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ABSTRACT

In this thesis emissions reduction technologies for marine sector use were examined targeting CO, and NO, output of
engines operating on liquid and gaseous fuels. The basis for investigation is direct measurements on marine engines
conducted either on-board or during the factory acceptance procedure accompanied, where appropriate with multi-zone
combustion model simulations for in depth analysis. In total 19 engines were considered, the majority of which 2-stroke
slow speed propulsion engines. Two abatement technologies for each pollutant were examined: for CO, biofuels and
liquified natural gas (LNG), and for NO control exhaust gas recirculation (EGR) and selective catalytic reduction (SCR).
All the aforementioned are newly introduced in the marine sector and considered state-of-the-art solutions.

The use of biofuels was examined by on-board trials on a series of 2-stroke and 4-stroke engines using a 30% biodiesel
blend with crude oil and accompanying measurements using typical marine fuels. Its impact on marines engines,
especially 2-stroke ones, was mostly undocumented up to the present research. The effect on engine performance and the
combustion process was found minimal, with a small fuel efficiency penalty. Consistent increase was measured for NOy
emissions, attributed to biofuel increased O, content, based on the measurement data analysis and on a detailed
investigation via the multizone model. The negative effect on fuel consumption and emissions was higher for the 4-stroke
units. For all engines the increase was only moderate allowing operation within regulation limits. Minimal CO, emission
improvement was measured on-site, but well-to-wake data show roughly 25% improvement for carbon emissions using
the fuel.

The high-pressure gas injection dual-fuel engine variant was tested in the LNG viability study. Performance and emission
measurements were conducted on two consecutive generation large 2-stroke engines for diesel only and dual fuel
operation. The measurements were acquired during official Factory Acceptance Tests (FAT). Analysis showed that the
previous generation engine was capable of nearly identical performance between dual-fuel and diesel only operation with
a minimal efficiency penalty. The diesel fuel pilot amount required for stable operation was low. The only major
difference was higher initial and peak combustion rate. The overall tuning was aimed to match diesel operation. For the
new generation engine considerable improvement was found in terms of required pilot fuel amount, and fuel efficiency
was higher than diesel mode. The previous was due to injector design improvements and different engine tuning. The
effect on combustion was notable with very high premixed combustion rate. The maximum cylinder combustion pressure
was increased compared to diesel operation and to the past generation engine. NO, emissions were relatively close
between diesel and dual fuel mode and were found to be affected by fuel pilot injection strategy, peak pressure values and
the lower methane flame temperature. The benefit on exhaust CO, emissions was close to 23% for both engines
comparing diesel and dual-fuel mode. The gen-on-gen improvement was close to 7%.

EGR, as a means to satisfy NO, emission legislation, was tested on a diesel and on a dual-fuel large 2-stroke engine
during FAT tests. Very high overall effect on combustion was confirmed for this technique. Combustion rate was slower
and duration was increased in both engines. Considerable alterations to engine tuning were required. The impact on
combustion efficiency led to increased fuel consumption, close to 5% for the diesel and 4% for the dual-fuel engine.
Overall efficiency of NO, reduction was high, close to 80%. Practically no difference was found between the dual-fuel
and diesel only engines. The EGR percentage was estimated using measured data approximations and a multizone model.
Both methods showed high rate requirements while injection timing was also retarded to aid in NOx formation reduction.
The information acquired from the present analysis covers the lack of detailed performance and emission data for the
specific technological solution on slow speed marine engines. A theoretical investigation was conducted using a multi-
zone combustion model to explain and understand on a fundamental basis NOx reduction when using EGR. Last, a
theoretical analysis was conducted to minimize the fuel consumption penalty from the use of EGR.

