factors per mode, for bulk/packaged cargo transport (TTW.:
tank-to-well emissions, corespond to fuel combustion while WTW: well -to-wheel emissions,
include in addition the overall chainof fuel extraction, refining and distribution) (source:[88])

Mode Vehicle/Vessel Type of CO CO PMo NO SO,
freight (g/tkm) g/tkm)  |(g/tkm)  [(g/tkm) |(g/tkm)
(WTW)  (TTW) (TTW) (TTW)  (TTW)
Road Large van Med.-weight 1,153 895 0.148 5.03 0.006
Truck, medium -size (10-20 t) Med.-weight 259 201 0.017 1.75 0.001
Tractor -semitrailer , heavy Med.-weight 82 64 0.003 0.29 0.0004
Truck, medium -size (10-20 t) Heavy 243 189 0.016 1.6 0.001
Tractor -semitrailer , heavy Heavy 78 61 0.003 0.3 0.0004
Large heavy vehicle Heavy 76 59 0.003 0.3 0.0004
Rail Electric, medium -length* Heavy 10 0 0 0 0
Diesel, medium-length* Heavy 18 14 0.005 0.19 0.0001
Inland Rhine-Hernecanal (RHC) vessel | Heavy 38 30 0.017 0.46 0.0002
shipping Large Rhinevessel Heavy 21 16 0.008 0.23 0.0001
Short-sea General Cargo 1620 dwkt Heavy 15 12 0.005 0.25 0.007
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Table 3: Representative emission factors per mode, for container transport (TTW: tanko-well
emissions, correspond to fuel combustion, while WTW: wello-wheel emissions, include in
addition the overall chain of fuel extraction, refining and distribution) (source: [88])

Mode Vehicle/Vessel Type of CO CO, PMoc NO SO,
freight (g/tkm)  |(g/tkm)  ((g/tkm)  |(g/tkm)  [(g/tkm)
(WTW)  [(TTW)  [(TTW)  [(TTW)  [(TTW)
Road Tractor -semitrailer, heavy Med.-weight 102 80 0.004 0.36 0.0005
(2 TEV)
Rail Electric, long (90 TEU)* Med.-weight 16 0 0 0 0
Diesel, long (90 TEU)* Med.-weight 30 23 0.009 0.31 0.0001
Inland RHC vessel (96 TEU) Med.-weight 44 34 0.019 0.53 0.0002
shipping Large Rhinevessel (208 TEU) Med.-weight 24 18 0.009 0.26 0.0001
Short-sea Container (Panamax-like, Med.-weight 21 16 0.008 0.35 0.01
4,060 TEU)
NO, emissions/year (million tonnes) SO, emissions/year (million tonnes)
Vessel-based [l Voyage-based Vessel-based M Voyage-based
= 20 = 10
£ E
> IR =B <B B 2B SH 28 > |28 =B =B =8 =R 2f &
c01ZH 2R =B “H “HSESB| 2 51"E B R =B "B "B =
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Figure 3: Evolution of NOx, SO, VOC, PM1, PM2sand BC bottom-up estimated emissions from
international shipping from 2012 to 2018, separated beteen voyagebased and vessdbased

(source:Erreur! Source du renvoi introuvable.
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At the Europeandvel, it can be observedirable4 andFigure 4 that the emissions of SO

NO,, PM; 5, NMVOC and COrom international shippingn the EMEP arelhave all decreased
between 2000 and 208though the progressiisgeneraklower since 201{B7]. Howevey

for SO,and PM s, theobserved reductiorese very uneven between the Baltic &atth Seas,

which are SECAs with regulated fuel sulphur conteviigch achieved large reductiorend

the other seawhich decrease their emissions at a slower pace and even undergo emission
fluctuationsrecently

The emissions of th&uropeamationalshipping can contributsignificantly to the total
Europearemissionsespecially for S@and NQ as it is reealed in thelable5 (based on
emissions reported from countries for the year 200dhsidering the fact that intertanal
shippingemissions are not included in tlasalysis, the impact of the overall marine shipping
emissions could be even more important. Howethes,analysis is based on emissions for the
year 2004 andas seen from th€able 4, reductions have beagiobally achieved and this
analysiscouldalsooverestimate the current contributions of sopodlutants

Table 4: Total emission trends ofSO,, NO> and PM. s from international shipping, between 2000
and 2018,over European seas and thEuropean part of the Atlantic ocean(source:[87])

Arca/Year kt SO, 2000 2005 2010 2011 2012 2013 2014 2015 2016 2017 2018
Baltic Sea 225 206 89 75 75 74 73 9 9 9 10
Black Sca 52 49 45 44 RE) 43 43 42 41 40 RE)
Mediterrancan Sca 902 823 696 689 682 669 614 661 648 603 692
North Sca 450 363 204 178 178 175 168 31 31 29 31
North-East Atlantic Ocean 586 534 473 469 464 455 413 449 441 403 442
Arca/Year kt NO, 2000 2005 2010 2011 2012 2013 2014 2015 2016 2017 2018
Baltic Sca 408 378 346 335 306 320 303 299 300 287 309
Black Seca 122 115 105 103 101 9 98 97 94 90 101
Mediterrancan Sca 1706 1573 1420 1392 1377 1339 1210 1294 1258 1171 1366
North Sca 907 835 755 736 719 709 661 675 662 609 654
North-East Atlantic Ocean 1147 1057 953 934 928 891 799 863 840 773 848
Arca/Year kt PM, ¢ 2000 | 2005 | 2010 | 2011 2012 | 2013 | 2014 | 2015 | 2016 | 2017 2018
Baltic Sca 29 27 16 15 15 15 14 9 9 9 10
Black Sca 7 7 (] 7 6 6 6 6 6 6 6
Mediterrancan Sea 117 109 97 96 96 94 87 94 92 86 98
North Sca 61 57 38 35 35 35 34 22 22 20 21
North-East Atlantic Ocean 76 72 65 65 64 63 58 63 62 57 63
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Figure 4: Evolution of international shipping emissions in the EMEP area between 2000 and 2018,
for NOx, NMVOC, SOy, PM2sand CO (source:[87])

