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Using less fuel
= Efficient airplanes

= Operational efficiency

Changing the fuel
= Lower lifecycle CO,

= No infrastructure
modifications

= “Sustainable Biofuels’

CO, Emissions

2006 Carbon Neutral Timeline 2050
Presented to ICAO GIACC/3F ebruary 2008 by Paul Steele on behalfofACI, CANSO IATAand ICCAIA

Policy: ) Introduction of New Plane (efficiency Promotion)

2 Usage of SAF (Sustainable aviation fuel)
SAF in Japan: 1,710,00 kL/year (10%) in 2030. 3
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Interm. Cost A Final jet fuel
Category Pathways Intermediate ' cost ($/gal)
($/gal) [(($/GGE)] [($/GGE)]
ATJ  Ethanol to Jet Ethanol ® 2.5-2.6 (3.8-4.0)
B
n-Butanol to Jet N-butanol ) 3.7 (4.1) Not Available
Iso-Butanol to Jet Iso-butanol 3.6 (4.0)
Methanol to Jet Methanol 1.5 (3.0) |
OT] Hydro-processed renewable jet Vegetable-Oil ©  4.3-8.5(4.0-8.2) 4.3-9.2 (4.0-8.5)
Catalytic hydro-thermolysis Vegetable-Oil P 1.7-4.3 (1.6-3.9)
Hydro-treated depolymerized Not available
cellulosic jet  (fast pyrolysis with Pyrolysis Oil 1.0-1.5 (1.8-2.6)
upgrading to jet fuel)
GTJ  Fisher Tropsch biomass to liquid Syngas derived 6.4-6.7 (6.0-6.2)
process diesel
Ethanol from Not available
Gas Fermentation syngas 2.8-3.1 (4.3-4.8)
fermentation
STJ Catalytic Upgrading of Sugar to Jet HMFand DMF  6.2-9.4 (4.8-9.9) Not available
Direct sugar to hydrocarbons Hydrocarbons & 4.6" (4.4) 7.2 (6.6)

Note: A.The cost numbers are inflated to 2011 U.S. dollars using the industrial inorganic Chemical Index for SRI Consulting .
B. The alcohol intermediates are produced from cellulosic biomass. C. Soybean and algal oils are selected for the lower and higher end
bio-oils. D. Jatropha and soybean oils are selected for the lower and higher end bio-oils.

product.

E. Pentadecane. F. Target value of the
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Triglycenide Fatty acid Alcohol n-Paraffin

V‘COZ Isomerization l(‘:rackin g

Isomerization _
J/ \)\ Green diesel

Crackmg or SAF
n-Paraffin
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Table 1. Pyrolysis product distribution.

Feed/ wt.% Bio-oils Char Gas Water
Corn stalksl! 35.0 29.0 13.5 6.0
Corn cobsl?] 47 .4 18.5 20.3 14.0
Corn stoverl? 54.3 16.8 21.9 7.0
Birchl3! 62.4 25.3 4.4 20.2
Poplarts! 65.8 7.7 10.8 12.1

Table 2. Main pyrolysis oil compounds identified and quantified by GC/MS.

Bio oils/ wt.% C,-C, Phenols Furans Anhydrosugars phenol oligomers Acids
Corn stalkstl - 6.2 3.8 16.4 11.8 0.6
Corn cobs/? 17.6 3.0 1.5 6.9 4.4 -
Corn stoverl?  20.1 3.7 2.0 14.8 3.0 -
Poplart@! 17.6 - - 8.7 16.2 -

[1] C.U. Pittman; et al. Energy & Fuels, 26 (2012) 3816-3825. 8

[2] C.A. Mullen; et al. Biomass Bioenergy, 34 (2010) 67-74.
[3] D. Mohan; Energy & Fuels, 20 (2006) 848-889.
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on Depo\yme“zamOn ©/ U/, Z/I erw]g [;S:a;nosl

ngnln

Phenol Furfural 2-7Twt.%
+
O: g Oligomers
Gualacol 2(5H)-Furanone 7 -24 wt.%
HO  Lignin OH
. HO /K
~ 50 Lignin Carbohydrate ~"o 0
Wt fragmentation Glycolaldehyde  Acetic acid C,-C,
reactions Q OH compounds
>—\ KN, 8-26wt%
e S
Acetol Propanoic acid

Cellulose

Anhydrosugars
FHOH on Levoglucosan o0 - 17 wt.%

; " o HOH,C all/On o o .
AcO % OH HOXX//&\ OH
R HOOC - ] OHO OH
0;20 _ Hemicellulose /%/H

ro HO. Cellobiosan

. H0
Lips ¢

0]
. ::> /\)’L
[g" R=C Hynsqs (N1=5,86, ...) R OH

R Trace 9

[1] A.P. Pinheiro Pires; et al. Energy & Fuels, 33 (2019) 4683-4720.
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OH
Triglyceride Fatty acid Alcohol n-Paraffin
DA FFANMZEENDIRER -CO, CO, Isomerization lCracking
BRFAL 2D A FA LB S .
K—Z:%fi)ﬁﬂ)g‘/ A J/ \)\ Green diesel
2) K FEALBLH LB D RIS "7 Ccocking | orsar
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Conversion of DBT /%

Conversion of DBT (%)

Figure 1. DBT conversion and product yields under different conditions.
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1) DBT@&HE%%E%%

