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Some Fuels from Biological
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Dimethyl etner: diesel engines

Hydrogen

Pyrolysis oils
BTL (Biomass-to-liquid)




Significance of Diesel and

Heavy=alty,Endgines
FIgnEsauty,/Engines
AVIaUORNUE!S
HiEdungro]l

Jnited States:

Diesel fuel anJJm,)run ,J,),)rg,arrurely 20)0) _)Jllun i

Gasoline (petrol) generally used only for light-duty engines




Focus on Triacylglycerol

"R ElassicdlN(EdIpIE)commoaity elSHpalmicPESEEU,
CaliOlc, SOYIIEAN eir.c,)

- CAltErnauve(Inedible)ioNs(jatiopia; Karanja) etc.)
J Anmul iats

» “Alternative” feedstocks

* Algae




Why Triacylglycerol Feedstocks?

Alkanes are “ideal™ diesel fuels:
I Cetane nUMBErRES GESCHPLOE FElated tognItion delay time
SHEXaaecaneEnIgnEguality reierenceErcompoURGion the

StrUCtUre "' ‘ AtV Fespol SIb
diesel fuels.
» Compounds such as methyl palmitate and methyl

stearate have CN, comparable to hexadecane



Why biodiesel and not the neat

Crl,~O0OCR* R'OOCR? Chi; Ok
| Gatalyst |
Crl-O0OCR? + 3RO — R'OOCR? £ CHIOn
| |
Crl,~O0CR3 R'OOCR? CrlOrl
VEUELADIENO]I AICONO! VEGELAIENOIFAIKYINESIETSENGEICETO]
(FricleYyle)l/esiel) (BIOUIESE])

Viscosity!

27-35 mm?2/sec 4-5 mm?2/sec

Kinematic viscosity of petrodiesel fuels is usually = 1.8-3.0 mm?/sec.




Advantages of Biodiesel

* Renewable fuel of: domestic origin
Largely €05 neutral
S iechnically competitVeEWIth pPELOEIESE]
MISCIRIENWItNPEHOEIESEINNAIINEUOS
S RargelyAconm pat B EMWILRFtENEXISURENRTTAStRUCHUTRE
" ENVIenMEntalERENtS
BIodedraaanility:
Moest regulated exnalst EmISSIons reduced
andling (higher flash point
Inherent lubricity
Low or no sulfur / aromatics

Positive energy balance (> 4:1)



Major Ester Components of

Most Biodiesel Fuels

[Fatty. esters derived from common Vegetable olls (palm, soybean),

C C C C

Canola/idPeseed;, SUNfIOWES;, etc):
MEetnylrpalmitate (C1650)5 CHzOO CX((Ch5)1x CH3
VIEtyIistearate(C16s ) Crl 00 (Crl)) 5
MIEtyiroleate((CLSHAY G)E f‘rJ 400C(Crl)) -
MEtnyINIneleateN((C1S 25 allRG/s)s

€l 00 (Crl))=Crl=CrECrl=Crl=CrE(Crf)).~Crl
MEtyINInoIEnate (C_IJ,J, alING/S5):
CHZ00C(CH5)7=CH=CHI=CHS=CHI = ClH=CH = CH S CHECH =Clis

l—L,C

Methyl s (C12:0): CH,00C-(CH});o-CH5

Methyl ricinoleate (C18:1, 12-OH; cis):

CH,00C~(CH,),-CH=CH-CH,-CHOH-(CH, )--CH;




Properties of Methyl Esters

.r n ;)u
NUmBER (G C) N (E0 Crmmz/S)Stabn) s Comba(kd/Kd).

