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Study Name Vehicles

1984-2007 Gasoline vehicles (Total 6),

Karavalakis et al., 2012 One additional 2007 Flex Fuel Vehicle
One Euro 5a flex-fuel light duty vehicle
(FFV) equipped with a three way catalyst
(TWC) and a turbo charged air

Bertoa et al., 2015 intake system

SAE, 1992 Ford Valencia Sl engine

NREL, 2009 1999-2007 Gasoline vehicles (Total 16)
Storey et al., 2010 2007 Pontiac Solstice

ORNL 2012 19 Tier 2 and 8 Tier 1/NLEV

Test Vehicle - 1.4i SI engine, Water-
cooled, four stroke, multi point injection
4 vehicles older than 1992, 17 vehicles
between 1993 - 1997 and 9 vehicles 2000-

Ozsezen et al. 2011

Schifter et al., 2011 2004
Two China IV vehicles and one Tier 2
Zhuetal., 2017 vehicle

compact sedan equipped with a 1.4-L, 8-
valve, four-cylinder flexible fuel engine
Two 2002 LEV 1 LDT and One 2004 ULEV

Martins et al., 2014

Graham et al., 2008 1
Bielaczyc et al., 2013 One Euro V vehicle

1977 - 1994 Gasoline vehicles (Total 11
Knapp et al. 2011 No.s)

1.4i Sl engine Honda Civic Water-cooled,
Canakci et al., 2013 four-stroke, multi-point injection
Yao et al., 2011 2000 and 2005 passenger cars

new (Euro 5) flex fuel vehicle Volvo V60
Czerwinski et I., 2016 (GDI)
Martini et al., 2009 Euro IV Ford Focus flexible fuel car
Truyen et al., 2012 2001 Fuel Injected Car

Euro-5 flex-fuel GDI vehicle (Volvo V60)

Munoz et al., 2019 witha 1.6 L engine

AVERAGE

Test cycle

FTP-75

WLTC

LA 92

FTP-75, USO6

FTP-75

wide-open throttle
conditions and at the
vehicle speeds of 40, 60,
80 and 100 kmph

FTP-75

WLTC

FTP-75

FTP-75, USO6
NEDC

uDDS

running the vehicle at two
different vehicle speeds
(80 km/h

and 100 km/h), and four
different wheel powers (5,
10, 15, and 20 kW). The
FTP-75

WLTC
NEDC
ECE15+EUDC

WLTC

Location

California

Italy

United States
United States
United States
United States

Turkey

Mexico

China

Brazil

Canada
Poland

Alaska

Turkey
Taiwan

Switzerland
Italy

Vietnam

Switzerland

THC

-12.80%

-65%
-4.90%

-14%

-5%

-6%

9%
23%

-6.50%

-41%
-13%

-1%
-49%
-4%

-53%
-16%

NMHC

-68%
-5.90%
-12%
-20%
-7.02%

-11.50%

-21%

co

13%
-13.40%
-15%
3%
-2.36%

-2.60%

-13.70%

-22.70%

-10%
13.30%

-8.30%

-24.20%
-10%

-16%
-77%
-8%

-75%
-16%

NOX

13.60%

-24%
5.10%
-5.50%
-42%
34.26%

-1.30%

-2.70%

3%
7.80%

-0.70%

-18.50%
-4.40%

-25%
1%
10.70%

-71.23%
7%

E 10 (% change wrt EO)

PM

-6%

-19.70%

-26%

-17%

-29%

-56%
-11.50%

-10%

15%
-20.80%

-20.10%

-18%

17.90%

-15%

-30%

-5.80%

7%

16%

-14%

-63.60%

-15%

Formaldeh Acetaldehy
Benzene 1,3-butadiene yde

-44%

-50%
19.30%
-85%
-29%
-96%

0%

5%
75%

-40.00%

11.20%

-17.20%
-5%

-20%

de

16%

133% ™=
159.00%
9%
95%
17%

19%

108%
5.90%

463%

20.60%

149%

100%
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Tailpipe Emissions Adjustments with E10 relative to EO

40%
30%
20%

10%

0%
-10%
-20%

-30%
1,3-

THC NMHC CcoO NOX PM Benzene butadien Formalde | Acetalde

hyde hyde

M Seriesl  -16% -21% -16% -7% -17% -15% -15% -20% 100%
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Acenaphthene
( PA H S) Acenaphthylene

Benzo(k)fluoranthene
Chrysene

Dhibenzo(a, h)anthracene
Fluoranthene

Fluorene
Indeno(1.2.3.c,d)pyrene
Naphthalene
Phenanthrene

Pvrene

EPA-420-R-16-016
November 2016
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67-96%
SEER=R

20164 10&

OIErS T} 7h&T EEA AT

HHO|20EHE 28 HRE 7H&E 2 ZE AL AZIO]

= 1

27| (Alkyl-) X L|EZ7|(Nitro-) PAH H{E0

fH=d 7I'5’d(genotoxic potential)0| SO} %

ABSTRACT: Bioethanol as an alternative fuel is widely used
as a substitute for gasoline and also in gasoline direct injection
(GDI) vehicles, which are quickly replacing traditional port-
fuel injection (PFI) vehicles. Better fuel efficiency and
increased engine power are reported advantages of GDI
vehicles. However, increased emissions of soot-like nano-
particles are also associated with GDI technology with yet
unknown health impacts. In this study, we compare emissions
of a flex-fuel Euro-S GDI vehicle operated with gasoline (E0)
and two ethanol/gasoline blends (E10 and E8S) under
transient and steady driving conditions and report effects on
particle, polycyclic aromatic hydrocarbon (PAH), and alkyl-
and nitro-PAH emissions and assess their genotoxic potential.