Table 5: Ranges of contribution of national shipping to total emissions Europe (based on
emissions from 2004fsource:[12])

Pollutant Contribution to total emissions [%]
SO, 0-80

NOx 0-30

NMVOC 0-5

co 0-18

NH; -

TSP* 0-3

PI\'Iw:]: 0-~'—]-|

PM, 5* 0-5

Note

* = values from EMEP (http://webdab.emep.int/) which correspond to official emissions for 2004, from country
submissions n 2006.

0 = enussions are reported, but the exact value 1s below the rounding limit (0.1 per cent)

- = no emissions reported

Anotherimpactful parameter to be considered is the factthat ship emissions mostlgloogur
heavily-frequented, trading routes connecting ports. Fotamse, some independent studies
showed that about 70% of the shipping emissions occur at less than 400aynfram the
shoreq14][15] and they can be transported hundreds of kilometers onEl@jterhe latter
study,carried out in 200T16], revealel that the PM emissions from shipping can be held
respondile for nearly 60,000 premature deaths per year near the coastlines of Europe, East and
South Asia Another study reveals that the implementatioadditionalSECAsin EU waters

could avoid 4,000rd 8,000 cases of premature deaths by 2030 and 2050c¢tigspe and

similar health benefits could be possible with the application of thdTi¥O , standardf24].

According to the Europea@ommission (EG)acting on the maritime pollution could be more
effective than reducing #tand emissions for SONO, and PM(seeFigure5). Moreover the
EC stated in 2011 that, in Europe, the maritime emissions could excegtbbad inland
emissions by 2020 if no further act®aretaken, even though the transport sector repregent
| ess than 5 9%7]oAs a édhséqencatiRgdownthe maritimeemissionss

(1)
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guite importantn order toimprove the air quality and the environmerapectsboth onshore
andoffshore.

Emissions (kilotonnes) 2000 Emissions (kilotonnes) 2010

14 0004 14 000+
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Figure 5: Comparison of EU in-land NOx emissions with emissions of NOfrom maritime trafic
in European seas for 2000, 2010, 2020 and 2080m a survey and forecast made in 2013
(source:[18])

3.3.2.In ports

There is a growing pressure on worldwide ports to tackle air pollution from cargo operations in
order to minimize its impact on health and envir@mf93][94]. The pollution in ports can be
even more dramatic on healthath pollution over seas and oceans as the proximity of the
population increases. The attention is mostly driven on atmospheric pollateriisas NQ
(associated with grounigvel ozone), PM and S(93] as their impacts are also localised and

of short term.

There are various emission sources which can be foupdrnts depending on its size, its
geographical location and layout, its activity, its configuration and the traffic type encountered
[93]. All these features influence the estimated emission I§9&ls There are two types of
emission source in ports, mobile and statiosayrces, which depend on the consumed energy
type and which can be summarized a$ale6 (non-exhaustive list}93]. Another surce of

PM emissionscan be unpaved areas with the vehicle movements, but this is often not included
in port emission assessments as difficult to estinf@@¢ This documenobnly focuses on
emissions related to watborne n&igation vesselswhich contribute the most to the porn
emissiong96].
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Table 6: Examples of port-related emission sources by energy type (sourd@®3])

Maobile Seagoing vessels fuel oil, diesel, natural gas (NG), methanol
Domestic vessels fuel oil, diesel, NG
Cargo handling equipment diesel, NG, propane, gasoline, methanol, electricity
Heavy-duty vehicles diesel, NG, electricity
Locomotive diesel, NG, electricity
Light-duty vehicles diesel, NG, propane, gasoline, electricity
Stationary Electrical grid coal, NG, diesel, renewable

Power plant

coal, NG, diesel, renewable

Industrial facilities

electricity, renewable, diesel

Manufacturing facilities

electricity, renewable, diesel

Administrative offices

electricity, renewable, diesel

In seagoing vesselthere are three types of energy systems: the propulsion engines, the
auxiliary engines and the auxiliary boilers. Propulsion engines provide power directly (direct

drive or gear drive) or indirectly (diesell ect r i c)

b scomfiguraton. Auxiane s h i

engines provide electric power to house loads, pumps, loading/unloading equipm®ai, etc
Auxiliary boilers provide steam power for pys, inert gas for volatile organic bulk liquid

operations, crew needs, eff@5].

In ports, the ships can be in two different operating modes, whichamneuveringwhile the

ship operates in confined channels or at its departure or arrival ttatbeury and hoteling,
when the ship is docked at beahanchored©3]. In themaneuveringnode, the ship travels at

its lowest speeds, hence the propulgagines are at very low loads, meanwhile the auxiliary
engines are at high loads and theiliary boilers are at low load93][95]. In the hoteling
mode, the shipoes not move, the propulsion engines are then off while the auxiliary engines
can be at high loads if the ship is sdischargingMoreoverthe auxiliary bders can also be
used to generate steam to keep the propulsion engine warm enough for evepautairel
[93][95] or avoid damage from low temperature contract[@8g.

