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Wstep

Historia paliw alkoholowych jest tak diuga jak historia silnika spalinowego. Juz w la-
tach 1824-1826 amerykanski wynalazca Samuel Morey skonstruowal pierwszy na $wiecie
silnik spalinowy, pracujacy na etanolu i terpentynie. Znany jako tworca pierwszego silnika
czterosuwowego Nikolaus Otto w 1860 roku stosowal etanol do napedu jednego ze swoich
silnikow. W 1896 roku Henry Ford zbudowat pierwszy samochdd (the Quadricycle), kté-
rego dwucylindrowy silnik zostal zaprojektowany do zasilania go czystym etanolem. Byl
to znaczacy krok w rozwoju paliw etanolowych dla przemystu samochodowego.

W 1908 roku wyjechat z fabryki pierwszy, produkowany przez prawie 20 lat, samo-
chéd Forda — Model T. Silnik tego pojazdu mégl by¢ zasilany etanolem, benzyna lub nafta.
W latach 20. ubieglego wieku firma Standard Oil zaczeta dodawa¢ etanol do benzyny
w celu podwyzszenia liczby oktanowej paliwa. W latach 30. gazohol stal si¢ popularnym
paliwem w USA, w ktérych ponad 2000 stacji sprzedawato benzyne z zawartoscig 6-12%
etanolu. Zastosowanie tetraetylku otowiu jako dodatku poprawiajacego liczbe oktanowa
zmniejszyto w tym czasie atrakcyjnoé¢ etanolu.

Kryzys w zaopatrzeniu w rope naftowa w krajach Ameryki Péinocnej i Potudniowe;j,
ktéry nastapil w latach 70. ubiegltego wieku, dat impuls do powtérnego zainteresowania
sie etanolem jako potencjalnym komponentem paliw. W kolejnych latach rosnace zuzycie
paliw silnikowych na $wiecie i idace za tym stopniowe ograniczanie emisji spowodowaly,
ze etanol pochodzacy z biomasy stat si¢ jedna z drog redukcji emisji gazéw cieplarnianych
z sektora transportu samochodowego. Wykorzystanie etanolu w formule benzyny silnikowej
w réznych krajach $wiata jest zroznicowane pod wzgledem ilosci tego komponentu w skladzie
paliwa. W 2011 roku w niektérych krajach Unii Europejskiej pojawila si¢ benzyna silnikowa
zawierajaca do 10% etanolu (paliwo E10), ale nadal dostepna jest benzyna o zawartosci do
5% etanolu do samochodéw nieprzystosowanych do paliwa E10 (dyrektywa 2009/30/WE).
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Wstep

Wykorzystanie mieszanin o nizszej zawartosci etanolu w niezmodyfikowanych
pojazdach byto tematem intensywnych prac badawczych w ciggu ostatnich kilkunastu
lat. Prowadzono réwniez badania dotyczace zastosowania jako paliwa innych alkoholi,
m.in. izomeréw alkoholu butylowego, produkowanych z biomasy przy kosztach i na-
ktadach energii poréwnywalnych z etanolem. W stosunku do etanolu alkohol butylowy
posiada wyzsza gesto$¢ energii, nizsza higroskopijnosé, wigksza lepkosé, nizsze cisnienie
pary ijest mniej agresywny wobec wielu materialow stosowanych w uktadach zasilania
samochodow.

Paliwem rynkowym o najwyzszej zawarto$ci etanolu jest paliwo alkoholowe
E85, stanowigce mieszaning alkoholu i benzyny zawierajaca od 50% do 85% etanolu
(CEN/TS 15293:2011), ktére moze by¢ uzywane jedynie w pojazdach specjalnie przystoso-
wanych. Paliwo E85 jest wcigz nowoscia na rynku europejskim, stabo rozpowszechnionym
gatunkiem i wymaga dalszego rozwoju poprzez prowadzenie prac badawczych. Uzyskanie
wymaganych wlasciwosci uzytkowo-eksploatacyjnych mieszanek etanolu z benzyna i pelne
wykorzystanie ich waloréw jako paliwa proekologicznego stanowia duze wyzwanie i wy-
magajg pokonania wielu problemdw, zwlaszcza w zakresie opracowania skiadu i sposobu

uszlachetniania takich paliw.

Stanistaw Oleksiak
Kierownik Zaktadu Oceny Witasciwosci Eksploatacyjnych
Instytut Nafty i Gazu - Panstwowy Instytut Badawczy
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Streszczenie

Niniejsza praca zawiera zbior artykuléw naukowych dotyczacych szeroko pojetych
zagadnien zwigzanych z mozliwo$cig wykorzystania paliw alkoholowych w transporcie
samochodowym. Przedstawia trendy rozwojowe paliw alkoholowych w Europie i na
$wiecie oraz omawia problemy zwiazane z wykorzystaniem alkoholi jako paliwa lub kom-
ponentu paliw do zasilania silnikéw pojazdéw samochodowych. Porusza ponadto sprawy
toksyczno$ci paliw alkoholowych i ich wplywu na $rodowisko naturalne w powigzaniu
z zagadnieniami normalizacyjnymi.

Abstract

The study contains a set of scientific papers, concerning the widely comprehended
issues associated with the possibility of using alcohol fuels in motor transport. It presents
developmental trends of alcohol fuels in Europe and around the world as well as discusses
problems associated with using alcohol as fuel or a component of fuels for powering engi-
nes of motor vehicles. Moreover it raises matters of the toxicity of alcohol fuels and their
impact on the environment as well as in connection with standardizing issues.
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Kierunki rozwoju paliw etanolowych
Development trends of ethanol fuels

Martynika Paluchowska - Instytut Nafty i Gazu — Panstwowy Instytut Badawczy, Krakow, Polska;
Zaklad Paliw i Proceséw Katalitycznych; Oil and Gas Institute — National Research Institute, Cracow,
Poland; Department of Fuels and Catalytic Processes

Abstract

The article presents an overview of the world activity in the use of ethanol for fuels
used in spark-ignition engines, as well as a review of research on the impact of new fuel
quality parameters on the performance of vehicles. The paper also presents the results of
own research on the tendency of E10 and E85 to pollute the combustion chamber test en-
gine, and the results of the study on improving these tendencies by using the appropriate
additive packages.

Keywords: ethanol, fuel, combustion chamber, additives

Streszczenie

W artykule przedstawiono przeglad podejmowanych na $wiecie dziatan w zakresie
wykorzystania etanolu w paliwach stosowanych w silnikach o zaplonie iskrowym, a takze
przeglad badan wplywu parametréw jakos$ciowych nowych paliw na wlasciwosci eksplo-
atacyjne pojazdow. Zaprezentowano wyniki wlasnych badan w zakresie oceny skltonnosci
paliwa E10 i E85 do zanieczyszczania komor spalania silnika testowego, a takze wyniki
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badania dotyczacego poprawy tych sklonnosci poprzez zastosowanie odpowiednich pa-
kietéw dodatkéw uszlachetniajacych.
Stowa kluczowe: etanol, paliwo, komora spalania, dodatki

Wstep

Kryzys w zaopatrzeniu w rope naftowa w krajach Ameryki Péinocnej i Potudniowe;j,
do ktoérego doszto w latach siedemdziesiatych ubiegtego wieku, dat impuls do powtérnego
zainteresowania si¢ etanolem pochodzacym z biomasy jako potencjalnym komponentem
paliw. W kolejnych latach rosnace zuzycie paliw transportowych na $wiecie — a w zwigzku
z tym rosngce zanieczyszczenie powietrza atmosferycznego — spowodowalo, ze etanol po-
chodzacy z biomasy staje si¢ jedng z drég redukcji emisji gazéw cieplarnianych z sektora
transportu drogowego. Swiatowa polityka budowana wokét probleméw emisji szkodliwych
sktadnikéw spalin do powietrza atmosferycznego narzuca kierunek dziatan w obszarze har-
monizacji jako$ci zaréwno biokomponentow; jak i paliw. Zastosowanie etanolu w formule
benzyny silnikowej w réznych krajach $wiata jest zréznicowane pod wzgledem jego ilosci
w sktadzie paliwa. Jest to uwarunkowane dostepnoscia i ceng surowca, a takze polityka po-
szczegolnych panstw, ktdra okresla cele podporzadkowane wymaganiom ochrony zdrowia
cztowieka i §rodowiska naturalnego, w tym powietrza atmosferycznego.

Stanowisko producentéow samochodéw w sprawie
nowych paliw etanolowych

Producenci samochodéw, udzielajac gwarancji na swéj produkt, zastrzegaja, ze paliwo
stosowane do zasilania produkowanych przez nich pojazdéw samochodowych musi spetniaé
wymagania odpowiednich norm produktowych. Ustalone w tych normach limity stanowia
optymalny konsensus wiedzy technicznej z obszaru technologii wytwarzania, magazyno-
wania i dystrybucji paliw, biopaliw i biokomponentéw oraz z obszaru technologii i eksplo-
atacji silnikow, w tym ukladéw zasilania i uktadéw oczyszczania spalin. Paliwo, aby moglo
zosta¢ zastosowane do napedu silnikéw o zaplonie iskrowym, musi spetni¢ opracowane
w stosunku do niego wymagania normy jako$ciowej. Producenci samochodéw i silnikow
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samochodowych zrzeszeni w organizacjach ACEA, Alliance, EMA, JAMA, wychodzac
naprzeciw globalnej harmonizacji wymagan jako$ciowych dla biopaliw i biokomponentdw,
opracowali wymagania dla bioetanolu wykorzystywanego jako komponent paliw etano-
lowych. Wymagania te zawarto w pierwszym wydaniu Ethanol Guidelines z marca 2009 r.
[1]. Specyfikacja zostata opracowana na podstawie doswiadczen producentéw silnikow
i pojazdéw samochodowych w stosowaniu paliw etanolowych na obszarze calego $wiata.

Wedtug Roja [2] paliwo jest istotnym elementem procesu inzynierii samochodowej,
na ktdry to proces sktada si¢ wybdr materialéw konstrukcyjnych, takich jak metale, po-
limery, oleje smarowe do samochodu i silnika samochodowego, ale takze dla systeméw
dystrybucji i magazynowania paliwa. Wlasciwosci paliwa determinujg limity dla regulacji
silnika i optymalizacji emisji szkodliwych sktadnikéw spalin, optymalizacji osiggdw oraz
wlasciwosci jezdnych. Autor zwraca tez uwage na wage problemu jako$ci paliwa, ktora jest
czeécig systemu zapewnienia jakosci dla klienta. Wiasciwe paliwo gwarantuje techniczng
funkcjonalnoé¢ i odpowiednie wlasciwosci uzytkowo-eksploatacyjne pojazdu, utrzyma-
nie wlasciwych normatywnych norm emisji w cyklu zycia silnika oraz zapewnia waznos¢
gwarancji, a kazda zmiana paliw na rynku musi by¢ dostosowana do istniejacego parku
pojazdéw samochodowych. Dotyczy to takze zawarto$ci etanolu w benzynie silnikowej.
ACEA odniosla si¢ pozytywnie do zwiekszenia zawartoéci biokomponentéw w paliwach
[2],jednak z pewnymi zastrzezeniami, to jest:

o dla nowych paliw innych niz benzyna silnikowa i olej napedowy potrzebne sa
odrebne normy jako$ciowe, jednak bez pogarszania istotnych parametréw jako-
$ciowych paliwa;

o starsze pojazdy na rynku powinny by¢ objete przejsciowg ochrona, co wigze si¢
z pozostawieniem w dystrybucji odrebnych gatunkéw paliw;

o niezbedne jest wsparcie dla nowych paliw ze strony dostawcéw podzespotow

silnika (np. producentéw uktadow wtrysku).

Paliwa o jako$ci innej niz okreslona normami EN 228 i EN 590 powinny by¢ przezna-
czone do silnikéw i pojazdéw do nich dostosowanych, a ich jakos¢ powinna by¢ okreslona
odpowiednimi normami. Jak zaznaczono powyzej, pojazdy wykorzystujace paliwa inne niz
wyznaczone normami EN 228 i EN 590 s3 opracowywane z uwzglednieniem wszystkich
szczegdtowych wymagan technicznych i prawnych we wlasciwy sposéb.

Przyktadami sa:

« silniki o zaptonie samoczynnym dla etanolu przystosowane do paliwa E495;
o pojazdy zasilane CNG/biogazem (metan);
o pojazdy FFV (Flexible-Fuel Vehicle) napedzane paliwem etanolowym E85.

15



Alcohol fuels for transport — background, research and development

Paliwa etanolowe w krajach Ameryki Pétnocnej
i Potudniowej

USA

Redukcja zanieczyszczenia powietrza atmosferycznego jako gtéwny cel polityki
$wiatowej jest kotem napedowym dziatan uruchamiajacych programy badawcze w obsza-
rze motoryzacji. Takimi programami byly amerykanskie: AQIRP (Auto-Oil Air Quality
Improvement Research Program) oraz Auto/Oil Air Improvement Research Program
(1997). Badania te mialy na celu okre$lenie wptywu sktadu chemicznego paliw na emisje
szkodliwych sktadnikéw spalin wydalanych z samochodéw osobowych i byty podstawa
do sformulowania wymagan norm Tier dla szkodliwych skladnikéw emisji spalin w USA.
Majac na uwadze cele ochrony srodowiska naturalnego, w tym réwniez zdrowia czlowieka,
specyfikacje techniczne tak paliw, jak i biokomponentéw ewoluuja w kierunku spetnienia
oczekiwan konsumentéw i uregulowan prawnych dotyczacych jakoéci powietrza atmos-
ferycznego.

Etanol jako komponent paliw w USA ma dlugg histori¢. W czasach kryzysu ener-
getycznego dokument Energy Tax Act z 1978 r. zdefiniowal gazohol jako mieszanine
benzyny silnikowej z 10-proc. zawartoscig etanolu i umozliwit zwolnienie takich mie-
szanin z czg$ci podatku autostradowego oraz zastosowanie ich do okres$lonych pojazdéw
dokumentem Clean Air Act z 1978 r. W USA etanol jest dodawany do benzyny silniko-
wej od lat 70. XX wieku. Poczatkowo jego zawarto$¢ w benzynie wynosita 7,7% (V/V),
a nastepnie wzrosta do 10% (V/V). Jako$¢ tego gatunku paliwa zostata wyspecyfikowana
w normie ASTM D 4814. Udzial etanolu w benzynie silnikowej wynika z postanowien
dokumentu Clean Air Act Amendments z 1990 r. z pdZzniejszymi zmianami i jest konse-
kwencja programéw amerykarnskiej Agencji Ochrony Srodowiska (EPA) dotyczacych
ograniczania zanieczyszczenia powietrza. Obecnie 95% benzyny silnikowej zuzywanej
w USA zawiera 10% etanolu [3].

W 2011 r. EPA zatwierdzita mozliwos$¢ stosowania benzyny silnikowej E15 w kon-
wencjonalnych samochodach osobowych, lekkich dostawczych i ciezarowych w modelach
z 2001 r. oraz nowszych [5], biorac pod uwage wyniki przeprowadzonych testéw i badan
[3,4]. EPA zdefiniowata paliwo E15 jako mieszaning benzyny silnikowej i etanolu, ktérego
zawarto$¢ miesci sie w granicach powyzej 10% (V/V) i ponizej 15% (V/V) [6]. Wedlug da-
nych z raportu amerykanskiego Narodowego Laboratorium Energii Odnawialnej (NREL)
na koniec 2014 r. 65% zarejestrowanych pojazdéw benzynowych stanowity modele z 2001 r.
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i nowsze [6]. Paliwo E15 nie jest jeszcze powszechnie dostepne, w duzej mierze z powodu
dezinformacji i obaw sprzedawcow. Poniewaz w USA prowadzone s3 takze badania benzyny
silnikowej z wyzszymi udziatami etanolu, jak E20 czy E30, nalezy si¢ spodziewac, ze w przy-
szlo$ci gatunki o $rednim poziomie zawartosci etanolu beda wprowadzane na rynek [7].

Kolejnym paliwem dostepnym obecnie na rynku amerykanskim jest E85, o jakos$ci
okre$lonej norma ASTM D 5798. Paliwo to zostalo wprowadzone na rynek jako alternatywne
paliwo silnikowe zgodnie z Energy Policy Act of 1992, Section 301(2) [8]. Zawiera ono od
51% (V/V) do 83% (V/V) etanolu, w zalezno$ci od okresu klimatycznego i potozenia geogra-
ficznego danego stanu. Ze wzgledu na duza zawartos¢ etanolu paliwo to jest przeznaczone
jedynie do samochoddéw o silnikach z zaplonem iskrowym specjalnie dostosowanych do
spalania takiego paliwa. Jako Ze pojazdy te moga by¢ zasilane zaréwno biopaliwem E85, jak
i konwencjonalng benzyng silnikowa, nazywane sg flexsible-fuel vehicles (FEV). Obecnie
paliwo E85 jest stosowane do napedu wiecej niz 17,4 miliona samochodéw FFV [9].

Wg [10], w 2013 r. okoto 345 stacji paliwowych w USA (gltéwnie w $rodkowo- za-
chodnich stanach) oferowato wiascicielom samochodéw FFV benzyny silnikowe o §rednim
poziomie zawarto$ci etanolu, tj. E20 (20% etanolu i 80% benzyny) oraz E30 (30% etanolu
i 70% benzyny).

Dla paliw, jak rowniez dla ich komponentéw opracowano normy jako$ciowe, takie jak:

o ASTM D7794-14 Standard Practice for Blending Mid-Level Ethanol Fuel Blends
for Flexible-Fuel Vehicles with Automotive Spark-Ignition Engines;

o ASTM Standard D5798-14 Standard Specification for Ethanol Fuel Blends for Fle-
xible-Fuel Automotive Spark Ignition Engines;

o ASTM Standard D4814-15a Standard Specification for Automotive Spark-Ignition
Engine Fuel,

o ASTM Standard D4806-15 Standard Specification for Denatured Fuel Ethanol for
Blending with Gasolines for Use as Automotive Spark- Ignition Fuel.

Brazylia

W Brazylii podobnie jak w USA kryzys naftowy w 1973 r. byt podstawa do zapo-
czatkowania promocji etanolu. Rzgdowy program Pré-Alcool umozliwit zastepowanie
cze$ci paliw kopalnych paliwami zawierajagcymi komponent bioodnawialny, jakim jest
etanol produkowany z trzciny cukrowej. W latach 1976-1992 rzad brazylijski wprowadzit
obowiazek dodawania etanolu do benzyny silnikowej w ilosci pomiedzy 10% a 22% (V/V).

Od lipca 2007 r. obowigzkowa zawarto$¢ etanolu w benzynie silnikowej zwiekszyta
sie do 25% (V/V) alkoholu bezwodnego. W Brazylii dystrybuowane byty dotychczas dwa
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rodzaje paliw: E25 i E100. Wigkszo$¢ pojazddw sprzedawanych w Brazylii to pojazdy FFV,
ktére mogg by¢ zasilane jednym albo drugim paliwem. W marcu 2015 r. rzad zwigkszyt do
27% (V/V) udzial etanolu w benzynie silnikowej [11], ktéra moze by¢ obecnie stosowana
w samochodach FFV. Wobec zdecydowanego stanowiska brazylijskiego stowarzyszenia
producentéw samochodéw ANFAVEA maksymalna zawarto$¢ etanolu w benzynie premium
pozostata na poziomie 25% (V/V) [11]. Rzad przyjal wyzsza zawarto$¢ etanolu w benzynie
silnikowej jako zachete ekonomiczng dla producentéw etanolu, ze wzgledu na istniejacy
nadmiar jego zapasow. Oczekuje si¢, Ze wprowadzenie E27 na rynek umozliwi konsumpcje
nadmiaru zapaséw do konca 2015 r. [11].

Europa

Zalecenia dyrektywy FQD w sprawie wspierania uzycia w transporcie biopaliw lub
innych paliw odnawialnych zaowocowaly wprowadzeniem na rynki europejskie zaréwno
benzyny silnikowej zawierajacej 10% (V/V) etanolu (E10), jak i paliwa o zawarto$ci nomi-
nalnej do 85% (V/V) etanolu i 15% (V/V) benzyny. Ten rodzaj wysokoetanolowego paliwa
jest przeznaczony do zasilania samochodéw FFV, wyposazonych w zmodyfikowane silniki.
Silniki te moga by¢ eksploatowane na kazdym rodzaju mieszaniny benzyny silnikowe;j
z etanolem w zakresie 0-85% (V/V) etanolu. Wybdr parametréw jakosciowych paliwa E85
[12] zostal oparty na badaniach i do§wiadczeniach rynku, a jako$¢ okreslona w specyfikacji
CEN/TS 15293:2011. Krajem europejskim o najwiekszej liczbie uzytkownikéw samochodéw
FFV i paliwa E85 jest Szwecja. W 2008 r. sprzedaz samochodéw FFV w Szwecji wyniosla
59 066 samochoddéw [24], a paliwo dostepne bylo na 1 440 stacjach paliwowych [24]. Rynek
oferowatl ponad 40 modeli samochodéw FFV. Inne kraje europejskie, w ktérych dostepne
jest paliwo E85, to Niemcy (10 000 samochodéw i 255 stacji paliw), Francja (7000 samo-
chodoéw i 305 stacji), Irlandia (7000 samochoddéw i 31 stacji), Holandia (6000 samochodow
i29 stacji) [13]. Paliwo to dostepne jest takze w Austrii, na Wegrzech i w Estonii. Wedlug
wynikéw badan mozliwy udzial pojazdéw FFV zasilanych paliwem E85 na rynku wzroénie
2 1% w 2012 r.do 10% w 2020 r. [13].

Rynek takich paliw w Europie, pomimo rozwoju, jest jeszcze niewielki, gtéwnie z po-
wodu ograniczonej infrastruktury dystrybucyjnej, wysokiej ceny etanolu i malej dostep-
nosci modeli samochodéw FFV [13]. Przeglad mozliwosci i scenariuszy rozwoju biopaliw
na rynku europejskim [13] wykonany na zlecenie Komisji Europejskiej w konkluzjach
wyraznie wskazuje na:

o wdrozenie w okresie dlugoterminowym wyzszych limitéw zawartosci bioetanolu
w benzynie silnikowej E20 lub E30;

18



Kierunki rozwoju paliw etanolowych

o koniecznos¢ wsparcia realizacji tych zamierzen w zakresie specyfikacji paliw
(CEN) oraz standardéw emisji zanieczyszczen.

Badania paliw etanolowych

Wprowadzenie etanolu do formuly benzyny silnikowej skutkuje okreslonym wplywem
na wlasciwosci fizykochemiczne i uzytkowe takich paliw [14-16]. Wsréd wielu pozycji
literaturowych przytaczajacych wyniki badan paliw etanolowych o zawartosciach etanolu
w zakresie 10-85% (V/V) znaczace miejsce stale zajmuja te, ktore skupiajg sie na pojawia-
jacych sie okresowo problemach eksploatacyjnych. Pakiety dodatkéw uszlachetniajacych
dozowane do benzyny silnikowej z jednej strony poprawiajg czystos¢ zawordéw dolotowych,
z drugiej strony powoduja zwickszanie si¢ osadow w komorach spalania. Stad niezwykle
istotny pozostaje dobdr wlasciwych dodatkdw i optymalizacja ich dozowania tak, aby mi-
nimalizowa¢ skltonnos¢ finalnego paliwa do zanieczyszczania elementéw silnika. Metody
oceny sklonnosci paliw do formowania osadéw podaje Swiatowa Karta Paliw [17]. Jecz-
mionek i wsp. [18] podjeli probe oceny korelacji wynikéw otrzymanych dwiema réznymi
metodami w odniesieniu do rezultatéw badan benzyny konwencjonalne;.

W badaniach DuMonta i wsp. [19] prowadzonych na benzynie tradycyjnej i paliwie
etanolowym E85 wykazano tendencje do formowania osadéw na zaworach dolotowych
IVD (Intake Valve Deposit) wyzsza w przypadku paliwa E85. W badaniach tych wykorzysty-
wano etanol z dwdch réznych zrédet. Roznily si¢ one zawartoscia skazalnikdw, inhibitorow
korozji oraz siarczanéw. Badania te wykazaly, ze zastosowanie odpowiednich dodatkow
detergentowych do paliwa E85 minimalizowato efekt powstawania osadow.

Chapman i wsp. [20] zwrdcili uwage na problem inhibitoréw korozji obecnych w ben-
zynie silnikowej i etanolu. Ot6z ze wzgledu na odrebne systemy dystrybucji i blendingu
etanolu jest mozliwe, ze inhibitory korozji dodawane sg osobno do benzyny silnikowej
przed transportem jej rurociagiem i osobno do etanolu przez jego producentdéw. Skumulo-
wana dawka inhibitoréw moze wptywa¢ na wzrost osadéw na zaworach. Autorzy ci badali
réwniez wplyw rézniacych si¢ sktadami chemicznymi inhibitoréw korozji na tworzenie
sie osadow na zaworach dolotowych silnika testowego GM’s. LE9 (2.4L).

Z kolei Galante-Fox i wsp. [21] przeprowadzili badania wplywu wlasciwosci han-
dlowego paliwa E85 na efektywnos¢ pracy wtryskiwaczy PFI (Port Fuel Injector). Stwier-
dzono, Ze tworzone w nich osady, korozyjno$¢ i brak smarnosci paliwa E85 odpowiadaja
za pogorszenie pracy tych elementéw silnika. Przedmiotem badan bylo takze okreslenie
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wplywu zaobserwowanej wysokiej zawartos$ci wody, chlorkdéw, kwaséw organicznych
w handlowych préobkach E85.

W nurt badan nad paliwami etanolowymi wpisuja sie takze badania Instytutu Nafty
i Gazu -PIB. Stepien [22] przedstawil wyniki badan tendencji do tworzenia szkodliwych
osadow na elementach uktadu dolotowego silnika flex-fuel w zalezno$ci od skladu paliwa,
jego uszlachetniania, konstrukeji silnika i warunkéw jego eksploatacji. W artykule tym
wykazano takze duze znaczenie nowoczesnych pakietéw dodatkéw detergentowych spe-
cjalnie opracowanych i przeznaczonych do paliw o wysokiej zawartoéci etanolu w kontroli
i przeciwdziataniu tworzeniu sie osadéw w silniku.

Z kolei autorka niniejszego artykulu i wsp. [23] przedstawili tendencje rozwojowe
wprowadzania na rynki paliw o podwyzszonej zawartosci etanolu oraz modeli samocho-
dow FFV. Oméwiono trendy w prawodawstwie europejskim w odniesieniu do norm emisji
szkodliwych skladnikéw spalin z silnikow o zaplonie iskrowym. Przedstawiono wyniki
badan sktonnosci benzyny bezolowiowej E10 do zanieczyszczania zaworéw dolotowych
w tescie silnikowym CEC F-20-98. Pokazano takze wyniki badania skfonnosci paliwa eta-
nolowego E85 do tworzenia osadéw na elementach ukfadu zasilania silnika, gdy zawierato
ono nieodpowiedni pakiet dodatkow detergentowych.

Badania paliw etanolowych w ramach projektu
BIOTRETH

Sktonno$¢ do tworzenia osadéw w komorach spalania silnika benzynowego wystepuje
niezaleznie od rodzaju paliwa przeznaczonego do tego silnika. Swiatowa Karta Paliw [17]
podaje metody oceny tego parametru w paliwie do silnikéw o zaptonie iskrowym. W ba-
daniach prowadzonych w trakcie realizacji projektu, finansowanego ze srodkéw funduszy
norweskich w ramach programu Polsko-Norweska Wspotpraca Badawcza, realizowanego
przez Narodowe Centrum Badan i Rozwoju, do oceny sktonnosci paliwa do zanieczysz-
czania komor spalania zastosowano:

o metode oznaczania zawartosci zywic nieprzemywanych zgodnie z PN-EN ISO
6246;

« metode termicznego rozkladu zywic wedtug metodyki TGA BZ 154-01 oraz

o metode spalania paliwa w silniku stanowiskowym Mercedes Benz M111 wedlug
CEC F-20-A-98.
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Przedmiotem badania w pierwszej czesci projektu byto paliwo etanolowe E10
(benzyna silnikowa bezolowiowa zawierajaca 10% etanolu). Do paliwa tego dozowano
eksperymentalne pakiety dodatkéw detergentowych w celu poprawy jego wladciwosci
eksploatacyjnych. W ramach badan laboratoryjnych podjeto probe znalezienia korelacji
wynikéw wspolczynnika A uzyskanych z analizy termograwimetrycznej probek benzy-
ny E10 uszlachetnianej réznymi pakietami dodatkéw detergentowych przy tym samym
dozowaniu z wynikami testow silnikowych M111 wykonanych dla tych prébek. W tabeli
1 przedstawiono wlasciwosci benzyny E10, a w tabeli 2 — wyniki wspotczynnikow rozktadu
zywic A i odpowiadajace im wyniki masy osadéw uzyskane w tescie silnika M111.

Tabela 1. Wyniki badania wlasciwos$ci benzyny E10

Wymagania wedtug Metoda badania

Parametr BenzynaE10- b\ N 228:2013-04 wedhg:
1 | Liczba oktanowa (LOB) 102,1 min. 95,0 PN-EN IS0 5164
2 | Liczba oktanowa (LOM) 90,2 min. 85,0 PN-EN1S0 5163
3 | Zawartos¢ ofowiu [mg/1] - maks. 5 PN-EN 237
4 | Gestos¢ w 15°C [kg/m’] 732,2 720-775 PN-EN 150 12185
5 | Zawartosc siarki [mg/kg] <5,0(2,4) maks. 10,0 PN-EN 20846
6 | Okres indukcyjny [min] >480 min. 360 PN-1S0 7536

Zawarto$c¢ zywic [mg/100 ml]:

7 | —nieprzemywane 09 -

PN-EN 1S0 6246

— obecne 0,1 maks. 5
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Wymagania wedtug Metoda badania
ACIRIIEY SR PN-EN 228:2013-04 wedtug:
8 Badanie dzia{aniq korod.ujficego - klasa 1 PN-EN IS0 2160
na plytce z miedzi [stopien]
9 | Wyglad jasny i przezroczysty wizualnie
Sktad grupowy wedtug FIA [% (V/V)]:
— parafino-nafteny 68,7 -
10
— olefiny 45 maks. 18,0 PN-EN 15553
— aromaty 16,8 maks. 35,0
11 | Zawartos¢ benzenu [% (V/V)] - maks. 1,00 PN-EN 238
12 | Zawarto$c tlenu [% (m/m))] 3,5 maks. 3,7 PN-EN 1601
13 | Zawartosc¢ etanolu [% (V/V)] 10,0 maks. 10,0 PN-EN 1601
14 | Preznosc¢ par (DVPE) [kPa] 62,5 45-60 lato PN-EN 13016-1
Sktad frakcyjny: IBP
— do 70°C odparowuje [% (V/V)] 42,1 22,0-50,0
— do 100°C odparowuije [% (V/V)] 56,9 46,0-72,0
15 PN-EN IS0 3405
—do 150°C odparowuje [% (V/V)] 93,8 min. 75,0
— koniec destylagji [°C] 182,0 maks. 210
— pozostatos¢ [% (V/V)] 1,0 maks. 2
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Tabela 2. Wyniki zawarto$ci zywic nieprzemywanych, wspélczynnikéw A i masy osadow
utworzonych w komorach spalania silnika M111

Masa osadow
Wspétczynnik A w komorach silnika
[% mas. @450°C] M111 (TCCD) [mg]

Zawartosc zywic
nieprzemywanych

Badane paliwo E10 [mg/100 ml]

. | :

Analiza uzyskanych wynikow zawartosci Zywic nieprzemywanych pozwala stwierdzi¢,
ze przy tym samym dozowaniu pakietu dodatkéw 540 mg/kg zawarto$¢ ta pozostawala na
podobnym poziomie w przypadku kazdej z zastosowanych formul dodatkéw, nie przekra-
czajac limitu 30 mg/100 ml. Z kolei rozktad termograwimetryczny tych zywic, nastepujacy
w temperaturze 450°C, przebiegal rdznie. Najnizszy wspoélczynnik A uzyskano dla pakietu
dodatkéw NORS5. Zaden z wyznaczonych wspélczynnikéw A nie przekroczyt limitu 20%.
Z kolei masy osadéw w komorach spalania w wiekszo$ci przekraczaty limit 2500 mg (TCCD).
Jeden wynik uplasowal si¢ ponizej 2500 mg, przy pozostatych wskaznikach uzyskujacych
warto$ci takze ponizej limitéw maksimum.

Analiza poréwnawcza otrzymanych wynikéw wspoétczynnikéw A i masy osadéw
pozwala stwierdzi¢, ze przy tym samym dozowaniu (540 mg/kg) pakietu dodatkéw o roz-
nej formule ilo$¢ osadéw generowanych w komorach spalania silnika M111 wykazywala
tendencje rosnacg, odpowiadajaca wzrostowi wspolczynnika rozkladu zywic A. Wyjatek
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stanowila prébka z dodatkiem NOR4, w przypadku ktérej uzyskano réwnoczes$nie najnizsze
osady w komorach spalania M111 i najwyzszy wspotczynnik rozktadu zywic A. Formula
chemiczna zastosowanych skladnikéw pakietu dodatkéw w badanej probcee paliwa zawie-
rajacego dodatek NOR4 réznila si¢ od innych badanych formul dodatkéw, co mogto by¢
przyczyna uzyskania powyzszych wynikow.

Na rysunku 1 przedstawiono wyniki uzyskanych mas osadéw w komorach silnika
M111 i odpowiadajacych im. wspoélczynnikéw rozkladu zywic nieprzemywanych A.

3500
o)
£ L 4
= 3000 L
= S
2
= * ¢
‘@
z
2 2500
o
S
o
o L 4
[}
=

2000

0 2 4 6 8 10 12 14 16

Wspoiczynnik A [% mas.]

Rys. 1. Wyniki masy osadéw w silniku M111 i odpowiadajacych jej wspotczynnikow A

Przedmiotem badan w drugiej czesci projektu BIOTRETH bylo paliwo etanolowe
E85. Paliwo skfadalo si¢ z 85% (V/V) bioetanolu I generacji pochodzacego z przetwoérstwa
melasy buraczanej i 15% (V/V) weglowodorowej benzyny bezotowiowej 95 (E0). Wyniki
oznaczen wlaciwosci paliwa E85/EtOH IG podano w tabeli 3.
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Tabela 3. Wlasciwosci paliwa etanolowego E85

Wymagania Metoda
Wymagania E85/EtOH IG wedtug PKN- LEENTE]
CEN/TS 15293 wedtug:
1. Gestos¢ (w 15°C) [kg/m?] 784 760,0-800,0 EN1S0 12185
2. Okres indukcyjny [minuty] >360 min. 360 EN1S0 7536
3. Zawartos¢ zywic obecnych [mg/100 ml] <1 maks. 5 EN1S0 6246
4. Badanie dziatania korodujacego na ptytce miedzianej
(3 hw 50°0) [Klasal 1A klasa 1 EN 150 2160
5. Catkowita kwasowos$¢ (w przeliczeniu na kwas octowy) <0,003 maks. 0,005 EN IS0 15491
(% (m/m)]
6. Przewodnos¢ elektryczna [pS/cm] 1,0 maks. 1,5 EN 15938
7. Zawartos¢ metanolu [% (V/V)] <0,17 maks. 1,0 EN 1601
8. Zawartos¢ wyzszych nasyconych alkoholi
jednowodorotlenowych (C3-C5) [% (/1)) 25 maks. 6,0 EN1601
9. Zawartos¢ eterdw (z piecioma lub wiecej atomami wegla)
(% (V/V)] <0,17 maks. 11,0 EN 1601
10. Zawartos¢ wody [% (m/m)] 0,118 maks. 0,400 EN 15489
11. Zawartos¢ chlorkdw nieorganicznych [mg/kg] <1,0 maks. 1,2 EN 15492
12. Zawarto$¢ miedzi [mg/kg] <0,05 maks. 0,10 EN 15837
13. Zawartosc¢ fosforu [mg/1] <0,15 maks. 0,15 EN 15487
14. Zawartos¢ siarki [mg/kg] <5,0 maks. 10,0 EN 15486
15. Zawartosc siarczandw [mg/kg] 2,7 maks. 4,0 EN 15492
vy 35,0-60,0
16. Preznos¢ par [kPa] 45,2 Klasa a EN 13016-1

W celu doboru odpowiedniego pakietu dodatkéw detergentowych paliwo etanolowe
E85 byto uszlachetniane réznymi pakietami tych dodatkéw przy tym samym poziomie
dozowania. Analogicznie jak w przypadku paliwa E10 dla kazdej probki paliwa E85 wy-
konano analize¢ zawarto$ci Zywic nieprzemywanych oraz analize¢ ich rozkladu metoda ter-
mograwimetryczng. W tabeli 4 zamieszczono wyniki zawartosci zywic nieprzemywanych
oraz odpowiadajace im. wspétczynniki rozktadu A.
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Tabela 4. Wyniki zawarto$ci Zzywic nieprzemywanych i wspolczynnikéw A

Zawartos¢ zywic

B . nieprzemywanych WspékzynnikoA
adane paliwo E85 [mg/100 mi] [T;n:::;?ésg()c]
limit maks. 30 :
E85 (85% EtOH + 15% BB95) bez pakietu dodatkéw 15 -
1. E85 (15% paliwa handlowego A z typowa dawka pakietu dodatkéw) 1,8 25,9
2. E85 (15% paliwa handlowego B z typowa dawka pakietu dodatkéw) 33 11,6
3. E85 (15% paliwa handlowego C z typowa dawka pakietu dodatkéw) 34 21,2
4. E85 + 600 mg/kg NOR8 10,6 7,2
5. E85 + 600 mg/kg NOR12 15,1 27,3
6. E85 + 600 mg/kg NOR6 15,2 24
7.E85 + 600 mg/kg NOR11 15,4 45
8. E85 + 600 mg/kg NOR9 20,0 10,3
9. E85 + 600 mg/kg NOR10 20,0 35,0
10. E85 + 600 mg/kg NOR13 42,7 12,1

Analiza uzyskanych wynikéw zawartosci zywic nieprzemywanych wskazuje, ze paliwo
etanolowe E85 niezawierajgce pakietu dodatkéw wygenerowalo najmniejsza zawarto$§é
zywic nieprzemywanych, tj. 1,5 mg/100 ml. Paliwa E85 otrzymane ze zmieszania 85%
etanolu z 15% benzyny handlowej réznych dostawcow (A, B, C) zawierajacej typowe iloéci
pakietow dodatkow detergentowych wykazaly niewielkie ilo$ci zywic nieprzemywanych,
jednak warto$ci wspolczynnika rozktadu zywic A byty wysokie i w dwdch przypadkach
przekraczaly jego limit, tj. 20%. Warty odnotowania jest fakt, ze ilo$¢ pakietu dodatkow
w tych prébkach paliwa byla wielokrotnie mniejsza niz w kolejnych badanych prébkach,
gdzie stosowano pakiety eksperymentalne. Wéréd wynikéw uzyskanych dla probek E85
zawierajacych doswiadczalne formuly pakietéw dodatkéw najnizsze wartoéci zaréwno dla
zywic nieprzemywanych, jak i wspétczynnika ich rozkladu otrzymano w przypadku formut
pakietow NOR6, NORS8, NORY. Uzyskane wyniki przedstawiono w formie graficznej na
rysunku 2.
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Rys. 2. Wyniki zawarto$ci zywic nieprzemywanych i wspdlczynnika A w paliwie etanolowym E85

W tabeli 5 zamieszczono wyniki catkowitej masy osadow w komorach spalania silnika
Ford FlexFuel uzyskane w opracowanym tescie silnikowym.

Tabela 5. Wyniki oznaczen wspolczynnikow A i masy osadow utworzonych w komorach
spalania silnika Ford FlexFuel

Masa osadow w komorach silnika
Ford FlexFuel (TCCD) [mg]
Kategoria 3-5
limit maks. 2500

Wspotczynnik A
[% mas. @450°C]
limit maks. 20

Badane paliwo E85

E85 (85% EtOH + 15% BB95)

bez pakietu dodatkow - 426
E85 -+ 600 mg/kg NOR9 103 1840
E85 + 600 mg/kg NOR14 5,0 335
E85 + 600 mg/kg NOR15 19,4 1098
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Masa osadow w komorach silnika

Wspotczynnik A
Badane paliwo E85 [% mas. @450°C] e Fll(exFueI .(TCCD) [mg]
limit maks. 20 e
limit maks. 2500
E85 + 600 mg/kg NOR16 16,5 1223
E85 + 600 mg/kg NOR17 28,4 792
E85 + 600 mg/kg NOR18 29,7 822
E85 + 600 mg/kg NOR19 13,6 906

Analiza wynikéw wspolczynnika rozkladu zywic A wskazala, ze wiekszos¢ wartosci
wspolczynnika A plasowala sie ponizej limitu 20%. Podobnie warto$ci TCCD ukladaly sie
ponizej 2500 mg/silnik. Nie zaobserwowano jednak korelacji pomiedzy wynikami otrzyma-
nymi réznymi metodami. Réznice w formutach chemicznych pakietéw eksperymentalnych
s jednak widoczne. Przy tym samym dozowaniu pakiet NOR14 dat korzystnie najnizsze
wyniki w obu metodach. Z kolei pakiet NOR9 przy wzglednie niskim wyniku wspotczyn-
nika rozkladu zywic A dal najwyzszy wynik TCCD. Przyczyny nalezy w tym przypadku
upatrywac w formule chemicznej pakietu dodatku NOR9.

Podsumowanie i wyniki

Jak wspomniano we wstepie, wzrost zawarto$ci etanolu w formule paliwa do silnikéw
o zaplonie iskrowym jest wynikiem wielu aspektéw globalnej polityki. Majac na uwadze
sytuacje w obu Amerykach i plany Unii Europejskiej, zwigkszenie udziatu etanolu w pod-
stawowym wolumenie paliw transportowych jest w przyszloéci nieuniknione.