C12:0; S/ 4.5 2.43 > 24 37968
C16:0 J5) 28.9 4.56 > 24 59446
C1s50 110)0) 50 5,09 > 24 2:010)5)°)
Cieil o)e =20) 4.5 2775 21010)°)%
C1652 50 45 5.65 ;94 59696
C165E 2.5 =52 5. 14 0) 593542
C18:1 12-OH 37 ) 15.29 0.67:

ASTM 6751 47 min CP 3 min
EN 14214 51 min CFPP  3.5-5.0 6 min

G. Knothe; Energy & Fuels 22, 1358-1364 (2008).



Properties of Vegetable Oil Esters

Meinyl Ester Clode Molrie  Caire Mugriogr il Vise,

@) (407 Cs rnr2/s)
RapPESeedl/ Canolal =5 S -
SO/ () 46-52 hac
Sunflower J % 95 i

Oxidative stability: ustially’antioxidants required tormeet
standard specifications




Exhaust Emissions Studies

AVerade erfect o biodiesel and B20 Vs

PELreaIEsEl on regulated emissions
(Seurce: USERPATrEport-420=P<02=001)

: Petrodiesel Petrodlesel
- Biodiesel - B20

Pollutant Pollutant




NO, and PM Exhaust Emissions of

Petrodiesel, Biodiesel, Their Components
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Brake-Specific Emission Rate, g/hp-hr

G. Knothe, C.A Sharp, T.W. Ryan III, Energy & Fuels 20, 403-408 (2006).



Change in NO, and PM vs.
petrodiesel




Change in HC and CO vs.

vetrodiesel

[__1 Hydrocarbons
[ CO

T




Effect of Structure on NO, / PM

NO, Increases with (McCormick: et al. 2001)

= Unsatlration

- DEcreasing cnalntengtnincrease NG,

R PIVIEEMISSIORSISIMIIaifiFCEaRENUMBER> 4S5 R AENS| A< 0595

FHESENUWOTKS

B SatlidiedfestErSINO nEUtial OIFSIIgNEIN O} \AECHEASENVS DASE
,)dFrJJerdl

- Changeito previous results: Little NG, -/PM aependence on
C =nlej r

R.L. McCormick, M.S. Graboski, T.L. Alleman, A.M. Herring; Environ. Sci. Technol. 35, 1742-
1747 (2001)

G. Knothe, C.A Sharp, T.W. Ryan III; Energy & Fuels 20: 403-408 (2006).




Lubricity

Neat biodiesel has excellent lubricity:as do neat methyl esters.
NotIncIUded in BIeGIESEl Standarads:

LOWEIEVEI NI ENESHIA2Y6 DIOEIESEINANIELOUIESE)F
SR EUBHCItYAIMpaed toN{Ul thas) oW sl fUiFPEOUIESEINUEIS
S VanginaifcoSHImpact:

InfitienceroicontaminantSH(MINOFCOMPONENLS):
*HINeat form: BeterIuprCIty than metnyl esters.

N ~ o~ o = o " - ' Y ' o~ ] y
DISPrope Ohately alle ulo VA0 ODW=IEeVEl DIendas.

s Effect of glycerol limited (poor solubility in petrodiesel).

G. Knothe, K.R. Steidley; Energy & Fuels 19, 1192-1200 (2005).



Technical Problems with Biodiesel

° Colafiow,
S OXiaauVestallicy.
S INOFEXNAUSHEMISSIONS

“ ViayiadeEswi bt merd UESONEW EXAUSEEMISSIONS
CONIOI tECNNBIOYIES.

F TUel duc LIES .
Minor components influencing fuel properties.




Property trade-off

Increasing chainiiengtn:
HIghERMEIUNG POINENE)
HIghERcENENUMBER(ES)

IRcrEasiNgFUnSatliation:
LoWermelting peint (=)
Decreasing oxidative stability (=)

WeEt - o number




Five Approaches to Improving
Biodiesel Fuel Properties

Unchanged fatty — __ Aggitives A
ester composition

— Physical procedures C

Modified fatty ester __|
composition

Change fatty acid |

profile Genetic

modification

|, Inherently different
fatty acid profile

Alternative

feedstocks

G. Knothe, Energy & Environmental Science, 2, 759-766 (2009).




Properties to Consider

pes of specifications in biodiesel standards (ASTM D6751; EN 14214):