While being in maneuvering and hoteling modes in ports, the emissions of the stqp#are
importantcompared with the cruising phase, as it can be semnFigure 6 and Figure 7
[74][96]. For instance, for chemical and oil tankers, around 20% of the GHG emissions (i.e.,
the fuelconsumptiongre due to thphases ator near port ar§a4]. Amongthe different ship

types, the emissions at berth are globally higher than the ones during the port approach or
departure (i.e maneuvering phase). Gide the temporary use of scrubbers and if no fuel
switch is done depending on the sailing ph&&&,emissions are directly pportional tothe

fuel consumptionand the sulphur conterffrom Figure 7, we can hence assume that fuel
consumptions at berth are quite considerable compared to the other sailing phases and can even
go up to about 20% of the anadl consumption for oil tankers. As a consequence, the emissions
of NOy and PM sare also relatively high due to the significant fuel consumption as well as the

specific operating conditions F o r

Ssome

shippxpesl gyochtae

NOy and PM sin portareas representabout 30% and more than 20%, respectively, of their total

emissionsFor 2011, the emissions from ships at berth have been estimated to be about 0.4, 0.2

and 0.03 Mt for N@, SO, and PM, respectivelyf96]. Therefore, these analyses and graphs
reveal the need to act on emission in those particular sailing phases.
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Figure 6: Share of GHGemissions (in CQe) of international shippingin 2018per ship type and

per sailing phase (based on voyagbased allocation of emissiongsource:[74])
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Fugitive emissiongrom shipping areassociated with the loading and unloading of volatile
organic bulk liquiccargoesandinclude emissions of VOC from hatches, pressure relief valves
flanges, etc. as cargos are mot@dnd from shoraide facilities Thesenon-exhausemissions

are really significant compared with overall shipping exhaust emissions (2.5 vs 0.8 Mtin 2017,
seeFigure 3 andTable7) and increase over time as the amounts of liquid @aséqgus fuels
increase.

Table 7. Estimations of fugitive NMVOC emissions, related tooil and gas transport and
distribution (top -down estimates) (sourcef74])

Year Fuel statistics Emissions

Loaded Unloaded Transport (million tonnes)
2006 1,783.4 1,931.2 1,%31.2 2.38
2007 1,813.4 1,995.7 1,995.7 2.43
2008 1,785.2 1,942.3 1,942.3 2.39
2009 1,710.5 1,874.1 1,874.1 2.29
2010 1,787.7 1,933.2 1,933.2 2.3%9
2011 1,759.5 1,896.5 1,896.5 2.35
2012 1,785.7 1,929.5 1,929.5 2.38
2013 1,737.9 1882 1,882 2.32
2014 1,706.9 1,850.4 1,850.4 2.28
2015 1,771 1,916.2 1916.2 2.37
2016 1,831.4 1,990 1990 2.45
2017 1,874.9 2,035 2035 2.51

Although the direct control of porendt er mi nal s on s hi pheidimgathi ssi o
on ship emissiorreductiorsin the port areas double On one handhey can directlyor

indirectly provide incentives for shipwness to implement emission abatement measures on
board.On the other hand, ports/terminals can facilitate port area ship emission reductions by
providingsolutionghemselvesuch a®n-shore power supphacilitiesor LNG infrastructures
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4. Maritime legislation

Thereis roomfor someimprovement in terms ofeduction ofatmospheric emissions as
highlighted in the previous sectiofo do so, the IM{International Maritime Organisatiois)

the agency of the United Nationsth responsibility for the safg and security of shipping and

the prevention of marine and atmospheric pollution by ships. IMO is the global stesettamg
authority for the safety, security and environmental performance of international shipping. Its
main role is to create a reguway framework for the shipping industry that is fair and effective,
universally adopted and universally implemented.

The IMO adopted in 1973 the International Convention for the Prevention of Pollution from
Ships (MARPOL Convention) which is the main imtational text covering pollution of the
marine environmenihe MARPOL Convention covers pollution from shipghe oceanand

some specific areas such as the Mediterranean or Baltiaseasll asessels operating in US
waters.Throughout the yearsliverse Protocols were adopted and, in 1997, the Annéx VI
called ARegulations for the PRmwasvun¢rodcedoand o f
entered into force in 200/ .2]. With this main legislative instrument MARPOL Aex V,
several regulations address NOx emissions (through regulation 12), ozone depleting substances
(through regulation 12), sulphur oxides, (through sulphur in fuel in Regulation 1thraadgh

the designation of Sulphur Dioxide Emissidantrol Area (SECAIn Regulation 14) and VOC

from tankers (in Regulation 15) and prohibits deliberate emissions of substakkedy to
weaken the ozone layHr9]. A global cap on the sulphur content of fuel oil at 4.5 wt% (i.e.
weight percent)wasintroducedalongside with mandatory technical and operational energy
efficiency measures through the TieMoreover, a distinction was done for the marine zones
between ECA and outside ECA and the associated constraints on the sulphurindotsst

An ECA is a specific, delimited area where strict requireméorts certain pollutanare
imposed to protect their environment, which are designated by the IMOB&lhe Sea was

the first SECA, setin 2006, where the sulphur content of méueleil was limited to 1.5 wt%.
Following that, the North Sea and the English Channel were introduced as SECA in 2007.

The Marine Environment Protection Committee (MEPC) Ml adopted amendments to
MARPOL Annex VI in 2008and afterin order to strengién the emission limit valu€gLVs)

for NOx and the sulphur contents @ifel oilsused in ship engines. In a practical wagw
regulations on the sulphur contartdTiers Il and Il to regulate the NGemissionsvere
introducedThe sulphur content in s used in SECA was decreased to 1 wt% (2010) then 0.1
wt% (2015) while for fuels used outside SECA, the sulphur contesireduced to 3.5 wt%
(2012) andchas therbeenreduced to 0.5 wt%rom 2020onwardgq12]. Concerning the NQ
emissions, the ELYare addressed to didsmgines with a power output higher than 130 kW
of ships which were constructed, or engines which underwenta major conversion, after January
1, 2000. The Tiers I and Il concern this whole gaty of ships, depending on the construction
date (before orféer January 1, 2011)vhereas the Tier 1ll is for the same type of ship,
constructed after January 1, 206t only when they operate MECA.