Wprowadzanie takich paliw na rynek jest jednak uwarunkowane aprobatg producen-
téw silnikéw i samochoddw, dajacych gwarancje¢ na swéj produkt, ktéry musi by¢ kom-
patybilny z wszystkimi ptynami eksploatacyjnymi, w tym z paliwem, oraz musi spetnia¢
wymagania norm emisji spalin. Jak zasygnalizowano powyzej, wplyw nowych paliw na
stan techniczny elementéw silnika i ich osiagi jest monitorowany przez rynek motoryza-
cyjny, w celu ewentualnej poprawy ustalonych w specyfikacji parametréw jako$ciowych
lub wprowadzenia nowych.
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Przytoczone wyniki badan INiG zwigzanych z paliwem E85 majg przyczyni¢ si¢ do
opracowania formuty pakietu dodatku poprawiajacego wlasciwosci eksploatacyjne. Z ba-
dan przeprowadzonych w trakcie realizacji projektu, finansowanego ze §rodkéw funduszy
norweskich w ramach programu Polsko-Norweska Wspotpraca Badawcza, realizowanego
przez Narodowe Centrum Badan i Rozwoju, wynika, ze:

« nieuszlachetnione paliwo o niskiej zawartosci etanolu (E10) wykazato duzo
wigksza sktonnos¢ do tworzenia osadéw w komorach spalania niz paliwo o wy-
sokiej zawarto$ci etanolu (E85);

« uszlachetnianie paliwa E10 i E85 eksperymentalnymi pakietami dodatkéw
w wiekszoséci powodowato wzrost masy osadéw w komorach spalania silnika;

o wynikom minimalnych warto$ci mas osadéw w silnikach odpowiadaty nizsze
od granicznych warto$ci wspolczynnikow rozkladu zywic oraz zawartosci zywic
nieprzemywanych.

Artykut powstat na podstawie wynikéw badani uzyskanych w projekcie prowadzonym
w INiG - PIB i finansowanym ze srodkéw funduszy norweskich w ramach programu
Polsko-Norweska Wspétpraca Badawcza, realizowanego przez Narodowe Centrum
Badat i Rozwoju.
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Abstract

The idea of using ethanol in spark ignition engines (SI) is not new, but has returned
to the technical agenda in recent years. Usage of ethanol as a transport fuel is growing
and interest in using ethanol-gasoline blends is high. Various characteristics of ethanol
make it suitable for usage as an automotive fuel, although there are some challenges. These
issues are briefly described in this paper. Moreover, this paper reviews some of the most
important points and comments on the past, present and future of ethanol as a fuel for
spark ignition engines. In the context of the past this paper briefly describes the history
of usage of ethanol in the automotive industry. In the present context, an ethanol SWOT
matrix reveals its current and potential position on the fuel market. The possible future
vision of ethanol as an engine fuel is considered in the context of opportunities for and
threats to ethanol, together with the possible short and long-term tendencies.

INTRODUCTION

Ethanol, a familiar organic compound, is employed in a wide variety of applications
in many branches of human activity. The significance of usage of ethanol has become par-
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ticularly important in the automotive industry. There are many reasons for this growing
interest, but the most important amongst them are the following:
« ethanol as a key element in establishing a domestic or regional fuel independen-
ce strategy from supplies of fossil-based fuels,
o ecological lobbying and a global tendency for switching to more eco-friendly
fuels,
o biodegradability, renewability and the relative easiness of ethanol’s. implementa-
tion in combustion engines, especially by means of various blends with gasoline,
« advantageous physicochemical properties in terms of engine applications.

The issue of exploitation of ethanol in the automotive sector, especially in a context
of ethanol-gasoline blends with varying levels of ethanol, reveals highly complex specifics.
However, the potential for an improvement in air quality, engine performance, fuel supply
security and sustainability makes work on the production and usage of ethanol and its
blends a multidisciplinary research priority.

Ethanol and bioethanol as automotive fuels

Ethanol is the most widely-used biofuel, although geographically its usage is somewhat
restricted. Ethanol can be produced using crude oil as a feedstock, but is more commonly
sourced from conversion of biomass (‘bioethanol’). Since it is derived from biomass (and
not fossil hydrocarbon deposits), bioethanol has been identified a fuel of great potential
in efforts to make energy consumption in the transportation sector sustainable [18, 25, 45].
In this context ethanol has been perceived as a partial replacement for gasoline in SI en-
gines for some time and this trend seems to be continued over the coming years [52, 61].
The applications of ethanol itself and its blends with gasoline in the transportation sector
are the most widespread in Brazil (E5-E85, E100), USA and Germany (E15-E85), Sweden
(E85) and Thailand (E75) [12, 17].

Bioethanol can potentially deliver greenhouse gas savings of up to 87% over conventional
fossil fuels, although this value can be much lower, as it depends strongly on the feedstock
and means of processing and production [20]. Environmentally friendly character of ethanol,
especially in terms of its renewability and effective biodegradability has been visualized
as an ethanol lifecycle, depicted in Figure 1 [44]. First generation bioethanol is produced
from the fermentation of sugar-rich edible crops, while second generation bioethanol uses
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inedible cellulosic material as a production feedstock. In the technical literature it can be
identified an ‘intermediate generation’ of bioethanol but only when technological process
of production reveals characteristics common to both generations [44, 36]. However, as
with other biofuels, doubts over the sustainability and ethics of using edible crops as fuel
mean that second-generation bioethanol is of great interest [11].

Environmental and social advant:
of 2nd generation of bioethanol CO; uptake

% (via photosynthesis)

Transition from .
Feedstock Feedstock
mwm production  transportation

Figure 1. Bioethanol in the context of environmental issues [44]

; Combunmm '

Currently, almost all ethanol is produced from the fermentation of edible crops, most
notably corn (in the USA) and sugar-cane (in Brazil). It should be noted that those two
countries constitute the biggest producers of ethanol worldwide. Specialists analysing the
performance and potential of ethanol as a transport fuel almost invariably assume ethanol
to be of plant origin, rather than from fossil hydrocarbon sources [11]. The goal of this
great interest is to expand production of 2™ generation of bioethanol as well as reducing
water usage in ethanol production [36].

History of ethanol as an automotive fuel

Knowledge of potential usage of ethanol as a vehicular fuel dates to the conception
of the automobile. The first known usage of ethanol in engine application was recorded at
the beginning of the 20" century. Engine designers noticed the favourable properties of
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ethanol as a fuel and a potentially promising substitute for gasoline. The main points of
interest were then issues such as the impact of adding alcohol to gasoline on the thermal
efficiency of the engine and its operational stability [48, 12].

The production of ethanol in a large scale began in the 1920s, mainly in the US and
Europe. Automotive industry pioneer Henry Ford published a paper in The New York
Times in 1925 where he stated that the fuels of the future would be produced from plant
waste and even from fermented fruits [48]. The production of ethanol-gasoline blends in
Poland started in 1928 mainly in the proportions of 70% gasoline and 30% ethanol. After
the Second World War, ethanol was driven out of the market by crude oil, due to the rela-
tively higher costs of production. As a result, the market significance of ethanol as a fuel
was diminished substantially. The concept of using ethanol in the transport sector was
re-evaluated and implemented at the beginning of the 1970s, which was connected with
the arisen energy crisis and subsequent high oil prices. It is estimated that in 1979 the US
produced about 190 million liters of ethanol from corn [13].

More stringent emission standards and strong ecological lobbying in the 1990s
meant that ethanol has become the subject of numerous scientific studies. The subject of
research was related mainly to possibilities of usage of ethanol in spark-ignition engines
(SI), determination of the emission levels of exhaust compounds, fuel consumption and
engine component wear and corrosion occurrences. At that time, research centres related
to the Polish fuel industry performed many investigations on the introduction of ethanol
as an alternative fuel for spark ignition engines (SI), particularly in the variants of an
additive to gasoline. Recent scientific studies have looked at the issue of the necessary
modifications to SI engines and its fixtures depending on the content of ethanol mixed
with gasoline [11, 12].

Nowadays, the share of ethanol in a global fuel supply in the market is increasing.
Global production of ethanol in 2014 amounted to approximately more than 102 [billion
liters] (US: 55 [billion liters], Brazil 27 [billion liters] EU: 5 [billion liters], other countries:
13 [billion liters]) [13]. At present the estimated ethanol production capacity in Poland is about
0.75 [billion liters] [40]. A currently noticeable trend reveals an increase of the production
of second-generation bioethanol, mainly due to the pressure exerted from environmental
protection agencies [36]. Interestingly, consumption of ethanol in transport applications
is also growing from year to year, however the growth rate is decreasing, which may indi-
cate partial market saturation [55]. It is important to notice that in many circumstances
bioethanol production is substantially supported by government support (e.g. in the US,
Germany), particularly by means of providing financial grants and supportive investment
initiatives related to the restructuration of automotive industry and transport facilities.
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Nowadays the implementation of ethanol and ethanol-gasoline blends on a large scale
reveals interdisciplinary specifics, involving political, legislative, economic, logistical and
environmental issues [52, 44, 12]. In political and economic terms, ethanol is considered
as a crucial element of the strategy of energy security and independence from crude oils.
In technical terms, ethanol is becoming widely used in SI engines with both port fuel and
direct fuel injection [50]. Moreover, ethanol is taken into consideration as a promising fuel
for innovative downsized engines with high compression ratios. In environmental aspects,
ethanol is perceived as a sustainable energy source and effective tool for reducing many of
exhaust compounds as well as particulates [12, 57].

Physicochemical properties of ethanol

Ethanol (C;HsOH), a primary alcohol, is the second simplest alcohol. Humanity has
great experience in its methods of production. Ethanol is fully biodegradable and renewa-
ble when produced from biomass [18, 24]. Ethanol’s properties such as density and octane
number make it suitable for combustion in spark-ignition engines. However, it is much
more commonly splash blended with gasoline than used neat. Ethanol can also be mixed
with Diesel to form blends for use in compression-ignition engines, although this applica-
tion has received less attention in the literature and indeed in practical applications [9, 11].

Oxygen atom ‘
- W 9

Hydrocarbons included in gasoline (Cs...Cy2)

Ethanol-gasoline -
T g / "sc\c F oo ‘I:N mc/""
| | e \g/ Sew, /é\ “’c\ /cu.
H—C—C—0—H py v e ---c‘| ?« mc,c\o,o'.
i — ‘\ N
Bkl lscule Some of the main components of gasoline: isooctane, butane, 3-ethyltoluene

and MTBE (octane enhancer)

Figure 2. A comparison of the ethanol molecule and compounds contained in standard gasoline
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Ethanol can be splash blended with gasoline to form ethanol-gasoline blends (see
Figure 2), identified by an ‘E’ followed by the volumetric percentage of ethanol in the blend.
The most common blends differ geographically, but mainly include E5, E10 and E85 [8].
Blends up to E10 are permitted for sale in the European Union [20]. In 2007, nearly 40%
of all gasoline sold in the USA contained added ethanol and this tendency appears to be
growing constantly [56, 11, 52]. Usage of high ethanol content blends (E85) is becoming
more and more intensive in many countries like the USA, Germany, Sweden and particularly
Brazil, which is reflected in the growing market share of flex-fuel-vehicles (FFV) [15, 52].

The physicochemical properties of neat ethanol and its blends with gasoline reveal
quite appreciable features which are quantified in Tables 1-2. Ethanol is also fully water-

-miscible and readily absorbs water, so any blend containing ethanol will likely also con-
tain a small but significant proportion of water [18]. Ethanol and its blends with gasoline
occur as liquids, and therefore have energy densities superior to gaseous fuels. Moreover,
ethanol has a higher density and viscosity than gasoline [24, 37,43] and is generally more
penetrative through physical barriers [4]; however it reveals substantially lower lubricity
[28, 9]. Ethanol can be perceived as an oxygenated fuel in comparison to gasoline, diesel
and LPG, which do not contain appreciable quantities of oxygen. The presence of an oxy-
gen atom means that ethanol can be thought as a partially oxidized fuel [7, 5]. This feature
shapes its appreciable octane rating and as a result of this ethanol fuels are substantially
more resistant to knock combustion which can be successfully exploited in a few upcoming
innovative engine technologies (see Table 4) [24].

Table 1. The physicochemical properties of ethanol and gasoline [12]

Parameter Ethanol (E100)
Chemical formula - Mainly hydrocarbons: Gs-Cy, GHsOH
Molecular mass (kg kmol'] 114.15 46.07
Specific gravity [kg m?] 0.7-0.78 0.794
Density at 15°C (kg/m’] 750-765 785-810
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Parameter
Kinematic viscosity [mm?/s] 0.494 1.221
Heating value [MJ/kg] 4.7 26.8
Latent heat of vaporization [k)/kgl 380400 900-920
Volatility index - > 840 <234
Lubricity * (PN-1S0 12156-1) [gm] * =760 <600
Vapor pressure (at 37,815°C) kPa 53-60 17
Research Octane Number (RON) - 95.0 108.6—110
Auto-ignition temperature [°C 257 425
AFR ratio - 14.2-15.1 8.97
C:H ratio - 0.53 0.33
Carbon content [% mass] 87.4 522
Oxygen content [% mass] Negligible 34.7
Hydrogen content [% mass] 12.6 13.0
Water content [% mass] Negligible quali(t)).lse;lsd (stigtr)aeggicr(‘)?\giqions)
Solubility in water [%] 0 100

38



An Overview of the Usage of Ethanol as a Fuel for Spark Ignition Engines

Table 2. The physicochemical properties of selected ethanol-gasoline blends [12]

Parameter E10 E50
Volumetric percentage of each WAl 10% ethaqol 50% ethar}ol 85% ethapol
compound 90% gasoline 50% gasoline 15% gasoline
Density at 15°C [kg/m’] 756.0 7724 788.9
Vapor pressure (at 37,815°C) kPa 57.8 51.4 325
Heating value MJ/kg 41.24 33.72 30.38
Volatility index - 903 714 234
Lubricity * (PN-1S0 12156-1) pm* 823 724 636
Research Octane Number (RON) - 96.6 103.2 106.8
C:H ratio - 0.51 0.44 0.36
Hydrocarbons content: 40.8 25.2 85
- olefin hydrocarbons % (v/v) 10.5 5.7 1.6
- aromatic hydrocarbon 30.3 19.5 6.9
Benzene content % (v/v) 0.67 0.38 0.13
Compounds contain oxygen % (v/v) 13.31 51.16 85.74

Furthermore, it is worth considering that the relatively low carbon to hydrogen ratio
of ethanol (0.33) means that ethanol blends are a noteworthy option for reducing vehi-
cular CO, emissions. Complete combustion of pure hydrocarbons would produce only
two products — carbon dioxide (CO,) and water (H,O). The ratio in which molecules of
these two species are produced by a combustion reaction is controlled by the carbon to
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hydrogen ratio of the fuel [11, 8]. That is why fuels with lower carbon to hydrogen ratios
are an attractive option for reducing CO, emissions [11]. Therefore, the addition of even
relatively small proportions of ethanol to standard gasoline lowers the overall C:H ratio of
the fuel and can make the resulting blend more attractive in terms of CO,, CO and particu-
late emissions [11, 8,9, 29, 57]. However, the reduced content of H, in ethanol’s. molecule
causes a reduced calorific value which has a negative impact on fuel consumption and can
increase CO, emissions [24, 37, 6, 22]. It is noteworthy that the overall life-cycle of CO, is
highly dependent on the method of ethanol production [19, 39, 8].

On the other hand, the usage of ethanol blends is strongly associated with certain unfa-
vorable issues, which derive from the acid-like and solvent-like character of ethanol. Some
adverse issues include: corrosion and accelerated wear of various parts of the fuel storage
and delivery systems [23, 3,49, 47], possible interactions with engine lubricants due to water
content and impurities, possible slight increases in emissions of NOy [39, 22, 27] and emis-
sions of some unregulated organic compounds (benzene, aldehydes, ethanol) [39, 35, 26, 8].
Additionally, conventional aftertreatment systems may not always be compatible with usage
of high content ethanol blends, causing reduced conversion efficiency [8, 34].

In conclusion, there are no doubts that some ethanol properties are definitely favorable,
creating a comparative advantage for ethanol relative to other alternative fuels. However,
some properties imply problematic issues that need to be solved in order to maintain
ethanol’s. advantages and its favorable position on the fuel market. In such a configuration
the physicochemical properties of ethanol have been balanced in Table 4.

Ethanol’s combustion characteristics

The chemistry of the ethanol as well as its combustion specifics and efficiency affect
many significant engine issues such as exhaust emissions and fuel consumption. It is no-
teworthy that the combustion characteristics of ethanol are specific and that the issue has
been broadly considered in many technical descriptions [37, 62, 2]. In essence, the short
length of the ethanol carbon chain, together with the presence of the oxygen atom, make
the combustion of ethanol quite different than that of pure gasoline [31, 2]. Differences in
molecule characteristics, in particular the presence of the oxygen atom within the mole-
cule, cause many changes in the manner in which the ethanol molecules are broken down,
subsequently oxidized and how efficiently and rapidly the entire process proceeds [2, 33].

In a brief review there are several issues worth to note. Firstly, the combustion pro-
cess of the ethanol is characterized by lowered temperature relative to the combustion
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of gasoline [41, 54]. Secondly, the flame propagation of combustion of neat ethanol is
approximately 30% faster than gasoline [37]. These two factors raise many implications
over the overall pollutant emission profile, mainly in terms of oxides of nitrogen (NOj).
Due to the lowered temperature of combustion and its increased velocity, the total time
of the combustion process is reduced and therefore may limit the time available for the
formation of NO, [62]. However, the flame propagation does not reveal a linear trend
with increasing ethanol blend content [41]. Furthermore, greater absorption of heat in the
cylinder due to ethanol’s. higher latent heat of vaporization should inhibit NO, formation
[1]. However, the overall trends of NO, emissions are not consistent [22, 27, 10, 8]. The
effect of leaner mixtures when using ethanol (A>1) may reduce NOx conversion efficiency
in a three-way catalyst (TWC), which may slightly outweigh the benefits gained from the
increased combustion rate [11, 8].

Needless to say, partial oxidation of ethanol-gasoline blends determines that the
quantity of oxygen required for complete combustion of a given mass is reduced, and thus
the stoichiometric ratio is lower than for pure gasoline. For instance, the ratios for E10
and E85 blends are 3.8% and 32.8% lower (respectively) than for gasoline alone. In light
of this, a greater rate of fuel injection is required in order to maintain a stoichiometric
mixture [6, 11] and as a consequence fuel consumption is usually considered to grow in
response to increasing fuel ethanol content [24, 56, 37, 6,22, 19]. In this context the E85
blend is invariably considered to cause higher volumetric fuel consumption than pure
gasoline [60, 58, 51, 46], but when the difference in energy density is factored out, E85
has been reported to outperform gasoline, due to improved thermodynamic efficiency
[51, 11]. It is noteworthy that the lower stoichiometric ratio makes complete oxidation
of the fuel relatively easier to achieve. Emissions of carbon dioxide are greater, primarily
due to the lower energetic content of the fuel, but also due to improved oxidation of
HC and CO to CO,[9, 8].

Finally, it is worth stating again that the oxygen content in the ethanol molecule
raises its resistance to knocking. In this context the research octane number of ethanol
is substantially higher than that of gasoline. Even small additions of ethanol to gasoline
raise its ability to withstand knocking combustion, which is indisputably a noteworthy
advantage when used in downsized engines with a high compression ratio or with high
degree of turbocharging applied.

In conclusion, the specifics of ethanol combustion is deemed as a technically very
complex issue dependent on many variables. In this context it implies consequences related
with the regulated and unregulated emissions issues, which remain the subject of other
studies [9, 10, 8, 2, 30, 33].
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Compatibility with gasoline-fuelled vehicles

The application of the ethanol-gasoline blends in modern vehicles is associated with
multiple modifications that need to be implemented according to the scheme shown in
Table 3 [12, 14]. The type and range of changes required depends on the vehicle’s. age and
the blend to be employed. It is agreed that blends up to E15 can be used in modern PFI
and DISI engines without problems, however beyond that point vehicles not designed for
use with ethanol blends may suffer severe failures [59, 11]. In case of FFVs, the technical
specification originally includes the modifications included in Table 3, therefore these
vehicles are capable of running on high ethanol blends with a much smaller risk of failure
[11]. The issue of the compatibility of modern vehicles with ethanol blends remains under
investigation by entities such as the EPA [42].

Table 3. Modifications required for usage of ethanol blends in modern vehicles [12, 14]

Ethanol content in blend with gasoline <5% 5-15% 15-25% 25-85% >85%

Euel |r!Je_ct|on parts (fuel _ _ + + +
lines, injectors)

Fuel pump - - + + +

improved corrosion
resistance

Fuel pressure device - - + + +
Fuel filter - - + + +
Ignition system (spark plugs) - - + + +
Evaporative fuel vapor system - - + + +
Fuel tank — reinforced and corrosion resistant - - + + +
(atalytic converter capable of working in higher 3 : + + +
temperatures
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Ethanol content in blend with gasoline <5% 5-15% 15-25% 25-85% >85%

Engine parts (pistons, piston rings, intake
and exhaust valves) — replacing, re-coating, - - - + +
reinforcements
Engine lubricant + fuel additives preventing _ B B + .
deposits formation
Intake manifold - - - + +
Exhaust system - - - + +
Engine cold-start support system - - - (4 for SES0) +
Engine control unit adjustments or complete .

ibrati - - + +
recalibration

+ NECESSARY — UNNECESSARY *slight adjustments

The direct causes of the necessity of these modifications derive mainly from the
physicochemical properties of ethanol. The most common adverse phenomena associated
with using ethanol blends are i.e.: corrosion issues, the penetrative character of ethanol
due to impurities contained therein [16, 23], possible negative interactions with engine oil,
deteriorations in lubrication quality and increased deposit formation [56, 3, 12]. However,
corrosion is perceived as a major concern even greater than reduced ethanol blends lubricity
[28]. In essence, the aforementioned adverse and problematic issues have been chosen as
the most critical of ethanol’s weaknesses and are listed in Table 4.

The global potential of ethanol — SWOT analysis

The global potential of ethanol as an automotive fuel can be presented as a SWOT
matrix which is a structured planning method used to assess a product’s strengths, weak-
nesses, opportunities and threats and recognize its placement in the market.
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The strength characteristics define ethanol’s features which give it a comparative ad-
vantage over other fuels. The weaknesses characteristics define ethanol’s features that may
create a comparative disadvantage relative to other fuels. The opportunities characteristics
imply external circumstances or factors related to ethanol that could be exploited to gain
its advantage in the market applications in a long-term perspective. The threats charac-
teristics imply external circumstances or factors related to the ethanol that may diminish
its significance in the market and are likely to lead to the ultimate collapse of ethanol’s
concept in a long-term perspective. In such a configuration ethanol’s SWOT matrix is
depicted in Table 4.

Table 4. SWOT matrix related to ethanol [1,7, 8,9, 10,11, 12, 14, 23, 24, 26, 39, 44, 53, 55, 61]

STRENGTHS

(helpful in achieving market position)

WEAKNESSES
(harmful in achieving market position)

+ Biodegradability, renewability = eco-friendly character,
exploitation of plant waste or cellulosic material;

+ Oxygenated nature of molecule and low C:H ratio:

- relative cleaner emissions than from gasoline;

reduced mass and number of emissions of

particulates = efficient tool of fulfilling up-to-date

Euro 6 PM/PN (DISI) standards;

octane rating = reduced probability of knocking

combustion at high temperatures and pressures =

the potential use in direct injection technology and

working on stratified air-fuel mixtures;

« possibilities of increasing the engine’s. compression
ratio (with a substantial increase in the combustion
efficiency) proportional to the ethanol content in
the blend;

- perspectives of implementing the concept of engine
downsizing and downspeeding in association with
a high degree of turbocharging applied;

+ Proper solubility with gasoline = easiness of creation of
blends with gasoline;

+ Overall physicochemical specifics of combustion and
C:H ratio = reduction of HC, €O, CO,, and some of the
unregulated compounds like: benzene, toluene

Reduced C content in the molecule = reduced calorific
value relative to gasoline:

« less stable combustion process = possible
deteriorations in emissions (NO,, methane,

1.3- butadiene etc.);

« higher fuel consumption relative to gasoline -
reduced range;

Acid-like character of ethanol, affinity to water, organic
acids, chlorides impurities = corrosion risk:

« higher probability of wear of engine components
(injectors, fuel storage and delivery system);

- necessity of using chemically inactive materials
(which does not react chemically with ethanol) >
cost increase;

Acid-like character of ethanol and water content >
potential interaction with engine oil, oil oxidation,
sludge formation and deterioration of lubrication quality;
Solvent nature of ethanol = swelling, softening and
finally corrosion of materials mainly made from plastics
rubber = necessity of using chemically inactive
materials;

Increased deposits formation on intake valves and filters
-> necessity of usage of deposit control fuel additives;
Problems with starting up the engine, especially at
sub-zero temperatures and high ethanol content due to
combustion characteristics = necessity of implementing
systems which support engine starting;

Aftertreatment systems’ (ATS) compatibility with ethanol
blends (accelerated ageing and reduced efficiency);

44




An Overview of the Usage of Ethanol as a Fuel for Spark Ignition Engines

OPPORTUNITIES

THREATS

(helpful in achieving market position)

« Political significance of ethanol = establishment of the
domestic energy independence strategy = lobbying
power;

- Empowerment from environmental protection agencies
especially when switching to second generation
bioethanol;

- Broad possibilities of implementation in modern
innovative engine technologies;

- Promising and feasible substitute for gasoline;

« More common switching to vehicles enabled for using
ethanol fuels (even E85 in case of FFV);

+ Relatively easy implementation in modern Sl engines
but only in the case of low ethanol content blends

(harmful in achieving market position)

Limited competitiveness with crude oil where
government financial support is limited;

Need of restructuring and modernization of the fuel
industry, distribution infrastructure and transport
facilities = huge investment and ongoing costs;
Relatively unfavourable method of production in terms
of exploiting edible crops and usage of substantial
amounts of water;

Possible lack of social acceptance;

Substantial costs in terms of engine modifications when
using high ethanol content blends;

Possible competition with other automotive solutions:
hybrid and electric vehicles, hydrogen fuels and fuel
cells

Possible future trends in the usage of ethanol in the
automotive industry

In respect to biofuels and in particular ethanol fuels, some approximate trends can
be seen and forecasts drawn, especially when analysing the visible political and economic
factors. The most probable and common projections in this context can be stated as follows
[12,17, 36, 38, 44, 52, 55]:

 biofuels and ethanol are going to continuously increase in significance as fuels
in the automotive sector, which is visible in persistently increasing volume of
production and available size of supply on the fuel markets,

« ethanol is excepted to maintain its political lobbying significance as a major
substitute for gasoline, especially in reference to the unstable political situation
in the Middle East and possibilities of artificially inflated prices of crude oil per
barrel controlled by the most influential exporters,

« increasing automotive usage of ethanol in the EU and the USA is excepted to be
maintained in the short term, which is already reflected in the structure of the
vehicle market and the rising share of ethanol-adopted vehicles and FFVs sold,
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alternative fuels (including ethanol) will probably not completely substi-
tute the demand for gasoline fuel in the transportation sector in the long-
-term perspective, however they will certainly play a significant role,
recalling some details, long-term projections issued by the US Energy
Information Administration show that E85 will take a 37% share

of US domestic ethanol production by 2035 and FFVs are expected

to represent the largest share of all vehicles, at 17% of all new vehicle
sales in US [52, 53],

a gradual change in ethanol production methods and efforts striving for
greater production of 2™ generation bioethanol are excepted as they are
deemed more sustainable and non-invasive for agriculture focused on
food production; such projections concern mostly the US and the EU,
usage of ethanol-gasoline blends with volumetric proportions of ethanol
ranging from 3% to 10% is already widespread in the EU and the US, ho-
wever a slow but progressive switch to a more expanded usage of interme-
diate ethanol content blends is expected,

it is highly expected that in the near future a strong need of establishment
of a feasible sustainable energy policy at a more international level will
occur, to include the issues of synergistic production of biofuels and ener-
gy together with simultaneous reduction of green gas emissions (GHG)
and protection of the environment and its resources, including ground
and surface waters.

CONCLUSIONS & SUMMARY

complex and multidimensional specifics which involve a range of crucial aspects from the
political, economic, technical and environmental points of view. The overview presented
here includes the most important points and comments related to these aspects in the
context of the past, present and future of ethanol as a fuel, which can be summarized in

The issue of usage of ethanol as fuel for SI engines presented in this paper reveals

a few general conclusions:

interest in usage of ethanol in SI engines dates back to the early part of the
20" century, and since then the issue has been developed and popularized
significantly in the automotive sector,
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in the long-term perspective, ethanol will probably retain its political lob-
bying power remaining the major substitute to gasoline, however it will not
completely replace demand for gasoline in the transportation sector,
ethanol, as a ‘new’ alternative fuel, must be appropriately marketed, legisla-
ted and supported by governmental support and incentives in order to gain
market advantage and receive social acceptance,

ethanol’s advantages are inherently related to its physicochemical characte-
ristics and the favourable combustion specifics making it favourable when
used in SI engines, notably in the area of emissions (benefits in emissions
of HC, CO, PM and PN), engine performance and superior knocking resi-
stance,

ethanol’s superior characteristics amongst alternative fuels can be success-
fully used as a effective marketing tool for both FFVs and ethanol blended
fuels, however the implementation processes should not be taken uncriti-
cally due to some obstacles to be solved,

the eco-friendly character of ethanol together with benefits in emissions
of HC, CO, PM and PN when used low-to-mid ethanol blends makes its
usage in the automotive sector likely to be highly valued and possibly sub-
stantially supported by environmental protection entities,

ethanol and its blends with gasoline reveal a great potential in application
with innovative engine technologies that enable full exploitation of etha-
nol’s. favorable characteristics; the concepts taken into consideration are:
downsizing associated with a high degree of turbocharging, variable com-
pression ratio, DISI engines,

ethanol’s physicochemical properties and combustion characteristics of

its blends with gasoline also determine some disadvantages that could be
possibly harmful for durability, performance and operational parameters of
the engine and conventional aftertreatment systems; these issues must be
carefully investigated and successively solved at reasonable cost,
interestingly, some of ethanol’s. disadvantages could be possibly compen-
sated by its advantages — for instance, ethanol’s. lower volumetric energy
density could be compensated in some degree by its high octane rating but
only when suitable engine technology is applied,

there are still many challenges and constraints in the context of usage of
high ethanol content blends in the automotive sector, especially in terms
of popularisation of FFVs and restructuring and adaptation of distribution
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infrastructure; however, as experience shows, many countries such as Brazil
and Sweden have successfully coped with such obstacles,

« usage of ethanol-gasoline blends in modern passenger cars without modifi-
cations to the engine or fuel delivery system is feasible, but only to a certain
ethanol content, above which some modifications are unavoidable.

In summary, ethanol and ethanol-gasoline blends can be perceived as perspective
alternative fuels for the automotive sector. In the overall pros and cons described here,
analysis shows that the advantages of this fuel and its blends - together with the potential
future benefits — outweigh the possible risks and disadvantages which already can be mi-
tigated or reduced completely by numerous solutions. However, in reference to this point
there are still plenty of research priorities that are highly required to enhance both the
engineering and political decision-making processes. These priorities have been described
in detail elsewhere [12, 11].

ABBREVIATIONS AND DEFINITIONS

N Lambda
AKI....... Anti-knock index [AKI=(MON+RON)/2]
ATS...c. Aftertreatment System
CO . Carbon monoxide
CO;.e Carbon dioxide
DISI...... Direct Injection Spark Ignition engines
EE Compression ratio
AAAAAAAAAAAAAAAAAAAA Fuel blend with 5% ethanol content
............. Engine Control Unit
............... Environment Protection Agency
AAAAAAAAAAAAAAAAAA European Union countries
..Fuel blend with x % ethanol content
............... Flex-Fuel-Vehicle
AAAAAAAAAAAA Green Gas Emissions
................. Hydrocarbons
44444444444 Motor octane number

AAAAAAAAAAAAAAA Oxides of nitrogen

48



An Overview of the Usage of Ethanol as a Fuel for Spark Ignition Engines

PFI......... Port-fuel Injection
PM...... Particulate Matter
...Particulate Number

RON...... Research octane number
SL Spark ignition
TWC...... Three-way catalyst
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Abstract

As a summary of work in the project “Influence of bioethanol fuels treatment for ope-
rational performance, ecological properties and GHG emissions of spark ignition engines
(Biotreth)”, evolving around the effects from bioethanol blending, this paper summarizes
the findings from the 3-year long project. These are 1) attributional life cycle assessment
(LCA) of the environmental impact connected with the blended fuels, and 2) molecular
dynamics simulations of exhaust from the blended fuels.

Bioethanol has been increasingly applied as a renewable energy component in
combination with gasoline for the reduction of emissions and to reduce the release of
climate gases into the atmosphere. Here the environmental and health impacts resulting
from introducing bioethanol blended into fossil fuels are assessed. This bio-blended
fuel is an alternative to fossil fuels, and their multivariate results are presented with the
potential environmental impacts of the production (well-to-tank) of certain multifunc-
tional detergent additive packages (MDAPs) combined with different ethanol-gasoline
blends. Moreover the effect of feedstock for ethanol in Switzerland and Poland on end-
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-point modelling results is explored. The resulting combustion products, as a result of
adding these new MDAP to the ethanol-gasoline blends, are measured and added to
the well-to-wheel LCA focused on GWP100, Cumulative Energy Demand and Eco-

-indicator’99. MDAP production eco-environmental impacts are estimated based on
their chemical structure.

To assess the potentials for new types of emission compounds we have used molecular
dynamics simulations. The combination of bioethanol and gasoline introduces two leading
toxic components in the urban atmosphere as potentially toxic mixtures: acetaldehyde and
poly aromatic hydrocarbons (PAHs) were established. The PAHs are found in combusted
gasoline and are virtually absent in emissions of bioethanol. Bioethanol however, contributes
with acetaldehyde, which is a potential carcinogen. In this study, we have studied the dynamics
of particle formation between acetaldehyde and phenanthrene, which is a PAH found at high
concentrations in generic fossil fuel emissions. Our analysis resolves the interaction of these
two main emission toxic components at the molecular level in virtual chambers of 300 to
700K, under standard atmospheric conditions and under high pressure and temperature
from the engine and exhaust pipe and also reveals their interaction with environmental
humidity, modelled as single-point charged water molecules. The results show so far that
PAHs and phenanthrene can combine in the water phase and form aqueous nanoparticles,
which can be easily absorbed in the lungs through respiration. Water droplets in moisture
become potential carriers of PAHs to the exposed subjects by forming non-covalent bonds
with acetaldehyde, which in turn binds phenanthrene via its hydrophobic group.

Introduction

Blending of biofuels into fossil fuels is a much-used strategy for phasing in renewable
energy in the transport sector. This is mainly motivated by the goal of reducing greenho-
use gas emissions (GHGs), thus mitigating climate change. However, the efficiency of this
strategy in terms of its effect on reducing the emission of GHGs is not clear-cut, and this
form of renewable energy implementation has unintended consequences [1].

The life-cycle carbon dioxide emissions and other environmental and health impacts
resulting from introducing biofuels have been studied via numerous attributional and
consequential life cycle assessments (LCAs) [14, 7]. Especially climate change and land use
have gotten much attention, whereas other eco-environmental impacts including the health
consequences from emissions are less understood. Ethanol-gasoline blends, compared to
gasoline, are well analysed in this context, but again, the potential for the emission of new
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toxic compounds have not been assessed, such as has been the case for biodiesel blended
into fossil diesel [2].

Problems for assessing the environmental impact mentioned in existing literature
are that different upstream feedstock (e.g. corn grain or lingocellulosic) for ethanol ma-
nufacturing implies different relative contribution to the climate change environmental
impact category. Additionally, the share of process chemicals and enzymes of the total
ethanol production eco-environmental impact vary (3-30%), depending on the ethanol.
Moreover, previous research claim that more acetaldehyde and ethanol emissions result
from the combustion of ethanol-gasoline blends than from gasoline.

Another loophole is that the overall environmental effects of multifunctional detergent
additive packages (MDAP) used in bioethanol gasoline blends are not well assessed. These
MDAPs are developed in the project “Influence of bioethanol fuels treatment for operational
performance, ecological properties and GHG emissions of spark ignition engine (Biotreth)”.

Compared to the state-of-the-art, the new MDAP compounds must improve the
combustion and reduce harmful engine emissions as well the overall well-to-wheel eco-
-environmental impacts. To do this, an integrated platform is used, where research and
development of additives provide primary data to the LCA.

Exhaust emissions from automotive fuel combustion represents one of the major
public health-threats of modern times and is the major cause of world-wide incidents of
cardiac problems, pulmonary complications, stroke, allergies, asthma and cancer [9, 5].

Bio-blended fuels contain a fossil fuel fraction (e.g. gasoline, diesel), which is mixed
with a biofuel fraction (e.g. ethanol, biodiesel) at various ratios (e.g. B10, E5, E85), see [8].

Molecular dynamics simulations (MDS) have been used to model and predict the
particle-formation properties in exhaust emissions [2, 11, 13]. MDS give results on the
distribution of molecules in nanoparticles and applies chemical parameters of high accu-
racy. In this project, we have studied the chemical properties of nanoparticles formed by
acetaldehyde emissions (from ethanol) and the PAH phenanthrene (from gasoline) in the
exhaust of bio-blended gasoline.

A review of emission products from bioethanol and its blends with gasoline has been
conducted to provide a background for new guidelines for emission control [12]. The review
also included the effects from additives on the pollution profile, and a thorough chemical
analysis of the environmental and transformation of the given compounds. It was showed
that the main issue of importance for toxicity and pollution profiling for bioethanol is
connected to acetaldehyde emissions, and that acetaldehyde generated in bioethanol-
-gasoline blends can remain in circulation in confined areas of up to a week, before being
fully oxidized and transformed into innocuous organic forms.
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Figure 1. Degradation chart for bioethanol-blends, excluding HC, CO, NO,, nanoparticles and
polycyclic aromatic compounds from gasoline, and additive-derivatives. From top to bottom,
chemical conversion path through atmospheric oxidation of acetaldehyde and its successors [10]
and benzaldehyde [6]. Parts of the reactions derive from the work by Sauer & Ollis [16]. Right

bars: Time periods (estimated from reviewed literature [17, 10, 6, 16,12]

The review also showed that there are only a few studies performed about the effects
of acetaldehydes on animals, and that more toxicity assessments of acetaldehyde are
required. The contribution of additives was also classified into types and products of the
combustion process and showed that amine-based additives deserve particular attention in
toxicological profiling of bioethanol blends with gasoline, as these have a higher probability
of forming health-hazardous products during combustion. The cycle and production of
adverse health- products is shown in Figure 2 of the respective study.
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Figure 2. Reaction-path of aliphatic amines and polyether-amines from environmental release to
cell intoxication. R: poly-butene, polyether chain. The functional NH2 depicts the key group with
genotoxic properties, based on their triggering of liver oxidase and formation of the nitrenium

form (NH+) which readily forms adducts with the DNA [12]

Methods

To predict the life cycle environmental impact of organic compounds that are MDAP
constituents and for which no LCI data are available, the method of Wernet et al. [19, 20]
is used.

Due to the fact that the development of the MDAPs in the Biotreth project has been
occurring in Switzerland and Poland, literature analyses were used to find the most appro-
priate feedstock for ethanol for these two countries. The SimaPro 8 LCA software tool, with
its Eco-invent commercial life cycle inventory database, as well as the Argonne National
Laboratory GREET model, were used for the LCA data. Sensitivity and uncertainty analyses
included comparison of ethanol types in the Eco-invent database.

Two main MDAPs were developed in Biotreth. The first, called NOR 15, containing
a detergent-dispersant DEM1 of N-alkylated benzoxazine derivative structure, possessing
a hydrogenated heterocyclic ring and an aromatic ring substituted by an alkyl and a synthetic
carrier oil of oxy-alkylated alkyl phenol structure and an aromatic solvent.

The other main MDAP, the NOR20, contains a detergent-dispersant DEM2 of a dia-
mine structure, a derivative of alkyl phenol possessing secondary and tertiary amines and
a synthetic carrier oil of oxy-alkylated alkyl phenol structure, and an aromatic solvent. In
both NOR15 and NOR?20, detergent-dispersant additives are used at a concentration of
600 mg/kg.

The molecular dynamics simulations were conducted as described in [12].
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Results
The novelty of this work is in the use of the end-point weighting method to express
environmental impact, which provided some interesting results. But, as a vast amount of
studies have been published about biofuels and bioethanol impacts, this is not obvious.
Figures 3-5 show the main finding about MDAPs and feedstocks.
MDAP packages contribute between 0.07-1.17% of total ethanol production (well-
-to-tank) impacts (Figure 3).

Combustion of E85
with NOR15 MDAP

| Petrol, low-sulfur GWP 100a
(kg CO2-eq)
® NOR 15 MDAP additive
Ethanol, Swiss
Ethanol, European mix
(without Switzerland) CED
(M)

B Ethaonl, Polish (from maize)

W Ethanol, Polish (from rye)

ecoindicator,
GWP only (DALY)

ecoindicator
(Pt)

-100%  -80% -60% -40% -20% 0% 20% 40% 60% 80% 100%

Figure 3. The impact categories GWP 100a, CED, and ecoindicator for E85, with NOR15, petrol,

NORI5 alone, ethanol (Swiss and Polish), normalized against the maximum result

With adapted Polish bioethanol from rye, their contributions are less than 1% of total
well-to-wheel emissions (Figure 3).

In the case of the environmental impact of MDAPs it should be stated that, the solvent
component contributes the most, with the carrier oil and the active compound contributing

somewhat less (Figure 4).
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Figure 4. The relative contribution to environmental impacts by the content of the MDAPs
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Figure 5. Environmental impacts from the various types of ethanol (well-to-tank), taking into

account the feedstocks
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There is a large span in impact ranges for different ethanol types based on feedstock
(Figure 5). Negative values, specifically for land use, result from only one of the land use
changes and are accounted for in the eco-indicator impact method, thus a “one-sided” land
use impact.