PrOPErtIES INNErENt to fiatty esters

Cetane numner

COldIoW:

VISCOSILY,

OXIGauVEStaDIILY:

@ Fl ‘Jlerw ESUHICUONSHTNOUIRENIUERVISCOSILY/SPEE
4 ol

C C L

C

H,Jr,lmaseb [iElated torpProdlcton) Stofiadge; etc:
Acidivalue
* Free Jru total'g JJ YCEIol
\a, K, Mg, Ca,

o Water and sedlment sulfated ash, carbon residue

Not in standards: Exhaust emissions, lubricity




Minor Components in Biodiesel

> Mono-, di-, and triacylglycerols
*AICENG]

L Glycerol

N EHEENA LY/ dCIES

°Na, K, Ca, Mg, P, (S)

terol glucosides

Cold flow problems, stability problems, corrosion,
catalyst poisons.




Additives, physical procedures

AddItiVes
°L (CoIaIOWAMPHOVESS
Ple) glet clifeet dlejtie) eje)jp)e
SHANUEXIUARES
OXiEaueRaEIaVERS

PhySIcal procedures
\ \ 2 -+ )

e Zdation |



Influence of Alcohol Moiety.

Branched and longer-chain esters:
O [Lowermelting points, similar cetane NUMBErS compared tometnyl esters

ESTET; MERSETC)E)N ESIET; MERSETC) G\
CIGEONVIELRYI 28,5 535 GUGSFONVIE 57.7 1O

CLGEONE Y] 2502 951 Clg:0 =t 53, 7.7
CIGE0RRIePYI 20.5 $540) C18:0 Pr 28,1 90,0
C16:0N50-RPropYI 15514 5250 CLg:10 =Fr 99,5
SUISTNVIEL Y] =20),2 59,5 C182M Ve 45,1 50,2
CUSTREGYI =20).5 7.9 C18: 2" Et -56.7 59.6
CISHRPrOPYI: =505 5656 C18:2 Pr 44.0

C18:1 /s0-Propyl 86.6

® Disadvantage: Higher costs of alcohols

Source: Handbook of Chemistry and Physics, The Lipid Handbook, various publications.




Fatty Acid Profile: Something

ConSIder:
= Posiuenal ISOmEerns
NONNE]oIFaEVanta@ESICOMPaIEU tONTELYINOIEELE
S (GEOMELHCHSOMENSNIG/S/Ua/s)
L IGNERMEIUNGIPOINLSVISCOSILY OIRt/d/iS
o Hydroxylated Chalns
HIgNIVISCoSItY, IoW CEtane nUMDEr, 10w oxidative

Shorter Saturated Chains

Shorter Unsaturated Chains




Shorter-Chain Saturates

VPRI CELNE! KPS E HOIRCOITI»
€ C) nlgegr (07 C /) /i)
MIEtRYIFoctaneate =57.5" 597 1,20 54907
EYIIectanNoate “Es A2 N5
MEtYINEECEOELE: =155 HiLe) 1Sl 5674
EthyIldECanoate S1O8 54045 NGV
MIEthylNaurate 246 667, 245 57966

HIghroxidative stapility:AllF>=241:

Extrapolation of exhaust emissions for C10 esters:
N[0)% Iikelg slightly reduced (ca. -5%); PM significantly reduced (80-

85%); CO reduced; HC increased




Shorter-Chain Saturates:

Fatty Acid Profile off CUphea PSR 25(C Viscosissima) % G Lanceolats):

FaLby e Gl GUpEa datiophas PalmERapPESEEd S SeYPEaN SUROWES:
PIR 27

€yl 0.5

C10:0 4.7

1250 5.0

C14%0 4.5

C16:0 7.0 1425 44,1 5.6 11 0:4

C18:0 U< 7.5 4.4 1.5 4 4.5

C18:1 1252 54-45°  39.00  61.6 25.4 24.9
8:2 5.7 10.6  21. 63.