Table 8: Tier I -1l NO x emission limits for ship engines (Marpol Annex VI and amendments)
(source:[12])

Regulation NOXx limit (g/kWh) Rated engine speeds (rpm
17 n< 130
Tier | 45 x no-2 130 O n <
9.8 n O 2000
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Regulation NOX limit (g/kWh) Rated engine speeds (rpn
14.4 n< 130
Tier Il 44 x n0-23 130 O n <
7.7 n O 2000
3.4 n<130
Tier Il 9 x mo-2 130 O n <
2 n O 2000

Following the MARPOL Convention Annex VI, the E@nplementedthe Directive
1999/32/EC, with measuré&sreduce emissions sfilphurcontainedn marine fuels. However,
this Directivedoes not treat the ship emissions of N® TSPemissionsThen, the Directive
2005/33/EC wasnplementeand basicayl copied the MARPOL Annex VI but differed on the
application dates. In addition to tMARPOL Annex VI, itimposes a resttion on the sulphur
contentat 0.1 wt% for ships at berth in EU pdrtsn 2010 onward¢Directive 2012/33/EU)
Since thenrevised versiosiof the Directivesuch a®irectives2012/33and2016/80Fix edthe
sulphur content of fudirst to 1.5 wt% for passengeships outside SECAnd therio 0.5 wit%
since early2020.

Table 9: Evolution of the legislation on sulphurcontent in marine fuel quality (source:[12])

Heavy fuel oil Gas oil
Legislation Region
S-% Impl. date S-% Impl. date
EU-Directive 93/12 None 0.2 1.10.1994
EU-Directive 1999/32 None 0.2 1.1.2000
SECA — Baltic sea 1.5 11.08.2006 0.1 1.1.2008
EU-Directive 2005/33 SECA — North sea 1.5 11.08.2007 0.1 1.1.2008
Outside SECA's None 0.1 1.1.2008
SECA — Baltic sea 1.5 19.05.2006
Marpol Annex VI SECA — North sea 1.5 21.11.2007
Outside SECA 45 19.05.2006
SECA 1 01.03.2010
SECA 0.1 01.01.2015
Marpol Annex VI amendments
3.5 01.01.2012
Outside SECA
0.5 01.01.2020?

Notes
1. Sulphur content limit for fuel sold inside EU.

Several studiemvestigated the impas of the aforementioned policies on the ship emissions,
as well as on the chahges for shipnanufacturesand ownergmostly about the need of
updated technologies and the eventual shift in the trading routes) and the fuel suppliers
[20][21][22][23][24][40]. One of theimain conclusionsvas thapoliciesand measures are
crucial if emissbn abatements wantto be achieved because reduction technalegten

not enoughimplemented ifno limit valuesare imposedA recentstudy conduded by a
consortium led byNERIStogether withCitepaand otherpartnerd25] analysedhe impact of

the IMO6 2020 global sulphur camolicy and the implementation of a SECA and a NECA in
the Mediterranean Seldugereductionof SO, and NQ emissions could bebtained with PM

and BC emission reductions as wBknefitson human healthave been asseskend the costs
estimatedAmongtheother results itey remarkablyevealed that more than 6,000 premature
deathsaround the Mediterranean Seae to PMscoud be avoided and at
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could be savedearly in health costs while thadditionalinvestment for such measure
implementations in the Mediterranean Sea would be ofnomor&than i | | i o J25l.0 p e

In addiion, the Commission implementing decision 2014/738/EU, which establishes best
available techniques (BAT) conclusions for the refining of mineralrall gasregulates VOC
emissions to air from fuelloading and unloadpgrationsFor seagoing ships wi an annual
throughput superior to 1 million fyper year, vapour recovery techniques such as condensation,
absorption, adsorption, membrane separairdrybrid systems must be implemented in order

to achieve recovery rate of at least 95%

In annex V| atticle 8 of the AGP,limit values for VOC emissions from the storage and
distribution of petroldo not addreshe loading of seagoing ships (stage 1)

For ports, no internationa¢gulation imposes specific rules for port argag., IMO regulation
apples)but regional or local regulation authorities nagfine someln the European Union, a
fuelsulphur contentlimit of 0.1 wt% for ships at begimposed by the Directive 2012/33/EU.

In addition, the Directive 2@J50/EU imposes standards for ambieair pollutant
concentrations, which may force ports to act on their ambient pollution or limit their activity
deployment, especially for NOPMpand PM, s In the US, similar ambient air concentration
limits are imposed by the US EPA through the Natlodhmbient Air Quality Standards
(NAAQS), which can indirectly enhance port emission reduction. In California, the Ocean
Going Vessels Fuel Rule impasdor vessels within 24 nof the Californian coastline, a fuel
sulphur content limit of 0.1 wt% for nrg auxiliary and boiler engines since 2014. Finally, the
Californian AtBerth Regulation requires vessels of 6 different ports (Los Angeles, Long Beach,
Oakland, San Diegégan Fancisco and Hueneme) to plug into shore power or use alternative
control tetiniques which achieve similar emission reductifatseast 8890% for PM and
NOy). In 2014, at least 50% of a fleet vigitaist use onshore power and total onboard auwyxiliar
engine power generation must be reduced by at least 50% (measured agaiest beséline
power generation), which increased to 70% in 2018 and 80% in 2020.
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5. Available reduction techniquesor ships

The emissions of pollutant in the maritime navigatcan be controlled by actirag the source:
using cleanerfuels (with low sulphur contentLNG or alternativefuels such asbiofuels
methanolor other$ and modifying the combustion technologgnd procesgprimary
techniques), eventualiyombined with exhaust gas treatmegecondary technique3he
measures adopted in theNRPOL Annex Vlimpose requirements on the fsellphur content
In addition a focus neeslto be realizedn the various combustidachniques and technologies
to abate further air pollutant emissions the followingparagraphsa review of the abatement
teciques available to decrease the emissions gf SQ,, PMand BCis given.