@Q

2) Langmuir-Hinshelwood 22 iR E T Arrheniusst
k = Aex ( Ea)
_ k1iKpprPpeT KH,PH, P\™&r
I'ppT = K Van’t Hoff=
A 1+ Hszz 0
K  _8H° 1 1,
_ k1iKpprPpBT—K2KBPPBP KH,PH, an_Tz_ R (Tl T,
rBP o A 1+KH2pH2
r _ k2Kppppp KH,PH, :r;i_:_ﬁj_i__l-OS}iFGL J& [mol-h1-g1_] i
CHB A 1+Ku,pu, |kt SO ESL [mol-hlgle,]
| Ky: RO IO W E S [Par] :
A=1+ KpprPpert KppPBP lel__}g_k_/]z\ia_)_éz_rjf_[lfﬁ] ___________ |
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Table 3. DBTOHDSK N1 H5DBTE L UBP G IHJE 5k & W & M7 € 35K

NG IS N
n i oimanighy | ATFEERK MR
k, K, Kpgr X 10° Kgpx 10° Ky, x 102
200 0.319 0.041 1.808 1.265 0.249
225 1.205 0.122 0.844 0.625 0.170
250 4.006 0.326 0.424 0.330 0.120

Table 4. 7% % O s EEE R D faHiN 1 & i b L 5 —
mM b= V¥ —E

R 2 PR (A
Pt (k3/mol) FERTIE 7 (A)
DBT—BP 104 1.00 x 107
BP—CHB 85.0 1.00 x 104

Table 5. & % O ity O W 75 £

DBT BP H,
AH (kJ/mol)  59.7 55.3 30.0
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100 100 100
S | —O— Guaiacol i < i
< 80r _e—Benzene 80 S < 80
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3! - —v— Cyclehexane 1 o i) §
‘g 60} —*— Phenol 60 © ‘g 60}
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5 S 5
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i) e S
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> 20t F20 g = 20}
5 = 3
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0 0 0
100 100
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° ©
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o o
@ 2 a D/n
S 20¢ S 20¢
O O
O O o o) o
1 M 1 M 1 0 1 M 1 M 1 M 1 M 1
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Figure 2. Guaiacol conversion and product yields under different conditions.
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1) Guaiacol DR HHFIEE (LumpedEFT)L K DEISZAL U Te RIGHRIEX)

cC |0 U

Benzene Cyclohexane

Guaiacol

L

o o Lol S

xylene Trimethylbenzene

Benzenediol Phenol Toluene
2) RIERET (Power-Lawi!)
_ a P
= kl ) p11' pH;
_ az B
r, =ky- pzz' pHi
_ as
r3 = k3 ) P33' pH:;
4 .84

Arrheniuszt
Eq

k = Aexp (— E)
r AN RSEE [mol-htgl ]
ki B E FE # [mol-hrt-gt ]

B AT DEFEE [-]

7"4=k4‘PZ Py,
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Table 6. Guaiacol D /K FE(LEEFE R T

Bl BE e %X [104 mol-h-t-

) r‘at]

O o
FOIRE °C K K, . K,
200 0.37 0.14 0.19 0.27
225 1.26 0.20 0.93 0.29
250 13.82 6.13 7.96 6.05
Table 7. Guaiacol D /K FELIELSE RS I 1T D45 % D RS D FFEE

\ o maK
FOSREE °C

S a, B, a5 B, o5 B Ay B4
200 0.122 0.073 0.430 O 0.079 0.038 0.110 0.081
225 0.122 0.073 0430 O 0.079 0.038 0.110 0.081
250 0.038 0.032 0.009 O 0.043 0.009 0.002 0.001

Table 8. HH L 724 & O Uil B O FaiIA 1 & iEMH b= R L F—
IEME L= RV —E,

FaY s (k3/mol) fEATA - (A)
Guaiacol — Bezenediol 148 6.66 x 101
Bezenediol — Phenol 152 7.05 x 1011
Phenol — Benzene 153 1.39 x 1012
Benzene — Toluene 126 1.28 x 10°

18
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Figure 3. Effect of oxygenated compound concentration on HDS activities of DBT.

It &&44%: GUA/ DBF/ DPE + DBT, £ 5 MPa; H,/oil, 500 (v/v); WHSV, 30 hl
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1) DBTODHDSEFE(;&@?@@Q?JEA%@%gﬁ

SaBl s @Q

2) RIEET (Langmuir-HinshelwoodZY)

Arrheniuszt
Fopr = kiKpprPpBT KH,PH, k = Aexp( i;)
A 1 +Kn;PH, Van’t Hoffz{
0
P kiKpprppBT—K2KBPPRP KH,PH, lnﬁ _ _ART 11
BP A 1 +Ky,DH, Kr, R Ty T,
rCHB = szBPpBP KHZpHZ :-T'l EE l@}ierA [m0| -h-1. g 1cat]
A 1+Ku,PH, et BUGEHETERL [molhrd-grl, ]
l K;: DH T [Pal
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Table 9. HDSSIZ 1T ADBTE L UBP O G T Hik & 546 W 745 St & 5K

SR S }imﬁ}_gﬁi& [104 m0|'h-1'g_1cat] [ﬂ%ilzﬁiﬁéﬁK [MPal]

JL AL/

o K kep | [k kep |k k

/°C GDSTA Be DD|§|T: BE DD;TE BE L KguaX 108 KpgeX 104 Kgpe X 104
250 3.63 1.12|[4.86 0.81|/4.65 0.88] 3.85 1.67 1.53

275 12.1 2.87||16.0 2.07|[15.3 2.25| 1.65 0.93 0.81

300 36.1 6.79|[47.2 4.91||45.3 5.32| 0.77 0.55 0.46

Table 10. 4% O e DOIEMALT R L —
IEME(L = % L ¥ —E, (kJ/mol)

IS it

GUA DBF DPE
DBT - BP 114 113 114
BP - CHB 90.0 90.0 90.0

Table 11. &) D Wi 75 4

DBT  GUA  DBF  DPE
AH(kJ/mol) |59.7 806 553  60.1 21
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