Visual analysis of the triple gas-phase simulations with a higher ratio of phenanthrene
to acetaldehyde show that the formed nanoparticles engulf and trap acetaldehyde mole-
cules inside their clusters shapes at a higher rate, when fossil fuel emitted PAH content is
higher in the blend (Figure 6).

Figure 6. A-row: Formed nanoparticles from three separate simulations of 50% acetaldehyde (ACD)
molecules and 50% phenanthrene (PHN) molecules. B-row: 33% ACD molecules and 67% PHN molecules.
C-row: 20% ACD, 80% PHN. D-row: 13% ACD, 87% PHN. Triple simulations provide higher probability

and show repetitive patterns of clustering acetaldehyde inside phenanthrene nanoparticles [11]
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The radial distribution function (Figure 7) is in agreement with Figure 6 and shows
that the formed nanoparticles of equal ratio contain more phenanthrene in the core and
more acetaldehyde on the surface of the formed nanoparticles.

Radial distribution
Phenanthrene (PHN) - Acelaldehyde (ACD)
"ﬁ’_ = a T - I' T I — o 'Y' — l
8- === 50%PHN-50%ACD

67%PHN-33%ACD
80%PNII-20%ACD
— 87%PHN-13%ACD

[
I

Figure 7. Radial distribution function. The plot shows the relative positions of the two molecules
in respect to the nanoparticle radius (x-axis). The black plot shows that the probability of finding
PHN at the core (low x-axis value) is high (y-axis), when the mixture is 50% PHN and 50% ACD.
When this ratio changes and PHN increases in concentration, the probability of finding it at the

core of the nanoparticles is reduced (lower y-axis value) as the ACD molecules are increasingly
entrapped in the particle and compete with PHN on the probability value of being localized at the

core of the nanoparticles [11]

When phenanthrene levels increase, acetaldehyde accesses the core of the particles
more frequently, which yields absorption of acetaldehyde by phenanthrene. This shows
that higher fossil fuel-deriving PAHs in the emissions from combustion of bio-blends
provide a chemistry that forms nanoparticles, which capture acetaldehyde and encapsula-
tes it in the formed nanoparticles. Acetaldehyde is a suspected carcinogen, and the results

62



Environmental impacts connected with the use of ethanol-gasoline blends

of this gas-phase study show that PAHs can preserve and carry acetaldehyde inside their
agglomerates through its “sticky” chemistry. This sticky chemistry of PAHs from the fossil
fuel component of the blend, can therefore introduce an additional health-hazard: the
encapsulation and preservation of genotoxic compounds from the ethanol component in
ultra small nanoparticles and their delivery to the pulmonary system.

Effects from atmospheric gases

The resolved nanoparticles have been studied also for interaction with atmospheric
gases at nanometer resolution by adding a proportional quantity of nitrogen, oxygen and
carbon dioxide to the simulated systems from Figure 6 and Figure 7. The proportions
reflect the atmospheric concentrations of N,, O, plus 20% of CO,, reflecting the exhaust
pipe environment. The effects presented in Figure 8 show that the nanoparticles remain
stable in shape and size, absorb acetaldehyde as well as atmospheric gases.

Figure 8. The surface of a formed nanoparticle from the interaction of ACD and PHN (width,

Inm), under chemospheric influence. Red: Acetaldehyde; Blue: Phenanthrene; White: N, O, and
CO.,. The internal parts of the nanoparticle show acetaldehyde and chemospheric molecules

encapsulated [11]
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Nanocluster properties under atmospheric influence

The stability and size of the particles were assessed in single simulations of 10 nano-
seconds each. This was carried out to determine the patterns of chemical stability of the
formed nanoparticles towards CO,, O, and N». The analysis was carried out by calculating
the average radius and count of the nanoparticles. Four systems were assessed for interaction
with atmospheric gases: 50/50, 67/33, 80/20 and 87/13% phenanthrene and acetaldehyde.

Conclusions

The new MDAPs have a negligible effect on the well-to-tank and tank-to-wheel emis-
sions both regarding type and amount. On the other hand, the source of ethanol is hugely
important for overall well-to-wheel studies.

Blending of bioethanol and gasoline has not been studied from a toxicological per-
spective earlier, and this study shows that it can contribute to increased toxicity in urban
atmospheres. It has been shown that there is a likelihood of nanoparticles formed by poly-
aromatic hydrocarbons and acetaldehyde, providing toxic properties of concern. The study
shows also that the interaction of the formed nanoparticles with the atmosphere reduces
their surface tension, and makes them more hydrophilic. The feature has implications for
chemical interaction with water droplets in the air, and shows that particle growth cata-
lyzed by CO, absorption also gives a higher transfer potential to individuals exposed, via
water and moist in the air.

The results also imply that the nanoparticles may more rapidly be transferred to the
water phase during rain and heavy waterfall by sorption to water particles. However, the
growth of the nanoparticles catalyzed by the chemical and the physical properties of the
CO; molecule, allow study of nanoparticle formation under different cetane conditions.
A new topic for study is the selective measurement of particle size in bioethanol-gasoline
combustion at various CO; levels. This can be important for the research of nanoparticle
generation in the combustion process of bioethanol and gasoline blends.

Outlook

Weighting methods in LCA, such as Eco-indicator’99, should be enhanced with
added damage factors derived from present toxicity simulations and transport modeling
[18]. Market based LCA should also be attempted for the 1% tier markets in the functional
unit [3]. This means that the change of actual or predicted sales of some of the upstream
products or materials, are included in a sensitivity analysis. In the present research, these
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sales could be for the different feedstocks (e.g. maize and rye) for the bioethanol, and for
the different fuels (gasoline, bioethanol).
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Zagrozenia eksploatacyjne stwarzane przez
paliwa etanolowe dla silnikow o zaptonie
iskrowym

Operational threats for positive ignition
engines caused by ethanol fuels

Zbigniew Stepien - Instytut Nafty i Gazu - Panstwowy Instytut Badawczy, Krakow, Polska; Zaklad
Oceny Wiasciwosci Eksploatacyjnych; Oil and Gas Institute — National Research Institute. Cracow,
Poland; Performance Testing Department

Abstract

Ethanol blends can present a plethora of technical challenges to positive ignition
engine operation because ethanol differs from petroleum in some key properties.This
leads to operational threats for positive ignition engines that are as various as they are
complex what describes this paper. Extensive experimental investigation by using simulate
dynamometer engine testing has been carried out to study the solubility of various additive
compositions in E85 fuels and detergent effects on deposits formation in a FlexFuel engine
running in special devised in-house test method. As a result two high effective multifunc-
tional fuel additive packages properly formulated for use in high ethanol-gasoline blends
were developed and optimized. Simultaneously, the great importance of modern deposit
control additives specially formulated to be compatible with high ethanol fuels for provi-
ding control and counteracting deposit formation has been proved.

Keywords: High-ethanol fuels, additives, deposits, spark ignition engines
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Streszczenie

Mieszanki etanolowe moga stwarza¢ liczne problemy techniczne, a zarazem wyzwania
podczas eksploatacji tego rodzaju paliw w silnikach ZI, ze wzgledu na réznice wtasciwo-
$ci etanolu i benzyny. Prowadzi to do opisanych w artykule réznych zlozonych zagrozen
eksploatacyjnych dla silnikéw. W celu zbadania rozpuszczalnoéci réznych kompozycji
dodatkéow w paliwie E85 i oceny wplywu poszczegdlnych detergentéw na formowanie
osadow na elementach silnika Flex-Fuel wykonano szerokie badania doswiadczalne przy
wykorzystaniu symulowanych testéw silnikowych prowadzonych wedlug specjalnie przy-
gotowanej wlasnej metody badawczej. W rezultacie opracowano i zoptymalizowano dwa
wysokoefektywne, wielofunkcyjne pakiety dodatkéw uszlachetniajgcych przeznaczone do
stosowania w paliwach wysokoetanolowych. Réwnoczesnie wykazano ogromne znacze-
nie specjalnie opracowanych nowoczesnych dodatkéw detergentowych kompatybilnych
z paliwami o wysokiej zawartosci etanolu w kontroli i przeciwdziataniu tworzeniu si¢
osadow w silniku.

Stowa kluczowe: paliwa wysokoetanolowe, dodatki uszlachetniajace, osady, silniki

z zaptonem iskrowym

Wstep

Biopaliwo E85 jest na rynku europejskim w dalszym ciggu nowym, mato rozpo-
wszechnionym gatunkiem paliwa i wymaga dalszego rozwoju poprzez prowadzenie prac
badawczych. Ze wzgledu na konieczno$¢ dywersyfikacji paliw wobec zmniejszajacych sig
zasobdw ropy naftowej, przy rownoczesnym wzroscie zapotrzebowania na paliwa i coraz
ostrzejszych wymaganiach w zakresie ograniczenia emisji CO,, paliwa alternatywne na-
bieraja coraz wiekszego znaczenia. Zasadniczym kryterium decydujacym o mozliwosci
stosowania paliwa jako alternatywnego dla obecnie uzywanych pojazdéw sa jego wlasciwosci
proekologiczne, a takimi charakteryzuja sie paliwa etanolowe [1, 2, 3]. Jednak uzyskanie
wymaganych wlasciwosci uzytkowo-eksploatacyjnych mieszanek etanolu z benzyna i pel-
ne wykorzystanie ich waloréw jako paliwa proekologicznego stanowig trudne wyzwanie
i wigzg si¢ z pokonaniem wielu probleméw, zwlaszcza w zakresie opracowania sktadu
i sposobu uszlachetniania takich paliw. Wynika to w szczegélnosci ze znacznych réznic
wlasciwosci fizykochemicznych etanolu i benzyny (tabela 1). W rezultacie takze wlasci-
wosci fizykochemiczne paliw silnikowych zawierajacych w swym sktadzie znaczny udziat
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etanolu réznig sie¢ istotnie od tych, jakimi charakteryzuja si¢ tradycyjne benzyny, a réznice
narastajg wraz ze zwiekszajaca sie zawartoécig etanolu. Do najwazniejszych cech nalezy
zaliczy¢ obnizanie si¢ wartosci opatowej biopaliwa wraz z rosngcym udziatem etanolu, przy
réwnoczesnym wzroscie liczb oktanowych (LOB i LOM). Wynika to z tego, ze w samym
etanolu jest okolo 30-35% (m/m) tlenu, w zwigzku z czym ma on wartos¢ opalowa o po-
nad 30% mniejsza niz benzyna. Szybko wzrastajace cieplo odparowania biopaliwa w miare
podwyzszania zawartosci etanolu (ktéry charakteryzuje si¢ cieplem parowania okoto
280% wiekszym niz benzyna) powoduje o okolo 250% wydajniejsze chfodzenie fadunku
mieszanki paliwowo-powietrznej w silniku i zwigzane z tym konsekwencje. Ponadto przy
niskich zawartosciach etanol powoduje nieaddytywny wzrost preznosci par paliwa, a przy
wysokich zawartosciach - jej obnizanie [1, 2]. Etanol to dobry rozpuszczalnik, czesto tez jest
niekompatybilny z r6znymi materialami konstrukcyjnymi, a jego wysoka higroskopijnos¢
sprawia, ze tatwo pochlania wode.

Tabela 1. Najwazniejsze réznice pomiedzy benzyna silnikowa a etanolem

Wiasciwos¢ Be:;‘m:ﬁ gZ(;(;na Etanol
Gestos¢ [kg/m?] 720-775 794
Warto$¢ opatowa [MJ/kg] 42,3-43,5 26,8
Temperatura wrzenia [°C] 20-220 77,8

LOB 95 min. 120-135

LOM 85 min. 100-106
Temperatura zaptonu [°(] —42 12,8

Ciepto odparowania [kJ/kg] 350 855-870

Powyzsze zmiany wla$ciwosci fizykochemicznych paliw zawierajacych etanol maja
istotny wplyw na ich wlasciwosci uzytkowo-eksploatacyjne, tym wigkszy, im. wiekszy jest
udzial etanolu w paliwie (tabela 2).
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Tabela 2. Wplyw wlasciwosci fizykochemicznych etanolu na wlasciwosci uzytkowo-
eksploatacyjne mieszanek benzyny z etanolem

Wiasciwosci fizykochemiczne

mieszanek etanol-benzyna

Wiasciwosci uzytkowo-eksploatacyjne
mieszanek etanol-benzyna

Wptyw korzystny

Wzrost liczb oktanowych (LOB,
LOM)

Wyzsze ciepto parowania

->

Mozliwos¢ stosowania wyzszych stopni sprezania,
wiekszych katéw wyprzedzenia zaptonu oraz wyzszego
cisnienia dotadowania, co zwieksza moc uzyteczng

Wiekszy stopieri napetnienia cylindréw, podwyzszenie
stopnia sprezania

Wptyw niekorzystny

Iwiekszenie zuzycia paliwa dla zachowania
poréwnywalnej mocy uzytecznej

Mniejsza warto$¢ opatowa

Wyzsze ciepto parowania

Nieaddytywny przyrost preznosci
par

Obnizanie preznosci par
w przypadku wysokiej zawartosci
etanolu

Pogarszanie wtasciwosci smarnych
na skutek obnizania sig ilodci
tworzonej sadzy podczas spalania

->

Wiekszy gradient temperatury w gtowicy, ktéry

nakfada sie na inne naprezenia wynikajace z obciazenia
mechanicznego, podwyzszonego cisnienia spalania,

i resztkowe naprezenia cieplne, co moze prowadzi¢ do
peknie¢ powstajacych w najbardziej ohciazonych strefach
gtowicy silnika

Wyzsza preznos¢ par paliwa i obnizona temperatura korica
jego parowania sprzyjaja powstawaniu korkdw parowych
w uktadzie zasilania, a tym samym trudnosciom rozruchu
silnika i niestabilnosci jego pracy, zwfaszcza na biegu
jatowym

Problemy z rozruchem zimnego silnika w niskiej
temperaturze otoczenia

Osiadanie gniazd zaworowych
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Wiasciwosci fizykochemiczne Wtasciwosci uzytkowo-eksploatacyjne

mieszanek etanol-benzyna mieszanek etanol-benzyna

Wymywanie osadéw z elementéw oraz czesci sktadowych
uktadu paliwowego i przenoszenie ich do filtrow
Intensyfikacja dziatania jako i podzespotéw uktadéw wtrysku paliwa. Pogorszenie
rozpuszczalnik warunkdw smarowania poprzez wyptukiwanie

i zmywanie oleju z powierzchni smarowanych silnika,

w tym ztozenia ttok—cylinder

Zatykanie filtréw paliwowych i zalewanie odstojnikéw.
9 Po osiagnieciu zawartosci okoto 5% (V/V) wody

w paliwie nastepuje jego rozwarstwienie, a woda wraz

z etanolem, jako oddzielna faza, osiada na dnie zbiornika
paliwa, powodujac zaburzenia procesow spalania

lub unieruchomienie silnika. Intensyfikacja procesow

Podwyzszona higroskopijnos¢
paliwa i zawarto$¢ siarczandw

korozyjnych
Mozliwa niekompatybilnos¢ Mozliwos¢ uszkodzenia uszczelnien, elementéw uktadow
z niektérymi materiatami paliwowych, jak: zbiorniki paliwa, przewody paliwowe,
konstrukcyjnymi elementéw wtryskiwaczy i pomp paliwa itp.

Zagrozenia stwarzane przez paliwa etanolowe dla
silnika

Zawarty w paliwie etanol, niezaleznie od jego poziomu, moze stwarza¢ zagrozenia dla
poprawnej pracy silnika, a takze wplywa¢ na pogorszenie jego osiagéw w miare przebiegu
eksploatacji. Zagrozenia te wystepuja zaréwno w przypadku eksploatacji konwencjonal-
nych silnikéw na benzynie zawierajacej, zgodnie z norma PN-EN 228:2013, do 10% (V/V)
etanolu, jak i w przypadku silnikéw przystosowanych do zasilania paliwami wysokoetano-
lowymi (zazwyczaj do 85% (V/V) etanolu) w pojazdach typu Flex-Fuel Vehicles (FFV). Do
najwazniejszych zagrozen nalezy zaliczy¢ tworzace si¢ w silniku osady, a w szczegdlnosci
te na zaworach dolotowych w komorach spalania, lecz réwniez te na i we wtryskiwaczach
oraz w przewodach i kanalach dolotowych silnika. Osady te powoduja zaburzenia pro-
cesow ilosciowego i jako$ciowego tworzenia mieszanki palnej w cylindrach silnika oraz
spalania, co prowadzi do pogarszania osiagdw i wlasciwosci uzytkowo-eksploatacyjnych
silnika, a takze do zwigkszenia zuzycia paliwa i emisji sktadnikéw szkodliwych w gazach
spalinowych [1-7].
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Osady na zaworach dolotowych

Standardowe dodatki detergentowe stosowane do benzyn silnikowych najczeéciej
oparte s3 na poliizobutylenie (PIB) lub aminie polieterowej (PEA). PIB tatwo rozpuszcza
sie w weglowodorach, natomiast w alkoholu nie, co moze by¢ jedng z przyczyn zwiekszonej
ilosci osadow tworzonych na elementach silnika, a szczegdlnie na zaworach dolotowych.
W przypadku paliw zawierajacych etanol, nawet na poziomie 10% (V/V), dodatki takie
kumuluja si¢ w powstajacych osadach, intensyfikujac ich przyrost, co powoduje tzw. hump
effect, czyli efekt garbu, a wiec zwiekszenia ilosci tworzonych osadéw w pordéwnaniu do
paliwa nieuszlachetnionego (rysunek 1).

. Benzyna bazowa Benzyna bazowa E10
Srednia masa osadéw Srednia masa osadéw
238 mg/zaw. 371 mg/zaw.

5

3]

NN W W s
8

|

2

8

Srednia wielko$¢ osadow
na zaworach dolotowych [mg/zaw.]

[}
o

o

0 10 20 30 40 50 60 70 80 90
Zawartosc etanolu w benzynie (v/v)

Rys. 1. Przyrost osadow na zaworach dolotowych silnika Mercedes M102E zasilanego paliwem
E10 (hump effect)
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W przypadku nieuszlachetnionych mieszanin paliw zawierajacych etanol w miare
wzrostu jego udzialu w paliwie ilo§¢ osaddéw powstajacych na zaworach dolotowych
i w komorach spalania silnika stopniowo, nieznacznie maleje w poréwnaniu do wielko$ci
osadéw tworzonych przez nieuszlachetnione benzyny bez etanolu. Po osiaggnieciu okoto
50-60% (V/V) udziatu etanolu w mieszaninie z benzyng ilo§¢ powstajacych osadéw stabi-
lizuje sie i nie zmienia w miare dalszego zwiekszania zawartosci etanolu [6].

Paliwa E85 zazwyczaj moga by¢ komponowane przy zastosowaniu 15% (V/V) stan-
dardowo uszlachetnionej, handlowej benzyny silnikowej i 85% (V/V) etanolu. W rezultacie
male stezenie standardowych dodatkéw detergentowych pochodzacych z benzyny, stabo
rozpuszczajacych sie w etanolu, sprawi, ze nie utworzg one na powierzchni elementow
silnika ochronnego filmu zapobiegajacego osadzaniu si¢ osadéw, a podobnie jak w przy-
padku paliw niskoetanolowych ulegng kumulacji w powstajacych osadach, przyspieszajac
ich tworzenie. Dodatkowym elementem przyczyniajacym si¢ do tworzenia osadow sg
zawarte w paliwach etanolowych siarczany, stanowiace zanieczyszczenia pochodzgce z pro-
cesu produkgji bioetanolu lub z pewnych typow inhibitoréw korozji stosowanych w E85
[1,2,6]. Duza iloé¢ i lepka konsystencja osadéw na zaworach dolotowych, a zwlaszcza na
ich trzonkach, moze powodowa¢ zawieszanie si¢ zaworéw, szczegolnie podczas proceséw
wychladzania silnika (rys. 2).

Rys. 2. Osady na zaworach dolotowych silnika Ford 1.8L Duratec-HE PFI FFV (125PS) MI4
zasilanego nieuszlachetnionym paliwem E85. Masy osadow na zaworach kolejno od lewej: 160 mg,
152 mg, 135 mg, 127 mg

Osady w komorach spalania
Paliwa wysokoetanolowe sg paliwami, ktére spalajg sie, tworzac malg ilo$¢ sadzy,
jednak osady moga nadal powstawa¢é w silnikach, w tym w kanatach dolotowych i w ko-
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morach spalania. W przypadku komor spalania wzrost zawartoéci etanolu, zaréwno przy
spalaniu paliwa nieuszlachetnionego, jak i uszlachetnionego, powoduje zazwyczaj obnizanie
si¢ iloéci tworzonych osadéw (rysunek 3). Ponadto wielko$ci masy osadéw powstajacych
przy stosowaniu paliw etanolowych sa nizsze wzgledem analogicznych utworzonych przy
zasilaniu silnika konwencjonalng benzyng niezawierajaca biokomponentéw. W rezultacie
w przypadku paliw zawierajacych etanol osady w komorach spalania silnika nie stanowia
takiego zagrozenia jak powstajace przy zastosowaniu benzyn silnikowych niezawierajacych
etanolu.

Rys. 3. Osady w komorach spalania silnika:

a) Mercedes M111 zasilanego nieuszlachetnionym paliwem E10 (calkowita masa osadow
w 4 komorach: 2771 mg),
b) Ford 1.8L Duratec-HE PFI FFV (125PS) MI4 zasilanego nieuszlachetnionym paliwem E85
(catkowita masa osadow w 4 komorach: 1046 mg),
¢) osady na denkach tlokow silnika Ford 1.8L Duratec-HE PFI FFV (125PS) M4 zasilanego

nieuszlachetnionym paliwem E85
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Osady w kanalach dolotowych

W przypadku paliw stanowigcych mieszanki etanol-benzyna obserwuje si¢ znaczna
ilo$¢ lepkich osadéw powstajacych w kanatach dolotowych silnika — zaréwno w przypad-
ku paliw nieuszlachetnionych, jak i uszlachetnionych. Duza ilo$¢ osadéw pokrywajacych
prowadnice zaworéw dolotowych wraz z osadami powstalymi na trzonkach zaworéow
dolotowych czesto powoduje ich zawieszanie, zwlaszcza po pozostawieniu silnika unieru-
chomionego przez kilkadziesigt godzin (rysunek 4).

«Th

Rys. 4. Osady w kanalach dolotowych silnika Ford 1.8L Duratec-HE PFI FFV (125PS) MI4

zasilanego nieuszlachetnionym paliwem E85
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Osady wewnetrzne i zewnetrzne wtryskiwaczy paliwa —
badania INiG - PIB

W silnikach typu Flex-Fuel zasilanych paliwami wysokoetanolowymi, w tym E85,
osady tworzone na i we wtryskiwaczach paliwowych stanowig duzy problem, a zarazem
zagrozenie dla poprawnego funkcjonowania i osiggdw silnika. Sposréd warunkow eks-
ploatacji samochodu sprzyjajacych powstawaniu wyzej wymienionych osadéw nalezy
wymienié: krétkie odcinki jazdy (wielokrotne rozgrzewanie i chtodzenie silnika) oraz jazde

w warunkach stop and go [6, 7, 8] (rysunek 5).

Rys. 5. Widok osadéw na konicédwce rozpylacza silnika Ford 1.8L Duratec-HE PFI FFV (125PS)

zasilanego niewtasciwie uszlachetnionym paliwem E85

Przeprowadzone w INiG - PIB szerokie badania na stanowiskach silnikowych potwier-
dzaja, ze np. eksploatacja silnika typu FlexFuel na paliwie E85, sktadajacym si¢ w 15% (V/V)
z uszlachetnionej, dostepnej na rynku benzyny silnikowej i w 85% (V/V) z bioetanolu, ma
znaczacy wplyw na tworzenie si¢ zaréwno wewnetrznych, jak i zewnetrznych osadow we
wtryskiwaczach paliwa. Juz po 100 godzinach pracy silnika w symulowanych warunkach
jazdy miejskiej mozna zaobserwowaé wplyw osadow zewnetrznych na ksztalt i jako$¢é

rozpylanej strugi paliwa (rysunek 6).
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Rys. 6. Wplyw osadéw wewnetrznych i zewnetrznych wtryskiwaczy na jako$¢ rozpylanej strugi

i iloé¢ wtryskiwanego paliwa
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Réwnoczeénie po zmianie czasu przesterowania (czas otwarcia) wtryskiwaczy zamon-
towanych na stanowisku badawczo-pomiarowym bezposrednio po przeprowadzonym tescie
silnikowym widoczne sg znaczgce réznice w ilosci dozowanego paliwa przez poszczegdlne
wtryskiwacze w czasie. Osady wewnetrzne, w réznym stopniu obciazajace wtryskiwacze, po
tescie silnikowym powodujg zupelny brak wtrysku paliwa przez wtryskiwacze oznaczone
w dolnej czesci rysunku 6, na listwie paliwowej, jako 2 i 4 przy czasie wtrysku dawki paliwa
ustawionym na 1,5 ms. Po wydtuzeniu czasu otwarcia wtryskiwaczy o 0,1 do 0,2 ms naste-
puje ich stopniowe odblokowywanie, jednak taka dysfunkcja ich pracy wplywa znaczaco
na ilo$¢ dozowanego paliwa przez poszczegdlne wtryskiwacze w czasie, co widoczne jest
w gornej czesci rysunku 6.

Zanieczyszczanie wtryskiwaczy powstajacymi w nich osadami wewnetrznymi, jak
i zewnetrznymi wplywa nie tylko na zaburzenia procesu jako$ciowego i ilo§ciowego wtry-
sku paliwa, ale w konsekwencji powoduje tez ograniczenie osiagdw silnika. Na rysunku
7 przedstawiono wyniki pomiaréw wielko$ci maksymalnego momentu obrotowego silnika
Ford 1.8L Duratec-HE PFI FEFV (125PS) zasilanego w 100-godzinnych testach kolejno:
rynkowym paliwem E85, nieuszlachetnionym paliwem E85 i paliwem E85 uszlachetnionym
pakietem dodatkéw przeznaczonym do tego rodzaju paliwa.
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Rys. 7. Zmiany wielko$ci momentu obrotowego silnika zasilanego réznymi paliwami podczas

prowadzonych testow
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Jak wida¢, zastosowane do zasilania silnika paliwo miato wyrazny wptyw na zacho-
wanie jego osiggdw (maksymalnego momentu obrotowego) w czasie. Najwi¢ekszy spadek
momentu obrotowego wystapil podczas zasilania silnika w te$cie rynkowym paliwem E85,
tzn. skomponowanym z 15% (V/V) standardowej, handlowej, uszlachetnionej benzyny
i85% (V/V) etanolu. Uszlachetnienie bazowego paliwa E85 specjalnie zoptymalizowanym
pakietem dodatkéw przeznaczonym do tego typu paliwa pozwolilo znacznie ograniczy¢
spadek maksymalnego momentu obrotowego w czasie testu.

Oddzialywanie na smarowy olej silnikowy

Problemy eksploatacyjne zwigzane ze stosowaniem do zasilania silnikéw ZI miesza-
nek etanol-benzyna zwigzane sg tez ze zwigkszonym rozcieniczaniem smarowego oleju
silnikowego w skrzyni korbowej poprzez przedostajace si¢ z komoér spalania biopaliwo.
Intensyfikacji tego zjawiska sprzyjaja niektore warunki eksploatacji pojazdu, a zwlaszcza
duza czestotliwo$¢ zimnych rozruchéw silnika (szczegdlnie w niskich temperaturach
otoczenia), zwigzana z wykorzystywaniem pojazdu na kroétkich dystansach [2, 4, 6, 8].
Agresywne oddzialywanie bioetanolu zaréwno na materialy konstrukcyjne silnika, jak
i na smarowy olej silnikowy wynika ogélnie z zawartej w nim (fatwo pochlanianej) wody,
kwasow organicznych (tworzonych podczas procesu spalania bioetanolu w silniku) i innych
zanieczyszczen. Przeprowadzone dotychczas badania przez producentéw samochoddéw
majacych najwieksze do$wiadczenie w konstrukeji silnikéw typu FlexFuel (GM, Ford, Saab),
a takze badania INiG - PIB wskazuja, Ze stosowanie paliwa E85 powoduje zmniejszenie
szybko$ci przyrostu lepkoséci smarowego oleju silnikowego w stosunku do wystepujacej przy
zasilaniu silnika konwencjonalng benzyna. Mozna to wyjasni¢ tworzeniem si¢ mniejszej
ilosci reaktywnych skfadnikéw procesu spalania bioetanolu w silniku w poréwnaniu ze
spalaniem benzyny. W konsekwencji mniej reaktywne gazy spalinowe przedmuchiwane do
skrzyni korbowej silnika w mniejszym stopniu wplywaja na postepujace procesy starzenia
(utlenianie) oleju smarowego i przyrost jego lepkosci anizeli w przypadku spalania benzy-
ny silnikowej. Réwnoczeénie przy stosowaniu paliwa E85 zaobserwowano przyspieszong
utrate rezerwy alkalicznej, a wiec zdolnosci oleju smarowego do neutralizacji kwasnych
produktéw spalania, przejawiajaca si¢ w szybszym niz podczas spalania benzyny silnikowej
spadku calkowitej liczby zasadowej. Koresponduje to z szybszym wyczerpywaniem si¢
potencjatu stosowanych w oleju smarowym dodatkéw detergentowych i dyspergujacych
[8-11]. Warto podkresli¢, ze zdaniem niektérych producentéw silnikéw typu FlexFuel
stanowi to podstawe do skrdcenia (nawet o potowe) okreséw miedzy wymianami oleju
smarowego w silniku.
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Oddzialywanie na lozyska $lizgowe

Etanol ma znacznie wigksze wlasciwoéci korozyjne anizeli konwencjonalna benzyna
silnikowa. Jezeli etanol wraz z paliwem przedostanie si¢ do smarowego oleju silnikowego
korozyjnie oddzialuje na rézne elementy silnika, zwlaszcza gdy wyczerpane sa dodatki
przeciwutleniajace w oleju. Ponadto w wyniku spalania paliw zawierajacych etanol powstaja
takie kwasy jak: kwas mrowkowy, kwas octowy oraz aldehydy, jak: aldehyd octowy i for-
maldehyd, ktore agresywnie oddziatujg na stopy metali uzywane do wytwarzania panewek
tozysk slizgowych, jak: Cu-Sn-P, Cu-Sn-Pb, Al-Sn, powodujac korozje Sn i Pb oraz tworzac
siarczki miedzi [12, 13] (rysunek 8).

Rys. 8. Skutki agresywnego oddzialywania bioetanolu przedostajacego sie do smarowego oleju

silnikowego na panewki tozysk walu korbowego [13]

Przeciwdziatanie zagrozeniom

W projekcie finansowanym ze $rodkéw funduszy norweskich w ramach programu
Polsko-Norweska Wspétpraca Badawcza, realizowanego przez Narodowe Centrum Badan
i Rozwoju, w INiG - PIB opracowano i przebadano kilkanascie wielofunkcyjnych pakietéw
dodatkéw uszlachetniajacych o zoptymalizowanych wlasciwo$ciach detergentowych prze-
znaczonych zwlaszcza do paliw wysokoetanolowych (E85). Ostateczne oceny, weryfikacje
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skfadu i jakosciowe kwalifikacje przedmiotowych pakietéw dodatkéw byly dokonywane
na podstawie specjalnie opracowanych do tego celu symulowanych testow silnikowych.
Pakiety dodatkéw optymalizowano pod katem maksymalnego ograniczenia tendencji
do tworzenia osadéw na elementach silnika typu FlexFuel. Szczegélny nacisk potozono
na przeciwdzialanie tworzeniu sie¢ osadow na zaworach dolotowych oraz wewnetrznych
i zewnetrznych osadéw na wtryskiwaczach paliwa. Jak stwierdzono w obszernych silni-
kowych badaniach wstepnych, w przypadku paliw wysokoetanolowych te osady stanowia
najwieksze zagrozenia dla proceséw jakosciowego i ilosciowego tworzenia mieszanki
w cylindrach oraz zakldécaja procesy spalania. Powoduje to nieréwnomierng prace silnika
na biegu jalowym, op6zniona reakcje na ruch pedalu przyspieszenia, wzrost zuzycia paliwa
i emisji szkodliwych sktadnikéw spalin. W rezultacie paliwa uszlachetnione opracowanymi
pakietami dodatkéw byly oceniane pod katem efektywno$ci przeciwdziatania tworzeniu sie
osadow keep-clean, zmywania utworzonych osadéw cleanup, a takze wpltywu na wielkos¢
emisji sktadnikéw szkodliwych do atmosfery oraz emisji GHG.

Bazowe paliwo E85 (niezawierajace dodatkéw) przygotowywano w INiG - PIB, stosujac
etanol o wlasciwoséciach podanych w tabeli 3 oraz benzyne bazows (tabela 4).

Tabela 3. Wybrane wyniki analiz wlasciwosci etanolu

Etanol Wymagania
HlELAY (wyniki analiz) w9
y Rozporzadzenia*

Zawartosc etanolu i wyzszych alkoholi nasyconych [% (m/m)] 99,852 min. 98,7
Zawartos¢ wyzszych alkoholi (C3—-C5) [% (m/m)] <0,001 maks. 2,0
Zawarto$¢ metanolu [% (m/m)] <0,001 maks. 1,0
Zawartos¢ wody [% (m/m)] 0,137 maks. 0,300
Zawartos¢ nieorganicznych chlorkéw [mg/I] <4,0 maks. 20,0
Zawarto$¢ miedzi [mg/kg] <0,1 maks. 0,100
Catkowita kwasowos¢ (w przeliczeniu na kwas octowy) 0,004 maks. 0,007
[% (m/m)]
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Parametr (wyrllsitl?ir::llaliz) Wym‘;gania
Rozporzadzenia*
Zawartos$¢ fosforu [mg/I] <0,15 maks. 0,50
Zawartos¢ substandji nielotnych [mg/100 ml] <10,0 maks. 10
Zawartos$¢ siarki [mg/kg] <5,0 maks. 10,0
Parametry dodatkowe:
Gestos¢ [kg/m’] 793,4 -
DVPE [kPa] 15,1 -
Destylacja:

Temp. poczatku destylacji [°C] 77,8 -

Temp. korica destylacji [°(] 87,3 -
Pozostatosc [% (V/V)] 0,1 -

Straty [% (V/V)] 1,5 -
* Rozporzadzenie Ministra Gospodarki z dnia 17 grudnia 2010 r. w sprawie wymagan jakosciowych dla
biokomponentow, metod badan jakosci biokomponentéw oraz sposobu pobierania prébek biokomponentéw (Dz.
U.z2010r. Nr 249, poz. 1668)

Tabela 4. Wybrane wyniki analiz wla$ciwo$ci benzyny bazowej E95

Parametr .E.95 . Phananidpng
(wyniki analiz) normy PN-EN 228
Liczba oktanowa RON 98,8 min. 95,0
Liczba oktanowa MON 89,6 min. 85,0
Gestos¢ [kg/m’] 725,6 720-775
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Parametr .E.95 . Y acatidie
(wyniki analiz) normy PN-EN 228
Preznosc¢ par [kPa] 57,8 45,0-60,0
Destylacja:
E70 [% (V/V)] 211 20,0-48,0
£100 [% (V/V)] 52,5 46,0-71,0
E150 [% (V/V)] 93,1 min. 75,0
Temp. korica destylacji [°C] 181,9 maks. 210
Pozostatos¢ [% (V/V)] 1,0 maks. 2
Zawartoé¢ 2w, tenowych [% (V/V)] brak o
Zawartos$¢ benzenu [% (V/V)] 0,25 maks. 1,0
Zawartos¢ metanolu [% (V/V)] <0,1 maks. 3,0
Zawartos¢ etanolu [% (V/V)] <0,1 maks. 5,0
Zawartosc siarki [mg/kg] <3 maks. 10
Korozja Cu, klasa korozji 1 klasa 1
Okres indukcyjny [min] >360 min. 360
Zawartos¢ zywic [mg/100 ml]:
— nieprzemywane 71 -
— obecne 0,2 maks. 5
Sktad grupowy FIA [% (V/V)]:
— parafino-nafteny 55,0 -
— olefiny 14,6 maks. 18,0
— aromaty 30,4 maks. 35,0
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Badania przeprowadzono na stanowisku badawczym z silnikiem typu FlexFuel
(Ford 1.8L Duratec-HE PFI FFV (125PS) MI4) fabrycznie przystosowanym do zasilania
biopaliwem o zawartosci do 85% (V/V) etanolu (tabela 5).

Tablica 5. Wybrane parametry techniczne silnika Ford 1.8L Duratec-HE PFI FFV

(125PS) M14

Obieg pracy

czterosuwowy, z zaptonem iskrowym

Typ wtrysku paliwa

posredni wtrysk paliwa sterowany elektronicznie — systemem Visteon

Ukfad cylindréw

rzedowy, pionowy

Liczba cylindrow 4

Kolejnos¢ wtrysku paliwa do cylindra 1-3-4-2

Typ ukfadu rozrzadu DOHC/4 VPC
Srednica cylindra 83,0mm
Skok ttoka 83,1 mm
Pojemnos¢ skokowa 1798 cm?

Moc maksymalna

125 KM (92 kW) przy 6000 obr./min

Maks. moment obrotowy

165 Nm przy 4000 obr./min

Stopien sprezania

10,8

Srednie zuzycie paliwa (E85)

10,51/100 km

Luz zaworowy Regulacja hydrauliczna
Pojemnos$¢ uktadu smarowania z filtrem 43dm’
Spetniana norma w zakresie wielkosci emisji

Euro IV

sktadnikéw szkodliwych do atmosfery

Silnik potgczony byl z hamulcem elektrowirowym AVL Alpha 160 z programowanym

dziataniem, umozliwiajacym realizacje i powtarzanie réznych sekwencji (cykli) weczeéniej

opracowanych testow.
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Oceny efektywnosci przygotowanych pakietéw dodatkow pozwalajace na weryfikacje
ich sktadu i optymalizacje poziomu dozowania prowadzono w symulowanych testach silni-
kowych wedtug wlasnej procedury badawczej. Procedura testowa obejmowala czterofazowy,
powtarzalny cykl badawczy symulujacy przecietne warunki pracy silnika podczas eksplo-
atacji pojazdu w ruchu miejskim o matym natezeniu (rysunek 9). Testy byty prowadzone
przez 100 godzin poprzez powtarzanie cyklu badawczego.
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Rys. 9. Powtarzany cykl badawczy skladajacy sie na testy silnikowe

Utworzone w czasie testéw osady na zaworach dolotowych i w komorach spalania
byly fotografowane, a nastepnie oceniane wagowo przy wykorzystaniu znanej metodyki
opisanej w procedurze CEC F-20-98 (Mercedes Benz M111). Osady w kanalach doloto-
wych gltowicy oraz na koncéwkach wtryskiwaczy oceniano optycznie i dokumentowano
fotograficznie. Wewnetrzne i zewnetrzne osady wtryskiwaczy byly oceniane na stanowisku
przeptywowym opartym na ukladzie wtrysku paliwa silnika Ford 1.8L Duratec-HE PFI
FFV (125PS) MI4 pod wzgledem wplywu na jakos$¢ rozpylania, zasieg i wzor strugi paliwa
oraz rbwnomierno$¢ dawkowania paliwa.
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Wyniki badan

Przeprowadzone wielokierunkowe testy na stanowiskach silnikowych w réznych
warunkach pracy silnikéw potwierdzily, ze zastosowanie paliw wysokoetanolowych do
zasilania silnikow ZI typu FlexFuel wigze si¢ z problemem tworzenia szkodliwych osadow
na elementach ukiadu dolotowego, w komorach spalania, na zaworach dolotowych oraz
na powierzchniach wtryskiwaczy paliwa silnika. Osady takie nie sg niczym nowym, jako
ze wystepuja tez w silnikach zasilanych paliwami weglowodorowymi, jednak w przypadku
paliw zawierajacych duzy udzial etanolu czynniki, jak i uwarunkowania sprzyjajace ich
powstawaniu sag w duzej mierze inne niz przy stosowaniu paliw konwencjonalnych. Paliwo
etanolowe stwarza nieco inne warunki spalania w silniku niz tradycyjna benzyna silnikowa,
poniewaz w silniku nastepuje szybkie odparowanie paliwa, w czasie uniemozliwiajagcym
ustalenie si¢ warunkéw réwnowagi termicznej. Szczegélnie w zimnym klimacie lub przy
uruchamianiu zimnego silnika ciepto potrzebne do odparowania paliwa jest ograniczo-
ne, dlatego tez ciekle paliwo pozostaje w systemie dolotowym. Etanol charakteryzuje sie
znacznie wyzszym cieptem parowania w poréwnaniu z weglowodorami, co powoduje, ze
odparowanie azeotropow etanol-weglowodory jest utrudnione w zimnym silniku. Ma to
tez wplyw na procesy nagrzewania sie powierzchni, na ktérych powstaja osady. Biorac
pod uwage, ze zasadnicze znaczenie dla tworzenia osadéw weglowych maja skfadniki
paliwa o najwyzszej temperaturze wrzenia, temperatura nagrzewania si¢ powierzchni, na
ktdrej moga odkladad sie osady ma wplyw na szybko$¢ i wielko$¢ ich powstawania. Duze
znaczenie dla tworzenia osadow maja tez zanieczyszczenia zawarte w etanolu, w tym
w szczegdlnosci siarczany i pierwiastki metaliczne, a takze brak lub stosowanie niekom-
patybilnych z etanolem dodatkéw detergentowych w aktualnie dostepnych na rynkach
$wiatowych paliwach E85 [2].

W rezultacie istnieje potrzeba opracowania przeznaczonych do paliw etanolowych
pakietow dodatkéw uszlachetniajacych o zoptymalizowanych wlasciwosciach detergentowych.