Regarding the technology optioasd investment costs, large variety in marine engines and
fuels needs to be considered. The range of engines can vary from 100 kgybaghenges

to 100 MWtwo-stroke engines, operating either at very good quality distillate fuels to high
sulphur content residual fuels. It is common that some reduction technologies apply only to
certain engine technology and fuels, and also the reductionesftigiand costsay vary

approach so that specific features are considered to assess the appropriate reduction level and
costs

Noteabout PM measurements:

In the following chapé r s |, the term APMO (Particu
encountered in the |iterature. However
to the term fATot al &suns ppeaifid rarge of particle sizes
considered. Newv¢heless, the differences between TSP and PM can be rather marginal
fractions of PM sand PMyin TSP in marine combustion are very large and, accordin
the EMEP/EEA guidebodk 2], the granulometry is as follows:

Granulometry of PM emissions (% of TSP) | PMsg PM, s
Bunker fuel oil 100% 90%
Marine diesel oil/marine gas oil (MDO/MGQO| 100% 93%

In addition, the measurement techniques for ship engines often follow the standards f
norm ISO n°8178, where dilutiaf the exhaust gases is realized before the measure in
to include the volatile PM fraction.

5.1.Primary techniques
5.1.1. Fuel switch: éw sulphur fuels, LNG and alternative fuels

5.1.1.1. Switch to low sulphur fuels

The emissions of S@rom ships are directly due to the content of sulphur presentin the fuels.
However, thanks to the MARPOL Annex VI Regulation, a sulphur cap hasdsgered and
decreased over the years, down to 0.5 wt% since early 2020, having a huge impagt on SO
emissions.
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Since the SQ emissions are directly proportional to the fuel sulphur contents, important
emission cuts down can be achieved using lower sulpimtent fued. Typically, lowering the
sulphur cap of fuels from 3.5 wt% to 0.5 wt% should theoretically lead to a reduction of 85%
of the SQ emissions from maritime shipping. In practice, some sea zones are SECAs, where
the regulated sulphur contenfisl wt% leadng to potential reductions of up to 97% as it can

be observed in literatudg 7], but some of the commonly heavy fuel oils used have lower
sulphur congnts than 3.5 wt%. For instance, prior to MARPOL 2020, the average fualisulp
content was estimated to be around-2.% wt%[5][25][64][72][73]. Therefore, the practical
emission abatemenagshievable can be slightly lower but still very significant.

In addition, the switch from higbulphur residual fuels ttower sulphur distillatdight fuels

also has a positive impact on PM emissions, with achieved emission reductions varying from
5010 90%(25][64][77]. Switching to low sulphur content, distillaight fuelsalso provide BC
reductions by 0 to 80%, with a medium range bbat 30%[33][35][79][84]. The achieved
reduction rate dpends on the measurement technique, fuels used, dppeseand power
ranges, which could explain the wide range of reduction rates observed.

5.1.1.2. Switchto LNG

A switch to LNG instead of using fuel oils in ship diesel engines would be a sizeable solution
to decrease significantly the emissions of, 300, and M and eliminate most of the black
carbon emission6]. In 2015, LNG represented about 2.4% of the total fuel consumption of
marine shippin§37]. Since 20D, the share of delivered ships built witRG engines increased

from 1.4% to 13.5% in 2018 7]. The combustion of LNG is supposed to be almost negligible
for SO, emissions compared to other oil products (from 90 to 100% redyetid)) whereas it

is estimated to emit about 90% a88-98% less of NQand PM, respectivelj26][40][84].

Lower reduction rates of about&8% and 6868% for respectively NQand PMhave also

been observed withlaNG switch[77]. A switch to LNG is also estimated to have a positive
reducing impact ofip to75% to 90% on BC emissiofid3][34][37][84]. Nevertheless, major
modificaions are required in order to use Li@Gginesvhich implies costly conversion26],

unless the gas engine conversion is realized duringjarrengine overhaufFor instance, an
additional physical space eodotequivaentiunitBskisio f t h e
expected to be required for a switch to LNG endije implicitly decreasing the space for
containersln addition, LNG is mainly used in du@iiel enginegaround 81% of all installed

or ordered LNG enginesimplying that some oil is also jointly consumauld can therefore
increase the overall LNG engieenission$77]. Another limiting parameter to the deployment

of such a technique is the availability of LNG and the associated methane emissions
[26][37][38][39]. In fact, it has been estimated that LNG production could cover about only
10% of the required shipping fuel by 20[)[41].