3




Shorter-Chain Saturates:

RIOPERUIES Ol CUPNEAPSRZSIMELRYI ESLENS?

CEtaNEMUMLESE 2)2)=5)¢)
KINEMAUCVISCOSILYA(EORNE)E 2:56=2.408mm=/S
OXiaatiVe staniiicys 5.1 =35.5'1
Cloud peint: -9te-10" C

G. Knothe, S.C. Cermak, R.L. Evangelista; Energy & Fuels, 23, 1743-1747 (2009).




Shorter-Chain Monounsaturates

Methyl palmiteleate (C16:1)

ot Velting peint: =54 €

1 Cetanenumperss S1ES6(ASITIVIDE550)

N KINEMAUCVISCOSILY, ( 405 C): 567 mmz/s

S @OXiaabiVErSta |ty 2N

2 EXUhaP0ldUIONGIFEXIUISIEMISSIONSENECIHIKEIYASIMIIASONTIELYI
PlEALENSIIGNECHaINEIENGUNENECE):

Metnylrmyristeleate (C14:1)
o Melting point:=52=C
1 Kinematic viscosity (405 €):" 2.75" mm2/S

Major advantage compared to methyl oleate:
» Improved cold flow, lower kinematic viscosity

G. Knothe; Energy & Fuels 22, 1358-1364 (2008).




Shorter-Chain Monounsaturates:

An Example

Macadamia nut ol methnyl esters:

e EXaMPIES:
16 aner 2080 CLGEL
)S) clplel 55/ Ciler IAQ, /) CLE

k_,
Q R
|—
>
|—
|—

J 9)°

S CetanenUmpERS 57559
I Oxidativerstapilityz= 2
) :&Jném_JrJP \/J_) COSItY: 4 Smm’/_)

but C16 O ~8. 5%, C18:0 =3.5%; C20:0 = 2.5%;
C22:0 = 0.8%.

G. Knothe; Energy & Fuels 24, 2098—-2103 (2010).




Biodiesel from Algae

Claimed high proauction;potential
AVOIGESHEEENVS: UEINSSUE
PHORIEMSIWIt N GREWEFaRGENaVESUNTReFaldaeE o]l
EXUIACLION
LIt EStOreEChnICaINNOHMaUORIGNBIOUIESEIFCAERVET
fiiom algalells:

J HJsenruJ r)rJr)*—‘rl‘J NEed to e estimated fiiom




Biodiesel from Algae: Fatty Acid

Profiles

* Viany: proefilesicontainnigniamounts ofi satlrated and
PolyURSatlrated fiatty acia cnalns

S Ralmiticiacid mMOSEEoMmmMonNa by acia (MEprometayi
SSteR2eron C)Nnralgaliolisi@napalmioenit)

SHVanRyApI0dIESEINUEISHOMaIGaENIKEIVAPOSSESSIPOOIREOIM
floW and peerexiaativerstapility,

o T r,JJthrr Jh@ly MISSING dUe torrelatively 10w amounts off

» Some exceptions




Biodiesel: Overview

Siecnnically compeutiveranamisciiewiti pELeaIEse!

S CompatibIEMWILIRIEIEXISUNGNUEIRGISUI UGN
RiasticReE

N ERVIFGRMERtal ENENILS
S Bioaegraaanilivy:
* Most = JJJJ&:‘J \,,m,u:s.r. arm L)n_) redUced Except

reduction Iessenlng of this problem)




Biodiesel: Overview

1G (MIGNEIF 1idaSTEPOINL) thall PELIOUICSE

° Inherentiubricity
"N OV OWSUIUIFNeRaOMaticS
" EEEUStocKsaValia Iy anE COStSHPIOLIEMdUE

“HlOWELEmMpPEratiie Properties pPronliematic

Positive energy balance (up to > 4:1)




Renewable Diesel: Overview

° Similarin; COmMpPOSItion and properties to (ultia-low
SUlfiti) petrediesel.
— EdSIElF aCCEPLANCE BY ENGINE ManUiacturers:

S N O OWESTITUTE

‘e NeYAleW arematics

o lghterTorme Aviation fuel

Igher oxiaative stability

Cold flow varies




Renewable Diesel: Overview

° Regulated exhaust emissions reduced compared to
“egular petrodiese!