SCR was tested in two configurations, Low Pressure and high pressure, before and after the turbine in large 2-stroke
engines. The investigation was conducted during the attendance of official sea trials and FATs. Effect on engine operation



was minimal and only a 1.5% fuel consumption increase was found. Some tuning change requirements were confirmed to
increase gas inlet temperature at the catalyst that contributed to the fuel consumption increase. Furthermore, for the first
time the use of a SCR solution for crude oil operation was examined and evaluated. Efficiency of NOx reduction was
good, 85% and 80% for catalyst before and after the turbine respectively. Operation required use of urea and consumption
was high close to 18g/kWh on average. This will lead to high operating costs for the system. A comparison between EGR
and SCR showed considerably higher cost of the SCR system based on modern fuel and urea price trends, when also
factoring in the requirement of catalyst replacement every few years.

Overall, the investigated technologies were found to provide tangible benefits on emissions reduction while being mature
enough for current use and also having considerable prospects for future advancements.



Awaxtopki AweTpifn

Tithog: Algpevnon VEOV TEYVIKAOV HELMGNG EKTOUTAV Y1 TOV TEPLOPLOHO TOV TEPLPUALLOVTIKOV
EMTTAOGEOV KIVIITI| POV TAOIOV YP1oNS VYPOV 1] 0EPIMV KOVGIH®V