5.1.1.3. Water-fuel emulsions (WFE)

In WFE, water is added continuously irsanixture of fossil fuel and emulsifiers or stabilizing
agents by mechanical measures, prior to the combustion chEg88&B][55][64][69]. These
emulsions are typically denoted as water in fuel emulsions. However, in some cases, the amount
of added water needs to be very large to reaehdafuired emission limits, such that it could

be rather considered as a fuel in water emulsion. A marergédenomination watduel or
fuel-water emulsion cover both caséke fuetwater emulsions can be either based on diesel

or heavy fuel oil mixtues [32][64]. The use of WFE generally increases the fuel oil
consumptioni15][33][53][55], but fuel penalty is marginal when the water contentis 30% or
less[53][55] and estimated to be aroune2% for 30% water contents or md&s][55][69].
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When the emulsified mixture is injectadto the combustion chamber, the combustion
temperatures are lowered due to the water evaporation and additional heat required to heat up
liquid water to the boiling point, leading to a lowfermation of NQ [33][55][64][69]. Then,

NOy emission reduction of about 1% is expected for 0.7 to 1% of water added to the fuel
[15][55][64][69], with maximum reductions achievable about-@D% [55][62][64][69].
Conjointly with NQ,, PM emissions can be decreased by 20 to 63% using WFE in marine diesel
engine432][35][53], whereas itis also reported tl90% PM reductions can be achieved
[53]. In addition, BC emission reductions of-88% can be obtained accordind3&], while
reductions up to 85% are reported3®][53][84]. Potential impacts on S@missions are not
reported in the literaturenal are assumed to be minor but slight reductions can be expected
[35][53]. One limiting factor to the use of WFE in existing marine engines is the delivery
capacity of the fuel injection system while maintaining the same powerf@&jeln additian,

the large amounts of required water and the corresponding energy consumption for water
treatment need to be considerbthreover, using this process implies the risksolphurous

acid (HSG;) formation which could lead to the engine corrogiof.

5.1.1.4. Switch to alternative fuels

Using other, cleaner alternative fuedsich asnethanobr biofuels can be a great means of
tackling pollutant emissions. Nevertheless, a switch to fuels such as biofuels or hydrogen is
possble but stillmostly at the research and developmergestf8], and it also raised some
problems about cost and availability

I Biodiesesand biofuels:

Switching to biodiesels and biofuglsoducedrom vegetable oil is also a good means to reduce
the ervironmental impact of shipping. They have already been introduced in various
transportation sectors and enable,Gd PM/BC emission reductiofi5][35]. In order to

fully assess the C{emission reductions related to the use of biofuels, the impact on the land
use and land change would need to be considered asAmsding different transport means,
biodiese$ have beenavealed to decrease PM emissions by 50 to 90%, due to the lower
coneentrations of aromatic hydrocarbons, the higher cetane numbers and higher oxygen content
[35]. In marine applications, PM reductions from 1293 %% have been obtained depending

on the percentage of biodiesel in the fuel mix{3. In [84], PM reduction rates of 280%

are observed for 20% biodiesel mixture while 100% kesds reduce PM by 50/0%.In
addition, comparingto typical fuels, $@mission reductions could be obtained while switching

to these dérnative fueld32]. However, biodiesels have lower energy contents {11%
compared to conventional diesghence increasing the fuel consumptids]. Applied to the
shipping industry, a 50% biodiesel/uli@v sulphur diesel mixture has shown a 38% BC
emission reduction, whereather testsevealed a 605% achieved reduction compared with
HFO[35][84]. Though, ithas been reportedthatthe operating costs in marine engine propulsion
would be too high15], but this study dates from 2005 and biofuel technology was not as
advanced as nowadays.

1 Methanol:

Another possible fuel switch is to use methanol or dimethyl ether (DME) instead of
conventimal fuels. The interegt methanol as a marine fuel increased while the IMO sulphur
caps were implemented, as methanol does not contain siifitudence, S@Qemissions can

be drastically tackled, while other pollutant emission$ias&cNQ and PM can be significantly
lowered, as well a0, and greenhouse gas emissionssome specific cas€g30][77].
Actually, when produced from biomass resources such as bsorasisiues or black liquor
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gasification, 95 t0100% CQ emission reductions can be expected from the use of
methanol/DME[35][70], as well as a 97% drop in particle nober (hence, similar BC
reductions can be expected but not with confidence, no reported data on tH35yel)
produced from natural gas, methanol has a similar carbon content as diesel and no GHG
emission redction is achieved70]. In addition, 35% reduction in NCemissions can be
obtained from a switch to DMB5]. In[70], NOx and PMpemissions were reduced from about
55% and 99% on small 313 kW sparkignited engine running at 64% maximum continuous
rating, incomparison with diesel engine tesispilot project from Stena Line with the switch

to a dual fuel MG@methanol egine for a RoPax Ferry revealed emission reductions of 99%
for SG,, 60% for NQ, 95% for PM and 2% for CO, compared with HF@78]. In [80], NOy
emission reduction rates vary from 30% to 6@wever,a drop in fuéefficiency of about

9% is reported with the use of DMB5], leading to additional necessary fuel consumptions.

5.1.2. Slow steaming

Slow steaming is another technigue which gained interest in tentgears, as it enables to
save fuel and hence redsesnissions of all pollutants at onpE)]. Thistechnique consists of
reducing the sailing speed fraafewknotsas, in normal cruise conditions, the specific fuel
consumpion is almost proportional to the third power of the ship velo[@8]. Thus, by
reducing the cruising speedpmefuel savings can be achieved, enhancing the shipping
compani es 0[43 and dnultareduslylinptoying environmental performanCre

study shows that reducing the velocity from 23 to 18 knots should theoretically reduce the fuel
consumption by 50%, meanwhile 10% and 20% speed reductions are reported to enable fuel
savings fromaboutl5-19% and 3639%, respectively32]. Slow steaming can be realized
either by reconfiguring an existing engine so thatit is efficientunder reduced load, oirigy sett
up smaller engines on ships to sail at lower crgisipeed44]. The second option requires less
initial investment but presents the drawbacks of being notrséle and also worsen the
performances and the fuel consumptions of the ship if it requires to sail at a higheosipeed
bad weather conditiorj40].