Poczatkowe badania wptywu réznych kompozycji pakietéw dodatkéw w paliwach E10
na tworzenie i sktad osadéw na zaworach dolotowych i w komorach spalania prowadzono
na stanowisku hamowni z silnikiem Mercedes M111, wedlug procedury CEC F-20-98.
W wyniku spalania uszlachetnionej benzyny E10 tworzg si¢ osady odkladajace si¢ na ele-
mentach ukladu paliwowego. Analizujac w podczerwieni widma (FTIR-ATR po korekcie
matematycznej) osadéw oraz stosowanych do uszlachetniania benzyny dodatkéw, mozna
stwierdzi¢, ze w osadach, oprécz skoksowanej pozostaloéci i produktow utleniania wyso-
koczgsteczkowych weglowodoréw obecnych w niewielkich ilosciach w benzynie, obser-
wowane sg produkty degradacji sktadnikéw polimerycznych pakietu uszlachetniajacego,
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takich jak np. acylowane eteroaminy czy polialkoksylowane alkilofenole. Struktury estrowe,
amidowe (dodatki), karboksylowe i karbonylowe (utlenianie weglowodoréw i dodatkéw),
struktury aminowe i eterowe (degradacja dodatkéw) najwyrazniej obserwowane s w osa-
dach z zaworéw. Wraz ze wzrostem temperatur w poszczegélnych elementach ukladu
paliwowego roénie ilo$¢ trudnych do identyfikacji produktéw degradacji dodatkéw oraz
sadzy/bezpostaciowego wegla.

Na rysunku 10 przedstawiono widma osadéw zebranych po jednym z testow prze-
prowadzonych na stanowisku z silnikiem Mercedes M111.

9547 osady z zaworow 05-M111-2015

Rys. 10. Widma FTIR osadéw z zaworéw dolotowych, glowicy i denek ttokéw silnika badawczego
Mercedes M111

W widmie osadéw z zawordéw (kolor niebieski) wida¢ wyraznie pasma w zakresie
1100-1000 cm™, zwigzane z obecnoscig oleju wynosnikowego, natomiast podwdjne pasmo
w zakresie 1400-1350 cm ™' wskazuje na obecno$¢ struktur polibutenowych typowych
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dla dyspergatoréw stosowanych w dodatkach uszlachetniajacych do benzyn. Silne pasmo
ok. 1700 cm™ zwigzane jest z obecnos$cig produktéw utleniania o charakterze kwasow
karboksylowych. W przypadku osadéw z komor spalania silnika (gtowica i denka tlo-
kéw) w widmie obserwuje si¢ wigcej pasm struktur typowych dla produktéw utleniania
(~3500 cm™ -OH i 1700 cm™ -COOH), bardzo szerokie nalozone pasma w zakresie
1200-900 cm™!, pochodzace zaréwno od z produktéw utleniania, jak i degradacji stoso-
wanych dodatkéw). Za obserwowane podniesienie tta odpowiada sadza obecna w osadzie.

Finalne badania dotyczyly opracowania i optymalizacji pakietéw dodatkéw przezna-
czonych do paliwa E85.

Na rysunkach 11 i 12 przedstawiono wyniki ocen silnikowych dwéch wybranych
wielofunkcyjnych pakietéw dodatkéw uszlachetniajgcych o zoptymalizowanych wiasci-
wosciach detergentowych, przeznaczonych zwtaszcza do paliw wysokoetanolowych (E85).
Dodatki zostaly opracowane w INiG - PIB w ramach programu Polsko-Norweska Wspot-
praca Badawcza, realizowanego przez Narodowe Centrum Badan i Rozwoju. Oznaczono
je jako NOR15 i NOR20.

NORI15 to pakiet dodatkow zawierajacy substancje detergentowo-dyspergujaca
DEM], o strukturze N-alkilowanej pochodnej benzoksazyny uwodornionej w pier$cieniu
heterocyklicznym, dodatkowo podstawionej reszta alkilowa w pier§cieniu aromatycznym,
oraz syntetyczny olej noény o strukturze oksyalkilowanego alkilofenolu i rozpuszczalnik
aromatyczny. Z kolei NOR20 to pakiet dodatkdéw zawierajgcy substancje detergentowo-

-dyspergujaca DEM2, o strukturze diaminy, pochodnej alkilofenolu, zawierajacej struktury
II- i III-rzedowej aminy, oraz syntetyczny olej noény o strukturze oksyalkilowanego alki-
lofenolu i rozpuszczalnik aromatyczny.

W przypadku pakietu NOR15 $rednia masa osadéw na zaworach dolotowych wynosita
okoto 12 mg/zawdr, a calkowita masa osadéw w komorach spalania byla réwna 1098 mg
(rysunek 11a). Zaréwno powierzchnie grzybkéw zaworéw dolotowych, jak i komor spalania
pokrywaly bardzo cienkie warstwy réwnomiernie rozlozonych, suchych, dobrze przywie-
rajacych do powierzchni jasnych osaddw, niewykazujacych tendencji do tuszczenia sig.
W kanatach dolotowych widoczne byly niewielkie, ttuste, smotowate osady, nieréwnomiernie
pokrywajace powierzchnie kanaléw i przewodéw dolotowych (rysunek 11b). Wigksza ilo$¢
osaddw, ktore splynely na dolna czeé¢ kanatéw dolotowych, bezposrednio przed zaworami
dolotowymi (podczas robienia zdje¢ glowica silnikowa opierata si¢ w pozycji pionowej na
$ciance wyprowadzenia kanaléw wylotowych), pozwala przypuszczaé, ze byly one skutecznie
rozpuszczane przez uszlachetnione paliwo E85 (rysunek 11a). Na uwage zastuguja czyste
koncowki wtryskiwaczy (rysunek 11b). Przeprowadzone oceny przeptywowe wtryskiwaczy
nie wykazaly wplywu osadéw wewnetrznych na zakiécenia pracy wtryskiwaczy, poprzez
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Osady na zaworach dolotowych

Paliwo Dodatek

15% (VIV) benzyny i
bazowej I
(nieuszlachetnionej) = NOR1s
+

8% (V) |
etanolu

Osady w przewodach i kanatach dolotowych
Paliwo Dodatek
CYL. 2 CYL.3 cYL 4
przewéd / kanat przewdd / kanal przewdd / kanal

15% (VIV) benzyny
bazowej
(nieuszlachetnionej) NOR15
+

15% (VIV)

etanolu | Witryskiwacz - 1 Wiryskiwacz - 2 Witryskiwacz - 3 Wtryskiwacz - 1

Osady na koncowkach wtryskiwaczy

. R~ 4
Rys. 11. Widok osadéw na elementach silnika Ford 1.8L Duratec-HE PFI FFV (125PS) MI4
zasilanego paliwem E85 uszlachetnionym pakietem dodatkéw NORI1S5: a) osady na zaworach
dolotowych i w komorach spalania, b) osady w przewodach i kanatach dolotowych oraz na

koncéwkach wtryskiwaczy
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Osady na zaworach dolotowych

Dodatek
VD-4
cc-2

@

E85
|
15% (VIV) benzyny
bazowej
(nieuszlachetnionej) = NOR20
+

|
16% (VIV) |
etanolu

A . (b N
Catkowita masa osadéw w komorach spalania
2050 mg

Osady w przewodach i kanalach dolotowych
Paliwo Dodatek

®

15% (VIV) benzyny |

bazowej |
(nieuszlachetnionej) | NOR20
+

Osady na koncowkach wtryskiwaczy
16% (VIV)
etanolu Wiryskiwacz Witryskiwacz — 2 Wtryskiwacz - Wtryskiwacz

B A~
Rys. 12. Widok osadéw na elementach silnika Ford 1.8L Duratec-HE PFI FFV (125PS) MI4
zasilanego paliwem E85 uszlachetnionym pakietem dodatkéw NOR20: a) osady na zaworach
dolotowych i w komorach spalania, b) osady w przewodach i kanatach dolotowych oraz na

koncéwkach wtryskiwaczy
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oddziatywanie na ich czas przesterowania, powodowanie podciekania lub zmiany réwno-
miernoéci dawkowania paliwa czy tez poczatkowych utrudnien we wtrysku dawek paliwa
po kilkudziesigciogodzinnej przerwie w pracy silnika.

Pakiet NOR20 byl optymalizowany pod katem dalszego zmniejszenia osadéw na
zaworach dolotowych przy zachowaniu czysto$ci wtryskiwaczy. W rezultacie zredukowa-
no $redniag mase osadéw na zaworach dolotowych do okoto 6 mg/zawér, réwnoczeénie
znacznie zmniejszajac ilo$¢ osadéw w kanatach i przewodach dolotowych (rysunki 12a
i 12b). Niestety wplynelo to niekorzystnie na catkowita mase¢ osadéw w komorach spala-
nia, ktora ulegta podwyzszeniu do 2050 mg. Jednak jest to w dalszym ciaggu bardzo dobry
wynik w poréwnaniu do analogicznego w przypadku zasilania silnika konwencjonalna,
handlowg benzyna silnikowg (okolo 3600-4200 mg, w zaleznos$ci od producenta paliwa
dla silnika Ford FlexFuel).

Nie wykazano roznic w zakresie oddzialywania paliwa E85 uszlachetnionego pakie-
tem dodatkéw NOR15 lub NOR20 na funkcjonowanie wtryskiwaczy paliwa (rysunek 12b).
W obydwu przypadkach osady wystapily jedynie w §ladowych iloéciach.

Podsumowujac, obydwa wielofunkcyjne pakiety dodatkéow, tzn. NOR15 i NOR20,
przeznaczone do uszlachetniania paliw wysokoetanolowych, odznaczaja sie¢ wysoka efek-
tywnoscig w zakresie wlasciwosci detergentowych i sa produktami w petni konkurencyjnymi
z podobnymi opracowanymi przez renomowanych producentéw $wiatowych.

Whioski

1) Roéznice wladciwosci fizykochemicznych etanolu i benzyny maja duzy wplyw na
wlasciwosci uzytkowo-eksploatacyjne mieszanek etanol-benzyna.

2) Zasilanie silnika ZI typu FlexFuel nieuszlachetnionym biopaliwem stanowigcym
mieszanine 85% (V/V) etanolu i 15% (V/V) benzyny bazowej powoduje powsta-
wanie duzej ilosci osadéw na elementach ukladu dolotowego i wtryskowego
silnika, mogacych zagraza¢ jego poprawnemu funkcjonowaniu poprzez zakléce-
nie proceséw tworzenia mieszanki i jej spalania.

3) Duzy wplyw na powstawanie osadéw majg zanieczyszczenia zawarte w etanolu,
w tym w szczegdlnosci siarczany i pierwiastki metaliczne, a takze brak lub stoso-
wanie niekompatybilnych z etanolem dodatkéw detergentowych pochodzacych
z 15% (V/V) uszlachetnionej standardowej benzyny handlowej, zazwyczaj obec-
nej w dostepnych na rynku paliwach E85.
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4) Zastosowanie specjalnie opracowanego i zoptymalizowanego pakietu dodatkow
uszlachetniajacych przeznaczonych do paliw wysokoetanolowych, zawierajacego
efektywny dodatek detergentowy, stanowi skuteczny sposob znacznego ograni-
czenia ilo$ci osaddéw tworzonych na elementach ukladu dolotowego i wtrysko-
wego silnika.

Artykut opracowano na podstawie projektu realizowanego w INiG - PIB i finansowanego

ze srodkow funduszy norweskich w ramach programu Polsko-Norweska Wspotpraca
Badawcza, realizowanego przez Narodowe Centrum Badan i Rozwoju.
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Ocena wiasciwosci detergentowych
mieszanek benzyny z wysoka zawartoscia
etanolu w zaleznosci od zastosowanych
formulacji pakietow dodatkow

Evaluation of detergent properties of high
ethanol- gasoline blends depending on
applied formulations of additive packages

Grazyna Zak, Leszek Ziemianski, Jarostaw Markowski, Wojciech Krasodomski, Michal
Wojtasik, Celina Bujas — Instytut Nafty i Gazu — Panistwowy Instytut Badawczy, Krakow, Polska;
Zaklad Dodatkow i Nowych Technologii Chemicznych; Oil and Gas Institute — National Research
Institute, Cracow, Poland, Department of Additives and New Chemical Technologies

Zbigniew Stepien — Instytut Nafty i Gazu — Panstwowy Instytut Badawczy, Krakéw, Polska; Zaklad
Oceny Wlasciwosci Eksploatacyjnych; Oil and Gas Institute — National Research Institute, Cracow,
Poland, Department of Preformance Testing

Abstract

The problem of the application of detergent-dispersant additives for gasolines with
the low and high content of ethanol were discussed. The results of the detergent properties
assessment of high ethanol content gasoline (E85) treated by evaluated in Oil and Gas
Institute — National Research Institute additive package formulations had been presented.
The research was financed by Norwegian founds and carried out in the frame of the Po-
lish-Norwegian Research Programme realized by the National Center for Research and
Development.
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Streszczenie

Omowiono problem stosowania dodatkow detergentowo-dyspergujacych w benzy-
nach weglowodorowych z niewielka zawartoscig etanolu i benzynach wysokoetanolowych.
Zaprezentowano wyniki oceny wlasciwosci detergentowych benzyny z wysoka zawartos$cia
etanolu (E85) uszlachetnionej opracowanymi w Instytucie Nafty i Gazu - Panstwowym
Instytucie Badawczym formulacjami pakietéw dodatkéw. Badania wykonano w ramach
projektu finansowanego ze $rodkow funduszy norweskich bedacego czescig programu
Polsko-Norweska Wspdtpraca Badawcza, realizowanego przez Narodowe Centrum Badan
i Rozwoju.

Wprowadzenie

Ze wzgledu na konieczno$¢ sprostania wyzwaniom idei zréwnowazonego rozwoju
oraz zapewnienia bezpieczenstwa energetycznego, a takze poprzez przyjecie regulacji
prawnych ograniczajacych emisje CO, wprowadzone zostaly obecnie w wielu krajach
$wiata polityki promujace wykorzystanie energii ze zrédet odnawialnych, w tym réwniez
w transporcie, a wérod nich stosowanie paliw etanolowych. Wprowadzenie na rynek paliwa
etanolowego wymaga wielu kosztownych badan - zaréwno w zakresie konstrukeji silnikow,
projektowania systemdéw komputerowych obstugujacych prace pojazdéw samochodowych,
budowy infrastruktury niezbednej w systemie dystrybucji tego paliwa, jak réwniez roz-
wigzywania problemoéw eksploatacyjnych zwigzanych ze specyficznymi wlasciwosciami
fizykochemicznymi etanolu.

Powszechnie wiadomo, ze korzystanie z kompozycji etanolu z benzyna silnikowg
moze powodowa¢ wiele trudnosci technicznych dotyczacych pracy silnika, poniewaz
etanol rézni sie od benzyny silnikowej w niektorych kluczowych wlasciwos$ciach, co
skutkuje tworzeniem osadéw na zaworach dolotowych, w komorach spalania, w uktadzie
dolotowym i na konicéwkach wtryskiwaczy, wzrostem tendencji do zawieszania zaworéw,
utrudnionym rozruchem w warunkach niskich temperatur, korozja ukladu paliwowego,
zatykaniem filtra paliwa, wzrostem zuzycia paliwa oraz podwyzszeniem emisji toksycznych
sktadnikéw spalin [1].

W przypadku benzyn silnikowych znane sg bardzo skuteczne dodatki detergentowe
zapewniajace praktycznie catkowitg czysto$¢ zarowno zawordéw dolotowych, jak i wtry-
skiwaczy paliwa oraz gwarantujace zgodno$¢ z wymaganiami Swiatowej Karty Paliw [2]
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w zakresie catkowitej ilo$ci nagaréw i osadow gromadzacych sie w komorach spalania.
Dodatki detergentowe do benzyn silnikowych stosowane sg juz od ponad 50 lat, a ich
receptury byly rozwijane w miare wzrostu wymagan w stosunku do silnikéw o zaplonie
iskrowym (ZI). Mozna méwi¢ o co najmniej czterech generacjach dodatkéw do benzyn
silnikowych, réznigcych si¢ od siebie typem substancji chemicznych zastosowanych jako
substancje aktywne o dziataniu detergentowym oraz rodzajem tzw. olejéw nosnych (mi-
neralnych badz syntetycznych).

Rozwoj dodatkéw do benzyn silnikowych przebiegal od wykorzystania pochodnych
kwasow ttuszczowych do zaawansowanych polibutenoamin i polieteroamin, otrzymywa-
nych z zastosowaniem reaktywnych polibutenéw [3].

Po wprowadzeniu wtrysku paliwa w silnikach ZI pojawita si¢ konieczno$¢ podwyzszenia
poziomu dozowania dodatkéw detergentowych w celu zapewnienia odpowiedniej czystosci
wtryskiwaczy, co jednakze przelozylo si¢ na wzrost poziomu nagaréw i zanieczyszczen na
zaworach dolotowych i w komorach spalania silnikéw testowych, a w efekcie skutkowato
réwniez zwickszeniem zapotrzebowania oktanowego [4-6]. Wzrost poziomu dozowania
dodatkow detergentowych siggat 1000 mg/kg paliwa wobec poczatkowych 100 mg/kg.
Zaistniata sytuacja zmusita producentéw dodatkéw zaréwno do poszukiwan nowego typu
zwigzkow o dzialaniu detergentowym, jak réwniez do poprawy wlasciwosci termicznych
substancji aktywnych o dzialaniu detergentowym oraz stosowania syntetycznych olejow
nosnych o okre$lonej strukturze chemicznej (poczatkowo polialfaolefin, a ostatecznie al-
kilopolieter6w i pochodnych karbaminianéw). W efekcie opisanych zmian w charakterze
dodatkéw do benzyn silnikowych pojawily sie tzw. Gasoline Performance Additives (GPA),
w sktad ktérych z definicji wchodzily co najmniej: substancja aktywna o dziataniu deter-
gentowym, syntetyczny olej noény i rozpuszczalnik o zdefiniowanym sktadzie chemicznym.
Zadaniem tego typu dodatkéw bylo:

o dyspergowanie prekursoréw osaddéw i nagardw;
 zapobieganie blokowaniu si¢ zaworéw w prowadnicach;
o niedopuszczanie do wzrostu iloéci osadéw i nagaréw w komorach spalania,
(w poréwnaniu z benzyng silnikowg niezawierajaca dodatkow detergentowych).

W skiad tego typu dodatkéw detergentowych mogly réwniez wchodzi¢ inne kom-
ponenty, np.:

o demulgatory;

o dodatki przeciwkorozyjne;

o antyoksydanty;

« dodatki smarnosciowe.
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Konieczne jest, jak wspomniano, stosowanie w pakiecie dodatkéw odpowiedniego
rozpuszczalnika, ktory ma na celu nie tylko ulatwienie operacji logistycznych (wtasciwo-
$ci niskotemperaturowe, pompowalnos¢, fatwosé dozowania itp.), ale przede wszystkim
zapewnienie odpowiedniej kompatybilnosci sktadnikéw pakietu, czesto wykazujacych
antagonistyczne tendencje zwigzane z ich wlasciwo$ciami powierzchniowo-czynnymi.

Dalszy rozwoj dodatkow detergentowych zwigzany byt z wprowadzeniem silnikow
benzynowych z wtryskiem bezposrednim (DIG - Direct Injection Gasoline), w ktoérych tem-
peratura pracy wtryskiwaczy byta wyzsza od temperatury pracy wtryskiwaczy w silnikach
PFI (Port Fuel Injection), co stanowito powodd wzrostu stopnia ich zanieczyszczenia. Fakt
ten zmusil producentéw benzyn i dodatkéw do zwiekszenia poziomoéw ich dozowania lub
poprawy skutecznosci ich dziatania.

Wprowadzenie etanolu do benzyn silnikowych réwniez skomplikowato stosowanie
dodatkow detergentowych [7, 8]. W przypadku korzystania z benzyn o niskiej zawartosci
etanolu (do 10% (V/V)) moze nastapi¢ wzrost iloéci tworzacych sie nagaréw i osadéw, ale
réwniez zmiana ich charakteru. Niskie zawarto$ci etanolu w benzynie wykazuja jednak
zazwyczaj ograniczony wplyw na efektywnos$¢ dodatkéw przeznaczonych do benzyn weglo-
wodorowych [3]. Gdy zawarto$¢ etanolu w benzynie silnikowej jest wyzsza (do 85% (V/V)),
problem zwigzany ze zwigkszeniem iloéci i rodzajem osadéw i nagaréw moze by¢ znacz-
nie powazniejszy. W przypadku benzyn wysokoetanolowych gléwna przyczyng spadku
efektywnosci dziatania dodatkéw detergentowych moze by¢ ograniczona rozpuszczalnoséé
zastosowanych substancji aktywnych o dzialaniu detergentowym, syntetycznych olejéw no-
$nych i innych sktadnikéw dodatkéw detergentowych do benzyn[3]. Zjawisko ograniczonej
rozpuszczalnoéci moze si¢ manifestowac zminiejszong przezroczystoscia uszlachetnionego
paliwa, ktéra mozna wyznacza¢ z wykorzystaniem metod nefelometrycznych [3]. Stosowa-
nie dodatkéw detergentowych typu PIBA (polibutenoamin) w poréwnaniu z dodatkami
typu PEA (polieteroamin) powoduje znaczne réznice w efektywnosci, co wynika z bardzo
duzych réznic ich rozpuszczalnoéci w benzynach o wysokiej zawartosci etanolu.

Opracowanie i zastosowanie dodatkéw detergentowych skutecznych w benzynach
o wysokiej zawarto$ci etanolu wydaje si¢ realne, problemem jednak jest ich efektywnos¢
w wypadku zmieszania benzyn weglowodorowych i benzyn o wysokiej zawartosci etanolu.
W takim przypadku prawdopodobne bedzie wystapienie braku kompatybilno$ci dodatkow
przeznaczonych do obu rodzajéw benzyn silnikowych (z niskg i wysokg zawarto$cia eta-
nolu) oraz wystapienie braku rozpuszczalno$ci dodatkéw przeznaczonych do stosowania
w benzynach o niskiej zawarto$ci etanolu w alkoholu oraz dodatkéw przeznaczonych do
benzyn z wysoka zawarto$ciag etanolu w weglowodorach, co z pewnosciag doprowadzi do
powaznych probleméw eksploatacyjnych.
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Wyzwaniem dla technologéw nie jest zatem tylko opracowanie efektywnych dodat-
kéw detergentowych przeznaczonych do tych dwdch rodzajéow benzyn (weglowodorowej,
z niewielkq zawarto$cig etanolu, i benzyn wysokoetanolowych), ale rozwigzanie problemoéw
z kompatybilnos$cig i rozpuszczalno$cia, sprzyjajacych powstawaniu osadéw i nagarow
w silnikach eksploatowanych na mieszanym paliwie, co w warunkach eksploatacyjnych
jest sytuacja trudng do unikniecia.

(zes¢ doswiadczalna

Paliwo wykorzystane w badaniach

Do badan wykorzystano benzyne silnikowg, o wlasciwo$ciach zamieszczonych
w tabeli 1, zawierajaca 85% (V/V) etanolu i 15% (V/V) benzyny weglowodorowej. Paliwo
przeznaczone do badan silnikowych uszlachetniano przygotowanymi w INiG - PIB for-
mulacjami pakietéw dodatkow.

Tabela 1. Wlasciwosci fizykochemiczne paliwa bazowego stosowanego do badan

Wymagania Metoda
Wymagania Wynik badania wg PKNCEN/TS :
badania wg
15293
1. | Gestos¢ (w temperaturze 15°C) [kg/m’] 784 760,0-800,0 EN1S0 12185
2. | Okres indukcyjny [min] >360 min. 360 EN1S0 7536
3. | Zawarto$c¢ zywic obecnych [mg/100 ml] <1 maks. 5 EN 150 6246

Dziafanie korodujace na ptytce miedzianej

4 (3 h w temperaturze 50°C) [klasa] 1A klasa1 EN1502160

5 Catkowita kwasowos¢ (w przeliczeniu na kwas octowy) <0,003 maks. 0,005 EN IS0 15491
[% (m/m)]

6. | Przewodnos¢ elektryczna [pS/cm] 1,0 maks. 1,5 EN 15938

7. | Zawarto$¢ metanolu [% (V/V)] <0,17 maks. 1,0 EN 1601
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Wymagania

Wymagania Wynik badania wg PKNCEN/TS ba,\cll‘ae:i)::vg
15293

| Lokttt
9 %;)w(a;/r/t‘(/))s’]c’ eteréw (z piecioma lub wiecej atomami wegla) <017 maks. 11,0 EN 1601
10. | Zawartos¢ wody [% (m/m)] 0,118 maks. 0,400 EN 15489
11. | Zawartos¢ chlorkdw nieorganicznych [mg/kg] <10 maks. 1,2 EN 15492
12. | Zawartos¢ miedzi [mg/kg] <0,05 maks. 0,10 EN 15837
13. | Zawartos¢ fosforu [mg/I] <0,15 maks. 0,15 EN 15487
14. | Zawartos¢ siarki [mg/kg] <5,0 maks. 10,0 EN 15486
15. | Zawarto$¢ siarczanéw [mg/kg] 2,7 maks. 4,0 EN 15492
16. | Preznos¢ par [kPa] 45,2 35k'|°a;a6‘;'° EN 13016-1
Badane dodatki

Przygotowane do badan formulacje pakietéw dodatkow zawieraly zsyntezowane
w INIG - PIB substancje o wlasciwo$ciach detergentowo-dyspergujacych, oleje nosne
(handlowy i zsyntezowany w INiG - PIB) oraz rozpuszczalnik.

Substancje detergentowo-dyspergujace:

DEM 1 - N-alkilowana pochodna benzoksazyny uwodorniona w pierscieniu hetero-
cyklicznym, dodatkowo podstawiona resztg alkilowg w pier$cieniu aromatycznym.

DEM 2 - diamina, pochodna alkilofenolu, zawierajaca struktury II- i IIT-rzedowej aminy.

Oleje nosne:
Petrotex DF-30 — oksyalkilowany alkilofenol.
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Olej nosny CR 10 - toluenodikarbaminian dialkilowy.

Rozpuszczalnik:
Shellsol A150 - rozpuszczalnik aromatyczny.

Pakiety:

NOR 11:

Pakiet dodatkéw zawierajacy substancje detergentowo-dyspergujaca DEM 1,
o strukturze N-alkilowanej pochodnej benzoksazyny uwodornionej w pierscieniu
heterocyklicznym, dodatkowo podstawionej reszta alkilowa w piers$cieniu aromatycz-
nym, oraz syntetyczny olej nosny o strukturze toluenodikarbaminianu dialkilowego
i rozpuszczalnik aromatyczny.

NOR 12:

Pakiet dodatkéw zawierajacy substancje detergentowo-dyspergujaca DEM 2, o struk-
turze diaminy, pochodnej alkilofenolu, zawierajacej struktury II- i III-rzedowej aminy, oraz
syntetyczny olej nos$ny o strukturze toluenodikarbaminianu dialkilowego i rozpuszczalnik
aromatyczny.

NOR 15:

Pakiet dodatkdw zawierajacy substancje detergentowo-dyspergujaca DEM 1, o struktu-
rze N-alkilowanej pochodnej benzoksazyny uwodornionej w pierscieniu heterocyklicznym,
dodatkowo podstawionej reszta alkilowa w pierscieniu aromatycznym, oraz syntetyczny
olej nosny o strukturze oksyalkilowanego alkilofenolu i rozpuszczalnik aromatyczny.

NOR 20:

Pakiet dodatkéw zawierajacy substancje detergentowo-dyspergujaca DEM 2, o struk-
turze diaminy, pochodnej alkilofenolu, zawierajacej struktury II- i ITI-rzedowej aminy,
oraz syntetyczny olej noény o strukturze oksyalkilowanego alkilofenolu i rozpuszczalnik
aromatyczny.

Metodyka badan

Badania przeprowadzono na stanowisku badawczym z silnikiem typu FlexiFuel (Ford
1.8L Duratec-HE PFI FFV (125PS) MI4) fabrycznie przystosowanym do zasilania biopa-
liwem o zawartosci do 85% (V/V) etanolu. W tabeli 2 zamieszczono wybrane parametry
techniczne silnika Ford 1.8L.
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Tabela 2. Wybrane parametry techniczne silnika
Ford 1.8L Duratec-HE PFI FFV (125PS) MI4

Obieg pracy czterosuwowy, z zaptonem iskrowym
Typ wirysku paliwa i);ss’treer(rj]:;w\;irztselzﬁaliwa sterowany elektronicznie —
Ukfad cylindréw rzedowy, pionowy

Liczba cylindréw 4

Kolejnos¢ wtrysku paliwa do cylindra 1-3-4-2

Typ uktadu rozrzadu DOHC/4 VPC

Srednica cylindra 83,0mm

Skok ttoka 83,1mm

Pojemnos¢ skokowa 1798 cm?

Moc maksymalna 125 KM (92 kW) przy 6000 obr./min
Maks. moment obrotowy 165 Nm przy 4000 obr./min

Stopien sprezania 10,8

Srednie zuzycie paliwa (E85) 10,51/100 km

Luz zaworowy requlacja hydrauliczna

Pojemnos¢ uktadu smarowania z filtrem 4,3 dm?

Spetniana norma w zakresie wielkosci emisji sktadnikéw P

szkodliwych do atmosfery urolV

Silnik potgczony byl z hamulcem elektrowirowym AVL Alpha 160 z programowanym
dziataniem, umozliwiajacym realizacje i powtarzanie réznych sekwencji (cykli) weczeéniej
przygotowanych testow.

Oceny efektywnoéci opracowywanych pakietow dodatkéw, pozwalajace na weryfika-
cje ich sktadu i optymalizacje poziomu dozowania, prowadzono w symulowanych testach
silnikowych. Procedura testowa obejmowata czterofazowy, powtarzalny cykl badawczy sy-
mulujacy przecietne warunki pracy silnika podczas eksploatacji pojazdu w ruchu miejskim
o malym natezeniu - rysunek 1. Testy byly prowadzone przez 100 h poprzez powtarzanie
cyklu badawczego.
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Rys. 1. Powtarzalny cykl badawczy symulujacy warunki pracy silnika podczas eksploatacji pojazdu

w ruchu miejskim o matym natezeniu

Wyniki badan

Przeprowadzone badania mialy na celu oceng wlasciwosci detergentowych mieszanek
benzyny z wysoka zawarto$cig etanolu w zaleznosci od uzytych formulacji pakietéw dodatkow.
Do badan wytypowano pakiety dodatkéw réznigce sie zastosowang substancja detergento-
wg (DEM 1 w pakietach NOR 11i NOR 15 i DEM 2 w pakietach NOR 12 i NOR 20) oraz
wykorzystanym olejem nosnym (CR 10 w pakietach NOR 11 i NOR 12 i DF-30 w pakietach
NOR 15 i NOR 20).

W tabeli 3 zamieszczono wyniki przeprowadzonych testow w silniku Ford FlexiFuel
(ilosci osadéw na zaworach dolotowych i w komorach spalania). Swiatowa Karta Paliw
podaje wymagania odnoénie do badanych parametréw (osadéw na zaworach dolotowych
i w komorach spalania) w silnikach M102E i M111 zasilanych benzyna weglowodorowa
lub z niska zawarto$cig etanolu (do 10% (V/V)), natomiast brak jest w niej kryteriéw do-
tyczacych paliw wysokoetanolowych. Badania prowadzono zatem w silniku Ford FlexiFuel
wedlug wilasnej metodyki badawczej opracowanej na podstawie procedury badawczej
przeznaczonej do badan w silniku Mercedes-Benz M111.
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W przypadku zasilania silnika Ford FlexiFuel paliwem E85 uszlachetnionym pakietem
zawierajacym N-alkilowang pochodng benzoksazyny (DEM 1) otrzymano, w zaleznosci
od zastosowanego oleju no$nego, odpowiednio 12,6 mg osadéw na zawdr (wynik $redni)
dla formulacji z DF-30 i 5,5 mg osadéw na zaw6r (wynik $redni) dla formulacji zawiera-
jacej olej noény CR 10. W komorach spalania po zakonczeniu testu stwierdzono obecnosé
1098 mg osadéw w przypadku silnika zasilanego paliwem zawierajagcym pakiet z handlo-
wym olejem no$nym DF-30 i 3772 mg osadéw w przypadku silnika zasilanego paliwem
etanolowym (E85) uszlachetnionym pakietem z zsyntezowanym olejem nosnym CR 10.

Wykorzystanie do badan silnikowych paliwa zawierajacego diamine, pochodna
alkilofenolu, (DEM 2) w polaczeniu z handlowym olejem nosnym DF-30 spowodowato,
ze na zaworach dolotowych zgromadzilo si¢ srednio 7 mg osadéw na zawdr, a w komo-
rach spalania 2133 mg osadoéw. Przy zastosowaniu tego samego dodatku detergentowo-

-dyspergujacego w polaczeniu ze zsyntezowanym olejem no$nym CR 10 zaobserwowano
$rednio 17,2 mg osadow na zawor i 1967 mg osadow w komorach spalania.

W przypadku niektorych testéw silnikowych wyliczanie $redniej ilo$ci osadéw na
zaworach moze budzi¢ watpliwosci. Przykladowo dla kompozycji NOR 11 na zaworze
nr 6 nie zaobserwowano wzrostu masy zaworu spowodowanego wystepowaniem osadow,
natomiast na zaworze nr 3 stwierdzono obecnos¢ az 17 mg osadéw. Podobnie w teécie,
w ktérym badano pakiet NOR 15, na zaworze nr 6 zidentyfikowano 6 mg osadéw, na-
tomiast na zaworze nr 3 az 28 mg osadow. Rozbieznoséci w wynikach uzyskiwanych na
roznych zaworach wynikaja ze specyfiki testow silnikowych, ogromu zmiennych (nie
wszystkich mozliwych do kontrolowania) wplywajacych na prace silnika i konstrukeji
silnika.

Omowienie wynikéw badarn

Dokonujgc analizy otrzymanych wynikéw, mozna stwierdzi¢, ze o wlasciwosciach
detergentowych decyduja facznie dwa gléwne skladniki formulacji pakietéw dodatkow:
substancja detergentowo-dyspergujaca oraz odpowiednio do niej dobrany olej noény.
Przyktadowo zastosowanie jednej z badanych substancji detergentowych (N-alkilowana
pochodna benzoksazyny) skutkuje mniejsza iloscig osadéw na zaworach dolotowych
w kompozycji z olejem no$nym CR 10, natomiast w przypadku drugiej substancji deter-
gentowo-dyspergujacej (diamina, pochodna alkilofenolu) kompozycja z tym samym olejem
no$nym (CR 10) daje znacznie gorsze wyniki niz po zastosowaniu oleju DF-30.
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Przy komponowaniu pakietéw do benzyn nie jest zatem mozliwe klasyczne podejscie
do zestawiania pakietéw, jak to ma miejsce np. w przypadku pakietéw dodatkéw uszla-
chetniajacych do olejéw napedowych, jest to ztozona operacja majaca na celu potaczenie
substancji detergentowo-dyspergujacej z odpowiednim olejem nosnym, co daje zadowa-
lajgce rezultaty.

Na podstawie otrzymanych wynikéw we wszystkich analizowanych przypadkach za-
obserwowano, ze jesli poprzez zmiang jednego ze sktadnikéw badanych formulacji uzyskuje
si¢ poprawe jednego z badanych parametréw (np. ilo$¢ osadéw na zaworach dolotowych) to
réwnocze$nie moze nastapi¢ pogorszenie drugiego analizowanego parametru (ilo$¢ osadéw
w komorach spalania), co powoduje, Ze wybdr najlepszej kompozycji nie jest oczywisty.

Podsumowanie

Benzyny weglowodorowe zawierajace do 10% (V/V) etanolu uszlachetnione kon-
wencjonalnymi, handlowymi dodatkami detergentowymi wykazuja niskg tendencje do
tworzenia sie i gromadzenia osadéw na elementach silnika.

Benzyna o zawarto$ci do 85% (V/V) etanolu uszlachetniona opracowanym w INIG -
PIB dodatkiem detergentowym wykazala niskg tendencje¢ do tworzenia si¢ i gromadzenia
osadéw i nagaréw na elementach silnika.

Utrzymujac uzyskana efektywnos¢ dziatania opracowanego dodatku detergentowego
w przypadku komor spalania (ok. 1000 mg osadéw), nalezy dazy¢ do nieco wyzszej efektyw-
nosci w przypadku zaworéw dolotowych (obnizenie ilosci osadéw z wartosci 12 mg/zawor
do ponizej 5 mg/zawoér), co w $wietle przeprowadzonych badan wydaje si¢ realne. Konieczna
jest dalsza optymalizacja skfadu i poziomu dozowania pakietu.

Problem wzajemnej kompatybilnos$ci uszlachetnionych odpowiednimi dodatkami
detergentowymi benzyn o niskiej i wysokiej zawarto$ci etanolu wymaga dalszych badan.

Wysoka skutecznoscig w zakresie wlasciwosci detergentowych odznaczaly si¢ dodatki
NOR 15 i NOR 20 podczas testu silnikowego zasilanego benzyna etanolowg E85.

Projekt finansowany ze srodkéw funduszy norweskich w ramach programu Polsko-Nor-
weska Wspolpraca Badawcza, realizowanego przez Narodowe Centrum Badar i Rozwoju.
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Abstract

The well-balanced use of alternative fuels worldwide is an important objective for the

sustainable development of individual transportation.

Several countries have set objectives to substitute a part of the energy of traffic by

ethanol as the renewable energy source.
The global share of Bioethanol used for transportation is continuously increasing.

Investigations of limited and unregulated emissions of a flex fuel vehicle with gasoline-
-ethanol blend fuel, have been performed in the present work according to the measuring

procedures, which were established in the previous research, in the Swiss Network.

The investigated fuel contained ethanol (E), in portions of 10% and 85% by volume.
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The investigated vehicle represented a newer state of technology and an emission level
of Euro 5. The engine works with homogenous GDI concept and with 3-W-catalyst (3WC).
Since there is special concern about particle emissions of gasoline cars with direct
injection, the nanoparticle counts measurements were systematically performed with
Scanning Mobility Particle Sizer (SMPS) at stationary and with Condensation Particle
Counter (CPC) at dynamic operation.
The non-legislated gaseous emissions were tested with Fourier Transform Infrared
Spectroscopy (FTIR), with special focus on NHs, N,O and HCHO (Formaldehyde).
The main results to be mentioned are:
o the particle counts emissions are generally significantly reduced with Ethanol
blend fuels at all operating conditions,
 in Worldwide Light-duty Test Cycle (WLTC) there is a clear increase of NH;
with E85 and an insignificant tendency of increasing NH; with E10,
o with all fuels (E0, E10 & E85) there are no emissions of N,O and no increase of
HCHO (below 1 ppm) observed, in WLTC warm.

The present research did not address the durability aspects and cold startability in
extreme conditions.

Gasoline/Ethanol operation — state of the art

The progress of development of very powerful and reliable electronic control systems
in the last 20 years has enabled the introduction of Flex Fuel Vehicles (FFV) on the mar-
ket. A FFV can be operated with fuel mixtures gasoline-Ethanol up to E85. The engine’s
electronic control unit recognizes automatically (by means of an Ethanol-sensor, [1]) the
portion of Ethanol and adapts the parameterization of the engine, respectively to obtain
the desired performances, and the emissions below the legal limits.

Several manufacturers introduced the FFV variants and published extensive infor-
mation about their R&D and performances: GM / Saab [2, 3]; Toyota [4]; VW [5].

The durable operation with Ethanol needs several precautions: improvements of
materials and surfaces of combustion chamber parts, all plastic materials having contact
with fuel, fuel and injection system, functions of the electronic control of the engine, pro-
blems of lube oil degradation, [6-8], deposits formation, [9, 10] and cold startability [11].
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Cold start and especially winter cold start, is more difficult with higher Ethanol
content in the fuel. The solutions are: double-tank-system (Brasilian market), or electrical
preheating of engine and of the fuel system (EU and US markets).

Several research institutes have been investigating the potentials of modern combu-
stion systems, like stratified or downsized concepts, with Ethanol, [12-14]. There also are
standard emissions measurements, [15, 16].

Non-legislated emissions of gasoline cars

The most important non-legislated emission components in present discussions are:
the nanoparticles (NP), Ammonia (NHj3), nitrous oxide (N,O) and Formaldehyde (HCHO).

In all previous research with Ethanol the questions of nanoparticle emissions NP
were not addressed, since the particle emissions of spark ignition (SI) engines were not
a legal topic.

This situation has changed with the first introduction of legal nanoparticle counts
limits (Euro 5b) since the beginning of 2013.

In this new situation the NP and especially the metal oxides emissions from additive
packages of lube oils and fuels, have become an important topic for all kinds of engines.
The NP-emission also originates from lube oil and is increased particularly at cold start
[17, 18, 19]. There is a necessity for an investigation into these new aspects with Ethanol
blend fuels Exx.

Production of Ammonia (NH;) in the exhaust of gasoline cars with 3WC was demon-
strated in [20] and [21] - especially at transient operation with rich excursions of Lambda.
The other components mentioned (N,O & HCHO) were less investigated in connection
with E85-operation.

Test vehicle and fuels

The tests were performed with a new (Euro 5) flex fuel vehicle, Volvo V60 (GDI),
which is a reference vehicle for several projects concerning NP-research from gasoline
engines, Fig. 1 & Tab. 1.
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Figure 1. Gasoline vehicle (FFV) for research with E10 & E85

Table 1. Data of test vehicle Volvo V60

Vehicle

Volvo V60

T4F
Engine code B4164T2
Number and arrangement of cylinder 4/inline
Displacement cm® 1596
Power kW 132 @ 5700 rpm
Torque Nm 240 @ 1600 rpm
Injection type DI
Curb weight kg 1554
Gross vehicle weight kg 2110

Drive wheel Front-wheel drive
Gearbox a6

First registration 27.01.2012
Exhaust EURO 5a
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Fuels

The gasoline used was from the Swiss market, RON 95, according to SN EN228. For the
tests a charge of fuel was purchased to keep the composition of the fuels always unchanged.