Amd Y.A. Ogopdvng XovvtdAag

Empiénovoa: Kab. Mopio ®odvn
OEPIAHYH
¥t SwtpPn pekethOniav teXVoloYieg UEIMONG EKTOUTAOV Yo TOV VOLTIAMOKO Topéa, pe otoxo ta CO, kot NOy
TOPOyOUEVE OO KIVITIPES TOL AELTOLPYOLV UE VYPE Kot aépla Kavowa. H Bdon yw v €pguva fTov HETPNOELS O
VOUTIKOVG KWNTHPEG mov Tpayuatomodnkay gite oe mhoilo &ite katd Tn OWHPKEWL E£PYOOTAGLOK®V OOKIUAV, KoL
GUVOOELTIKAY OO TEPUITEP® OVAALGT UE TN PN TOALLOVIKOV HOVTEAOD Y10 TNV TPOGOUOIMGN KOOGS, XvvoAlkd 19
KIvNTNpeg PeAeTNOnkay, ot meplocoTEPOL HEYAAOL 2-ypovol Kivntpeg mpowons. E&etdotnrav 300 teyvikég peimong
exmopnav yo kabe pumo. o to CO, Brokadoya kot vyporonuévo euoikd aépto (LNG), kot yio tov éleyyo tov NOX
avaxvkhoon kavooepiov (EGR) kot exAextikn katolvtikny avaymynq (SCR). Olo to mpoovapepbévia eionybnocov
TPOCPOTO GTO VOUTIAOKO TOUEN Kol OEmPoVVTOL TPONYUEVES TEYVIKES.
H ypnon Proxavcipov eéetdotnie péow SoKwdV o€ mAoio e 2-xpdvoug kot 4-ypdvouvg KIVTNPES YPNOULOTOIDOVTOGC
petypa 30% PBrovriled ko Popd meTpélaio, Kol e CUVOSEVTIKES UETPNCELS PE TUTIKA vauTIKA Kavoe. H emidpaon otovg
VODTIKODG KWWNTAPEG, EWOIKA 2-xpovovg, dev gixe ovaivbel ektevadg uéypt tnv mapovoa Epevva. EAdyiom emidpoon
Bpébnke omv amddoon Tov KNP Kol 6T dadikacio kabong, He uwo, Wikpn advénon kotavaimong. Metpndnke
avénon otig ekmounéc NOy, mov anoddbnke oto avEnuévo mepieyopévov tov Prokavsipov oe O, Pdoet avdivong tov
UETPNUEVOV OEdOUEVOV KoL Epevvag Ue YpNom evOg ToA{@VIKOL Hovtédlov. O apynTikOg aVTIKTUTOG OTNV KATAVAA®OT
KOUGIHOV KO TIG EKTOUTES NTOV PEYUADTEPOS Yo TOVG 4-ypovous Kivntipes. [1a 6Aovg Tovg Kivnipeg, 1 avénon Nrav
UETPLOV EMTESOV, EMTPEMOVTAS T AELTOLPYia EVTOG TV Becmicuévav opiov ektounav. MetpriOnke erdyiotn PeArtioon
exkmopncdv CO,, oAAG avaAvoelg kokhov {mng Ociyvouv mepimov 25% PeAtioon oTic GUVOAKES ekmoumés AvOpoka
YPNOLOTOIDOVTOG PlrokadGLO.
H peiém ypnong LNG zmpoyuatomombnke o kivnmpeg dmAol kavcipov pe £yyvomn tov aepiov oe vymin mieon. Ot
LETPNOELG AELTOVPYIOG KO EKTOUTMV TPOYUATOTOWONKaV o8 2-¥povoug Kvntnpov 600 GUVEXOLEVOV YEVEDV KT TN
Aerrovpyio povo pe metpéhaio kou pe ypnomn merperoiov kol aepiov. Or perprioeg éhafav ydpa katd ) dSibpkea
gpyooTaclok@V dokiumv. H avdivon €dei&e 6L 0 mponyoduevng Yeveds Kivntnpog NTaV tKOVOS Yo, 6YEd6V id1a amddoon
peta&d Tov dvo Tpoémwv Asttovpyiag. Mia eAdyiom peimon arodotikotnTos Ppébnke Katd T Aettovpyia dvo Kovcipmyv. H
TOGOTNTA TAOTIKNG &yyvong meTperaiov mov amarteitanl Yo, otabepn Agrrovpyia dumAol kavcipov Mrav yoaunin. H
KuploTEPT S10.pOopd KT TN AgtTovpyio SITAOL KavGipov NTav VYNAGTEPOS apyKOS Kot PEYIGTOG puBUog Kadong. evikd 1
pOBLIOT TOV KIvNTHPA aVTOD ElXE MG GTOYO VA EALoTOTOIN OO0V Ol dtopopEg Peta&h Asttovpyiag vog Kat 600 KAVGiLmV.
2ToV KvnTpo. véog Yevedc uetpriinke onuavtikn Pedtioon 66ov apopd TV AmaIToDUEVT TOGOTNTA TIAOTIKNG £yyvone. H
O1KOVO LI KOUGIHOV NTOV CNUAVTIKA KOADTEPT KaTd TN ¥p1on euotkoy aepiov. Ta mapandve arodddnkav ce PerTidoelg
07O GYEOLOUO TOV EYYLTNPA KOl GE SLAPOPETIKN pOBUIoT Tov kivtipa. H enidpaocm tov tponyovuévev oty kavon oy
EUPOVNG, UE TOAD VYMAGTEPO pLOUO Kowong Ttpoavaueléne. H uéylotn mieon otovug kuhivopoug avénbnke oe oyéon pe ™
Aertovpyio Pe TETPELOLO KOl LUE TOV TPOTYOLUEVNG YeEVEAS KivnThpa. Ot ekmopnég NOy ftav oxeTikd Kovtd Yo Tovg 600
Tpomovg Acttovpyiog. Katd t Acitovpyio SImAoD KOVGIHOV Ol EKTOUTEC EXNPEACTNKAY OO TN LOPPT KoL ¥POVICUO TNG
TAOTIKNG £yyoons, TIG HEYIOTEG TIHEG Tieong kau TN youniotepn Oeppoxpacio eAdyoag tov pebaviov. To opédn otig
eknopunég CO, NTav mepimov 23% Kot yio Toug dV0 KIVNTAPES KATH TN Agitovpyio ue puotko aéplo. H Bedtimon yevedg
TPOG Yeved NTav epimov 7% avoQopikd LE TIG EKToUTES avOpaKa.
To EGR doxudotnke og évav peydAo 2-ypovo Kvntipo TETPEACIOL KOl £VOV OTAOD KOVGIUOL KOTH TN OldpKeld
£pYo0oTaclok®V dokiudv. H teyvikn g avakvkhopopiag elye peydin enidpacn oto unyavicud kavons. O pubuog Koavong
NTav To apyog Ko 1 dtdpkeld g avénonke kot 6Tovg 000 KvNTNPES. ATontnONKoY onuavTikég aAlayég otn pvoon Tov
Kwvnmpa. H enidpacn oto punyoviopd kabdong odnynce e avénomn g Katavalmong, mepinov 5% yio Tov Kivntnpo. Je
netpéhato kot 4% yia Tov kivntipa aepiov. H cuvoikn amodotikdénto peiwong NOyx fitav vymAn, kovtd oto 80%.
[paxtkd dev Ppébnie dapopd petald Tov KivnTipo aepiov Kot Tov Kvnthipa metperaiov. To mocootd EGR extiumOnke
YPNOLOTOIDVTAG i TPOoseYYIoTIKN HEB0JO e petpnuéva dedouéva Kot £va moAvlmvikd poviého. Kat ot 600 puébodot