A study fram the Air Resources Board of Califorrj#b] revealed thaapplying slow steaming
speedestrictionsf the 24nautic mile m) zone tathe 12 nm zone arttie ones of the 40 nm
zone to th&00 nm zone plus high seasablesdditionalreductions of emission of G&rom
13% to 29% respectivel\{40]. Simultaneously, thesavings of fuel enable to reduce the
emissions of NQ SO, and PM, srespectively from about 21% to 36%, 13% to 29% and 18%
to 31% (sedablel0) [40][45]. This study from CARB was further developed in 2012 and they
revealed that redurcg thespeed from 24 to 15 knoftsr container shignable CQand NQ
emission reductioper nm travelled ohbout43-56% and 569%, respectively68]. In
addition, they showed that decreasing the sailing speed to 11 kndtsttear decrease GO
and NQ emission per nm travelled by 63% and 64%, respectively. The@Missions per nm
sailed were also revealed to be reduced by 69% when decreasing theemeatito 12 knots
[68]. However this stidy alsoanalysedhe CO emissionwhich are negatively impacted and
tend to increase@rincipally due tothe engire performing at lower load factojg3]. Another
study reveals that imposing a 12 nm speed limit #%am zone could cut PM emissions by
one third[32]. BC emission reductionfsom 0 to 30% can also be obtained by reducing the
speed from 2%0 18 knots if the engine is derated, however increase of emission can occur if
the engir operates at lower load factors or if no derating is perfor(aedrage of +30%
emissions if engine load is reduced to 40% without deraf8tj[84]. In terms of economic
impacts, the main costs corfrem the fact that the delivery times are hightberefore more
ships are required to achieve the same shipping of gdod®asing theship fleet could
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howevercounterackome othe environmental benefits achieved while decreasing the cruising
speed.

Table 10: Reduction ceefficients assumed for speed restrictions within the 12m zone, in the 200
nm zone and high seas (sourceft5][40])

24 nm zone -21% -13% -18% -13% 12 nm zone

40 nm zone -36% -29% -31% -29% EEZs (200 nm zone)
plus high seas

5.1.3. Slide valves

The implementatio of slide valves, in replacement of conventional fuel valves, enalalies
complete combustion atlower pelame temperaturd83][53]. Slide valves are now common
techniques, already implementedsome newbuild engines and oftemoéitted on old engines
[33][35][53].

By lowering the flame temperature, this technique enables reductions ,ofPM) BC and
VOC emisions[33][35][53]. NOx emissions can be decreased by up to 2025 while PM
emission reductions by 10 to 50% are reported with an averagecti@ad of 25%
[32][33][35][53]. Conjointly with PM reduction, BC emissions are expected to decrease in a
similar proportion, by 25 to 50% applimxately[33][35][53][84].

It has been repted that the use of slide valves canresultin a 2% fuel penalty in consumption,
thus implying somadditionaloperating costand increasing slightly C£emissiong35].

5.1.4. New emergingalternative fuedor propulsion systems

Othertechniquesto reduce the environmental impact of shipping based on alternative fuels such
as hyadogen or ammonia or propulsion systems such as bagteggric or modern wind
propulsion have emerged.

1 Hydrogen (H):

Hydrogen can be produced by eletysis of water with renewable electriciigbout 4%)or

from fossil fuelgabout 95%f nowadays praaction)[82]. Hydrogen can be used either in fuel
cells, in duafuel engines orinstead of heavy fuel oilin diesel endi@&§82]. If it is produced

from renewable eneygor nuclear powerCO,-free ships carbe possiblg81][82]. Indeed,
hydrogen used ifuel cellse mi t s zer o 0 e x thadestroadnenecahieacgon o0 n s
between hydrogen and oxygevhichprodices electricity, produces onlyeat and water as by
productg37][81]. However, he replacement of HFO with Hequires five times monglume

for liquefied H, and ten to fifteen times more volume f@ympressed gaseous [81][82],

raising storage limitsMoreover, the compression and liguefaction of hydrogenvarg
expensiveand energyintensiveas its liquefaction temperature is very l0¥2%3°C)[37][82].

Finally, fuel cells are still a technology at the development stage, which is also expensive and
space demandifjg7].

Up to September 2020, only three pitwbjects of ships running onyléxist but no bunkering
infrastructure is availab[@1][82].

TFTEIT Shipping emissiorisDecember 2020 Kis



T Ammonia (NHg):

Ammonia is often used as a fertilizer, but it can also be used as a fuel for combustifuelo
cells[37][82]. Ammonia is carboriree, hence enabling G@mission suppression. In addition,

it has a higher liguefaction temperatu@3°C) as well as a higher liquid density than hydnpge
which simplifies and makes less expensive its liquefaction and stooageared to hydrogen
butnotto odbased fuelf82]. Up to now, 90% of the productionis based on fossil fuels (mostly
natural gasasthe production fron renewable sourcesvgry energyintensive[81]. So far, its
marine application is still at the research and developmen{8ijtéMoreover, the ammonia
toxicity raises some problemshich is oneof the reasons whyo ammonigpowered ships are
operationa[37][82].

1 Battery-poweredships(electric or hybrid)

Shortsea shipping enables to test new technologies as frequent stop and spfea#icicture
are more availablédere batterypowered ships gairtteaction and there are about 450 ferries
and offshore ship@n operation or orderedyhich are equipped with this technologf which
about onehird is fully-electric, meanwhile Norwayelectrifiesits ferry sectorsince 2015
[81][82]. Hybridisation of ships have been reported to enablegd@ssionreductions of about
10-40%, meanwhile electric shipsan suppressCO, from the exhast and totallyif the
electricity generation is made fromnewable or nucleanergie$37][82]. The installation of
battery systems, including the needed replacement ed€hy&ars, are significalgtmore
costly than diesel enging®2].