As further variants of fuels E10 and E85 were used. These are respectively blends with:
90% vol. gasoline and 10% vol. Ethanol, or with 15% vol. gasoline and 85% vol. Ethanol.
Table 2 summarizes the most important parameters of the fuels.

Table 2. Parameters of used fuels

Ethanol
CHs0H

Gasoline

density 15°C

stoichiometric air/fuel ratio

lower calorific value [MJ/kg]

boiling point [°q 30-200 78.5

research octane Nbr. [-] 95 110

latent heat of evaporation [k)/kgl 420 900

oxygen content [%m] <5 34.8

Instrumentation

The tests were performed on a chassis dynamometer (Schenk 500 G5 60) with
CVS-system (Horiba CVS-9500 T) and with the exhaust gas measuring system for legislated
components (Horiba MEXA-9400H).

The non-legislated gaseous components were analyzed with FTIR.

FTIR (Fourier Transform Infrared) Spectrometer (AVL SESAM) offers the possibility
of simultaneous, time-resolved measurement of approx. 30 emission components — among
others: NO, NO,, NO,, NH;, N,O, HCN, HNCO, HCHO.

Nanoparticles were measured at stationary operation with SMPS (particle size distri-
butions) and at transient operation with CPC (summary particle counts) - SMPS: DMA
TSI 3081 & CPC TSI 3772 (9.8-429 nm).
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For the dilution and sample preparation an ASET system from Matter Aerosol was
used, (ASET... aerosol sampling & evaporation tube). This system contains:
o Primary dilution air - MD19 tunable minidiluter (Matter Eng. MD19-2E)
o Secondary dilution air - dilution of the primary diluted and thermally conditio-
ned measuring gas on the outlet of evaporative tube.
« Thermoconditioner (TC) - sample heating at 300°C

Test procedures

The vehicle was tested on a chassis dynamometer in the dynamic driving cycles
(WLTC) and at constant speeds (SSC). The braking resistances were set according to legal
prescriptions i.e. responding to the horizontal road.

Driving cycles

In terms of the driving cycles, an approach to find a homogenized world-wide dri-
ving cycle was successfully finished, with the development of the homogenized WLTP
world-wide light duty test procedure. The WLTC (world-wide light duty test cycle)
should represent typical driving conditions around the world and was developed based
on a combination of collected in-use data and suitable weighting factors by an expert
group from China, EU, India, Japan, South Korea, Switzerland and USA. This cycle has
been used also in this study, Fig. 2. It represents different driving situations, like city,
over-land and speed-way.

The steady state cycle (SSC) consists of 20 min-steps at 95, 61, 45, 26 km/h and idling,
performed in the sequence from the highest to the lowest speed.

WLTC driving cycle
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Figure 2. WLTC driving cycle

113



Alcohol fuels for transport — background, research and development

120 -
speed

100 - 95 km/h
= 80
E o 61 kmh
&1 45 km/h

40 -
8 26 km/h

20 -

5 | _ ~ LLidiling
0 1525 3050 4575 6100
time [s]

180 - temp tailpipe
o
g
g 120
(]
b Legend
- 60 - black Gasoline
g E85
% as
o gas.

0 ;
0 1525 3050 4575 6100
time [s]

Figure 3. SSC steady state cycle and tailpipe temperature Volvo V60 T4F; 3WC

Results — stationary operation

Fig. 3 shows the steady state cycle (SSC) with the resulting tailpipe temperatures for
gasoline & E85.

Fig. 4 represents the respective SMPS particle size distributions in all steps. The drastic
reduction of NP count concentrations with E10 & E85 is demonstrated. It is interesting to
note, that already the lower Ethanol content (E10) contributes significantly to the reduction
of PC-concentrations at all driven vehicle speeds.
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Results — dynamic operation

A comparison of emission time-plots in WLTC is given in Fig. 5. for legislated and in
Fig. 6 for non-legislated components with two extreme variants of fuel EO & E85.

In the time-intervals of acceleration, peaks of CO, CPC (NP) and sometimes of NOy
can be observed. Increase of CO & NP is a result of mixture enrichment and increase of
NOy is caused by Lambda-excursion to the lean domain (poor NOy-conversion in the 3WC).
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Figure 5. Particle counts, diluted exhaust emissions and exhaust gas temperature in WLTC warm,

gasoline & E85
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The more dynamic and power-demanding cycle parts cause more frequent and more
pronounced CO-(enrichment) peaks.

With E85 there is higher level of te. at lower speeds and lower level of NO, and of
NPs, than with gasoline. There are remarkable concentrations of NH; from some 3 ppm
to the short peaks up to 120 ppm. A repetition of WHTC with E85 shows the fluctuation
of NH;-results.

The concentrations of Formaldehyde HCHO with both fuels are very low (below
1 ppm) and the influence of a fuel cannot be seen. With both fuels there are no emissions
of N,O observed.
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Figure 6. N,O, HCHO and NHj; emissions in WLTC warm, with gasoline & E85 Volvo V60 T4F;

3WC; raw exhaust measurement
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The following Fig. 7 gives the comparisons of average emission values from the ope-
ration with gasoline, E10 and E85 in WLTC warm.
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The particle counts emissions are generally significantly reduced with Exx (more
than 1 order of magnitude). There is a clear increase of NH; with E85 and an insignificant
tendency of increasing NH; with E10.

There are no significant emissions and no increasing tendencies of average values
HCHO (at a level of fraction of ppm).

CO-emissions are clearly reduced with increasing Exx-content. For HC- & NO, no
monotonous tendencies with E10 & E85 are visible. It can be stated, that with E10 there are
no changes of HC & NO,, but with E85 a slight increase of these compounds is remarkable.
This nevertheless, especially NO, is dependent very much on the electronic control of this
FFV and the indicated differences of a few [ppm] can also be an effect of emitting dispersion.

Conclusions

With the present flex fuel vehicle there are the following influences of E85 on emis-
sions in comparison with E0 and E10:

Stationary operation
« clear reduction of summary PCs after switching the fuel from gasoline to
E10 & E85,
 no distributions (PSD), but only sporadic NP-peaks with E85 at all statio-
nary operating points.

Dynamic cycles

« in the time-intervals of acceleration, peaks of CO, CPC (NP) and some-
times of NOy can be observed,

« in higher-speed cycles there is mostly higher CO with E85,

o the particle counts emissions are generally significantly reduced with
E10 & E85,

o in WLTC there is a clear increase of NH; with E85 and an insignificant
tendency of increasing HCHO (below 1 ppm),

o emissions of NH; in the same cycle are fluctuating,

o with all fuels (EO, E10 & E85) there are no emissions of N,O observed.
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Regarding the results it might be kept in mind, that several influences of the ECU
on the parameterization of the engine after a change of fuel, like setting of spark advance,

injection timing or strategy and positioning of Vario Cams are not known.

Definitions/Abbreviations

Abgaspriifstelle der Fachhochschule Biel, CH
Aerosol Sampling & Evaporation Tube

Amt fiir Strassen (CH)

Bundesamt fiir Umwelt, (FOEN)

Bundesamt fiir Energie (FOE)

Common Artemis Driving Cycle
chemiluminescent analyzer
chemiluminescent detector

condensation particle counter

cold start

constant volume sampling

dilution factor

Direct Injection

differential mobility analyzer

electronic control unit

Eidgendssische Material Priif- und Forschungsanstalt
Extra Urban Driving Cycle

Erdol Vereinigung

flex fuel vehicle

Federal Office of Energy

Federal Office of Environment

Fourier Transform Infrared analyzer
unburned hydrocarbons

Formaldehyde

Hydrocyanic Acid

Isocyanic Acid

Instytut Nafty i Gazu — Paistwowy Instytut Badawczy, Krakow, PL

minidiluter
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JLY (N — mass spectroscopy

NO. . nitrogen monoxide

NOj.ri nitrogen dioxide

N2O nitrous oxide

JA\) 5 ES— Ammonia

NOg nitric oxides

NP o nanoparticles< 999 nm

OBD.... on-board diagnostics

PCuin particle counts (integrated)

PMP. Particle Measuring Program of the GRPE
PN particle numbers

PSD.. particle size distribution

SMPS... scanning mobility particle sizer

SP sampling position

TCo thermoconditioner

TPN. total particle number

TTM . Technik Thermische Maschinen, Niederrohrdorf, CH
TWC.. three way catalyst

ULSD..... ultra low sulphur Diesel

VSS Verband der Schweizerischen Schmierstoffindustrie
WLIC........ worldwide harmonized light duty test cycle
WLTP..... worldwide harmonized light duty test procedure
3WC.. three way catalyst
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Abstract

Ethanol is widely used in petrol-ethanol blends, including in the European Union.
Since the fuel type has a great impact on emissions, blends of differing ethanol content
can have a great impact on exhaust emissions. This paper presents a variety of data on
regulated and unregulated exhaust emissions from European vehicles running on various
petrol-ethanol blends tested under laboratory conditions at BOSMAL. Some fundamental
phenomena are discussed and the reader is directed to sources of further information.
Furthermore, some brief comparisons to other studies are made and general comments
are made on emissions trends regarding petrol-ethanol blends.

Keywords: alternative fuel, ethanol, ethanol blend, emission, SI engine
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Introduction

Ethanol an automotive fuel and fuel blend component

While the concept itself is not new, in recent years there has been growing interest in
using ethanol as a fuel for spark ignition (SI) engines, particularly those fitted to passenger
cars and other light-duty vehicles. Indeed, all standard petrol sold in the EU now contains
at least 5% ethanol (by volume). When used as an automotive fuel, ethanol is most com-
monly splash blended with petrol to create blends such as E5, E10, E15, etc. The highest
commonly used blend is E85, which is suitable for use only in specially adapted vehicles.
The use of lower blends in unmodified vehicles has been the subject of intensive research
efforts over the last 10-15 years.

The potential for fuel chemistry to affect engine operation and emissions is very well
known. In the case of ethanol blends, this relationship is particularly interesting for two
main reasons: firstly, the proportion of ethanol in ethanol blends is non-trivial, normally
being at least a few % (by volume); secondly, the physicochemical characteristics of ethanol
are very different from those of the majority of compounds which make up ‘standard’ pe-
trol. Based on these two facts, the potential for ethanol blends to have a substantial impact
on exhaust emissions is evident and the motivation for performing emissions testing is

self-explanatory.

On the investigation of emissions from SI engines
running on ethanol blends

The standard approach for determining exhaust emissions under laboratory conditions
is to use the standard ‘legislative’ test method, using a chassis dynamometer, a constant
volume sampler and special sample bags for collection of exhaust gas. Figure 1 shows such
a setup, with an emissions testing system together with a chassis dynamometer.

A certain amount of research has been performed on the usage of ethanol blends at
lower ambient temperatures. The climatic chamber shown in Figure 1 shows how the entire
vehicle can be tested at a range of ambient temperatures.

Legislative testing is based on the prescribed driving cycle for a given piece of legisla-
tion, which differs from jurisdiction to jurisdiction. However, in the EU the most commonly
used cycle is the new European Driving Cycle (NEDC) - although recent changes mean
that this cycle will most likely be replaced soon.
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Legislative testing produces results at low resolution, since limits are set per test.
Additional analysers of the type shown in Figure 1 can be used to measure continuous
emissions — both at the vehicle’s tailpipe (exhaust or post-cat) and upstream of any TWC
aftertreatment device (engine out or pre-cat).

In general, where emissions from ethanol blends are concerned, agreement between
studies (and even between vehicles within the same study) can be relatively low. In addition
to this, a wide range of results is typically observed, even in a laboratory environment;
outlying data and exceptions to the rule are common [1]. Even where data from relatively
large numbers of vehicles are considered, data distributions tend to be non-normal and
results may or may not be statistically significant [1, 2]. Caution must be exercised in the
extrapolation of results, as geometrically opposed trends have been observed, even under
what appear to be very similar test conditions. Results presented in studies featuring a sin-
gle test vehicle must be treated in a different way to studies conducted on larger samples.
Hot start test cycles may be unable to differentiate between the emissions performance of
ethanol blends with any real certainty. Furthermore, legislative cycles in general may be
poor representations of the real-world performance of ethanol blends. However, standard
laboratory techniques are for the most part appropriate for measuring emissions from
ethanol blends, with the possible exception of certain types of organic molecules.

Regulated exhaust emissions

Regulated emissions can be defined as emissions for which limits exist in the EU’s
Euro 6 standard (namely HC, NMHC, CO, NO for all SI vehicles and particle mass and
number (PM and PN) for SI vehicles featuring direct injection engines), in addition to CO,
(subject to fleet average limits and covered under separate legislation). For legal purposes,
emissions of the aforementioned compounds are quantified by testing a vehicle on a chassis
dynamometer under laboratory conditions. At this point it is worthwhile identifying two
broad categories of study: some studies have examined the effect of ethanol-petrol blends
on regulated exhaust emissions from unmodified passenger cars; multiple authors have
also reported on results obtained using vehicles with engines specially designed to enable
usage of ethanol blends E0-E85 (termed ‘Flex-Fuel Vehicles, FFVs).

A large number of studies have reported on the effect of using petrol-ethanol blends
in unmodified vehicles - indeed the number of studies has become so large that numerous
meta-analyses have been carried out to try and make sense of the available data. Due to
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start-up difficulties, drivability issues and material compatibility concerns, higher ethanol
blends are not routinely tested in non-FFV engines. Most work has focused on the E5, E10,
E15,E20, E25, E30 and E50 blends, although other blends have been investigated (E3, E6, E12,
EA40, etc). However, there are exceptions: e.g. [3-5]), tested E85 in an unmodified non-FFV;

while execution of the NEDC under laboratory conditions was possible, some drivability
issues were encountered and large excess emissions of HC were reported during the UDC.

Using unmodified small-displacement European passenger cars running over the

NEDC, Bielaczyc and co-authors [3-6] present a range of data on regulated emissions, CO,

and fuel consumption. In the 2011 study, as ethanol content increased from 5% to 50%,
monotonic (if modest) decreases in exhaust emissions HC and CO were observed (see

Figure 3); NO, changed relatively little up to E25. A follow-up study [4] presented modal

emissions data as well as showing that HC emissions were numerically close for blends E5,
E10 and E25 and that the impacts on emissions were non-linear over the E5-E85 range.
The 2012 study (6) presented regulated emissions alongside an analysis of unregulated

emissions and failed to find any correlation between HC and CO emissions performance.
The most recent study [5] confirmed some of these previous findings and concluded that

for the test vehicle employed changes in regulated emissions were generally limited for

ethanol blends up to E25.
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Figure 2. Trends of emissions of THC, CO and NOj over the range E0-E20. Note that the figure

shows trends, rather than raw results. Taken from [7]
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In terms of the literature consensus, Crawford and co-authors [7] present an analysis
of data obtained from testing modern vehicles for the E0-E20 range, shown in Figure 2.
The decrease for THC and the increase for NO, are linear; the logarithmic decrease for CO
implies the onset of diminishing returns at 10%-15% v/v ethanol.

As suggested by Figure 2, one controversial area regarding the emissions perfor-
mance of ethanol blends concerns increases in emissions of oxides of nitrogen. Any
failure to adequately adjust the mixture to maintain stoichiometry would cause the
oxygen in the fuel to create a lean mixture (A>1), which would have a significant im-
pact on the reduction of NOj in the catalytic converter. Particularly for non-FFV test
vehicles, at higher loads the injectors may be unable to deliver enough fuel to maintain
a stoichiometry conducive to effective NO, emission control. Here it should be evident
that the driving cycle chosen for emissions testing can have a large impact on the NO,
exhaust emission results.

On the other hand, there are certain theoretical reasons to expect exhaust emissions
of NO, to decrease with increasing ethanol content, as long as the NO, reduction effec-
tiveness of the aftertreatment system is not compromised (briefly discussed in [3]). This
trend was in fact observed in [3].

Since CO, is always measured when performing automotive emissions testing, most
emissions studies report CO, emissions and fuel consumption results. The chemistry and
density of ethanol is sufficiently different from that of standard petrol that the carbon
balance formula must be adapted. Two opposing effects exist: the carbon weight fraction
of E85 is much lower than that of E0 (so CO, emissions should be lower), but the energy
content of E85 is also lower (so a greater quantity of fuel should be required to obtain the
same power output from the engine). These two counteracting effects mean that differences
in CO, emissions are limited. For fuel consumption, on the other hand, the controlling
factor appears to be the energy density of the blend in question. A study investigating fuel
consumption for blends up to E85 on an unmodified passenger car [3] showed that fuel
consumption increased in direct proportion to the decreasing energy content of the blend,
but the highest blend (E85) caused significant ‘excess’ fuel consumption, due to combustion
difficulties (reflected in high HC and CO emissions - see Figure 3), as shown in Figure 4.
This same trend we later re-confirmed [5].

Regarding FFVs running on high ethanol blends (typically E85), Yanowitz & McCor-
mick [1] reviewed a wide range of data to arrive at conclusions on the relative change in
emissions resulting from usage of E85 compared to standard petrol in FFVs and non-FFV
vehicles. The authors concluded that E85 in FFV caused NMHC emissions to reduce by
10%, CO by 10%, NO, by 18% and CH4 emissions to increase by around 100%.
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Exhaust emissions of particulate matter

Vehicles featuring direct injection SI engines (SIDI) have been subject to mass-based
PM emissions limits since the entry into force of the Euro 5 standard. Following the in-
troduction of a particle number limit for vehicles featuring compression ignition (Diesel)
engines, a particle number limit for SIDI vehicles has been confirmed for Euro 6 (Com-
mission Regulation (EU) No 459/2012), to be followed by a limit an order of magnitude
more stringent limit three years later. In light of this, particulate matter emissions from SI
engines are currently partially regulated. Bielaczyc et al. [8] compared PM and PN emissions
from several ethanol blends in a European SIDI vehicle tested over the NEDC. Under stan-
dard laboratory conditions, any decreases in PM and PN with increasing ethanol content
were “small to non-existent” (although when tested at -7°C, there was some evidence of an
appreciable decrease in PM emissions). Maricq et al. [9] measured PM and PN emissions
(as well as particle size distributions) from a SIDI pick-up truck running on the FTP75
test cycle on various fuels. They found questionable reductions in PM and PN as ethanol
content increased from 0% to 20%; concrete reductions were only observed where ethanol
content was greater than 30%.

Regarding emissions of particulate matter from vehicles featuring indirect injection
SI engines (which remain unregulated), studies conducted at BOSMAL have presented
some results from that engine type (e.g. [6],[10]), where modest reductions in both particle
mass and number are normally observed in response to the addition of ethanol to gasoli-
ne), even if the response is sometimes hard to detect and non-monotonic. The statistical
significance of the effect of ethanol on emissions from port fuel injected engines is often
questionable — when Clairotte et al. [11] compared PM emissions from the E5 and E10
blends, the results were scarcely distinguishable. See [5] and references therein for recent
data and further information and commentary.

Unregulated exhaust emissions

For the purposes of this discussion, “unregulated emissions” are any measurable exhaust
emissions for which limits are not set in Euro 6 legislation. Such emissions are of interest
for two main reasons: they provide additional information on the overall impact on air
quality; they provide insights into the combustion and catalytic conversion processes. In the
future, certain compounds which are currently unregulated may be added to automotive
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emissions legislation, thereby making them regulated compounds. Focussing on ethanol,
emissions of formaldehyde, acetaldehyde and ethanol itself are often measured in studies
examining the effect of ethanol blends. Due to the absence of ethanol in E0 petrol, emis-
sions of ethanol from ethanol blends are always higher than from standard petrol, while
for E85, which is mainly composed of ethanol, ethanol is the compound which makes up
the largest proportion of the organic compounds emitted from the exhaust [1].

Ethanol emissions have been reported to increase linearly with increasing ethanol
content [12], although some emission of ethanol has in fact been reported when running
on EO [13] - such a trend was also implied by the derived data presented in [6]. Similarly,
as the main formation pathways for aldehydes (formaldehyde and acetaldehyde) involve
partial oxidation of alcohol molecules (ethanol and methanol), emissions from EO petrol
are very low, thereby making emissions from higher ethanol blends much higher in compa-
rison, even if the emission factors themselves are relatively low. However, excess emissions
of formaldehyde may not be significant and there may be no real correlation between fuel
ethanol content and formaldehyde emissions; Bielaczyc et al. [6] observed increases in
engine out (‘pre cat’) formaldehyde, but no consistent increases in post cat formaldehyde
were observed (see the ‘extended studies’ section below). Acetaldehyde, on the other hand,
is almost universally found to increase with increasing ethanol content, particularly during
and following a cold start [6]. A wide range of unregulated compounds, including ammonia,
alkanes and aldehydes, nitrogen monoxide and nitrous oxide were measured in [6] - see
Table 1 in the following section.

Extended studies: low ambient temperature and
uncatalysed (‘engine out’) emissions

Low ambient temperature investigations have also been performed on non-FFVs using
ethanol blends. Bielaczyc et al. [4] compared regulated emissions from tests performed at
+22°C and at -7°C, reporting the relative change in emissions over the NEDC, as shown
in Figure 5. The observed increases for emissions of HC were similar for E5, E10 and E25;
E50 performed much worse, likely due to combustion difficulties related to fuel injection
and the heat capacity of the fuel. CO emissions increased less for E10 and E25 than for ES5,
but again E50 performed poorly. No problematic trends were observed for relative NOy
emissions and relative CO, emissions appeared to vary little with the blend ethanol content.
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Bielaczyc et al. ranked the test blends according to emissions performance and noted that
the ranking was somewhat temperature-dependent. A statistical analysis [7] examined
a complex matrix of results and revealed that when the ambient temperature is reduced
and the fuel ethanol content is simultaneously increased, the only statistically significant
change occurring in response to the convoluted variables is an increase in THC emissions,
with CO and NO, emissions statistically unaffected at the 95% confidence level.
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Figure 5. The relative change in regulated emissions over the NEDC for various petrol ethanol

blends tested at 22°C and -7°C. (0% = emissions the same at both temperatures). Taken from [4]

Engine out emissions can be measured on an engine dynamometer, but a novel
experimental method was employed in a study using a passenger car running on different
ethanol blends was tested on a chassis dynamometer over the NEDC, measuring the con-
centrations of various pollutants before and after the catalytic converter using a Fourier
transform infra-red analyser. Concentrations of certain compounds showed little or no
response to the various fuel blends; others showed weak or non-linear, non-monotonic
correlations; consistent, linear reductions in engine out concentrations of NO and several
hydrocarbons were observed as ethanol content increased. Selected results are shown in
Figures 6,7 & 8 and all regressions deemed significant are summarized in Table 1.

133



Alcohol fuels for transport — background, research and development

2500 + O UDC + EUDC = -Linear (UDC) —Linear (EUDC) |
+F + <
—t
2000 -
£
a
a
& 1500 A
k=l
£
§ 1000 4 o5
£ A e L D (C R ©
L=
[ =4
8 500 -
2
0 . . ' v .
0 10 20 30 40 50

Blend ethanol content, Vol. %

Figure 6. Pre cat NO concentrations as a function of blend ethanol content [6]

g

O UDC + EUDC~- -Linear(UDC)—Linear(EUDC]]

g & 8 B

Mean concentration, ppm
g

0 r r T r '
0 10 20 30 40 50

Blend ethanol content, Vol. %

Figure 7. Pre cat ethanol concentrations as a function of blend ethanol content [6]

134



Exhaust Emissions from Light Duty Vehicles Running on Petrol Ethanol Blends Measured under Laboratory Conditions

1200 140
ES =Pl —EM —E50 Vehicle speed e
_ 1000 |
£
(=%
E 100
800 =
<
£ z
s 80 =
g @
g 600 | 2
[=} (]
§ "3
S 5
@ 400 | 2
i 40
3 _/\A
4 \‘—\_.ﬁ_
& 200 |
20
M—W\’h—-/“’-—‘——_—*\-—'—f
0 +— . - . . : . 0
0 10 20 30 40 50 60 70 80 90 100

Time [s]

Figure 8. Pre cat ethanol concentrations for various blends over the first 100 seconds of the NEDC.

Source: BOSMAL data - see [6] for commentary

Table 1. The results of a linear regression analysis conducted on mean concentrations of
various gaseous pollutants from a passenger car over the NEDC, computed as a function
of blend ethanol content, for blends E5-E50. The value of ¢ (the y-intercept) can be
taken as a proxy concentration for E0 fuel. NEDC phases: UDC=Urban Driving Cycle;
EUDC=extra urban driving cycle. Taken from [6]

Sampling

Compound location Phase m (gradient) ¢ (y-intercept)
Q) Post cat EUDC -2.70 559 0.9644
NO Pre cat uDnC -1.59 902 0.8725
NO Pre cat EUDC -4.36 2354 0.9058
NO Post cat EUDC 0.25 531 0.9413
NO, Pre cat uDC 0.06 0.52 0.9970
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Compound

Sampling
location

m (gradient)

¢ (y-intercept)

NO, Pre cat EUDC 0.05 0.66 0.9171
CH, Post cat unc 0.1256 21.226 0.9297
GHs Post cat EUDC -0.013 1.26 0.9899
(@ Pre cat unc -2.12 232 0.9970
CeHis Post cat ubcC -0.18 28 0.8818
GH, Pre cat ubc -0.33 76 0.9403
GH, Pre cat EUDC -0.14 51 0.8478
GHs Pre cat unc -0.97 128 0.9468
GHs Pre cat EUDC -0.80 101 0.8523
GHs Post cat ubcC -0.15 15 0.9804
GH:0 Pre cat unc 4.86 2.99 0.9247
GH:0 Pre cat EUDC 3.29 1.74 0.8880
HCOH Pre cat EUDC 3.30 1.76 0.8889
HCOH Post cat EUDC -0.006 0.79 0.9721
(CH;CHO Pre cat ubc 0.31 38 0.9989
CH;CHO Pre cat EUDC 0.29 31 0.9858
CH;CHO Post cat unc 0.11 3.57 0.9759
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Summary and additional considerations

Despite the variable results obtained at BOSMAL and presented in many other studies
in the literature, ethanol blends appear to have the potential to deliver benefits in terms of
reduced HC and CO emissions. A sufficient number of studies have reported reductions
in CO and THC (or at least NMHC) when running on blends up to E20-E25 to conclude
that such emissions are lower overall. Similarly, the number of studies reporting increases
in NO, emissions leads to the conclusion that NO, emissions do increase (though not under
all conditions) — perhaps the best that can be hoped for is no significant increase in NO,
emissions. Small to substantial decreases in NOy emissions have been reported, but these
appear to be outweighed by studies reporting increases of various magnitudes. Increased
emissions of acetaldehyde and ethanol appear to be an inherent disadvantage of using
ethanol in SI engines, although current TWC aftertreatment systems fitted to production
vehicles are generally not fully optimised for oxidation of such molecules. It is clear that the
organic species present in the exhaust gas vary strongly with fuel ethanol content, which may
require subtle changes to emissions testing and reporting of results, in order to give a clear
picture of the actual compounds emitted. The terms “THC’ and ‘hydrocarbons’ cover a huge
range of compounds, from the simplest - CH, - to massive aromatic structures. There are
also currently some inconsistencies in the way the concentration of ‘hydrocarbons’ is quan-
tified — see [11, 12, 14]; strictly speaking, ethanol and aldehydes are not hydrocarbons at all.

A recurring theme regarding exhaust emissions (in general, but particularly so when
testing petrol-ethanol blends) is that of statistical significance. As exhaust emissions from
modern vehicles are generally very low, changes in emissions that result from altering
fuel chemistry moderately (e.g. moving from E10 to E20) can be hard to detect and suffer
relatively low repeatability. In future this topic of statistical significance will have to be
addressed in more detail. Given that the global potential for the introduction and expansion
of petrol-ethanol blends as road transport fuels is vast, discussions over their environmental
impact must be based on sound data, unclouded by statistical uncertainty.

Abbreviations and definitions

) Lambda
CH,. Methane
CO........Carbon monoxide
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COy.. Carbon dioxide

DISI......... Direct Injection Spark Ignition engine
E5 Fuel blend with 5% ethanol content
EX e Fuel blend with x% ethanol content
EU. European Union

EUDC.....Extra Urban Driving Cycle
FEV... Flex Fuel Vehicle

HC...o Hydrocarbons; sometimes given as total hydrocarbons (THC)
NEDC.....New European Driving cycle

NO. .. Nitrogen oxide

NOx. Oxides of nitrogen

PM........Particulate Matter

PN Particle Number

SL Spark ignition

TWC....... Three-way catalyst
UDC....... Urban Driving Cycle
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Abstract

This paper summarizes the recent and ongoing work on real driving emissions of
several automobiles with ordinary, non-flexible-fuel spark ignition engines, powered by
alcohol-gasoline blends with higher concentrations of ethanol, n-butanol and isobutanol.
On a Ford Focus automobile with a direct injection EcoBoost engine, powered by gasoline
and its blends with 15% ethanol, 25% n-butanol and 25% isobutanol, particle size distri-
bution were measured with an on-board fast mobility particle sizer along a 55 km route.
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Particle emissions were moderately reduced by ethanol and considerably by both butanol
blends. On a Skoda Fabia and Skoda Felicia cars with indirect injection engines, powe-
red by blends with higher concentrations of ethanol, n-butanol and isobutanol, particle
emissions measured by a miniature on-board system were examined over a 13 km route.
Blends of 30% and 50% of butanol had no or slightly positive effect on particle emissions.
Blends of 70% ethanol and 85% n-butanol and 85% isobutanol, used with an auxiliary
engine control unit, had no or slightly positive effect on particle mass, and reduced total
particle length (roughly corresponding to lung deposited surface area) by about one half.

Keywords: spark ignition engine, particle emissions, real driving emissions, oxygenated
fuels, ethanol, butanol, portable on-board emissions monitoring systems, particle number

Introduction

This study evaluates the emissions performance of ordinary in-use gasoline engines
when operated on higher concentrations of ethanol, n-butanol and isobutanol, with focus
on real-world particulate matter emissions (real driving emissions).

Replacement of fossil automotive fuels with renewable, low carbon footprint, dome-
stically produced fuels and reducing exhaust emissions of primarily particulate matter and
secondarily nitrogen oxides are among the main challenges automobile engines are currently
facing. A large variety of fuels have been examined, out of which several have obtained
larger market penetration: natural gas in gaseous and liquid form, liquified petroleum gas,
ethanol, and biodiesel. Of these, ethanol and biodiesel are produced from renewable reso-
urces, with ethanol being used primarily in spark ignition engines, and biodiesel virtually
exclusively in compression ignition engines.

Ethanol is an oxygenated compound with 35% of oxygen by weight. For this reason,
more ethanol (both by weight and by volume) is needed, compared to gasoline, to form
a stoichiometric mixture with a given amount of air. Therefore, on any engine calibrated
to run on gasoline, the quantity of the fuel delivered must be increased when running on
ethanol. There are therefore two strategies to use ethanol: either blended in small concen-
trations (up to around 10%) with gasoline for general use, or in high concentrations in
designated engines. The current practice in the Czech Republic, where E85 (spark ignition
engine fuel containing 70-85% of ethanol) is widely available at filling stations, while the
number of flexible fuel vehicles certified to run on this fuel is rather small, suggests that
ethanol is used in higher concentrations in the existing vehicle fleet. Assuming that the fuel
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does not lead to adverse performance (otherwise it would not be used by the public), the
remaining question is the effect of such practice on exhaust emissions. The effects observed
during laboratory studies are reviewed in [1-3] and in previous works by the authors [4-6].
However, it has been known, that the emissions under realistic driving conditions are often
higher than during standardized type-approval laboratory tests. Therefore, the question of
the effects of higher concentrations of ethanol blends on real driving emissions was sought
to be answered by real driving emissions tests.

Also, as ethanol is known to be hygroscopic and aggressive to many elastomers and
other materials found in the fuel systems [7, 8]. For this reason, additional alcohols which
could also be produced from biomass were considered. Two isomers of butanol, n-butanol
(1-butanol) and isobutanol (2-methyl-propan-1-ol), have the potential to be commercially
produced from biomass [9-12] at costs and fossil energy inputs comparable to ethanol [9].
Compared to ethanol, both n-butanol and iso-butanol have higher energy density, lower
hygroscopicity, higher viscosity, better lubricity, lower vapor pressure [13], and are less
aggressive towards many materials commonly used in vehicle fuel systems. Both isomers
of butanol have been used in spark ignition engines, both port fuel injection [1-5, 14-19]
and direct injection type [6, 20-22], with encouraging results, yet without a universal
consistent conclusion as to the effect on the emissions.

In the recent past, the performance of butanol blends has been investigated by the
authors on several engines, including throttle body injection, port injection and direct in-
jection automobile gasoline engines, and several small carbureted engines used in garden
equipment and an electric generator. Of these, three automobiles have been tested under
real driving conditions with a portable on-board monitoring system, during which the
emissions of particulate matter were also measured. These measurements are summarized
in this paper.

Experimental

Portable on-board monitoring system

The vehicles were fitted with a portable, on-board exhaust emissions monitoring
system designed by the first author [23, 24]. The system samples raw, undiluted exhaust
gases via a 6 mm diameter stainless steel tube inserted into the tailpipe, and a 6 mm
internal diameter, 5 m long conductive fuel line used as a sample line. The sample passes
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through a condensation bowl where condensate is trapped and periodically removed. The
sample is then reheated to approximately 60°C by passing through a resistance-heated
copper coil. Concentrations of nitrogen monoxide (NO), carbon monoxide (CO) and
carbon dioxide (CO,) were measured online with a pair of modified, optimized and
tuned BAR-97 grade analyzers, utilizing non-dispersive infra-red analyzers (HC, CO,
CO,) and electrochemical cells (NO and NO,). The response of the NDIR sensor used
in this study to ethanol and to hydrocarbon mix during the operation on E85 has not
been determined. Specifications for an analogous detector [25] show that the sensiti-
vity to ethanol lies between the sensitivities of propane and hexane, both of which are
commonly used to calibrate the automotive NDIR analyzer. Traditionally used flame
ionization detector (FID) was not determined to be a reliable reference, as it has cross-
-sensitivity to oxygenated compounds, resulting in understatement of the concentration
of oxygen-containing hydrocarbons [26]. Also, as the sample system is not heated, and
portions of water vapor in the sample is removed by the condensate, it can be presumed
that ethanol, which is water-soluble, is lost to condensate. Ethanol has been found to be
one of the major constituents of organic species on ethanol-fueled vehicles [27]. The
CO and CO, measurements using the NDIR method are rather straightforward and no
adverse issues were anticipated. While the instrument measures both NO and NO, using
electrochemical cells, only the NO measurement is sufficiently dynamic for transient tests,
and was evaluated here quantitatively. The volumetric concentrations of total nitrogen
oxides (NO,) were assumed to be identical to those of NO in most cases during this
study. This overall assumption has been verified by extensive comparison tests of the
on-board system, and is also in agreement with analogous sensors being used, in many
regions, in periodic emissions inspections of spark ignition vehicles nominally operating
at stoichiometric ratio. This is also in agreement with general experience that for engines
with no catalytic devices and for engines operating mostly at stoichiometric conditions,
the concentrations of nitrogen dioxide (NO,) are several percent of the total nitrogen
oxides (NOxy); the only engines known to produce relatively high emissions of NO, are
those equipped with a highly doped oxidation catalyst and operating lean (with excess
air). This is also in agreement with the observed range of response of the NO, cell, based
on which it is not apparent that larger quantities of NO, (tens of percent of total NO)
were produced.

Concentrations of particulate matter were measured online with a forward scattering
integrating nephelometer, which, for a given engine and a given setup, tends to provide
output proportional to particle mass concentration [4, 23]. This measurement is believed
to be possibly affected both by the low light scattering efficiency of smaller particles, and
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by the effects of fuel on the particle composition and morphology (mean size, fractal di-
mension...) and hence on the ratio of the light scattering efficiency to particle mass.

Concentrations of particulate matter expressed as total particle length, were me-
asured with a modified industrial building smoke detector, equipped with a measuring
ionization chamber, utilizing a small radioactive source (241Am, 30 kBq) to ionize the
air. When voltage is applied to the electrodes in the chamber, a small ionization current
flows through the chamber. Particles entering the chamber absorb the ions and decrease
the ionization current. The detector was modified so that ionization current can be sensed
directly and recorded by a data acquisition system. Laboratory comparison tests carried
out on the engine exhaust by the first author [28] have shown that the system provides
a response proportional to total particle length concentration (sum of the diameters of
particles, expressed in length per unit of volume, i.e., m.cm™), that is, the sum of electric
mobility diameters of all particles in a unit of volume.

On the DISI engine, where particulate emissions were anticipated to be the primary
issue, particle size distributions and concentrations were measured online with a fast
mobility particle sizer (EEPS, Model 3090, TSI), preceeded by a secondary dilution by
a rotating disc diluter (MD-19, Matter Engineering) set to 180:1 dilution ratio; the diluter
head was heated to 150°C.

On the throttle body and MPI engines, where particulate emissions were anticipated
to be low, while unregulated gaseous compounds were of concern, measurements of gaseous
emissions were also done with a prototype miniature portable FTIR (Fourier Transform
Infra Red) analyzer with liquid nitrogen cooled MCT detector with a 6-meter path length
cell running at 121°C and a resolution of 0.5 cm™.

DISI engine tests

A typical European small family car (C-segment production passenger car), 2013 Ford
Focus station wagon, with downsized three-cylinder 1.0 liter turbocharged gasoline direct
injection EcoBoost engine (parameters of the engine are given in Table 1), 6-speed manual
transmission, tire size 205/55 R16, 1242 kg curb weight, was tested at the Czech Technical
University in Prague on a 55 km route used for real driving emissions measurements. The
vehicle was certified to Euro 6 standards, with rated fuel consumption of 5,8/4,2/4,81/100 km,
rated CO, emmissions 114 g/km, designed to run on 95-octane (RON) gasoline (EN228).
The vehicle mileage was 7962 km (4948 mi) at the beginning and 10 130 km (6296 mi) at
the end of the study. The test route, overlaid on the map in Fig. 1, is located northwest of
Prague in central region of Czech Republic with total altitude difference 165 m and inc-

144



Effect of alcohol blending on real driving emissions of particulate matter from
ordinary gasoline automobile engines: A comparison of ethanol, n-butanol and isobutanol

ludes approximately one third of urban, one third of suburban, and one third of freeway
travel. The motorway part contains one single ascent of 75 m. The elevation profile of the
route and typical speeds are given in Fig. 2. The speed in urban part is limited to 50 km/h,
suburban to 90 km/h, motorway to 130 km/h. All runs were performed by the same driver
in an attempt to compensate the influence of different driving styles of different drivers.
Non-oxygenated gasoline with a nominal research octane number of 95, meeting CSN
EN228 specifications, has been obtained at the local fueling station (EuroOil, Bustehrad,
Hrebedska 695, 27343), and used as the baseline fuel for the testing. Commercially availa-
ble E85 fuel, also obtained from a local fueling station (LPG-AUTO s.r.0., Michelskd 4/11,
Prague 14000) and analyzed to contain 70% of ethanol, was mixed with the base fuel to
produce a blend containing 15% of ethanol by volume (E15). Technical grade n-butanol
(Chemlogistic, Pardubice) and iso-butanol (Chemap, Dasice) were also mixed with the
baseline fuel to obtain a blend of 25% of n-butanol with gasoline (nBu25) and a blend
of 25% of isobutanol with gasoline (iBu25). The fuels were metered on mass basis using
their actual (measured) densities into 20-liter (five-gallon) canisters and splash-blended.

Throttle body and port fuel injection engine tests

Two cars representative of significant share of cars with naturally aspirated spark
ignition engines were used for experimental runs. Both cars are equipped with five gear
manual transmission. For high alcohol share, an additional control unit for fuel injection
pulse width increase was used. Additional unit producer instructions were followed, so
for mixtures containing 85% by volume of butanol settings equivalent to concentration of
ethanol up to 50% and for E85 settings for more than 50% ethanol mixture were applied.
No other modifications of tested cars and their engines were carried out.

The first of the tested vehicles was a Skoda Felicia equipped with a four cylinder
in-line single point fuel injection (SPI, or more accurately, throttle body injection — TBI)
spark ignition engine manufactured in 1996 with mileage about 150 thousand km. This
vehicle remains popular in the Czech Republic and represents a large share of the vehicle
fleet despite obsolete air-fuel mixture technology (SPI). Selected parameters of this engine
are listed in Table 1. This engine is equipped with a three way catalyst, utilizes an air to fuel
ratio control circuit and is designed to meet emission standard Euro 2.

The second car, a Skoda Fabia, was chosen to represent a popularly used type of cars
with naturally aspirated downsized engines. This car which has been manufactured in 2006,
exhibits mileage about 150 thousands km and is propelled by a three cylinder port fuel
injection (PFI) engine with selected parameters listed in Table 1. This engine is also equ-

145



Alcohol fuels for transport — background, research and development

ipped with a three way catalyst, utilizes an air to fuel ratio control circuit and is designed
to meet emission standard Euro 4.

The base fuels were identical to the fuels for the DISI engine, however, pure E85
(71% ethanol) was used, and both isomers of butanol were blended with gasoline at 30%,
50% and 85% volume. For 85% butanol concentration a significant decrease of available
torque made ordinary driving through the steep part of the testing route impossible for both
cars, and an auxiliary control unit for fuel injection pulse width prolongation (Europecon
Flex) was used for E85 and for 85% butanol blends.