£0e1Eov VYNAEC OMOUTOELS € TOCOGTO OVOKLKAOPOPIAG, evd TOpAAANAG 1 €yyvon Kavcipov Eekivovoe apydtepa
TPOKOA®VTOG eMMALOV Ueimon Tov oynuatiopod NOy. Ot mAnpoopiec mov TPOEKLYAV omd TNV TOPOVGH OVAAVGCT|
KOADTTOUV TNV EAAENYT] AETTOUEPDV SEGOUEVOV ATOO00TG KOl EKTOUTMV Y10 TN CUYKEKPLUEVT] TEYVOAOYIKY AVOT| € 2-
YPVOLG VAVTIKOVG Kvnthpes. Oswpnrtikn épevva deénydn ypnoomowmvtog éva molv{®vikd HOVTEAO KOOoNG Yo va
e€nynOel ko va katavonOel g Bepehmon Paon n peimon tov NOy 6tav ypnoonoteiton EGR. Téhog, TpaypatonomOnke
po BempnTiky| avéAvomn yuo T Helmon TG KatavaAwmon Kavcitov Tov tpokaAeital katd ) xpnon tov EGR.

To SCR doxiudotnke og 300 SWWUOPPDCELG TPV KO LETE TOV TOLPUTIVO, G PEYAAOVE 2-XPOVOVG KIVITAPEG LLE PLETPNCELG
KT TIG 0OKIUEG o€ TAOT KoL epyooTaciakég dokiuég. H emidpacn otn Aettovpyia Tov kivntipa fTav eEldyiotn. Bpébnke
pévo pio avénon g katavdiwong kavoipov mepinov oto 1,5%. EmPefordbnkov opiopéveg amaitioelg aAloyng
puOuicenv yio avénon g Beppoxpaciog eloaywyng aepiov GTOV KOTOAVTH, Ol 0Toieg GLVEPOAQY otnv avénon g
rkatavdiwong. Emiong yuo mpdtn @opd agoloynbnke m ypnon KotaAdtn wkavold vo Aettovpyel pe Popd kovowo. H
amodoon ¢ peimong twv NOx frav kadn, 85% kot 80% yio Tov kataddtn Tptv Kot HETG Tov oTpoPiho avtictorya. To
GUOTNHO OTTOLTOVGE TN ¥PNON oVpiog Kot 1 KUTOVAA®o™ NTav LYMAY, katd péco 6po 18 g/kWh. Avtd Ba odnynoel oe
VYNAO KO66TOG Agttovpyiag Tov cvothpatos. Mo ovykplon peta&d EGR xor SCR €0ei&e onpavikd vyniotepo k66TOG
Tov cvotpotoc SCR pe Baon Tig chyYpPOVES TAGELS TOV TIUMV KOVGIU®OV Kot ovpiag, Kot Aapupdvoviag exiong vaoyn v
omaiTnoN AVTIKOTAoTAONG KATaADT KABe Aiya xpovia.

YUVOMKA, o1 TEXVOLOYieg OV dlepeuvinKay SUMIGTOONKE OTL TAPEYOLY OMTA OPEAN OTYN LEI®MON TOV EKTOUTMV, EVAD
€lval OPKETA MPULEG Y10 TPEYOLTT YPTOT| EVA OPIGUEVEG EXOVV ETIOTG ONUOVTIKEG TPOOTTIKEG Y10 LEALOVTIKT EEEME.