1 Wind-propulsion assistance:

Various modern wingbropulsion solutions exist and have been tested, such as rotor sails,
wingsails and towing kites. Depending on the techggland ship typ, fuel savings of about
5-50% can be expecte[B1], but typicalannualsavingsabout8-10% were observed on
equipped ship3]. The Finnish company Norsepower systems have claimed that its Rotor
Sal technology could avoid more than 30 Mt of £@er yeaif applied to the entire global
tanker fleef83]. However, some limitations are raised about this option such as for the deck
layout, the loading processes and acréa®gd heeling (tipping from side to sidgg1]. In
addition, the most encountered wiptbpulsion solutions, kites and rotors, are estimated to be
more effective tlower speeds (e.g., below 16 knots for kif8g).
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5.2.Secondary techniques
5.2.1. NOxredudion techniques: EGR and SCR

In engines NGO, emissions are influenced by different parameters such as the type afduel
their N contentthe type of combustion, the combustionmitio and the flame tengpature.
Thus, to reduce NCemissions, several measures can be implemented

5.2.1.1. Exhaust Gas Reaculation (EGR)

The principle of thigechnology is to create a recirculation of the engine exlgasstdack

into the combustion chamber so that the combus@orperatures and pressures are lowered
[26][27][29]. To do so, an intercooles positioned on the recirculating path to lower the
temperature of the exhaust, which incesadis heat capacity and decreagie O, contento a
smaller concentration than in the air. Hence, the temperature of combustion in the engine is
lowered which thus hinders thleermalNO, formation[26][27]. Since the input of the EGR
system must be cleangdseso prevent corrosion or clogging of the engimdich would
decrease its efficiency or increase the maintenands, tas technologyneeds to be combined
with diesel particulate filtersO(PF) or a scrubberin re-circulation line [26][29][77].
Neverthelessthere is no operating restriction in terms of the fuel sulphur content or the load
operation. In addibn, an electronic control system is required to operate the EGR technology
[26].

The NQ reduction efficiency of EGRvarieswith the recirculationrate, but the smoke
formation andhefuel consumptiomcrease at higher ratg&/].Oncompressioignition diesel
engines, tb EGRtechnologyhas a good N@reducton efficiency which varies from 25% to
80% depending upon the applicatif6][55]. Using an EGR canalso enabld8C emission
reductionaup to 20% since the exhaust gases need to be cleaned through scrubbers or DPFs,
butthe recirculatiorcan also increase thoeiild-up of sootin some conditiong33][35]Erreur !
Source du renvoiintrouvable. A test on the first generation of MAN EGR revealed that with
20% of exhaust recirculation rate, a 50% N@nission reduction could be achieved with a 3%
sulphur residual fue]28]. Moreover, the second generation of MAN EGR is supposed to
achievecompliance withTier Ill NOy limits with 40% of recirculation ratg27]. The EGR
system though implies a reduction of the engine power and a potential incfefis# o
consumptionof about0-4% [26][77]. However, it was shown that EGR systems are more
efficient in terms of fuel savings than doing eregadjustments and lowering the load factor,
to achieve Tie lll thresholds[27]. The additional electrical power required to operate the
scrubber or water treatmesytstem is estimated to be about 1.6 kW/MW for 0.1%S fuel and
3.3kW/MW for 3.5%S fudl9]. For the EGR unit, the additional power supply needed, related
to the EGRblower, varies from 2.8 to 5.5 kW/MW for load factors of 25% and 100%,
respectivel\{29].

The EGR systerhas been demonstrated to reduce,Hfissions to msure corpliance with

Tier lll levels for twostroke engines while ithas notyetbeen appliedadium-speed engines
[26][27][92], the main challenges beititge high SQand PM concentrations in the exhaust gas
[77] and thesignificantfuel penalty Furthermore, this technology is not well suited to be
installed on existing engines because of the major operations of integration to perfoem on th
enging[26].

The implementation 0EGR systems can result in an increase of CO and PM emisgioats,
operated according to the manufacturer instructidmarder to prevent increased wear of the
engine and the needifmore frequent maintenandbgerecirculatedexhaust gas is cleaned by
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aninternal EGR scrubbdrhe EGR scrubberis a closémbp scrubber with an integrated water
treatment system which can be operated for an extended period of time-giscdarge mde

[92].

Figure 8: Exhaust-gas recirculation system 2-stroke low-speed engine (sourcg92])

5.2.1.2. Selective Catalytic Reduction (SCR)

The aim of the SCR technology is to @dwn theNO, emissions via a chemical reactiover

a catalysf26][27][29]. Todo sohitrogen reducing compounds suclaasmoniavatersolution
(NH3) or ureaareused ashe selective reducing agestd that the reaction products are nitrogen
(N2) and water (HO)[26][27][29]. Differentforms of ammonia are used in B€R technology,

but the most common solution used in vessels is a mix of 40% of urea and2&t&uring

the process, theeducing agens injected as a spray into the exhaust duct right before the SCR
reactor.

For marine applicatiorthe activecatalyst materidiommonly used isganadium oxidgwhich

is combined with titanium oxide in a washcoat over a honeycomb ceramic or metalligrstruc
[77]. Other catalyst materials such as zeolites can also be used, buttheseally sensitive

to sulphur poisoninfy7].

The consumption airea solutiordepends on the amount of N®hich isaimed to beeduced
[26]. Anhydrous ammnia ®uld also be usethut it is classifed as a toxic and dangerous
substancehoweverits supply system is more complex than for ubed the storage volume
required is smaller and the vaporizing and mixing process are simpler than ff2Qjrea

The SCR techniquean be used with any marine fuel,dibwever the catalytic reaction is more
efficient at lower S@levels in the exhaust gas, and at higher temperaftir¢sit enable to
reduce drastically the N@missions with efficiency wging between 70% and 958&&pending
onthe operating conditiofig6][27][37][77]. BCemissions analsobe reduced to some extent,
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