Table 1. Selected parameters of the tested engines

Ford Ecoboost 10 Skoda 136B Skoda 1.2 HTP
(VW code BME)
Number of cylinders 3 4 3
Displacement [dm?] 0.999 1.289 1.2
Bore [mm] 71.9 75.5 76.5
Stroke [mm] 82 72 86.9
Compression ratio [-] 10 10 10.5
Brake power [kW] 92 at 6000 rpm 50 at 5500 rpm 47 at 5400 rpm
170 Nm at 1400 — 4500 rpm
Maximum torque [Nm] 30 s overboost @ 200Nm 1400-4500 100 at 3750 rpm 112 at 3000 rpm
30s
Firing order 1-3-4-2 1-2-3

The local test route selected for this testing is a 13-km route featuring urban and hilly
rural driving, typical for the region, and typical for the operation of this type of vehicle. The
route and its elevation profile are given in Fig. 2. The route starts at the university campus.
Traversing through a residential neighborhood in the first part, the road ascends 292 m
through forest into a pass in Rudolfov (at 5 km), from where it descends along a creek
(until 9.2 km), continuing through residential and mixed-use neighborhoods.
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Figure 1. Test routes: Prague 55 km DISI route (left) and Liberec 14 km MPI route (right)

With a range of driving styles, the inclines and numerous curves on this route allow
for the engine to be operated at points throughout its operating range. A conservative, le-
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isurely driving style was practiced, as the most representative style for this type of vehicles,
during all tests described here. On each fuel, typically five to six runs of the test cycle were
made, with the first run considered a “preconditioning” run, with the expectation that of
the remaining 4-5 runs, at least three, will produce valid data with a reasonable variance
in total emissions per route among the runs.
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Figure 2. Speed (top) and elevation (bottom) profiles of the routes:
Prague (left) and Liberec (right)

Results and Discussion

The cumulative (left) and instantaneous (right) emissions of particulate matter expres-
sed on mass (top) and number (bottom) basis for the DISI engine are plotted in Figure 3.
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For the throttle body injection car, the cumulative and instantaneous particulate matter
emissions expressed as particulate mass are shown in Figure 4 for each run on gasoline,
E85 and blends of 85% n-butanol and isobutanol, and in Figure 5 for each run on blends
containing 30% and 50% of butanol. The cumulative and instantaneous particulate matter
emissions expressed as total particle length (a value rougly corresponding to the total
surface of particles deposited in the lungs, or lung deposited surface area) are shown in
Figure 6 for each run on gasoline, E85 and blends of 85% n-butanol and isobutanol, and in
Figure 7 for each run on blends containing 30% and 50% of butanol. The particle emissions
on the MPI engine were relatively low, however, strong effects of what appears to be lubri-
cating oil consumption during engine motoring were observed. For this reason, data from
the MPI engine are not presented, as they do not offer a meaningful comparison of fuels.
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Figure 3. Cumulative (left) and instantaneous (right) emissions of particulate matter expressed
on mass (top) and number (bottom) concentration basis for the DISI engine: comparison of non-
oxygenated gasoline (Gas) and its blends with 15% ethanol (E15), 25% n-butanol (nBu25) and
25% isobutanol (iBu25)
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For the DISI engine, the overall emissions over the test route, in the range of appro-
ximately 1x10'? - 8x10"? particles > 23 nm per km, correspond to the 2x10'? - 4x10*? par-
ticles per km range observed during the laboratory tests. The differences among the fuels
are larger, and the general repeatability lower, compared to the laboratory tests (described
in [6]). Furthermore, it is apparent that a large portion of total particle emissions from
gasoline and E15 runs originates from high-power operation, notably acceleration on an
uphill stretch of a freeway. The concentrations during such spikes are highest for gasoline,
lower for E15, lower for nBu25, and lowest for iBu25. What appears to come out as the
most potent take-home message is the observation that when we choose to blend either
ethanol or butanol with gasoline to reach about 5% of oxygen by weight in the fuel, both
n-butanol and iso-butanol, at 25% by volume in gasoline, appear to yield substantially
higher reduction in particle mass and number emissions compared to 15% ethanol. There
is no conclusive evidence as to which butanol isomer is better, leaving both n-butanol
and iso-butanol as suitable candidates for consideration.

For the throttle body injection engine, particulate matter mass emissions were in
the range of 2 to 2.5 mg/km. While some decrease was observed on all alcohol blends,
and given the generally good test-to-test repeatability, they could be considered stati-
stically significant, the method itself — light scattering - is a surrogate method for mass
measurement, and it is the opinion of the authors that a 20% difference is too small to be
reliably attributed to the fuel. Likewise, while a small reduciton in total particle length is
apparent for 30% and 50% blends of both butanol isomers, such a difference is too small
to be conclusively attributed to the fuel effects. The difference in particle length emissions
for 85% blends of both n-butanol and isobutanol and for E85, all being approximately
one half of gasoline values, are, however, substantial, and given the small variances among
individual measurements, are statistically significant. It can therefore be concluded that

a) intermediate concentrations of 30% and 50% of butanol, used in unmodified

engine, had slight or no positive effect on both particle mass and particle length
emissions, and

b) that high concentrations of 85% butanol, as well as E85, when used with an au-

xiliary control unit, had slight or no positive effect on particle mass emissions,
and reduced particle length emissions by approximately one half compared to
gasoline.

The particle mass emissions for the DISI and TBI engine were comparable, in the
range of one to several mg/km. This is consistent with the cumulative effects of DISI en-
gine particulate matter emissions being considerably higher, and of emissions of newer
cars being substantially smaller compared to older vehicles.
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Abstract

Alcohol-based fuels are promising substitutes for petrol-based fuels to be used in in-
ternal combustion engines. Blending of ethanol with gasoline increases the oxygen content
of the fuel, allowing a more complete combustion and hence reducing the emissions of
several pollutants, but it is not clear if emissions of genotoxic compounds and therefore, the
genotoxic potential of an exhaust are also reduced. The gasoline direct injection technology
is quickly replacing traditional port fuel injection technologies due to enhanced fuel effi-
ciency and lower CO, emissions. However, substantial emissions of soot-like particles have
been reported in literature. In this study we compared emissions of a Euro-5 GDI vehicle
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(1.6 L) when operated with gasoline (E0) and two ethanol/gasoline blends (E10 and E85)
under transient conditions and study the effects on particle and emissions of polycyclic
aromatic hydrocarbons, including those reported to be genotoxic.

Introduction

The substantial contribution of petrol-based fuels to traffic-related CO, emission
appeals for an urgent development of low carbon fuels. Alcohol fuels exhibit high potential
in this respect. The use of ethanol in gasoline is well known but its interest has recently
increased due to the new ways of ethanol production from biomass or other feedstocks.
The production of ethanol from biomass is promoted in several countries, like United
States, Brazil or Sweden. According to the U.S. Department of Energy, 95% of U.S. gasoline
typically contains 10% of ethanol (E10). Other blends are also available (E15 and E85), but
require flexible fuel vehicles. The oxygen content of gasoline is increased with the addition
of ethanol. This increase promotes a more complete combustion of fuel and therefore re-
duces emissions of several pollutants like hydrocarbons and CO, but the effects on other
non-regulated pollutants are uncertain. The polycyclic aromatic hydrocarbons (PAHs),
which are commonly present in combustion processes [1, 2] are important pollutants
especially those PAHs, considered as human carcinogens. In general, PAHs are products
of incomplete combustion of fossil fuels and organic matter. They are also formed in in-
ternal combustion engines [3]. Conesa et al [4] showed the importance of the chemical
composition of inherent materials and the presence of oxygen in the formation of these
compounds. It is well known that PAH emissions from mobile sources depend on several
parameters like fuel type, vehicle technology, capacity of engine, operating conditions
and whether the vehicle engine and the catalyst, if present, have been warmed up or not.
Several PAHs and nitro-PAHs have been identified as genotoxic compounds. The World
Health Organization (WHO) classifies carcinogenic substances according to five groups.
Benzo(a)pyrene is classified as group 1 being carcinogenic to humans. After up-take, this
PAH is transformed in cells into an active metabolite which can interact with DNA cau-
sing mutations which eventually lead to cancer. PAHs 1, 9-12, 15, 16 and 20 (Figure 1)
represent group 2A carcinogens, probably carcinogenic to humans and PAH 14 is a group
2B carcinogen possibly carcinogenic to humans.

Increased attention is given to nitro-PAHs, due to higher mutagenic (2x10° times) and
carcinogenic (10 times) properties of certain nitro-PAHs compared to respective parent
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PAHs. Furthermore, nitro-PAHs can be a significant fraction of the direct-acting mutage-
nic compounds present in vehicle exhausts [5, 6] and extracts of ambient air particles [7].

1
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5 oo
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NO,

17) 1-nitro-naphthalene  18) 9-nitro-phenanthrene  19) 9-nitro-anthracene 20) 1-nitro-pyrene

Figure 1. Chemical structures of the PAHs and nitro-PAHs analysed

The use of ethanol in gasoline direct injection vehicles (GDI) has recently been
acquiring interest. These vehicles have been introduced into the market, promising en-
hanced fuel efficiencies and hence lower carbon dioxide emissions in comparison with
the traditional port fuel injection vehicles (PFI). However, an important drawback of
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the GDI technology is the increase in particle emissions. The fuel, once injected, has less
time to properly mix with the incoming air before the ignition. The stratified charging
that direct injection produces allows richer mixtures near the spark plug and injector,
and leaner mixtures further away from the spark plug and injector. One drawback of
this is that the combustion process forms numerous particles of soot similar to those of
untreated diesel exhaust. Previous studies have reported that GDI vehicles under lean
conditions released 6x10' particles/km, exceeding those of diesel vehicles equipped
with filters by orders of magnitude [8]. Ulrich et al. [9] showed that particle number
emissions of GDI vehicles in two standardized cycles exceeded the current Euro 5 limit
of 6x10'" particles/km.

Experimental

Test cycle and fuels

A Euro 5 flex fuel GDI vehicle (Volvo V60) with a 1.6 L engine was used as a reference
vehicle. All tests were performed at the chassis dynamometer of the University of Applied
Science of Bern (UASB, Nidau). The world harmonized light vehicle test cycle (Worldwide
Light-duty Test Cycle - WLTC) was used (Figure 2) which includes parts of urban (26 km/h),
extra-urban (45 km/h), highway (61 km/h) and motorway (94 km/h) driving. The cycles
were investigated under cold start and hot engine/catalyst conditions.

A batch of commercial gasoline was used as reference fuel (RON 95, Class D/D1
according to SN EN 228) and blended with ethanol (see Table 1). Two ethanol/gasoline
blends with a 10% (E10) and 85% (E85) of ethanol were used.

Table 1. Characteristics of the fuels used

Gasoline E10 E85
Density (g/cm? at 15°C) 0.737 0.742 0.781 0.789
Stoichiometric air/fuel ratio 14.6 14.0 9.8 9.0
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Gasoline E10

Lower calorific value (MJ/kg) 43.0 413 28.9 26.8
Boiling point (°C) 30-200 - - 78.5
Octane number 95 - - 110
Latent heat of evaporation (kJ/kg) 420 - - 900
Oxygen content (% m/m) <5 - - 34.8
WLTC
150
100

speed [km/h]

50 A A q /\u AM I

0 483 1011 1457 1800

time [s]

Figure 2. WLTC cycle used for tests under cold start and hot engine/catalyst conditions
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Exhaust sampling, work-up and chemical analysis

Diluted exhaust has been sampled from a constant volume sampling (CVS) tunnel.
Aliquots of the diluted exhausts are collected in all-glass sampling devices, including
filter, condenser, and adsorber units (XAD2) according to the filter/condenser method
described in the European standard EN-1948-1 [10]. This allows quantitative sam-
pling of PAHs and nitro-PAHs in combined samples which included particle-bound,
liquid and gaseous compounds. An approximated scheme of the set-up is explained
elsewhere [6].

All solvents were analytical grade and purchased from Merck (Darmstadt, Germany)
or Biosolve (Valkenswaard, The Netherlands). Prior to sampling, the glass apparatus
was cleaned and heated to 450°C over night. Aliquots of *Cs-naphthalene, *Cs-phe-
nanthrene and *Cs-pyrene were placed on a quartz swab and given to the condensate
separator prior to each sampling. These compounds were used to calculate the losses
during sampling and work-up.

The combined sample was extracted in a Soxhlet apparatus with dichloromethane.
An aliquot of a mixture of those 16 perdeuterated PAHs (CIL, Andover, MA, USA)
given in Figure 1, was added to the samples as quantification standards. Furthermore,
aliquots of a mixture containing D,-1-nitronaphthalene, Do-9-nitrophenanthrene, (both
from Chiron, Trondheim, Norway) and Do-1-nitropyrene and D;,-6-nitrochrysene
(CIL, Andover, MA, USA) were added as quantification standards for nitro-PAHs. The
extraction was followed by a multistep cleanup procedure with silica which allowed
the fractionation of PAHs and nitro-PAHs. Analysis of PAHs and nitro-PAHs was
performed by gas chromatography (Fisons Instruments HRGC Mega 2, Rodano, Italy)
on 30 m and 15 m capillary columns (Restek, Bellefonte, USA) for PAHs and nitro-

-PAHs, respectively. Detection and identification was achieved by high resolution mass
spectrometry (Thermo Finnigan MAT 95, Bremen, Germany) in electron ionization
mode (GC/EI-HRMS).

Quantification of PAHs was performed with the internal standard method. Five
concentrations of standard solutions containing the deuterated compounds and the
16 PAHs (Supelco, Bellefonte, USA) were analyzed to determine respective calibration
curves. In addition, a mixture of 25 nitro-PAHs and the four deuterated nitro-PAH
standards was used to determine respective response factor for these compounds.

For compounds identified by mass spectrometry but not present in a labelled form
in the standard solution, a quantification was performed on the basis of the relative
response factor of the PAH, alkyl-PAH or nitro-PAH with those standards having the
closest retention time in the chromatogram.
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Results and discussion

In this paper we discuss the results for selective PAHs and nitro-PAHs and compare
them with particle number emissions. In Figure 3 the effect of ethanol blending on the
emissions of some PAHs and PN is shown. The four PAHs displayed in this figure are
representatives of the 16 PAHs analyzed, from naphthalene, the most volatile PAH with
a boiling point of 218°C to benzo(a)pyrene, a class 1 carcinogen with a boiling point of
495°C. PAH concentrations are reported in undiluted exhaust in ng/Nm? and particle
number emissions in particles/km.

All thel6 PAH shown in Figure 1 were detected in EO samples, whereas some of the
higher molecular mass PAHs were not found in E10 and E85 samples.

A clear decreasing trend on PAH and particle emissions can be observed when com-
paring E0, E10 and E85 data, most pronounced in the hot start WLTC cycle (Figure 3).
The trends seem to be more pronounced for four- and five-ring PAHs than for two- and
three-ring PAHs. In other words fuel effects are stronger, with increased ring number and
decreased volatility of the compound.

The results obtained under cold start conditions differ to a same degree (Figure 3,
blue bars) from those for hot engine/catalyst conditions (red bars). In general, the PAH
concentrations show a downward trend under hot start conditions, with E85 concentration
being the lowest, except for naphthalene which is slightly higher than that obtained for E10.
As an example, the concentration of BaP which was 157 ng/Nm? for E0 is reduced to 30 and
17 ng/Nm?® when gasoline is blended with 10% and 85% ethanol, respectively. This means
a reduction of BaP emissions of 81% for E10 and almost 90% when using E85 fuel. Average
reductions of 78% and 84% were obtained for other PAHs with E10 and E85, respectively.

Under cold start conditions, the observed trends are less consistent. Overall, decre-
asing trends are observed when comparing ethanol blends (E10 and E85) with gasoline
(EO). This trend is also found for the PN emissions. It seems like, as the number of rings
increases in PAHs, the trends become more unsteady under cold start conditions. There
are examples where the concentration decreases from EO to E10 and the opposite occurs
for others. However, it is clear that in most cases, emissions of PAHs and PN are higher
under cold start conditions and decrease with higher ethanol levels. This is in accordance
with the literature [11, 12]. Overall, one can conclude that blending ethanol with gasoline
decreases both PAH and PN emissions under cold and hot start conditions.

PAHs are ubiquitous air pollutants and as such are also found in dilution air. However,
concentrations in examined exhausts exceeded those of the dilution air in most cases and
emissions under cold start conditions mostly exceeded those from a hot engine/catalyst.
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Figure 3. Effects of ethanol blending on the particle number (PN) and PAH emissions. Gasoline
(E0) and gasoline/ethanol blends (E10 and E85) were tested under cold (blue) and hot start
conditions (red) in the WLTC cycle. The abbreviations used are: NAP (naphthalene), PHEN

(phenanthrene), PYR (Pyrene) and BaP (Benzo(a)pyrene). Respective structures are also given

Regarding the particles, a substantial decrease is observed with the use of E10 and E85
fuels. A decrease of 95% is observed with respect to PN when E10 is used and a reduction
of 94% was obtained for E85.

Observing these results, it can be concluded that both, PN and PAH emissions, de-
crease when gasoline is blended with ethanol.

Data on PAH and PN emissions on GDI vehicles are scarce. Similarly, a decrease of
PAH and PN emissions was reported for direct injection spark ignition vehicles with E10
[13]. Storey et al. [14] also found a decrease of PN emissions of GDI vehicles driven under
transient cycles when using E10.

Figure 4 shows a selection of some nitro-PAHs which resulted in the highest exhaust
concentrations. As reported before [6], nitro-PAHs are constituents of non-filtered and
filtered diesel exhausts and are also found in GDI vehicle exhaust as it is shown here.
Exhaust concentrations varied from 1 to 650 ng/Nm?®as shown in Figure 4. The levels found
for nitro-PAHs ranged from one to two orders of magnitude higher than those detected
in ambient air. To this extent, nitro-PAH ambient air levels reported in literature varied
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substantially. While Li et al. [15] measured concentrations ranging from 1.1 + 1.1 ng/m’
others [16] reported values from 0.03 to 3.00 ng/m>.

Overall, it seems that the use of ethanol is also reducing nitro-PAH emissions, as it
happens for the PAHs. Note that hot start emissions are higher in most samples. A similar
phenomenon was observed for nitro-PAHs detected in diesel exhaust with and without
filter [5]. In the reported study, nitro-PAH concentrations in filtered diesel exhaust were
higher in some cases, due to nitration processes in the filter, but lower for others due to
better efficiency conversion in the filter.

Conclusions

The use of gasoline blended with ethanol produced a substantial reduction of geno-
toxic PAH nitro-PAH and particle number emissions of a EURO-5 GDI vehicle. The use
of only 10% of ethanol is sufficient to reduce PN by 95% and PAHs in the range of 78-84%.
Nevertheless, these results should be confirmed with further experiments and the use of
other alcohol-based fuels.
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Figure 4. Effect of ethanol blending on selected nitro-PAH emissions. Gasoline (E0) and ethanol
blends (E10 and E85) were tested under cold (blue) and hot start conditions (red) in the WLTC

cycle. Those bars not appearing are non-detected
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Abstract

Alcohols represent a viable replacement for gasoline, with the advantages of provid-
ing improved energy security as well as reduced environmental impact. Compared to
ethanol, which holds the majority of the alternative fuels market share in transportation,
n-butanol features higher energy density and better compatibility with existing fuel
systems designed for gasoline. Given this background, the present study investigated
the use of pure n-butanol fuelling of a wall guided direct injection spark ignition (DISI)
engine with optical accessibility through the piston crown. Different injection timings
were considered, and variations of soot emissions were evaluated based on smoke
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measurements. Besides thermodynamic investigations through the analysis in-cylinder
pressure traces, flame chemiluminescence was applied for a more detailed view of the
chemical processes during combustion. All conditions were benchmarked to gasoline
fuelling, thus giving comprehensive information on the effect of fuel properties. It was
found that the change in injection timing, even by a relatively reduced crank angle, had
a significant effect on the smoke at the exhaust, for both fuel types. Early fuel delivery
resulted in high soot emissions, while late injection had the opposite effect. No soot-
nitrogen oxides trade-off point, specific for diesel power units, could be identified, but
the optimum injection strategy resulted in high engine output and low particulate
emissions. The alcohol featured increased sensitivity not only to changes in the start of
injection, but also showed the potential for very low smoke. The investigations further
emphasize the importance of air-fuel mixture formation and also identified ways to
minimize the environmental impact of DISI engines through the development of op-
timized control strategies.

Keywords: spark ignition engine, wall guided direct injection, gasoline, n-butanol,

flame emission

1. Introduction

Environmental regulations, energy security, diversity and global warming, are just
some of the factors that have encouraged the search for partial or total substitutes for fossil
fuels. Among the alternatives, fuels derived from renewable resources such as alcohols are
being considered for automotive applications. Currently, ethanol is the alternative more
used for fuel replacement in spark ignition engines; in fact, it is widely used as an alternative
fuel in countries such as United States, Brazil, China, etc. However, ethanol is corrosive to
aluminium or polymer components which are present in the existing pipelines, injection
systems and fuel tanks. Therefore, to use ethanol in the actual combustion engines, some
engine components should be modified [1, 2].

On the other hand, butanol is a very competitive fuel for use in internal combus-
tion engines. It has higher heating value, lower volatility, and it is less hygroscopic and
corrosive than ethanol. However, its main disadvantage is the low production volumes,
which makes it less cost-competitive with ethanol and gasoline. It is expected that cost
effective production of butanol will be reached in the foreseeable future [1-3]. Because of
butanol’s potential as a fuel, some studies have been presented in the last years in which
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both compression and spark ignition engines were fuelled with pure butanol or butanol-
fossil fuel blends [4-7].

Tornatore et al. [8] studied engine performance at different spark timings and fuel
injection phasing with a 40% butanol-gasoline blend in a port fuel injection (PFI) spark
ignition engine. Their results showed similar engine performance compared to that obtained
in the same conditions using pure gasoline. Gu et al. [9] in a similar study, investigated
emissions and performance at different exhaust gas recirculations (EGR) and spark timings
with butanol-gasoline blends (0-100%vol butanol). Reductions in specific NO, emissions
were found for blends and pure butanol compared with gasoline. However, as the butanol
content increased, the engine performance decreased. Deng et al. [3,10] reported higher
knocking resistance at higher spark timing advances using 30 and 35%vol butanol/gaso-
line blends in a spark ignition engine. Sing et al. [5] evaluated the behaviour of a spark
ignition (SI) engine using butanol-gasoline blends (butanol vol.<75%). Without hardware
modification, fuel blends showed similar performance and emissions to those obtained
using gasoline. Similar results were found by Irimescu et al. [11] in an optical accessible
DISI engine fuelled with butanol at part load operation. The authors also reported NOy
and soot reduction when the engine was fuelled with butanol compared to those obtained
with gasoline.

Merola et al. [12] studied the combustion performance of 20% butanol addition to
gasoline in an optical accessible engine. Data were taken at 2000 rpm with boosting and
wide open throttle. In a study at low load, Aleiferis et al. [13] investigated the flame develop-
ment at stoichiometric and lean conditions with ethanol, butanol, iso-octane and methane.
Experiments were carried out with engine velocity at 1500 rpm and intake pressure at
0.5 bar. Their results showed more cyclic stability for alcohols regarding changes in fuelling.
Karavalakis et al. [14] studied ethanol and iso-butanol blends (Alcohol vol< 32%) in two
passenger cars equipped with DISI engines. Higher ethanol and butanol blends showed
reductions in particulate matter (PM) and soot mass emissions.

In summary, results for pure butanol and various blends showed that both engine
performance and emissions could be similar to those obtained using gasoline. Therefore,
butanol results in a promising bio-fuel to reach low smoke emissions, with reduced changes
in the engine performance. In order to optimize engine operation with butanol as gasoli-
ne replacement several engine settings require adjustment. To this end, the present work
studied the effects of spark timing and fuel injection strategies on the performance and
smoke emissions of a DISI engine fuelled with butanol (both parameters can be modified
electronically in the commercial engines). The main goal was to achieve lower smoke
emissions without performance limitations when butanol is used as gasoline replacement.
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2. Methodology

2.1. Experimental setup

Experiments were carried out on an optically accessible single cylinder DISI engine
(Figure 1). It was equipped with the cylinder head of a commercial gasoline engine with
similar geometrical specifications (bore, stroke and compression ratio). The cylinder head
was equipped with four valves per cylinder and a centrally located spark plug; the injector
was side coupled and had 6 holes oriented for directing the spray towards the piston crown
(wall guided system). Further details on the engine are given in Table 1.

Exhaust valves

Pressure
transducer

Intake valves

Quartz
piston

L/ window

region

Figure 1.Representation of the experimental setup
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Table 1.Engine characteristics

Parameter
Displacement 399 cm?
Stroke 81.3mm
Bore 79mm
Connecting rod 143 mm
Compression ratio 10:1
Number of valves 4
Exhaust valve open (EVO) 153 CAD aTDC
Exhaust valve close (EVC) 360 CAD aTDC
Inlet valve open (IV0) 357 CAD aTDC
Inlet valve close (IVC) 144 CAD bTDC

In-cylinder pressure signals were detected with an accuracy of +1% using a non-co-
oled piezo-electric transducer (AVL GH12D). Pressure was recorded with a resolution of
0.2 CAD (crank angle degree) through an optical encoder. Two hundred pressure curves
were acquired in each experimental condition at steady state operation. Smoke emissions
were determined with an accuracy of +3% using an AVL 415S smoke meter.

Intake air temperature and ambient pressure were close to 300 K and 1 atm, respecti-
vely. Fuel injection pressure was set at 100 bar. Coolant temperature was maintained within
the range of +2 K around 330 K using a temperature control system coupled to the engine
cooling circuit. All the trials were carried out at 2000 rpm and with air/fuel ratio close to
stoichiometric condition (A = 1); the duration of injection (DOI) was set at 43 CAD for
all butanol test conditions, while this was reduced to 36 CAD when the engine was fuelled
with gasoline (baseline fuel). This change in the DOI was made in order to compensate the
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differences in chemical and physical properties of both fuels (Table 2). The spark timing
and start of injection were selected around the optimum condition for gasoline; 15 CAD
before the top dead centre (bTDC) for spark advance (SA) and 300 CAD bTDC for start
of injection (SOI). The experimental conditions are shown in Table 3. Unless otherwise
specified, all start of injection and spark timing values are given in CAD bTDC at the end
of compression.

Table 2. Fuel properties. Adapted from [15]

Fuel type n-Butanol Gasoline
Chemical formula C4Hs0H GG,
Stoichiometric air/fuel ratio 1.2 14.7
Density (kg/m?) 810 736
Lower heating value (MJ/kg) 33 42.9
Latent heat of vaporization (k)/kg) 716 380-500

Table 3. Experimental conditions

Parameter
Spark timing (CAD bTDC) 5,10,15, 20,25
Start of injection (CAD bTDC) 260, 300, 340

2.2. Thermodynamic analysis
Using in-cylinder pressure data it was possible to calculate net heat release and in-
dicated mean effective pressure (IMEP), among other thermodynamic parameters. Com-
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bustion diagnostic was performed using a simplified approach based on the first law of
thermodynamics applied to the engine combustion chamber. (see Eq.(1)) [16].

dQ y dav 1 dp
aQ_ vy dv. 1 ,dp 1
0= y-1Pde T y=1" a8 M

where Q is the heat release measured in J, in-cylinder pressure p in Pa, V is the cylinder
volume in m?, and the ratio of specific heats y was chosen as equal to 1.35 [16].

Bulk gas temperature (T) was evaluated for the time interval between IVC and EVO
(see Eq. (2)).

Ty
T(0) = ———p(O) V(6 (2)
(6) P,VCVIVCP( )V(6)

where charge temperature Ty at intake valve closure was chosen as 300 K.

3. Results and discussion

The effect of butanol on engine performance was evaluated using different spark
timings and start of injection strategies. Results for butanol were compared with those
obtained for gasoline at spark advance (SA) 15 CAD and SOI 300 CAD bTDC. According
to the results of this investigation, engine performance was always lower for butanol than
for gasoline (Figure 2). However, it should be noted that the lowest difference was around
0.2 bar (=3%) and was reached at SOI 300 CAD bTDC and SA 20 CAD (similar configu-
ration to that used with gasoline). The highest IMEP values for butanol were measured at
SOI 300, followed by SOI 340 and SOI 260 CAD bTDC. In this last condition, the lowest
performance could be related to the low air velocity during the injection phase, which
affects the mixing process between air and fuel.
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Figure 2 also shows that the maximum brake torque (MBT) point was more advanced
for the alcohol (i.e. 20 CAD bTDC) compared to gasoline, but differences were reduced in
a =5 CAD range around the 15 CAD bTDC setting.

ESAS @SA 10 BSA S B@SA20 BSA25 @SA30

25
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Gasoline =~ 20
=7 £ OSA20 BSA25 BSA30
2 & 15
o 6 P
= 10 1 .
= = Gasoline
- 35
4 0
260 300 340 260 300 340
Start of injection (CAD bTDC) Startof injection (CAD bTDC)

Figure 2. Indicated mean effective pressure (left) and coeflicient of variance of IMEP (right)

Engine stability was evaluated through the coefficient of variation (COV) of the IMEP;
this parameter was found to be around the 5% threshold, accepted as a limit for commercial
engines for most of the injection-spark timing range. The SOI 260 condition featured the
highest COV values. These results could be related to the mixture homogeneity between air
and butanol which is affected by fuel vaporization spray impingement on the combustion
chamber wall, among others. Roughly the same conclusion can be drawn after examining

the values of peak pressure, as well as its cycle-to-cycle variation (Figure 3).
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Figure 3. Peak pressure (left) and coeflicient of variance of peak pressure (right)
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As it was aforementioned, the highest IMEP values were measured using spark advance
between 10-25 CAD. Therefore, in order to analyse the points with potential to achieve high
performance with low emissions, the following discussion about emissions were focused
on the SA interval between 10-25 CAD. Figure 4 shows the effect of spark and injection
timing on engine pollutant emissions. CO concentrations were comparable for the two
fuels, and within the expected range for stoichiometric operation. Unburned hydrocarbons
(HC) generally featured lower values for the alcohol compared to the reference case with
gasoline fuelling; for the SOI 260 setting, much higher HC concentrations were recorded,
which can be attributed to the different distribution of the mixture inside the combustion
chamber and the mechanism of slow oxidation within the top-land region. NO, emissions
were reduced when using butanol compared to gasoline. The difference found between the
two fuels can be directly related to the thermal effect [16, 17].
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Figure 4. Pollutant emissions for butanol and the reference case of SOI 300, SA 15 for gasoline
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A more detailed analysis of the in-cylinder pressure traces was performed for the
optimum setting of SOI 300 CAD bTDC and SA 15 CAD bTDC. As an overall trend, peak
pressure was higher for gasoline than for butanol, most likely due to the lower evaporative
rates achieved by butanol promoted by its high latent heat of evaporation compared with
gasoline (Table 2). After the fuel injection phase, complete butanol evaporation would reduce
the temperature of a stoichiometric fuel/air mixture by about 50°C, while this reduction
would be only 18°C for gasoline, as can be found using the relations given in [16]. These
temperature drops are accompanied by a decrease in fuel saturation pressure. Therefore, it
is possible that the fuel reached saturation conditions, which would result in fuel droplets
after the injection phase and lower mixture homogeneity for butanol.

40 800
SOI300_GAS SOI300 GAS
S0I300_BU SOISDO:BU
= 600 -
530 - o
2 @
o 3
2 B 400
8 B
520 2
2 £ 200 -
3
b 4 E
£ 104 3
O 94
eT—rTrrvTrTrrTro &0 -—r—T-rT1TrTTT1T T T
-40 -20 0 20 40 60 80 -40 20 0 20 40 60 80
CAD CAD
30 1800
S0I300_GAS SOI300_GAS
S0I300_BU S0I300 BU
'g; 1500 +
< 20 x
=2 g
@ 2
3 © 1200
2 g
2 10+ £
’g? 2
2 8 900
B
e, ¥
T = @
o 600
10 — T T T ke g I s D N AR (L
-40 -20 0 20 40 60 80 60 40 -20 0 20 40 60 80 100
CAD CAD

Figure 5.Combustion performance comparison between gasoline and butanol (SOI_300 CAD
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According to the analysis of the rate of heat release, gasoline develops faster combustion
during the first phase, while comparable values for the final part could also be related to
mixture homogeneity differences between both fuels. The maximum burning velocity for
fuels are usually obtained close to the stoichiometric conditions, therefore fuel rich or lean
zones inside the combustion chamber reduce the flame propagation velocities as could have
happened when butanol was tested. On the other hand, the bulk gas temperature decreased
slightly when butanol was used with respect to gasoline. This reduction is related to lower
in-cylinder pressure and explains the observed variation in NOy emissions, especially
when considering the exponential relation between gas temperature and formation rates
for this pollutant species.

In order to better understand the effect of the butanol fuelling, optical investigations
were performed. Specifically, digital imaging and natural emission spectroscopy both in
the UV-visible wavelength range were applied for both fuels. UV-visible imaging was
performed to follow the flame front propagation from spark ignition to the late combu-
stion phase. Figure 6 (with ASOS for after start of spark) presents a selection of images
detected fixing the SOI at 300 CAD bTDC and the spark timing at 15 CAD bTDC for
butanol and gasoline. The flame kernel was resolvable around 5 CAD after the spark
discharge, due to the very high luminosity of spark induced plasma that can be well
appreciated at 2 CAD bTDC.

Gasoline

Butanol

2 CADASOS 10CADASOS 20CADASOS 40CADASOS 60CADASOS 80CADASOS

Figure 6. Flame front propagation detected fixing the SOI at 300 CAD bTDC and the spark timing
at 15 CAD bTDC for butanol and gasoline
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After ignition, the flame evolved from kernel phase (10 CAD ASOS) towards the
combustion chamber walls with a small asymmetry in the flame outline. A distortion from
the circular shape was evident for both conditions around 20 CAD ASOS. The flame pro-
gressed with different velocity towards the intake and exhaust valves, due to the combined
effects of local temperature and air-fuel ratio gradients [18]. Moreover, the burned gas area
in these early combustion stages resulted larger and less distorted for gasoline compared
tobutanol. The effect was in agreement with the lower evaporation rate of butanol previously
discussed. The burning of fuel deposits on the piston surface induced fuel rich zones that
slowed down the flame front propagation inducing flame shape distortion [19].

Regarding the chemical species that featured the combustion process, Figure 7 shows
the typical flame emission spectra measured at different CADs after the spark timing (ASOS)
for butanol and gasoline. The spectra were obtained fixing the SOI at 300 CAD bTDC and
the spark timing at 15 CAD bTDC. The acquisition location is identified by a small square in
the flame image on the bottom of the figure. In agreement with literature [12, 18], the early
combustion stage (until to 20 CAD ASOS) was characterized by OH and CH superimposed
to HCO broadband contribution [20], [21]. In this phase, OH radicals participated to the
initiation of combustion, being key species for breaking C-H bonds in hydrocarbon fuels.
At 10 CAD ASOS, OH emission band at 309 nm appeared together with the 282 nm band
for gasoline flame emission. This confirmed the higher gas temperature of the fuel com-
bustion already in the early combustion phase. Successively, CH, HCO and formaldehyde
evolved through the interaction with the oxygen compounds to form CO,. At 20 CAD ASOS,
the excited CO, was detected. CO, was featured by a broad band emission extended from
approximately 300 nm to 500 nm with a peak around 400 nm [22].

From 20 to 40 CAD ASOS, the emission spectra evolved in intensity with a similar
spectral behaviour. Then a continuous signal, increasing with the wavelength, appeared.
This was due to the emission of soot precursors formed as a consequence of the diffusion
flames due to the fuel deposits burning [11, 12, 23]. In the late combustion phase the soot
signal increased becoming more intense for gasoline than for butanol.

The fuelling effect on the soot formation and oxidation was better appreciated through
the evolution of the luminous emissions in two regions of interest (ROIs) corresponding
to half of the combustion chamber. As shown in Figure 8 (left), the diffusion flames were
still significant at 100 CAD ASOS and always more intense for gasoline. This confirmed
that the fuel deposits flames persisted well after the normal combustion. This reached the
highest luminosity around 40 CAD ASOS for both the fuels and then decreased faster than
the fuel burning flame (Figure 8, right). The evolution of the UV-visible spatially integrated
signal demonstrated the effect of butanol in the reduction of soot emissions; these results
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agree with the soot concentrations measured by smokemeter at the exhaust (Figure 9). In

particular, butanol fuelling permitted to maintain the smoke emissions lower than gasoline;

higher values were measured only for advanced injection timing. Smoke emissions increased

advancing the spark timing. This resulted in higher peak pressure and also more mass of

unburned fuel trapped in the crevices. The highest smoke emissions could be related to

the rate of Arrhenius-dependent particulate matter nucleation which is a function of the

in-cylinder pressure and bulk gas temperature [24, 25].
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Figure 7. UV-visible emission spectra detected at different CADs after the spark timing (ASOS) for
butanol and gasoline (SOI 300 CAD bTDC, spark timing 15 CAD bTDC); the acquisition location

is identified by a small square in the flame image
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Figure 9. Soot concentration measured at the exhaust at different SOI settings

Conclusions

The possibility of replacing gasoline with n-butanol was investigated in a DISI engine.

Apart from thermodynamic data, optical measurements gave improved insight into the
formation of soot. The effect of injection phasing was investigated through in-cylinder
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pressure measurements and UV-visible flame visualization in a wall guided DISI engine.
Within the range of three different injection strategies, significant differences were recor-
ded depending on fuel type. Overall engine performance was lower for butanol compared
to gasoline in the reference condition. This was determined by poor fuel evaporation and
uneven distribution inside the combustion chamber of the alcohol. Despite this, an opti-
mal butanol injection strategy was identified (SOI_300 CAD bTDC; SA_15 CAD bTDC)
that allowed to improve NO,, HC, CO emission without penalty in terms of combustion
efficiency. Optical data demonstrated that different charge distributions were obtained
when changing the fuel. Diffusive flames due to fuel deposits burning were detected in the
region between the injector and the intake valves — that persisted in the late combustion
phase and resulted more intense for gasoline. This could be correlated to differences in
liquid properties and the fact that gasoline is a multi-component fuel, as well as chemical
kinetics. These results agree with lower soot concentrations measured for the optimal bu-
tanol fuelling setting. As a general conclusion, gasoline could be replaced with n-butanol
with minimal changes in engine performance.
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Abstract

In the EU, alcohol fuels are used mostly in the form of ethanol, sold either as E85, or

mixed in less than 10% concentrations into gasoline for the general fleet. This work exa-

mines the effects of extending the ethanol share to 15%. Additionally, considering the high

hygroscopicity and corrosivity of ethanol, two isomers of butanol, n-butanol and isobutanol,

were blended with gasoline at 25% by volume, all blends corresponding to approximately

5% oxygen by weight. These four fuels were examined in two typical spark ingition auto-

mobile engines, a Ford Focus car with a Euro 6 EcoBoost direct injection (DISI) engine,

and a Skoda Fabia car with a Euro 5 multipoint injection (MPI) engine. Both cars were

tested on chassis dynamometer using the Artemis driving cycle. There were no measurable
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effects on the emissions of hydrocarbon and carbon monoxide. The alcohol fuels increased
the emissions of nitrogen oxides on the MPI engine. On the DISI engine over the Artemis
cycle, the number of emitted solid particles and the emissions of elemental carbon and
polyaromatic hydrocarbons were reduced relative to gasoline, by about one half for both
butanol isomers, while ethanol did not yield observable effects. Particle emissions of the
MPI engine were generally smaller. The results suggest that both n-butanol and isobutanol
are viable fuels, which could be considered as an alternative to ethanol.

Keywords: spark ignition engine, direct injection, particle emissions, particle number,
particle size distribution, oxygenated fuels, ethanol, butanol

Introduction

This study evaluates the effects of three alcohols, ethanol and two isomers of butanol,
on exhaust emissions from ordinary cars when blended with gasoline at a ratio correspon-
ding to approximately 5% of oxygen by weight.

With rising concerns about petroleum being imported, at a great cost to the society,
from politically problematic regions, concerns about energy security, self-sufficiency,
sustainability, and concerns about climate, and with internal combustion engines po-
wered by hydrocarbon fuels dominating the transportation sector, drop-in replacement
fuels for the general vehicle fleet are being sought. To date, ethanol has been the most
widely used alternative fuel for spark ignition (gasoline) engines, both in concentrated
form (E85, with 70-85% of ethanol), and in low concentration blends in general use
gasoline. Ethanol has its drawbacks: it is hygroscopic, it is aggressive to many materials
used in older vehicles, and its high oxygen content (35% by weight) effectively limits
the blending ratio (on most vehicles to approximately 15-20%) should no changes be
made to the fuel metering.

Butanol is a four-carbon alcohol present in four isomers: n-butanol (1-butanol);
secbutanol (2-butanol); isobutanol (2-methyl-1-propanol) and tertiary butanol (2-methyl-

-2-propanol). Of these, n-butanol and iso-butanol can be readily produced from biomass
[1-4] and have been used in automobile spark ignition engines [5-13]. In comparison to
ethanol both butanol isomers have higher energy density, lower hygroscopicity, higher
viscosity, better lubricity, lower vapor pressure [14] and are less aggressive towards many
materials commonly used in vehicle fuel systems. Operation of port fuel injection (MPI)
engines on butanol has been associated with worsened cold startability [14], worsened
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atomization of fuel [15-16], shorter duration of both early and main combustion stages
[7-9], higher heat release rates [17], lower cycle-to-cycle variability [7], better combustion
stability [8-9], increased emissions of hydrocarbons (HC) [10-11] and lower emissions of
particulate matter (PM) [13, 17, 18]. There does not appear to be a consensus as to the effect
of butanol on nitrogen oxide (NOy) emissions [9-11, 13] relative to gasoline.

Differences between the two isomers were observed, without offering a clear advan-
tage of one over another. Both n-butanol and isobutanol can be produced from biomass
at comparable costs [1] and both have the potential to reduce PM emissions. However
there are differences in their production pathways and properties. N-butanol has lower
embedded fossil fuel energy [1], isobutanol has higher octane number [19], flame speed
and exhaust emissions [19,21]. These performance and emissions differences are not well
quantified, as most studies focus only on either one of the isomers, ([19, 21, 22] give reports
on both isomers in MPI engines, [23] on both isomers in DISI engines). Isobutanol, com-
pared to n-butanol, yielded lower NO, emissions [19], higher emissions of butyraldehyde
[20], comparable [20] or higher [21] emissions of formaldehyde, comparable emissions
of acetaldehyde [20,21] and higher emissions of acetone [21]. N-butanol exhibited higher
emissions of formaldehyde and acetaldehyde [21].