N EEEUStocKaVallapllity a e cOStSIPHODIEMAUE
S EOWHLDRICIGY

= Enengy user/Senergy balances
LIKElY eSS faverabletnan BIodIESE]

Some other technical issues unknown




Biodiesel vs. Renewable Diesel:

Biodiesel = Metnyl eleate firom thelein:
/r]|0_.05 }" C}_J:jO}_] — 3 C1)}_13f07 T C-)}_]*O:j

) &)%) 41 5 ¢ 299,495 =889.498 = 100,95% rr)zss
~ 40000 1<J/i<g ¢ 1,005 = 40200 <)
59547 L

REAEWADIENDIESEI = FHEptatecane firom tiolein:
C_-)'/J'Ju_}\)f' J"J J — _5 |/J'J_5f' an jCJ) \JBJ_Jg

2 47500 KJ/Kg X O 815 = 38305 KJ

41310 kJ /'L

Glycerol and propane not accounted for here.



Biodiesel / Renewable Diesel:

An Evaluation

Sach fiUEl WRERE MOSt appropriate fior ItS Properties

(T
U)
(D
(D

SBIOUIESEINOIREIOURGE R PPIICALIBNSE:
S Ullizesenvirenmentaifanaroth EFENETILS:
REGUCEU EXMNaUSEHEMISSIONS, 1PI0UEJadaliity/sSalel;
anadling

sTRenewanierdiesel (Inlighter=fofm) for aviation
applications due torcold flow?:
» Energy balance may be of less interest here:
“Sacrifice” some other energy source(s) in order to

have aviation fuel available?
* No other (realistic) alternative jet fuel.




Biodiesel / Renewable Diesel:

valuatior

S Consideriimitedamount ol ieedstockiavallable:
S EEEUSIOCKSIWItNIGRYIEIAMOE(YER) ravallaleNn
SUificIENHEUaRtUESNEIGaE):
S EUEINPROPERYASSUES?
S Co=progucts: RENEWaRIENGIYCEFOINSI PrElEranie

> Complex issue: Advantages and disadvVantages to
poth approaches.




Biodiesel with Improved

S Liguiaibiefuelsiwill berneeded, Incllaing iirom
taCylglyCErel FEEUSIOCKS

S BIOAIESEIWITHN M PIOVEX PHOPERIESTNEEUEUNONAKE
deVantageroiRItSIENENILS
“HEegisiauve andireguiatoiyAnceENtVES mdy/doMon
SUTHICENF PrOPERUIES O NOL MEEL Market demanas

» Feedstocks with high supply potential (algae!) will need
to address the issue of fuel properties.




Parting Thoughts:
Rudolf Diesel (1912)

ANENAcH thatiiatiolISHOMI VEGELAI € SOURCES Cal -
DE USEA Ty SEEMNNSIGRITICANIIO=a )/ UL SUCHIOIIS
mcy PENISPSIDECOMENNICOLISE OIftIME O tESAME

MpoertancEraSIsemeENmatliaiNnineraifolSian it Ertar:
PHOGUCESTaE OV RIaRYACaSE  thEYATaKEN
CEftalNithat MOLeI=POWERCan St IIEPFOElCEM oM
tRETREAL B therstn, WRICANS alWaystavallabIeor:
agrictlttral purposes; even Wien all ot nattral
stores of solid'and liguid fuels are exhausted.”

R. Diesel, The Diesel Oil-Engine, Engineering 93:395—406 (1912). Chem.
Abstr. 6:1984 (1912).