Blending of either isomer into gasoline increases the fuels octane rating [24]. Proble-
matic cold starts and diluted oil caused by insufficiently atomized and thus condensated fuel,
were observed on direct injection (DISI) engines running on n-butanol [12]. Combusting of
n-butanol in DISI engine at part load, produces favourable emissions with improvement in
smoke opacity in comparison to gasoline [25, 26]. The usage of isobutanol-gasoline blends
in different spray guided DISI engines, results in reduced emissions, particularly decreased
PM and particle number (PN) emissions [5, 20]. While n-butanol has been combusted in
research DISI engines [25, 26], most of the studies on production engines [5, 11, 20] were
done with isobutanol and U.S. engines.

In this study, the effects of both isomers of butanol have been examined on two
vehicles representative of the gasoline vehicle fleet. Non-oxygenated gasoline and E15,
mixture of 15% ethanol with gasoline, have been used as reference fuels. E15 was chosen
with the possibility to compare the results with U.S. tests, and represents, in the opinion of
the authors, a reasonable blend. While the general gasoline in the Czech Republic contains
only around 5-6% of ethanol, higher concentrations are often used by the public by mixing
commercially sold E85 with gasoline and using such intermediate blends in the general
vehicle fleet [18, 27, 28]. For blending butanol, a concentration of 25% of either n-butanol
or isobutanol has been selected as being, on the fuel elemental composition basis, notably
the oxygen content, closest to E15.
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The focus of the study was on exhaust emissions, and of these, on particulate matter.
Ultrafine particles emitted by internal combustion engines are very small, on the order of
units to hundreds of nanometers in diameter, with most particles falling into the nanopar-
ticle (< 100 nm diameter) range. Such small particles exhibit a high efficiency of deposition
in human lung alveoli [27], have the ability to penetrate through the cell membrane and
into the bloodstream, and contain a complex mixture known to contribute to many ail-
ments [30], and representing a substantially higher risk than the “general” urban particulate
matter [31, 32].

Experimental

Two gasoline vehicles, one with direct injection and one with port fuel injection
engine, were chosen:

1) A 2013 Ford Focus Station wagon with a 1.0-liter EcoBoost 10 liquid cooled
inline three-cylinder spark ignition engine EcoBoost 1,0, forced induction
by exhaust turbocharger with charged air intercooler air to air type, swept
volume 999 cm?, bore X stroke 71,9 x 82 mm, compression ratio 10.0:1, po-
wer 92 kW @ 6000 min™', torque 170 Nm @ 1400 - 4500 min™', 30 s overboost
200 Nm @ 1400 - 4500 min™', curb weight 1242 kg, tire 205/55 R16, Euro6, mile-
age 7862 km, fuel consumption 5,8/4,2/4,8 1/100km, emmisions 114g CO,/km.

2) A 2011 Skoda Fabia 1.4 16V, 5MT, liquid cooled inline four-cylinder naturally
aspirated spark ignition engine EA111, model Volkswagen CGGB, MPI, swept
volume 1390 cm’, bore X stroke 76,5 x 75,6 mm, compression ratio 10,5:1, power
63 kW @ 5000 min’, torque 132 Nm @ 3800 min™', kerb weight 1104 kg, tyre
205/55 R16, Euro5, mileage 600 km, fuel consumption 8,6/5,3/6,5 1.100 km™,
emissions 129 g CO,.km™.

Basic fuel was BA95 (RON, CSN 228) without biopart additives (provided by petrol
station EuroQil, Hrebecska 695, Bustéhrad, 27343). E85 obtained from (LPG-AUTO s.r.o.,
Michelska 4/11, Prague 14000), (analyzed to have 70% volume of ethanol) was mixed with
basic fuel to produce a blend containing 15% volume of ethanol - E15. Analogical blends
were produced containing 25% volume of technical grade n-butanol-(Chemlogistic, Pardu-
bice), fuel denoted as nBu25, and iso-butanol (Chemap, Dasice), denoted as iBu25. The fuels
were metered on mass basis using their actual (measured) densities into 20-liter canisters
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and splash-blended. The vehicle fuel tank was emptied, new fuel added, and a minimum
of one WLTP cycle was run to allow for the engine control unit to adapt to the new fuel.

Tests were performed at test facility in VTP Roztoky on a four-wheel chassis dyna-
mometer MAHA AIP-ECDM 48L-4mot. As a basic driving cycle the Common Artemis
Driving Cycle (motorway variant 130 km.h'), created to represent driving ways in Euro-
pe [31-32]. The vehicle was filled with the tested fuel and driven along a WLTP (World
Harmonized Light Vehicle Test Procedure) cycle for engine control unit adaptation and
preconditioning. The following day, the following tests were run: WLTP with cold start,
WLTP with hot start, and four repeats of the Artemis cycle. The results for the Artemis
cycle represent the average of the four test runs.

The exhaust was routed into a fullflow dilution tunnel with a constant volume sam-
pler (CVS) operating at 10.8 m*>.min™". The diluted exhaust was sampled with the following
instrumentation for online measurements:

o atraditional set of instruments (HC - heated flame ionization detector, CO and
CO; - non-dispersive infra-red analyzers, NO, - chemiluminescence analyzer),

o two FTIR analyzers (a prototype instrument with a 6-meter path length cell
running at 121°C and Nicolet Antaris IGS with a 5-meter cell running at 165°C,
both equipped with ZnSe windows and liquid nitrogen cooled MCT detector
and both running at a resolution of 0.5 cm™),

o counter of non-volatile particles with a diameter greater than 23 nm per Partic-
le Measurement Programme (PMP) requirements (denoted as particle number
(PN) emissions per PMP),

 fast mobility particle sizer (EEPS, Model 3090, TSI), preceeded by a secondary
dilution, by a rotating disc diluter (MD-19, Matter Engineering) set to 180:1
dilution ratio; the diluter head was heated to 150°C

Diluted exhaust was further sampled on

o 47 mm diameter filters: glass fiber, Teflon-coated filters (Pall TX40HI20-WW);
pure quartz filters (Whatman QMA); and PTFE membrane (Pall Teflo) filters, all
at 50 liters per minute (Ipm) sampling rate,

o 150 mm diameter quartz fiber (Whatman QM-A) filters for organic compounds
analysis at 500 lpm sampling rate,

o 87x 107 (203 x 254 mm) Teflon-coated glass fiber filters (Pall TX40HI20-WW),
at 67.8 m>.h' (1130 lpm) sampling rate, for subsequent off-line chemical analy-

ses and toxicological assays.
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The sample from the high volume sampler was returned to the CVS; the sum of the
remaining flows not returned to the CVS was added to the CVS nominal flow and the
emissions calculations were done with the corrected flow.

Results and Discussion

The summary results for the test for hydrocarbons (HC), carbon monoxide (CO),
nitrogen oxides (NO,) and for total particle mass (PM) are shown in Figure 1. The results
from the direct injection (DISI) engine are always shown on the left, and the results for
the port fuel injection (MPI) engine on the right. For the DISI vehicle, error bars represent
the standard deviation among the four runs of the Artemis cycle. For the MPI vehicle, the
repeatability was generally poor, was not quantified, and the data are given for qualitative
comparison only. The effects of the fuel on HC and CO are, for both vehicles, not signifi-
cant. The effect of the fuel on NO, was not significant for DISI, while all alchol fuels have
increased NOy emissions on the MPI vehicle. Both butanol isomers, but not E15, have
reduced PM on the DISI vehicle, while there were no consistent and significant effects of
the fuels on the MPI vehicle.

The emissions of the number of solid particles per Particle Measurement Programme
(PN-PMP) and the emissions of the number of all particles (without excluding the volatile
fraction) and of particles with a diameter larger than 23 nm are shown in Figure 2. The
results from the direct injection (DISI) engine are always shown on the left, and the re-
sults for the port fuel injection (MPI) engine on the right. For the DISI vehicle, error bars
represent the standard deviation among the four runs of the Artemis cycle. For the MPI
vehicle, the repeatability was generally poor, was not quantified, and the data are given for
qualitative comparison only. On the DISI vehicle, both butanol isomers have decreased
the solid PN emissions by about one half, while there was no difference between gasoline
and E15. This difference is smaller, and variances increase, if volatile particles are included
(EEPS > 23 nm), and ceases to be readily observable when all particles are considered. In
the last case, the variability increases dramatically notably during the motorway cycle,
where it is believed that the relatively low dilution ratio has induced nucleation of very
small (~ 10 nm) particles. On the MPI vehicle, E15 seemed to substantially increase particle
number emissions, which were otherwise generally low. Also, on the MPI vehicle, PMP
data are missing for iBu25 due to a measurement device error.
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Figure 1. Mean emissions over urban, rural and motorway (130 km/h) parts of the Artemis driving
cycle for direct injection (left) and port injection (right) vehicles — comparison of gasoline (E0), 15%
ethanol (E15), 25% n-butanol (nBu25) and 25% isobutanol (iBu25): top to bottom: hydrocarbons
(HC), carbon monoxide (CO), nitrogen oxides (NOy) and particulate matter mass (PM)
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Figure 2. Mean particle number emissions (expressed as total particles per km) over urban, rural

and motorway (130 km/h) parts of the Artemis driving cycle for direct injection (left) and port

injection (right) vehicles — comparison of gasoline (E0), 15% ethanol (E15), 25% n-butanol (nBu25)

and 25% isobutanol (iBu25): top to bottom: solid particle number per Particle Measurement

Programme (PMP), total particle count from size distributions, total count of particles > 23 nm

from size distributions (PMP data for iBu25 not shown due to measurement error)

The emissions of the elemental and total carbon and of polyaromatic hydrocarbons
(PAH) are plotted in Figure 3 for the WLTP cycle with cold and hot start and for the Arte-
mis cycle. The PAH evaluated include fluorene, phenantrene, anthracene, pyrene, benzo(a)
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Figure 3. Mean emissions over WLTP cycle run with cold and hot start, and over the Artemis
driving cycle for direct injection (left) and port injection (right) vehicles - comparison of gasoline
(E0), 15% ethanol (E15), 25% n-butanol (nBu25) and 25% isobutanol (iBu25): elemental and
organic carbon (top) and polyaromatic hydrocarbons (fluorene, phenantrene, anthracene, pyrene,
benzo(a)anthracene, chrysene, triphenylene, benz(b+j+k)fluoranthenes, benzo(e)pyrene, benzo(a)

pyrene, indeno(123cd)pyrene, dibenzo(ah) antracene, benzo(ghi) perylene)

anthracene, chrysene, triphenylene, benz(b+j+k)fluoranthenes, benzo(e)pyrene, benzo(a)
pyrene, indeno(123cd)pyrene, dibenzo(ah) antracene, and benzo(ghi) perylene. The re-
sults from the direct injection (DISI) engine are shown on the left, and the results for the
port fuel injection (MPI) engine on the right. As each data point in the graph represents
a single analysis, no statistical evaluation is given. It is apparent that on the DISI engine,
the carbonaceous part of the particulate matter was primarily elemental carbon, and that
relative to gasoline, E15 has slightly increased, and both butanol isomers substantially de-
creased, both elemental and total carbon. On the MPI engine, organic carbon (semi-volatile
compounds) have prevailed over elemental carbon, and relative to gasoline, there was an
increase (small, but larger than for DISI) associated with E15, and a decrease (smaller than
for DISI) associated with both butanol blends. On the DISI engine, emissions of PAH, and
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also of benzo(a)pyrene (BaP) which was plotted separately, were reduced by about one half
for both butanol isomers over the Artemis cycle, with no measurable differences between
E15 and gasoline without alcohols. A similar effect can be observed for the WLTP hot
cycle, while generally worse results for alcohols are observed during the WLTP with the
cold start. The PAH emissions for the MPI engine were generally lower, with only larger
value observed during the Artemis driving cycle on E15. This larger value could have been
caused by contamination of the dilution tunnel during unexpected shutdown of the tunnel
flow during the preceding test.
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Abstract

The increasing energy demand from emerging countries and the simultaneous fossil
oil shortage promote the use of alternative fuels. Even if gasoline and diesel continue to
dominate automotive market, the use of non-conventional fuels such as biodiesel or al-
cohols is growing. Exhaust emissions and performance of compression ignition engines
fuelled with diesel-alcohol fuel blends have been widely investigated. On the other hand,
a deeper understanding of in-cylinder combustion is necessary as the different chemical
physical properties of alcohols, such as oxygen content, volatility and cetane number affect
the ignition, combustion mechanism and the pollutants formation.
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This work reports results of cycle resolved visualization and UV-visible optical imaging,
carried out in an optically accessible compression ignition engine. Two different blends of
diesel and n-butanol were tested: 20% and 40% of n-butanol by volume. The effect of n-bu-
tanol concentration on flame lift-off length and soot formation was investigated. Exhaust
Gas Recirculation (O, at intake 17%) was used for further reducing the local temperature
peak. The combined effect of EGR and high oxygen content of n-butanol/diesel blends
induced a simultaneous reduction of both NO, and soot emission. The correlation of optical
measurements with thermodynamic and exhaust emission analysis allowed to emphasize
the role of n-butanol oxygen content in the soot oxidation process.

Keywords: Diesel Engine, n-butanol, PPCI, UV-Visible imaging, Soot, NOy

Introduction

In order to meet increasingly rigid emission guidelines, the scientific community in-
terested in Diesel engines is working on the development of advanced injection equipment,
complex exhaust gas after treatment systems and new combustion modes, etc. In recent
years, some new combustion mechanisms have been investigated such as HCCI (Homoge-
neous Charge Compression Ignition) and PPCI (Partially Premixed Compression Ignition).

For HCCI combustion, the fuel-air mixture is homogeneously premixed before the
start of combustion initiated by autoignition: the temperature is reduced by homogeneous
lean combustion, allowing low smoke and NOx engine out emissions. The main challenge
of HCCl is to control ignition timing, which influences the power and efficiency. The phe-
nomenon of auto-ignition leads to the main combustion control which is affected by a few
factors [1, 2]: fuel auto-ignition chemistry and thermodynamic properties, combustion
duration, wall temperatures, concentration of reacting species, residual rate, degree of mi-
xture homogeneity, intake temperature, compression ratio, amount of EGR, engine speed,
engine temperature, convective heat transfer to the engine, and other engine parameters [3].

In PPCI combustion, the total amount of fuel is delivered before the start of com-
bustion in order to have better premixing of air and fuel, resulting in a great reduction
in NOx and smoke emissions. Meanwhile, it can effectively combine the ignition timing
with injection timing to ensure better control of the combustion process, so it has attrac-
ted more and more researchers’ attention [4]. PCCI is not fully homogeneous, but it uses
injection timing and EGR to greatly increase the controllability of combustion phasing
and the rate of combustion.
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In recent times, several fuels have been tested in compression ignition engines to
explore the potential of reducing pollutants emissions, while maintaining high thermal
efficiency. Alcoholic fuels show high volatility and resistance to auto-ignition: they ap-
pear advantageous in fuel-air mixing processes due to their long ignition delay and fast
evaporation process [5]. As a clean and renewable biofuel, n-butanol has many superior
properties compared with other alcohols, such as good miscibility in diesel, low cetane
number and high volatility, which make it an attractive alternative or blending component
to diesel fuel to achieve PPCI. Butanol has been widely investigated as a diesel additive on
conventional diesel engine in recent years. As reported in the scientific literature, compared
to diesel fuel, the blend with 40% n-butanol by volume in diesel leads to a longer ignition
delay, faster burning rate but higher emissions. EGR can be used to reduce this pollutant
[6]. The addition of n-butanol to diesel fuel can improve combustion stability and decre-
ase soot and CO emissions while it results in higher NO, emissions [7]. n-Butanol-diesel
blends can dramatically reduce engine soot emissions in steady and transient operation
[8]. These blends were also investigated in LTC (low temperature combustion) diesel en-
gines [9, 10, 11]: they exhibit longer ignition delay, higher thermal efficiencies and under
LTC mode, they can significantly reduce engine-out NO, emissions and smoke, without
significantly compromising engine performance.

This paper reports the characterization of spray combustion for n -butanol - diesel
blends (20% and 40%) in an optically accessible high swirl compression ignition engine
equipped with a common rail multi-jets injection system. A double stage injection strategy
with EGR of 50% was tested in order to study the attained PPCI regime. Thermodynamic
analysis and exhaust pollutant measurements were performed simultaneously to UV-vi-
sible digital imaging and cycle resolved visualization. Moreover, 2D chemiluminescence
was detected through flame emission filtering at 310 and 690 nm to follow the OH and
soot evolution.

Experimental Set-up and Test Condition

A single cylinder 2-stroke compression ignition engine was used for the experiments.
Figure 1 shows a sketch of the engine and of the combustion chamber. An external high
swirl optically accessible combustion bowl (¢=50 mm; L=30 mm), equipped with a high
pressure common rail injection system, is connected to the main cylinder through a tan-
gential duct. A compressed air flow is forced into the bowl as the piston approaches Top
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Dead Centre (TDC). As a result, a counter clockwise swirl flow is obtained, reproducing
a fluid dynamic environment, similar to a real direct injection diesel engine, with the
rotation axis coincident to the symmetry axis of the chamber. Further details concerning
the engine specifications are reported in table 1.

The injector is mounted within the combustion bowl, with its axis coincident to
the chamber axis. The fuel is sprayed within the swirling air motion and the combustion
process mainly develops within the chamber. After TDC, as the piston moves downward,
the flow reverses its motion and hot gases flow through the tangential duct to the cylinder
and finally to exhaust ports.

Pressure
transducer

Optically accessible

e "y ﬁ
t

+ UViens
Bandpass system
filter

Figure 1. Sketch of the optically accessible engine (left) and cross section of the optically accessible

combustion chamber (right)

The combustion chamber provides two optical accesses. The first one is circular
(¢=50 mm) and it is placed in front of the injector, used to collect images. The second one,
with a rectangular shape (size of 10 x 50 mm), is mounted on a side of the chamber, at 90°
with respect to the bowl axis and it is used for the laser illumination input. The injection
equipment includes a common rail system with a solenoid controlled injector located on
the opposite side of the circular optical access. The nozzle is a micro-sac 7 hole, 0.136 mm
diameter, 148° spray angle nozzle. An external roots blower provides intake air pressure of
0.107 MPa, with peak pressure within the combustion chamber of 4.3 MPa under motored
conditions.
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Table 1. Engine specifications

single cylinder Cl engine

Cylindrical Bow! (mmxmm) 50%30
Bore (mm) 150
Stroke (mm) 170
Connecting Rod (mm) 360
Compression ratio 10.71:1
Air supply Roots blower
Abs. intake air pressure (MPa) 0.107
Bosch Injector nozzle 7/0.136/148°

A crank angle encoder signal synchronized the cameras acquisitions and the engine,
through a delay unit. The AVL Indimodul recorded the TTL signal to monitor optical
acquisitions, the current signal from injector solenoid and the in-cylinder pressure trace.
Results of the in-cylinder pressure were computed averaging 300 consecutive engine cycles.
Exhaust gaseous emissions were acquired by the AVL DiGas 4000 analyzer for NOy (1 ppm
resolution), smoke was measured by a part flow opacimeter (AVL Opacimeter 439). The
opacity was correlated to the particulate mass concentration through an empirical formula
[12]. Two different volume fractions of n-butanol and diesel fuel were tested: 20%v and
40%vV of n-butanol (BU20 and BU40, respectively). The main characteristics of tested fuels
are reported in [13]. The injection time was adjusted to achieve the same energy content as
diesel (935 J/str) for all the investigated blends. The injection pressure was fixed at 80 MPa.
The start of injection was swept from 14 to 2 cad BTDC with a step of 3 Crank Angle De-
grees (CAD). Two different levels of O, at intake were tested: 21 and 17%.

The spray combustion process was recorded through the quartz window using two
different cameras. A CMOS camera (Phantom 1611) for cycle resolved acquisitions and
an intensified CCD camera (PiMAX 3) for 2D chemiluminescence. The Phantom came-
ra was equipped with a 1280x800 pixels sensor with 28x28 pm pixel size, 12-bit pixel
digitization; it was coupled with 105 mm focus lens, allowing to characterize the whole
combustion cycle. A ROI of 768x768 pixel was set in order to increase the frame speed
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up to 25000 fps corresponding to an acquisition interval of 40 ps, (0.12 CAD@500rpm).
2D chemiluminescence measurements were performed through the PIMAX 3 camera. It
was featured by a 1024x1024 pixels sensor with 13x13 um pixel size, 16-bit pixel digitiza-
tion and 1MHz sustained repetition. The ICCD was equipped with a 78 mm focal length
lens (Nikkor) and employed in full-chip configuration. The set-up allowed a resolution of
83 pm per pixel. In addition to the broadband acquisition that exploits the high quantum
efficiency of the ICCD in the spectral range 250-700 nm, two 50x50mm band-pass filters
(Asahi Spectra Inc.) were used to selectively record flame emissions at 310 nm and 690 nm.

The high transmission (65%) and small width (10 nm FWHM) of the UV filter per-
mitted to select the OH emission, due to the A-X transition without interference of other
radiative species [14][15][16]. Since the soot luminosity is characterized by a continuous
broadband spectrum similar to the Planck black body curve [14][17][18], 690nm band-pass
filtering allowed to separate the soot emission by the other excited species contribution,
that emitted in the visible wavelength range as CH and C.,.

ICCD sequential and repetitive gating modes were used. Sequential acquisition
collected one frame per cycle with fixed gate width, but variable delay with respect to
the trigger (i.e. raising edge of the injection signal). Repetitive mode detected one frame
per cycle with fixed gate width and delay with respect to the trigger. For both acquisition
modes, optical investigations were carried out on 100 consecutive engine cycles. In the
sequential acquisitions, data were recorded at an interval of 133.3 ps (0.4 CAD). Without
spectral filtering, the camera would be overexposed due to the flame luminosity. Thus,
ICCD exposure time was fixed at 16.66 ps (0.05 CAD). Chemiluminescence investigations
were performed by setting the exposure time at 66.66 us (0.2 CAD). In order to obtain
quantitative information from the combustion visualization, “ad hoc” image processing
was developed through Vision Assistant 2011 of National Instruments [19]. More details
regarding the methodology are reported in [13].

Results and discussions

First measurements investigated the effect of the injection timing and intake oxygen
level on the performance and exhaust emissions. The pressure trace average of 300 cycles
is shown in Figure 2 for net diesel and BU40, without (left) and with 50% EGR (right).
The lower Cetane Number (CN) of BU40 slightly delayed the start of combustion (SOC)
at all investigated starts of injection, with an increase in peak pressure. By introducing the
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EGR, the SOC was further delayed and the pressure peak of the diesel fuel was higher than
BU40 at the most delayed SOIs. In fact, as shown in Figure 2, for 2 CAD BTDC SOI, the
SOC occurred after the TDC, during the expansion stroke. As a consequence, an increase
in the induction period results in lower combustion temperature and pressure.

Further details can be found in Figure 3, reporting the in-cylinder pressure peak for
all the investigated fuels, injection times and EGR levels. The maximum pressure peak
of ~5.6 MPa was recorded at ~1.0 CAD BTDC, at the most advanced start of injection
(14 CAD BTDC) for BU40. The peak also turned out to be the most advanced when compa-
red to the other test cases. The minimum peak of ~ 4.8 MPa located at 4.4 CAD ATDC was
found for the most delayed injection strategy (2 CAD BTDC). In fact, considering the late
start of injection, close to TDC, the combustion almost occurs during the expansion stroke.

—— Diesel 14 8TDC -==--BU40 14 BTDC
Diesel 118TDC ~==--BUA40 11 BTDC
Diesel 8 8TDC BUAOE BTDC

Diesel 14 BTDC BU40 14 BTDC
Diesel 11 BTDC BU40 11 BTDC
Diesel 8 BTDC BUADB BTDC x4
Diesel 5 BTDC ====-BU405 BTDC — Diesel 58TDC ~==--BU405 BTDC

In-cylinder Pressure [MPa]
In-cylinder Pressure [MPa|

Diesel 2 BTDC -----BU4D2 BTDC Diesel 28TDC === BUAQ 2 BTDC

-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
Crank angle [deg] Crank angle [deg]

Figure 2. Combustion pressure for diesel fuel and BU40 at different starts of injection, without
(left) and with EGR (right)

A deeper understanding of the effect of n-butanol concentration on the combustion
mechanisms can be achieved considering the ID as obtained by pressure traces. The ID was
defined as the difference between the electronic SOI and the SOC occurrence, estimated
as the relative maximum of the first derivative of pressure signal.

Figure 4 shows the measured ID as a function of the start of injection, for all the
tested fuels and intake oxygen concentrations. A red dot line was overlapped to the plot,
representing the effective end of injection. As expected the higher resistance to autoigni-
tion of n-butanol extended the induction period as a function of its volume fraction. As
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a consequence, for BU40 a Partially Premixed Combustion was obtained, independently
of the SOI. Reversely, the diesel fuel is completely injected before the end of injection just
at the most advanced SOI. By introducing the EGR (figure 4, right) the ID increased of
about 1 CAD for all investigated conditions and PPCI conditions were obtained even with
Diesel and BU20.

6.0 6.0
w O0%EGR W 50% EGR
(=% o
2 55 2 55 -
ol @
2 7
§ so I g so : i
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Figure 3. Peak pressure at different starts of injection without (left) and with EGR (right).
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Figure 4. Ignition delay at different starts of injection without (left) and with EGR (right)

The lower CN of n-butanol, together with its higher volatility and molecule oxygen
content, clearly affected the exhaust emission. The NO,-Soot trade-off for all the investiga-
ted blends and injection timings is shown in Figure 5. High NOj levels were measured at
advanced start of injection, with an asymptotic decreasing trend versus the SOI down to
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values below 100 ppm. On the contrary, the soot concentration ranged from about 3 mg/m’
at 14 CAD BTDC SOI to 70 mg/m’ at 2 CAD BTDC SOL

As expected the n-butanol use resulted in a consistent lowering of soot emissions.
The lower cetane number of BU20 and BU40, extending the ignition delay, gave more
time for mixing and reduced the locally rich fuel/air mixture regions that are directly
related to the soot production. In addition, the higher volatility of the blends promoted
the dispersion of fuel vapour within the combustion chamber, further enhancing the
mixture preparation.

The reduction in oxygen content induced a drop of in-cylinder temperature with
a strong reduction in NOy. On the other hand, the lower oxygen concentration and lower
temperature favoured soot formation and worsened soot oxidation, especially at the most
delayed SOI. However, n-butanol-diesel reduced the soot emission up to seven times
compared to net diesel, without significant increase in NO;.

500 500
0% EGR —+-Diesel S0%EGR —o-Diesel
400 - 400 -
14 CAD BTDC -8-BU20 14 CAD BTDC -©-BU20
'E 300 & BU40 E 300 -A-BU40
£ 50l g o]l
= =
-] =]
< 200 = 200
\ 2 CAD BTDC 2 CAD BTDC
100 100
Al
0 T 1] T
0.0 100 200 300 400 500 600 700 800 0.0 10.0 200 300 40.0 50.0 60.0 70.0 800
Soot [mg/m?] Soot [mg/m?]

Figure 5. NOx-soot trade off for all the fuels at different starts of injection without (left) and with
EGR (right)

The best compromise between NO, and Soot emission was obtained for the central
SOLI. At this injection condition (8 CAD BTDC) both n-butanol concentration and EGR
were effective and induced an overall reduction of trade-oft curve. For this reason it was set
as representative for optical investigations. Figure 6 shows the diesel combustion evolution,
with 21% O, at intake, as recorded by the cycle resolved CMOS camera, with an acquisition
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interval of 0.12 CAD. The combustion started far from the nozzle, at 5 CAD BTDC, when
the energizing current to the injector solenoid was interrupted. However the needle was

still lifted and the injection was not complete, as demonstrated by the presence of compact
fuel jets behind the flame.

Figure 6. Selected images of cycle resolved sequence of diesel combustion without EGR

With the introduction of the EGR the in-cylinder temperature was lowered and the
SOC was delayed by about 0.5 CAD (figure 7). Even if the injection was complete for this
test case, the induction time was not enough to obtain a complete air-fuel mixing and the
jets shape was still evident.

Figure 7. Selected images of a cycle resolved sequence of diesel combustion with EGR
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The natural luminosity from spray combustion in c.i. engines is constituted by
two parts: chemiluminescence and soot incandescence. The first mainly features the
UV-visible spectral range while soot radiative emission is typical of visible-IR range
[20, 21, 22, 23].

In conventional combustion regime, soot emission is much stronger than chemilu-
minescent signal, thus it is reasonable to argue that the soot can be well represented by
the broadband luminosity [24][25][26]. Even if CMOS cameras are suitable for collecting
the soot emission, the first exothermic reactions occur in the UV range, for this reason
UV-visible imaging was performed through the ICCD camera and two pass-band filters
were applied to distinguish the OH (310 nm) and soot emission (690 nm). In fact, the first
stage of combustion is crucial for determining the combustion mechanism and for a deep
understanding of its effect on the exhaust emission.

Figures 8 and 9 show the evolution of natural emission and chemiluminescence
signals for selected operative conditions from the start of luminous combustion. Specifi-
cally, the effect of fuel was shown at 21% oxygen for Diesel and BU40. Spray combustion
images were reported in pseudo-colour with red and dark-blue representing the flame and
background, respectively, according to the intensity scale on the right of each sequence.
Comparing figures 6 and 8 the higher sensitivity of UV-visible imaging compared to the
cycle resolved is evident, as demonstrated by the advanced detection of the autoignition
signal. Looking at BU40 effect on the combustion mechanism, the ignition delay increase
and the lower emission intensity of the butanol blends compared to diesel should be no-
ted, while it is difficult to evaluate a difference in the spatial distribution of the luminosity.
Moreover, BU40 provided lower flame luminosity and soot intensity compared to diesel
fuel, confirming lower soot formation.

Figure 10 shows the lift-off lengths evaluated from OH and soot emissions for each
fuel injection strategy. As expected the lift-off length increased by increasing the butanol
concentration. For each fuel, the EGR further extended the lift-off lengths. As aforemen-
tioned, the first exothermal reactions occur in the UV range; as an effect, the OH lift-oft
length resulted lower than soot one, for all the investigated conditions.

The lift-off length was considered as an indicator of the percentage of stoichiometric
air, entrained up to the lift-off length for the spray jet flame. Thus a longer lift-off length
demonstrated more space for air entrainment and hence a reduced local equivalence ratio.
The spatially integrated luminosity obtained from UV-visible flame emission and from
OH and soot chemiluminescence was calculated by integrating the pixel values over the
entire image. The broadband flame signal allowed to estimate the ignition delay for each
injection condition with an accuracy of 132 ps.
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Figure 8. UV-visible flame, OH and soot emissions for Diesel combustion without EGR
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Figure 9. UV-visible flame, OH and soot emissions for BU40 combustion without EGR
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Figure 10. OH and soot lift-off length for all the tested fuels

Figure 11 shows the result of the optical measurements compared with thermodynamic
data: as, expected, the ID estimated by optical values resulted lower than thermodynamic
ones, due to the high sensitivity of the ICCD camera in the UV range where the first exo-
thermal reactions occur. Figure 12 shows the temporal evolution of spatially integrated soot
signals from the start of injection for all the test cases. Due to the delay in SOC induced
by the n-butanol blends, the soot occurrence resulted delayed with the increase in butanol
concentration. A decrease in the highest value of the soot luminosity was observed when
the EGR was activated. This result was just apparently unexpected: in fact the lower oxygen
content in the in-cylinder gas slows down the soot oxidation, as highlighted by the lower

slope of soot signal during the decreasing stage.
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Figure 11. Comparison between ignition delay from thermodynamic data and UV-visible luminosity
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As shown in Figure 13, higher OH radical concentration was detected for all the
settings without EGR. This resulted in an enhanced oxidation phase and a faster soot re-
duction. Further, the soot oxidation phase was more significant for higher butanol volume

fraction in the blends.
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Figure 12. Soot integral emission intensity without (left) and with EGR (right)
for all the tested fuels
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Figure 13. OH integral emission intensity without (left) and with EGR (right)

for all the tested fuels
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Conclusions

UV-visible digital imaging, cycle resolved visualization and 2D chemiluminescence
were applied in a prototype optically accessible CI engine fuelled with blends of com-
mercial diesel and n-butanol (20% and 40% volume fractions) to characterize the spray
combustion process. The optical results were correlated to thermodynamic analysis and
exhaust gas measurements. The effects of EGR on spray combustion process and emissions
were investigated.

The combined effect of n-butanol and EGR delayed the autoignition, resulting in
a reduction of local fuel-air equivalence ratio, combustion temperature and a decrease
in NOy emission. The oxygen content within the butanol molecule enhanced the soot
oxidation and limited the smoke emission at the exhaust compared to the reference diesel.
This result was also highlighted by the UV-visible flame emission with a lower emission
intensity given by the butanol blends compared to diesel fuel.

The higher resistance to auto ignition of the butanol-diesel blends, accomplished
a transition from the conventional to a partially premixed combustion for the butanol blend
at higher volume fraction (BU40) and a reduction in the exhaust soot emission. This result
was highlighted by the higher OH radicals detected by the flame emission measurements
significant in an enhanced oxidation phase.

The lift-off length was evaluated: the values increased for higher n-butanol volume
fraction and with the EGR activation.
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Abstract

Internal combustion engines (ICEs) are greatly responsible for fossil fuels con-
sumption and environmental pollution. Development of more fuel-efficient ICEs toge-
ther with alternative fuels is, therefore, of great importance. ICE’s. overall efficiency can
be improved by utilization of the thermal energy wasted with the exhaust gases. One
method of exploiting this energy is by promoting endothermic fuel reforming reactions
that increases the lower heating value (LHV) of the fuel introduced to the engine and
allows combustion of a hydrogen-rich gaseous fuel. This method is commonly called
thermo-chemical recuperation (TCR). Although TCR is feasible with conventional fuels,
it is frequently realized with alcohol fuels that can be synthesized from methane or bio-
-mass, since their reforming temperature is lower. For this study, a gen-set gasoline-fed
carburetor single-cylinder SI engine was modified to allow working with gasoline and
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methanol steam reforming (MSR) products. It was found that engine feeding by MSR
products has a great potential for pollutant emissions mitigation as compared with gaso-
line. Harmful emissions of the pollutants CO, NO, and the GHG gas CO, were reduced
by 96%, 99% and 32% respectively. Particle number (PN) emissions were reduced by
99.7%. The achieved energy efliciency improvement of the engine fed by the methanol
reformate was found to be from 20 up to 70% when compared with gasoline.

Keywords: Internal combustion engine, thermo-chemical recuperation, waste heat
recovery, methanol, steam reforming, nanoparticles

1. Introduction

ICE’s have been widely used as the main power plant in the transportation sector.
Their operation is, thus, responsible for extensive usage of petroleum products worldwide.
In the USA about 95% of the energy consumption in the transportation sector in the
year of 2014 came from fossil fuels [1]. Moreover, they greatly contribute to climate
change and environmental pollution due to their greenhouse gas and hazardous pollu-
tant emissions. Therefore it’s. of crucial importance to develop more efficient vehicles
powered by low-carbon intensity fuels.

One way of increasing the powertrain overall efficiency is by recuperating the
energy contained in the exhaust gases. It’s. well documented that this energy corresponds
to about 30% of the total energy delivered by the fuel [2] and it’s. usually wasted. This
process is called waste heat recovery and it can be performed in different ways, turbo-
charging being the most common [3]. Another way is by using the thermal energy of
the exhaust gases to promote endothermic reactions of fuel reforming, which is often
called thermo-chemical recuperation (TCR).

Energy transfer in TCR is not limited by isentropic expansion, as in turbocharging
[4]. Moreover, the gaseous mixtures of the reforming products are often hydrogen-rich,
which grants better combustion properties, such as a higher LHV, higher octane number,
higher flame speed and wider flammability limits [5].

TCR can be performed with virtually any primary fuel, but alcohols are excellent
candidates due to their relatively low reforming temperature (as compared to petroleum-

-based fuels) and high hydrogen content. This study focuses on methanol reforming,
since it can be reformed at about 300°C and is a promising renewable fuel, since it can
be derived from biomass.
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Moreover, combustion of the hydrogen-rich alcohol reforming products greatly
mitigates the formation of hazardous emissions. This can be explained by the fact that
the main combustion product of hydrogen is water. The wide flammability limits of
hydrogen allow lean engine combustion, which greatly decreases nitrogen oxides (NOx)
emissions. Furthermore, lean combustion of gaseous MSR products usually containing
hydrogen, CO and CO, mitigates particle matter (PM) formation.

TCR does not stand as a new idea. In fact, there was very intense research on the
topic in the late 70’s. and 80’s. Petterson et al. [6] summarized most of the research on
the theme conducted up to the early 90’s. Enhancement on engine efficiency has been
widely reported. Takayuki et al. [7] and Finegold et al. [8] have even built vehicles with
on-board methanol decomposition and reported up to 40% efficiency increase. Similar
study was performed also by Brinkman and Stebar [9], where they pointed out that
the main reason for efficiency improvement is the better combustion properties of
decomposition products, namely higher flame speed, higher octane number and wider
flammability limits.

Some major problems, however, have also been reported. The major obstacles that
researchers dealt with were backfire, pre-ignition, reduced maximal power and difficulty
at cold-start and transient operating modes [9]. Backfire and pre-ignition were caused
by the highly flammable nature of hydrogen-rich gaseous fuel, while reduced maximal
power was due to the lower volumetric efliciency, since the admission of the gaseous
fuel into the engine intake manifold reduces the mass of fresh air that can be ingested.
Cold-start and transient behavior problems derived from the absence of the available
heat at engine’s. starting and reactor dynamics limitations. These problems could not be
overcome at that time and as a result most research activities on methanol TCR were
stopped.

Nonetheless, by virtue of the technological development over the last decades,
it’s. now possible to overcome such problems. Wimmer et al. [10] showed that for a hy-
drogen-fueled engine direct injection (DI) into the cylinder can solve the problems of
backfire and pre-ignition, since fuel does not get mixed with air nor gets in contact with
potential hot spots through the intake manifold. Moreover, DI allows greater volumetric
eficiency and maximum power comparable to gasoline engines. Poran and Tartakovsky
suggested in [11] that high-pressure TCR may allow direct injection of the reforming
products into the engine cylinder with the subsequent benefits. Furthermore, Tartako-
vsky et al. [12] suggested the usage of a hybrid propulsion system as a solution to the
cold start and transient behavior problems, since the ICE could always be operated at
optimal regime and the electric engine could be used to deal with the different regimes
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requirement. An additional energy source available in the hybrid propulsion system
may allow its startup at cold starts.

The main goals of the present study were to adapt a conventional gasoline engine
to operate with DI of methanol-reformate fuel and to assess changes in energy efficiency
and pollutants emission.

2. Methodology

2.1 Experimental setup and measurement procedures

A gen-set gasoline-fed carburetor single-cylinder SI engine was modified to permit
work with both liquid gasoline and gaseous methanol reforming products. For gasoline
feeding, the original configuration was used. For reformate feeding, the gaseous mixture
was directly-injected into the engine cylinder to prevent the pre-ignition and the backfire
problems. For this purpose a dedicated gaseous fuel direct injector was developed. The
experimental overall setup and the equipment used can be seen in Figure 1.

1. Rotating Disk
Thermodiluter

2. EEPS3090

3. Reformate Direct
Injector

4. In-cylinder Pressure
Transducer

5. Nanomet3

6. Engine

7. Control System

8. Crank Angle Encoder

9. Gas Analyzers

Figure 1. Experimental overall setup

The engine was tested with both gasoline (95 RON) and syngas imitating methanol
reformate. The composition of the syngas is shown in Table 1 and it was found to be the
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most probable product of the reforming process in the case of molar steam-to-methanol

ratio value of 1:1 [4].

Table 1. Syngas composition

H, 0, Air/Fuel LHV

molar/ molar/ stoichiometric

mass fraction [%] mass fraction [%] ratio [MJ/kg]

75/12 25/88 4.13 14.61

Various ignition timings were tested, and the maximal engine efficiency (minimal

specific fuel consumption) operating point was found. After that, the characteristic load

curve at the rated engine speed and optimal ignition timing was measured. The following

engine parameters were measured or calculated:

Engine speed and power;

In-cylinder maximal pressure and maximal pressure-rise rate (indicatory dia-
gram);

Exhaust gas temperature;

Air flow-rate;

Fuel consumption;

Air excess factor (lambda);

Concentrations of gaseous pollutants NO,, CO, and the greenhouse gas CO, in
the exhaust;

PN emissions.

A rheostat was used to impose the gen-set loading. For this reason, the generator

electric power was used as a basis for referring the entire engine performance parame-

ters. The rated value of the generator was measured to be 1.6 kW at 3000 rpm, while

the engine brake power was 2.2 kW. That value closely corresponds to the nominal

efficiency of this generator, which is 73% [16]. Before taking measurements, a warm-

-up period was allowed. Reformate pressure at the injector inlet was set to the range of

30 — 50 bar. Lambda value was set to 1 at gasoline feeding and was changed from 1 to

1.5 (lean operation) at reformate feeding. The in-cylinder pressure transducer provided

data on maximal pressure and the maximal pressure rise rate. Based on that, indicatory
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diagrams for each operating regime were built. Mean weighted values of 100 consecutive
working cycles were used as the measurement results.

2.2 The engine

ROBIN EY20-3 air-cooled naturally aspirated, single-cylinder spark-ignition 4-stroke
engine was selected for the laboratory experiments. It was coupled, as a gen-set, with the
SINCRO GP100 2.2 kW AC 230V generator. The main motivation for selecting this engine
was that it has side valves location that allows more space in the cylinder head for installing
an in-cylinder pressure transducer and a direct fuel injector. The main parameters of the
engine can be seen in Table 2.

Table 2. Specification of the ROBIN EY20-3 engine

Gen-set ROBIN EY20-3 /

SINCRO GP100 2.2 kW AC 230V
Bore x Stroke, mm 67x52
Displacement, cm? 183
Compression ratio 6.3
Power, kW @ speed, rpm 2.2 @3000
Lubrication Splash type
Carburetor Horizontal draft, Float type

Gasoline feed system

Gravity type

Ignition system

Flywheel magneto

Spark plug NGK B6HS
Starting system Recoil starter
Governor system Centrifugal flyweight type
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2.3 Fuel delivery

For gasoline feeding, the original fuel tank was used. Fuel was mixed with air and
introduced into the intake manifold by means of the conventional carbureted fuel supply
system of the engine.

For reformate feeding, the fuel was supplied from a high-pressure cylinder provided
by a gas supplier company. The reformate was directly injected into the cylinder. In order
to do so, a dedicated gaseous fuel injector had to be used. At the time of the present study,
there were no market-available injectors suited for this task. Therefore, an injector originally
designed for operating with liquid fuel was adapted. Similar efforts had been reported in
the past [13, 14, 15].

Magneti-Marelli gasoline direct injector model IHP072 has been chosen as the basis
for modification. The nozzle part that restricts the fuel flow was removed. Figure 2 shows
the original injector, some of the work done and the final configuration of the gaseous
direct injector.

Removed part of the
injector body

Figure 2. Gaseous reformate direct injector: (a) original IHP072 GDI injector; (b) injector

preparation; (c) final reformate injector design

The engine was run at stoichiometric fuel-air ratio (A=1) when powered with gaso-
line. With reformate feeding, however, engine operation with lean mixtures (A>1) was also
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examined, since this is one of the advantages of the studied fuel. The leanest mixture used

corresponds to A=1.5.

2.4 Emissions measurement
The concentration of pollutants in the exhaust gases of the engine had been analyzed

for operation with both gasoline and methanol reformate. For this purpose the following

equipment was used:

For Particles Size Distribution: Engine Exhaust Particle Sizer (EEPS)
Spectrometer 3090 - TSI. Particles pass through an electrical diffusion
charger where they get a predictable charge level based on their size. An
electric field drags the particles in the sizing region where 22 sensing
electrometers are installed. Particles, which land on the sensing electrodes,
transfer their charge. The equipment measures particles from 5.6 to 560 nm
with particle size resolution of 16 channels per decade (32 in total) and
time resolution of 10 readings per second.

For Total PN: NanoMet3 - Matter Aerosol. The sample is thermally condi-
tioned to eliminate the volatile fraction. It is also based on electrical charg-
ing to count particles, but there is no size distribution assessment. The
equipment measures particles from 10 to 700 nm. NanoMet3 was equipped
with a sampling line at the temperature of 300°C. This heating prevents

the condensation of volatiles in the raw aerosol. This procedure allows

the measurement of solid particle number concentrations (SPNC), as de-
scribed by the Particle Measurement Program (PMP) [17].

For NO,: Nitrogen Oxides Analyzer 200EH - Teledyne. The equipment
uses the chemiluminescence measurement principle. The measured
concentration ranges from 0-5 ppm to 5000 ppm with 0.5% of reading
precision.

For CO/CO,: NDIR/O2 Analyzer 600 - CAI. The equipment is based on
the infrared absorption characteristics of gases. A modulated single infra-
red light beam is used. The measured concentration ranges from 0-50 ppm
to 100% with 1% of repeatability and linearity.

For diluting the sample: Rotating Disk Thermodiluter 379020A - TSI.
The equipment is suited for sampling, diluting, and conditioning exhaust
particles prior to their measurement in dedicated equipment. A small
quantity of the raw exhaust is captured by a cavity of the rotating disk and
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transported to the measurement channel where it is mixed with HEPA-fil-
tered, particle-free dilution air. Dilution ratio can be adjusted from 15:1 to
3000:1 and heated diluter temperatures can be set up to 150°C. The dilution
accuracy is rated as 10%.

For the nanoparticle size distribution measurement, the engine was operated at 700W
power and at 2800 rpm. Thermo-dilution was performed at 150°C, which corresponds to
the maximum available temperature of the Rotating Disk Thermodiluter. A dilution factor
of 105 was implemented.

2.5 In-cylinder pressure analysis

A pressure transducer installed inside the cylinder and an encoder provided data on
pressure and crank angle position. 100 consecutive cycles were measured and their mean
weighted values were obtained. Instantaneous cylinder volume was calculated according
to the following equation:

v=v{( +2 e~ D[R +1— cos — (B2 —sin? 07)}

Where V. is the clearance volume, r. is the compression ratio, R is the ratio of the connecting
rod length to the crank radius and 0 is the crank angle.

3. Results

Different values of ignition timing were tested. Figure 3 shows that the maximal
engine efficiency with gasoline was achieved at 32° before top dead center (BTDC). This
is a typical value for gasoline-powered engines [18]. The same procedure was performed
for methanol reformate feeding, and the obtained ignition timing for minimal Specific fuel
consumption (SFC) was found to be around 14° BTDC. The retarded ignition timing for
reformate feeding is a direct implication of the higher flame speed of the mixture, which
allows quicker combustion.
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Figure 3. Engine SFC as a function of ignition timing for gasoline feeding

3.1 Engine efficiency

The generator efficiency of 73% was used to calculate the engine efficiency. The effi-
ciency calculation was performed based on the primary liquid consumption (gasoline and
methanol). The obtained values of the engine efficiency under operation with gasoline and
methanol reformate are shown in Figure 4. Figure 5 presents the improvement in engine
efficiency with methanol reformate as compared to gasoline.
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Figure 4. Engine efficiency with gasoline and methanol reformate
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One of the first things that can be noticed is the relatively low values of the engine
efficiency (less than 20% for every measured regime). This can be explained by the low-load
regimes in which the experiment was performed and the low engine compression ratio
(of only 6.3). However, it’s. possible to notice a clear increase in efficiency when the engine
is operated on methanol reformate. The increase is about 20% at 1000 W and up to 70%
under low loads, which is due to the combined effects of two main factors: the lean-burn
operating achieved with hydrogen-rich reformate fuel and the better technology of direct
fuel injection. Tartakovsky et al. [19] studied the contribution of the lean-burn operation
with reformate. According to the results of this study, there can be an improvement of up
to 13% in engine efficiency due to lean burning of the methanol reformate fuel.
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Figure 5. Engine efficiency improvement under methanol reformate feeding over gasoline feeding

3.2 Pollutants emissions

Figure 6 presents the results of emissions for the measured pollutants CO,, CO and
NOy at engine operating with gasoline at stoichiometric mixture and also methanol re-
formate at lambda values of 1 and 1.5. Engine was operated at rated power of 1000W and
2800 rpm. For all the three measured pollutants, the same trend was observed. There was
a decrease in the gaseous pollutant emissions when the engine was operated with refor-
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mate instead of gasoline, and an even greater decrease for lean operation. Table 3 shows
the relative reduction of gaseous pollutants emissions when the engine was powered with
methanol reformate at stoichiometric and lean operation. CO concentrations in the exhaust
gas were reduced by about 75% for a stoichiometric air/fuel mixture and by 96% under
lean operation. Reduction of 99% in the NO, emissions can be explained by the relatively
low temperatures obtained in the combustion of reformate.
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0.12 0.22 0.15

Co2 [%] €O [%] NOx [ppm/100]
M Gasoline = Methanol reformate (A=1.0) B Methanol reformate (A=1.5)

Figure 6. Gaseous emissions

Table 3. Relative reduction of gaseous emissions under reformate feeding

Relative improvement (from gasoline) (0, [%] (0 [%] NO, [%]
Methanol reformate (A = 1.0) 13.2 75.2 98.4
Methanol reformate (A= 1.5) 322 96.1 99.0

Figure 7 presents the results of size distribution for gasoline and stoichiometric re-
formate mixture. It can be seen that in both situations the obtained profile is similar, with
methanol reformate combustion nanoparticles being slightly smaller.
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It's important to notice, however, that the relatively low dilution temperature of only
150°C leads to a significant amount of volatile nanoparticles. Therefore, another nanoparticle
measuring equipment Nanomet-3 was used. This equipment can’t measure nanoparticle
size distribution, but can dilute the aerosol at the temperature of 300°C with a dilution
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factor of 100. By means of this, a larger portion of the volatiles were eliminated, and a more
significant fraction of the solid particles were left. Particles within the size range from
10 to 700 nm were measured. Figure 8 presents the obtained concentrations for the total
solid nanoparticles. As can be seen, operation with gasoline led to 4.56x10° particles per
cubic centimeter, while stoichiometric operation of the engine with reformate led to only
1.22x10* particles per cubic centimeter. This represents a total PN reduction of 99.7%. We
suppose that in the case of reformate combustion there may be significant contribution
to nanoparticle formation due to the combustion of engine oil.

3.3 In-Cylinder Pressure Analysis

Results of the in-cylinder pressure analysis are presented in Figure 9. The pressure
values of 100 consecutive cycles and their average (in red) are plotted against crank-angle
for engine operating with gasoline at stoichiometric mixture and also methanol reformate
at lambda values of 1 and 1.3. Average cycle pressure against cylinder volume diagrams
are presented on the right. Table 4 presents results for maximum achieved pressure, spark
ignition timing, maximum pressure timing and time lag between those two events for
engine operating in the mentioned regimes.

Table 4. In-cylinder pressure analysis data

Apmax [O] Aa [0]
Gasoline 330.00 375.75 45.75 15.78
Methanol reformate (A = 1.0) 346.00 376.25 30.25 1433
Methanol reformate (A = 1.3) 346.00 371.75 31.75 14.42

Due to the higher LHV of gasoline, engine operation with this fuel provided higher
maximum pressure. It can also be observed that in the three engine operation modes,
maximum pressure is achieved on about the same spot, 376°. However, combustion of re-
formate is faster compared with gasoline, due to its higher flame speed. Moreover, although
engine’s. efficiency is higher at lean operation, combustion is faster with a stoichiometric
mixture. Efficiency improvement at lean operation is explained by lower heat transfer
losses in the latter case.
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4. Conclusions

This work has analyzed the utilization of methanol in an ICE with TCR of the energy
of the exhaust gases. It presents first results of the experimental study.

A gen-set carbureted engine was modified to operate both with gasoline and methanol
reforming products. For this purpose a direct injector was developed for the operation
with the gaseous fuel. An in-cylinder pressure sensor was used to provide combustion re-
lated data. It was found that engine efficiency can be increased up to 70% under low loads
with methanol reformate, compared with gasoline. Engine exhaust analyzers were used to
measure the concentration of the pollutants emissions. Toxic CO was reduced by about
75 and 96% under stoichiometric and lean operation, respectively. NO reduction was over
98%. Particle number concentrations were reduced by 99.7%.
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Abstract

The article discusses the formal aspects of the development standards. In particular
discusses legal and standardization issues of standard PN-EN 15376:2014-11 - English
version, Paliwa do pojazdéw samochodowych - Etanol jako komponent benzyny silnikowej

- Wymagania i metody badan, introducing the EN 15376:2014 Automotive fuels — Ethanol as
a blending component for petrol - Requirements and test methods. Given the information of
the technical bodies dealing with ethanol fuels for the transport: in European Committee
for Standardization CEN - Technical Committee CEN/TC 19 Gaseous and liquid fuels,
lubricants and related products of petroleum, synthetic and biological origin, in particular
Work Group CEN/TC19/WG21 Specification for unleaded petrol, and in Polish Committee
for Standardization PKN - Subcommittee PKN/KT222/PK1 Liquid fuels of PKN/KT222
Petroleum and related products. The article presents standardization documents — specifi-
cations feeding requirements for biofuels: E10 and E85+.

Keywords: ethanol fuels for the transport, standardization, CEN and PKN procedures.
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Streszczenie

W artykule przedstawiono formalne aspekty opracowania norm. W szczegdlnosci
omoéwiono prawne i normalizacyjne zagadnienia dotyczace normy PN-EN 15376:2014-11 -
wersja angielska, Paliwa do pojazdéw samochodowych - Etanol jako komponent benzyny
silnikowej - Wymagania i metody badan, wprowadzajacej EN 15376:2014 Automotive fuels
- Ethanol as a blending component for petrol - Requirements and test methods. Podano in-
formacje o organach technicznych zajmujacych si¢ tematyka paliw etanolowych dla trans-
portu, ktorymi sa: w Europejskim Komitecie Normalizacyjnym CEN - Komitet Techniczny
CEN/TC 19 ,,Paliwa ciekle i gazowe, $rodki smarowe i produkty podobne pochodzenia
naftowego, syntetycznego i biologicznego” (Gaseous and liquid fuels, lubricants and related
products of petroleum, synthetic and biological origin), w szczegdlnoéci Grupa Robocza
CEN/TC 19/WG 21 ,,Specyfikacja dla benzyny bezotowiowej”, a w Polskim Komitecie
Normalizacyjnym PKN - Podkomitet PKN/KT 222/PK 1 Paliw Plynnych Komitetu Tech-
nicznego PKN/KT 222 Przetworéw Naftowych i Cieczy Eksploatacyjnych. Przedstawiono
dokumenty normalizacyjne - specyfikacje podajace wymagania dla biopaliw E10+ i E85.

Stowa kluczowe: paliwa etanolowe dla transportu, normalizacja, procedury CEN i PKN.

Dlaczego normalizacja?

Normy s3g dobrowolne, obowigzujg nas rozporzadzenia, ale samochody
jezdza na paliwach, ktorych wlasciwosci okreslaja normy.

Obowiazujace akty prawne dla bioetanolu — etanolu
stosowanego jako komponent benzyny silnikowej

Obowigzujacymi aktami prawnymi podajacymi wymagania jakosciowe i metody

badan dla biokomponentow sg:
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o Rozporzadzenie Ministra Gospodarki z dnia 14 maja 2015 r. zmieniajace rozpo-
rzadzenie w sprawie wymagan jakosciowych dla biokomponentéw, metod badan
jakosci biokomponentéw oraz sposobu pobierania probek biokomponentéw [1];

o Rozporzadzenie Ministra Gospodarki z dnia 17 grudnia 2010 r. w sprawie wy-
magan jako$ciowych dla biokomponentéw, metod badan jakosci biokomponen-
tow oraz sposobu pobierania probek biokomponentéw [2].

Zalacznik nr 1 rozporzadzenia z 14 maja 2015 r. Wymagania jakosciowe dla bioetanolu
zawiera wszystkie aktualnie obowigzujace wymagania. Metody badan podaje zalacznik
nr 3 Metody badan jakosci biokomponentéw rozporzadzenia z 17 grudnia 2010 r., w punkcie L.
Metody badan jakosci bioetanolu, w zakresie poszczegdlnych parametrow tego biokomponentu
[2], oraz zmieniajace go rozporzadzenie z 14 maja 2015 . § 1 pkt 4a [1].

Aktualna norma PN-EN 15376:2014-11 — wersja
angielska

Aktualna - nie ,obowigzujaca” — Polska Normg na etanol jako komponent benzyny
silnikowej jest norma PN-EN 15376:2014-11 - wersja angielska, Paliwa do pojazdow sa-
mochodowych - Etanol jako komponent benzyny silnikowej - Wymagania i metody badan.
Norma ta wprowadza europejska norme¢ EN 15376:2014 Automotive fuels — Ethanol as
a blending component for petrol — Requirements and test methods [3]. W tabeli 1 zestawiono
dane zaczerpniegte z obu ww. rozporzadzen i z Polskiej Normy.

Tabela 1. Wymagania dla etanolu paliwowego w aktualnej normie i obowiazujacych

rozporzadzeniach
Norma/rozporzadzenia PN-EN 15736 Rozporzadzenia
Wiasciwosci Metoda badan Metoda badan
Zawarto$c etanolu + wyzsze nasycone alkohole EN 15721 PN-EN 15721
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Zawartos¢ wyzszych nasyconych ((3—C5) alkoholi

jednowodorotlenowych LR el
Zawartos¢ metanolu EN 15721 PN-EN 15721
Zawartoéé wod EN 15489 PN-EN 15489
y EN 15692 PN-EN 15692

Catkowita kwasowos¢ (wyrazona jako zawartos¢ kwasu octowego) EN 15491 PN-EN 15491
Przewodno$¢ elektryczna EN 15938 PN-EN 15938
Wyglad EN 15769 PN-EN 15769
Zawartos¢ chlorkdw nieorganicznych EN 15492 PN-EN 15492
Zawartos¢ siarczanu EN 15492 PN-EN 15492
Zawartoéé miedzi EN 15488 PN-EN 15488
EN 15837 PN-EN 15837

Zawartoéé fosforu EN 15487 PN-EN 15487
EN 15837 PN-EN 15837

Zawarto$c suchej pozostatosci po odparowaniu EN 15691 PN-EN 15691
EN 15485 PN-EN 15485

Zawartosc siarki EN 15486 PN-EN 15486
EN 15837 PN-EN 15837

Kolorem zielonym zaznaczono tekst wystepujacy i w rozporzadzeniu, i w normie
(w normie — w j. angielskim; zamieszczony tekst zaczerpnieto z opracowywanego projektu
wersji polskiej) [4]; na niebiesko — zaczerpniety z normy; na czerwono — z ww. rozporzadzen.

Metody badan przywotane w Polskiej Normie to normy europejskie, ktére sg do-
kumentami w jezyku angielskim. Polska Norma jest identycznym tlumaczeniem normy
europejskiej; nie ma juz od wielu lat w polskich normach produktowych zalgcznika kra-
jowego informacyjnego, wskazujacego, ktora Polska Norma jest odpowiednikiem powo-
tanej normy europejskiej. Natomiast wszystkie normy europejskie wprowadzane sg przez
kraje cztonkowskie Europejskiego Komitetu Normalizacyjnego (CEN) w jezyku oryginatu
w ciggu pol roku od zatwierdzenia. Wynika to z faktu, ze Polski Komitet Normalizacyjny

jest cztonkiem CEN [5].
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Metody badan przywotane w rozporzadzeniach to Normy Polskie, ktére wprowadzaja
odpowiednie normy europejskie. Wprowadzona Norma Polska moze by¢ opublikowana
w jezyku angielskim, ale zanim zostanie powotana w przepisach, musi by¢ opublikowana
w jezyku polskim, co wynika z ustawy o normalizacji.

Co wynika z ustawy o normalizagji?

Ustawa o normalizacji z dnia 12 wrze$nia 2002 r. stanowi, ze Polski Komitet Normali-
zacyjny (PKN) jest krajowa jednostka normalizacyjng. Misja PKN jest sprawnie organizowa¢
dziatalno$¢ normalizacyjng zgodnie z rozwigzaniami europejskimi i miedzynarodowymi.
Ustawa o normalizacji w rozdziale 3 Polskie Normy i inne dokumenty normalizacyjne
definiuje Polska Norme jako norme krajows, przyjeta w drodze konsensu i zatwierdzong
przez krajowaq jednostke normalizacyjng, powszechnie dostepna, oznaczong — na zasadzie
wylacznos$ci - symbolem PN. Polska Norma moze by¢ wprowadzeniem normy europejskiej
lub miedzynarodowej. Wprowadzenie to moze nastapi¢ w jezyku oryginatu [6]. Symbol
PN-EN oznacza Polska Norme wprowadzajaca norme europejska EN [4]. Stad wynika
sytuacja, ze aktualna Polska Norma moze by¢ w jezyku angielskim; poza strong tytulows
i informacja o tre$ci normy zamieszczong na stronie PKN.

Ustawa w rozdziale 3 w punkcie 4 stanowi: ,,Polskie Normy moga by¢ powolywane
w przepisach prawnych po ich opublikowaniu w jezyku polskim” [6]. W ramach systemu
normalizacji dobrowolnej istotne znaczenie ma zasada, zgodnie z ktorag normy opracowuja
dla siebie sami zainteresowani ich stosowaniem. PKN, jako krajowa jednostka normali-
zacyjna, nie tworzy norm ani tez nie ingeruje w merytoryczng tre§¢ norm na zadnym
etapie ich opracowania. Organizuje natomiast dzialalno$¢ normalizacyjng, w tym m.in. na
wniosek zainteresowanych przeprowadza odplatnie procedure zmierzajaca do uzgodnienia
i zatwierdzenia Polskiej Normy lub Polskiego Dokumentu Normalizacyjnego, na podstawie
dostarczonego przez zamawiajacego gotowego projektu [4]. Normy tworza zainteresowani,
na wiasne potrzeby i z wlasnych §rodkéw. Budzet PKN jest tworzony wylacznie na orga-

nizowanie dzialalnoéci normalizacyjnej [7].

Ustawa w rozdziale 3 stanowi: ,,Stosowanie Polskich Norm jest dobrowolne” [6].
W poprzednim systemie, do 31 grudnia 1993 r., bylo ono obowigzkowe — normy petnily
role przepiséw. Od 1 stycznia 1994 r. stosowanie Polskich Norm jest dobrowolne, przy czym
do 31 grudnia 2002 r. istniala mozliwo$¢, przez wlasciwych ministréw i w pewnych przy-
padkach, nakladania obowiazku ich stosowania. Od 1 stycznia 2003 r. stosowanie Polskich
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Norm jest catkowicie dobrowolne. Czesto jeszcze spotykane niepoprawne sformulowanie

»obowiazujaca norma” dotyczy faktycznie aktualnoéci normy.

Informacje o PN-EN 15376 dostepne na stronie PKN

Na stronie internetowej PKN, po wpisaniu numeru w wyszukiwarce na stronie gtéwnej,
uzyskuje si¢ informacj¢ o wszystkich wydaniach normy (numer, tytuf i norma wprowadza-
na). W zakfadce ,Dowiedz si¢ wiecej” podany jest zakres normy PN-EN 15376:2014-11:

,»W niniejszej Normie Europejskiej okreslono wymagania i metody badan dotyczace etanolu
bedacego przedmiotem obrotu handlowego, stosowanego jako skfadnik paliwa do pojazdéw
samochodowych z silnikami benzynowymi, zgodnego z wymaganiami EN 228. Norma
ta ma zastosowanie do etanolu dodawanego do paliwa do pojazdéw samochodowych na
kazdym poziomie do 85% (V/V) wiacznie” [4].

Przedstawiona jest rowniez informacja o mozliwosciach nabycia normy. Zgodnie z usta-
wg o normalizacji ,Polskie Normy korzystaja z ochrony jak utwory literackie, a autorskie
prawa majatkowe do nich przystuguja krajowej jednostce normalizacyjnej” [2]. Dokumenty
normalizacyjne mozna naby¢ w PKN w wersji papierowej badz elektronicznej. Cena zalezy
od formy udostepnienia: np. wersja elektroniczna — 32,80 PLN (z VAT: 40,34 PLN), wersja
drukowana - 43,70 PLN [4].

Tabela 2. Informacje dodatkowe o normie PN-EN 15376:2014-11 - wersja angielska [4]

Numer normy PN-EN 15376:2014-11 — wersja angielska
Tytut Paliwa do pojazdéw samoch\zldowych - I%tanol jako kon]ponent benzyny silnikowej —
ymagania i metody badan
Data publikacji 27-11-2014
Liczba stron 10
Grupa cenowa E
Sektor SCH, Sektor Chemii
Organ Techniczny KT 222/PK 1, Paliw Ptynnych
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Numer normy PN-EN 15376:2014-11 — wersja angielska
Wprowadza EN 15376:2014 [IDT]
Lastepuje PN-EN 15376:2012 — wersja polska
ICS 75.160.20, 71.080.60

Organ Techniczny, w ktérego zakresie znajduje si¢ norma, to Podkomitet ds. Paliw
Ptynnych Komitetu Technicznego 222 ds. Przetworéw Naftowych i Cieczy Eksploatacyj-
nych KT 222/PK 1. Calo$¢ prac normalizacyjnych zwigzanych z wprowadzeniem wersji
angielskiej — uznaniowej norm EN, a nastepnie opracowaniem wersji polskiej tych norm
(w przypadku zainteresowania §rodowiska takim dzialaniem) prowadzona jest za posred-
nictwem wlasciwego Organu Technicznego PKN - w tym przypadku KT 222/PK 1.

[IDT] to symbol stopnia zgodnosci — oznacza norme PN identyczng z wprowadzong
normg.

Zamieszczone w ostatnim wierszu tabeli 2 kody liczbowe ISC (International Clas-
sification for Standards) to wyrdzniki Miedzynarodowej Klasyfikacji Norm, stanowigcej
podstawe do szeregowania dziedzinowego norm w katalogach, oznaczajace odpowiednio:

75.160.20  dziedzina 75 Technologia przetworstwa ropy naftowej i technologie zwigzane

grupa 75.160 Paliwa

podgrupa  75.160.20  Paliwa plynne, w tym benzyny, olej napedowy, nafta itp.

71.080.60  dziedzina 71 Przemyst chemiczny

grupa 71.080 Zwiazki chemiczne organiczne

podgrupa  71.080.60  Alkohole. Etery [4]

Normy na etanol paliwowy

Kolejne wersje PN-EN 15376 wprowadzajacej EN 15376

Pierwsza europejska norma na etanol jako komponent benzyny silnikowej ukazala si¢
w 2007 r. i zgodnie z procedurami z CEN/PKN zostata w ciggu sze$ciu miesiecy wprowa-
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dzona do zbioru PN w jezyku oryginatu jako PN-EN 15376:2008 (oryg.) [8]. Niestosowane
juz obecnie oznaczenie ,,(oryg.)” byto informacjg, Ze norma ma polski tytul i tres¢ w jezyku
angielskim. Jezeli odpowiedni Komitet Techniczny (KT) opracowat polska wersje jezykowsa,
bedaca dokladnym ttumaczeniem EN, nowa norma wycofywala z zastapieniem wersj¢ wpro-
wadzong do zbioru PN metodg uznania [9]. Aktualna norma EN 15376:2014 jest czwarta
edycja normy europejskiej na etanol paliwowy. Do chwili obecnej PKN opublikowal pie¢
kolejnych wydan normy: cztery w wersji angielskiej i jedno w jezyku polskim.

Ponizej przedstawiono wykaz kolejnych wersji normy PN-EN 15376 wprowadzajacej
EN 15376.

Normy wycofane:

o PN-EN 15376:2008 - wersja angielska; wprowadza: EN 15376:2007
wycofana i zastgpiona przez PN-EN 15376+A1:2009 - wersja angielska

o PN-EN 15376+A1:2009 — wersja angielska; wprowadza: EN 15376:2007+A1:2009
wycofana i zastapiona przez PN-EN 15376:2011 — wersja angielska

o PN-EN 15376:2011 - wersja angielska; wprowadza: EN 15376:2011
wycofana i zastgpiona przez PN-EN 15376:2012 - wersja polska

« PN-EN 15376:2012 - wersja polska; wprowadza: EN 15376:2011
wycofana i zastgpiona przez PN-EN 15376:2014-11 — wersja angielska

Norma aktualna:
o PN-EN 15376:2014-11 - wersja angielska, wprowadza: EN 15376:2014 [4]

Obecnie w Podkomitecie KT 222/PK 1 trwa procedura opracowania polskiej wersji
normy PN-EN 15376:2014-11. Norma PN-EN 15376 w wersji polskiej ukaze si¢ w polowie
2016 r.1bedzie miala ten sam numer referencyjny co wersja angielska PN-EN 15376:2014-11.

Norma ta nie zastgpi aktualnej normy w jezyku angielskim. Obie wersje bedg mialy ten sam
numer referencyjny, mimo ze nie ukazaly si¢ w tym samym czasie. Wynika to z przyjetych
przez PKN zasad numeracji Polskich Norm. Numer Polskiej Normy jest stalym i niepo-
wtarzalnym identyfikatorem tematu normalizacyjnego objetego norma i nie ulega zmianie
w zwiazku z nowelizacja normy: np. PN-EN 15376. Numer referencyjny Polskiej Normy jest
identyfikatorem normy, zwiazanym z data jej publikacji: np. PN-EN 15376:2012. Od 2013 r.
PKN wprowadzit nowe zasady: numer referencyjny zawiera dodatkowo miesigc publikacji
normy, np. PN-EN 15376:2014-11 (listopad). Wszystkie wersje jezykowe PN maja ten sam
numer referencyjny - niezaleznie od réznych dat publikacji wersji jezykowych PN [9].
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Normy ASTM i GB na etanol paliwowy

Aktualna norma ASTM na etanol paliwowy do benzyny zgodnej z ASTM D4814 Stan-
dard Specification for Automotive Spark-Ignition Engine Fuel dodawany w ilosci 1-10% (V/V)
to: ASTM D4806-15 Standard Specification for Denatured Fuel Ethanol for Blending with
Gasolines for Use as Automotive Spark-Ignition Engine Fuel [10]. Norma ASTM D4806-
15 jest kolejng, dwudziestg szosta wersja normy wydang od 1999 r. W 2006 r. ukazaly sie
cztery wydania tej normy [11].

Norma ASTM na biopaliwo ethanol flex-fuel o zawartoéci 51% do 83% (V/V) etanolu
ASTM D-5798-14 Standard Specification for Ethanol Fuel Blends for Flexible-Fuel Automotive
Spark-Ignition Engines miata pierwsze wydanie w 1999 r., byto ono walidowane w 2004 r.
i zastapione nowg wersja w 2006 r. Aktualna norma z 2014 r. jest trzynastym wydaniem [11].

Normy GB (Guobiao Standards) to normy krajowej jednostki normalizacyjnej Chin

- Standardization Administration of China (SAC). Chinska norma krajowa na etanol pali-
wowy GB 18350-2013 Denatured fuel ethanol miata poprzednie, pierwsze wydanie w 2001 r.
Natomiast chifiska norma krajowa na benzyne z dodatkiem etanolu GB 18351-2001 Ethanol
gasoline for motor vehicles byta w tym czasie nowelizowana pigciokrotnie. Zatwierdzona
w maju 2015 r. norma na benzyne E10 to GB 18351-2015 Vehicle ethanol gasoline (E10).
Chinskie normy dostepne sa w angielskiej wersji jezykowej; przykltadowa cena aktualnej
normy GB 18350-2013 Denatured fuel ethanol w zaleznosci od wersji jezykowej to: chinska

- 23 USD, angielska — 597 USD [12].

Paliwa etanolowe w CEN i PKN

Europejski Komitet Normalizacyjny (CEN) zrzesza 33 czlonkéw. Cztonkami CEN sg
krajowe jednostki normalizacyjne 28 panstw Unii Europejskiej oraz Macedonii, Turcji, Islandii,
Norwegii i Szwajcarii [13]. PKN jest czlonkiem CEN od 1 stycznia 2004 r. W wyniku tego
wszystkie normy europejskie stajg si¢ zgodnie z procedurami CEN Normami Polskimi [5].

W CEN tematyka paliw plynnych, obejmujaca réwniez paliwa etanolowe, umiejsco-
wiona jest w Komitecie Technicznym CEN/TC 19 Gaseous and liquid fuels, lubricants and
related products of petroleum, synthetic and biological origin, w szczegdlnosci w Grupie
Roboczej (WG) CEN/TC 19/WG 21 Specification for unleaded petrol [13]. Polska jest
reprezentowana w Grupie Roboczej (WG) CEN/TC 19/WG 21 przez dwéch ekspertéw
delegowanych, zgodnie z procedurami PKN, za posrednictwem PKN/KT 222.

W PKN tematyka paliw ptynnych umiejscowiona jest w Sektorze Chemii
w KT 222/PK 1 ds. Paliw Plynnych. Sekretariaty Komitetu Technicznego PKN/KT 222 i Pod-
komitetu KT 222/PK 1 prowadzi Instytut Nafty i Gazu - Panstwowy Instytut Badawczy.
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Organ Techniczny PKN - KT 222/PK 1 jest wiodacy w zakresie wspotpracy z odpowiedni-
mi organami technicznymi CEN: Komitetem Technicznym CEN/TC 19 i Grupga Robocza
CEN/TC 19/WG 21. Przewodniczacym KT 222/PK 1 jest Martynika Patuchowska, sekre-
tarzem —Iwona Doening. Liczba cztonkéw Podkomitetu wynosi 18, a liczba delegowanych
przez podmioty reprezentantéw - 31. Kazdy podmiot ma prawo delegowaé trzech repre-
zentantow, przy czym w zgloszeniu okreéla, ktory z reprezentantéw ma prawo glosu [4].

Tabela 3. Podmioty - czlonkowie KT 222/PK 1 ds. Paliw Plynnych [4]

BP EUROPA SE Spétka Europejska Oddziat w Polsce ONICO SA

Grupa LOTOS SA Operator Logistyczny Paliw Ptynnych Sp. z 0.0.

Instytut Badan i Rozwoju Motoryzacji BOSMAL Sp. z o.0. ORLEN GAZ Sp. z 0.0.

Instytut Nafty i Gazu — Paistwowy Instytut Badawczy ORLEN Laboratorium Sp. z 0.0.

Instytut Techniczny Wojsk Lotniczych ORLEN Potudnie SA

Instytut Transportu Samochodowego Polska Izba Paliw Ptynnych

LOTOS Lab Sp. z 0.0. Polska Organizacja Przemystu i Handlu Naftowego
LOTOS Paliwa Sp. z 0.0. Polski Koncern Naftowy ORLEN SA

0BR SA Przemystowy Instytut Motoryzadji

Uwaga: W pracach kazdego Organu Technicznego uczestniczy z ramienia Polskiego Komitetu Normalizacyjnego Konsultant.

Wszystkie metody badan etanolu powolane w rozporzadzeniach zostaly opracowane
w wersji polskiej przez Podkomitet ds. Paliw Ptynnych KT 222/PK 1.

Prace w CEN i w odpowiednich Organach Technicznych PKN obejmuja réwniez
specyfikacje paliw o wyzszej zawarto$ci etanolu, takich jak E85 oraz paliwo E10+ (od 20%
do 25% (V/V) etanolu).

Specyfikacja techniczna na paliwo etanolowe (E85) do
pojazdéw samochodowych CEN/TS 15293:2011

Aktualnym dokumentem CEN ujmujacym wymagania na paliwo etanolowe (E85) jest
specyfikacja techniczna CEN/TS 15293:2011 Automotive fuels — Ethanol (E85) automotive
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fuel - Requirements and test methods. Dokument ten zastepuje CEN/CWA 15293:2005 Au-
tomotive fuels - Ethanol E85 — Requirements and test methods [14]. Prace nad dokumentem

CWA (CEN Workshop Agreement) rozpoczeto w CEN/TC 19 w 2003 r. w grupie warsztatowej

(Workshop) powotanej specjalnie do spraw tego rodzaju paliwa silnikowego. Opracowany
dokument CWA 15293 oparty zostal na normie amerykanskiej ASTM D5798-99 i szwedzkiej

SPSE-424/2002-02-01 [15]. Dokument CWA ma inny status niz norma europejska — tak
jak w przypadku specyfikacji technicznej CEN nie ma obowigzku wprowadzania go do

zbioru norm panstw cztonkowskich CEN. Tak jak specyfikacja techniczna nie moze by¢
sprzeczny z normg europejska.

Podkomitet ds. Paliw Plynnych KT 222/PK 1 opracowal polska wersje specyfikacji
technicznej CEN/TS 15293:2011 Automotive fuels - Ethanol (E85) automotive fuel — Re-
quirements and test methods [16], ktora jest PKN-CEN/TS 15293:2012 - wersja polska,
Paliwa do pojazdoéw samochodowych - Paliwo etanolowe (E85) do pojazdéw samochodowych
- Wymagania i metody badan [17].

Zakres dokumentu: ,,W niniejszej Specyfikacji Technicznej okreslono wymagania
i metody badan paliwa etanolowego (E85) do pojazdéw samochodowych bedacego przed-
miotem obrotu. Niniejsza specyfikacja jest przeznaczona do paliwa etanolowego (E85) do
pojazdéw samochodowych stosowanego w silnikach samochodowych o zaptonie iskrowym
zaprojektowanych do pracy na paliwie etanolowym (E85). Nominalnie paliwo etanolowe
(E85) do pojazdéw samochodowych jest mieszaning 85% (V/V) etanolu spelniajacego
wymagania EN 15376 i benzyny silnikowej spelniajacej wymagania EN 228, lecz zakltada
si¢ mozliwo$¢ wytwarzania réznych »sezonowych rodzajéw« paliwa etanolowego (E85) do
pojazdéw samochodowych zawierajacych wiecej niz 50% (V/V) etanolu” [4]. Opracowany
przez CEN raport techniczny CEN/TR 15993:2013 Automotive fuels — Ethanol (E85) auto-
motive fuel — Background to the parameters required and their respective limits and determi-
nation dostarcza informacji o pracach zwigzanych z powstaniem specyfikacji dla E85 [18].

Paliwo etanolowe E10+

Komitet Techniczny CEN/TC 19 w czerwcu 2013 r. przedstawit raport techniczny
CEN/TR 16514:2013 Automotive fuels — Unleaded petrol containing more than 3,7% (m/m)
oxygen — Roadmap, test methods, and requirements for E10+ petrol [19]. Dokument ten
zawiera omowienie planowanych zadan w zakresie przygotowania wymagan i metod
badan dla przyszlej benzyny o zawartosci tlenu powyzej 3,7% (m/m), nazywanej benzyna
E10+, przy czym bedzie preferowana benzyna o zawartosci od 20% do 25% (V/V) etanolu.
Przewidywane wila$ciwosci benzyny E10+, takie jak wigksza zawarto$¢ tlenu i wyzsze
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liczby oktanowe - w poréwnaniu do obecnych wymagan jako$ciowych dla benzyny
o zawarto$ci do 10% (V/V) etanolu - powinny zapewni¢ osiagniecie dalszych ograniczen
emisji CO w przysztych silnikach przeznaczonych do wykorzystania tego gatunku paliwa.
Z powodu spodziewanych w przyszlo$ci bardziej rygorystycznych wymagan dotyczacych
zanieczyszczen emitowanych z silnika oraz w celu zapewnienia trwalo$ci silnika i uktadu
oczyszczania spalin — w przygotowywanej normie dla E10+ nalezy spodziewac si¢ wpro-
wadzenia nowych limitéw w stosunku do chlorkéw nieorganicznych, fosforu, siarczanéw
i zawarto$ci popiolu. Ponadto przed zdefiniowaniem ostatecznych warto$ci granicznych dla
poszczegdlnych parametréw jakosciowych benzyny E10+ nalezy zbada¢ wplyw zawarto$ci
tlenu powyzej 3,7% (m/m) na takie wlasciwosci jak: liczby oktanowe, wlasciwosci jezdne,
ilo§¢ zanieczyszczen i emisja CO,. W raporcie technicznym CEN/TR 16514 zwrdcono
uwage, ze kazdy limitowany parametr jako$ciowy benzyny E10+ wymaga zastosowania
jednej lub wiecej metod badawczych. Zaklada sie, Ze obecnie wykorzystywane metody
analityczne bedg uzywane do badan jakosci benzyny silnikowej lub wystapi koniecznos¢
dostosowania ich do potrzeb benzyny E10+ [20].

Podsumowanie

Specyfikacje okre$lajace wymagania dla paliw i biokomponentdw sg istotnymi doku-
mentami dla calego srodowiska zwigzanego z produkeja i dystrybucja paliw, dla producentéw
silnikow, konsumentdw, jak i dla zajmujacych sie paliwami od strony legislacyjnej. Normy;,
tak jak rozporzadzenia, muszg uwzglednia¢ wymagania zawarte w dyrektywach. Dostepne
na rynku paliwo ma spetnia¢ wymagania wtasciwych rozporzadzen i norm - poniewaz pro-
ducenci silnikéw samochodowych okreélaja numerem normy rodzaj paliwa przeznaczonego
do danego silnika. Norma ujmuje wszystkie wymagania, nie tylko te zawarte w dyrektywach
wynikajace z troski o srodowisko, ale réwniez te, ktére gwarantuja prawidlowa eksploatacje
silnikow, chronigc interesy konsumenta — uzytkownika samochodu.

Cel artykutu to przyblizenie tematyki prac normalizacyjnych w obszarze paliw
etanolowych dla transportu. Dzialalno$¢ normalizacyjna zwigzana z obszarem paliw
plynnych, w tym paliw etanolowych dla transportu, prowadzona przez Podkomitet
PKN/KT 222/PK 1 ds. Paliw Plynnych daje mozliwo$¢ zainteresowanym podmiotom
uczestniczenia w pracach normalizacyjnych juz na najwcze$niejszym etapie powstawania
projektow norm w CEN, dostarcza informacji o planowanych zmianach dotyczacych
wymagan, jak i metod badan.
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Zaangazowanie zainteresowanych $rodowisk — cztonkéw Podkomitetu pozwala na
sprawna realizacje zadan normalizacyjnych wynikajacych z cztonkostwa PKN w CEN.

Wykaz oznaczen i akronimow wystepujacych w tekscie

ASTM ....American Society for Testing and Materials (Amerykanskie Stowarzyszenie
Badan i Materiatow)

CEN ... Comité Européen de Normalisation (Europejski Komitet Normalizacyjny)

EN.. symbol normy europejskiej

ICS......... International Classification for Standards (Miedzynarodowa Klasyfikacja
Norm)

KT . Komitet Techniczny PKN

PK.. Podkomitet Techniczny PKN

PKN....... Polski Komitet Normalizacyjny

SAC... Standardization Administration of China (krajowa jednostka
normalizacyjna Chin)

TC technical committee (komitet techniczny CEN)

TS technical specification (specyfikacja techniczna CEN)

WG...... work group (grupa robocza w CEN)

Artykut powstal na podstawie pracy INiG - PIB pt. Podstawy merytoryczne dostosowa-
nia norm polskich z zakresu ropy i gazu do wymagan UE - nr zlecenia: 82/TN/DN/11,
nr archiwalny: DK-5100-55/14.
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