&

16 US EPA PAH (ug/km)
0 50 100

WLTC-C
WLTC-H I

SSC
WLTC-C I
WLTC-H .

ssc |
WLTC-C
WLTC-H 1l

ssc |

1504

Particle number emissions when operating the vehicle in the hWLTC (hot started worldwide harmonized light-duty vehicle test
cycle) with E10 and E8S were lowered by 97 and 96% compared with that of EQ. CO emissions dropped by 81 and 87%, while
CO, emissions were reduced by 13 and 17%. Emissions of selected PAHs were lowered by 67—96% with E10 and by 82—96%
with E8S, and the genotoxic potentials dropped by 72 and 83%, respectively. Ethanol blending appears to reduce genotoxic
emissions on this specific flex-fuel GDI vehicle; however, other GDI vehicle types should be analyzed.
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Refining Emissions Emissions Health Risk Health Cost
Impact from Mass Reduction Concentration Reduction from Reduction from
Ethanol from Ethanol Reduction Ethanol Ethanol
Assess
Refining : Apply Cancer
Adjustments De@rrpme Risk and Other
and Refining Emissions Risk Factors to
L Reductions Convert . Convert extra
Profitability . Determine .
from Ethanol emissions cases into

for Gasoline-
Ethanol

Probability of

—Gasolin into
€ Extra Cases

extra health

Blends Blends by atmospheric with Neeative care costs,
(Aromatics Pollutant concentratio Health Ifn act mortality,
. (Vehicle Tests, ns Pe years-of-life-
Reductions; \BEAM (e.g Box (e.g. Inhalation lost. and
Refml.ng MOVES, Model) Unit Risk other metrics
Blending c | Factors,
Model; ;m: TJ)X Epidemiological
Complex oae Studies)
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TEST ITEM UNIT TEST RESULT METHOD
Regular Gasoline KR201-0012952-2 Mapo-gu, Seoul
Sulfur mg/kg 4.6 ASTM D 5453-16°*
DVPE at 37.8°C psi 10.25 ASTM D 5191-18
Full carbon chain break down - See attached report ASTM D 6730-01
MTBE mass % 11.6 ASTM D 4815-15b
Regular Gasoline KR201-0012952-3 Yeungdeungpo-gu, Seoul
Sulfur mg/kg 4.2 ASTM D 5453-16°*
DVPE at 37.8°C psi 9.17 ASTM D 5191-18
Full carbon chain break down - See attached report ASTM D 6730-01
MTBE mass % 12.0 ASTM D 4815-15b
Regular Gasoline KR201-0012952-4 Guro-gu, Seoul
Sulfur mg/kg 3.9 ASTM D 5453-16°*
DVPE at 37.8°C psi 9.56 ASTM D 5191-18
Full carbon chain break down - See attached report ASTM D 6730-01
MTBE mass % 5.5 ASTM D 4815-15b
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| MTBE | Ethanol-10 | Ethanol-20

CHANGE FROM BASE BASE-Seoul

Gasoline Volume - Relative BPD 100.0 99.3 116.1

Hydrogen from Catalytic Reformer - Relative |[MM SCF/day 53.1 47.4 28.5

Gasoline Volume Change from Base 0.0% -0.7% 16.1%

Hydrogen Volume Change from Base 0.0% -10.8% -46.3%

Catalytic Reforming Unit Octane (Severity) |RON 101.0 101.0 101.0
MTBE vol% 10.00% 0.0% 0.0%
ETBE vol% 0.0% 0.0% 0.0%
ETHANOL vol% 0.0% 10.0% 20.0%
TAME vol% 0.0% 0.0% 0.0%
RON 94.0 94.0 94.9
MON 85.1 84.4 82.4
(R+M)/2 89.6 89.2 88.7
Specific Gravity 0.7864 0.7867 0.7654
Oxygen wit% 1.7 3.5 7.2
Sulfur ppm 5.7 5.8 5.2
RVP psi 9.7 9.7 9.7
E200 vol% 40.0 44.9 53.5
E300 vol% 79.2 78.3 83.9
Aromatics vol% 10.4 10.6 9.5
Olefins vol% 13.0 13.2 11.8
Benzene vol% 0.46 0.47 0.42

10



THE
UNIVERSITY OF

A7 Kt =Y A2

CHICAGO

@

L EAO| U7 S8 TS Y (RHEK S $EL
235 X2 2 B eh
M| RS A IS AL
CI7h JbE Rl AFE B TH T 23 2| 2
21,232 B30 o 2
A (7 R

5. G20, HX}
S ENE:




THE

g Azt & T8z

@

Annual Vehicle Distance Travelled per Car

30,000

25,000

20,000

15,000

Kilometers

10,000

5,000

0
1990 1995 2000 2005 2010 2015 2020 2025 2030

Year

——Beijing ——Mexico City ——New Delhi ——Seoul ——Tokyo



ol CH7| LE=E

UNIVERSITY OF

(ZH2|ZEL|O} 7| &t AL 23

CHICAGO

@ California Air Resources Boardz

o "Jofl CH7| L &E=ZE (Toxic Air Contaminant)" = ' ‘
S 13- SEFC|Q, ERrOHE|3] L i (OANGER>
Eotfa| =2 o|[ BENZENE &
OFM EZH[s|E= 2|0 1,3 BUTADIENE
CANCER
. MBS S jOict Zt2to| Q7| P e E HAZARD
H{ = H =0 otelf & LIEfH A =dS7HA =+ PERSONNEL
relative potency)= & ol & OF Ot M, 4| ZtX| | ONLY
S| LSt 27 S A5

ATTACHMENT A-13; State of California;
California Environmental Protection

Relative Potency Agency; AIR RESOURCES BOARD;
1,3-butadiene 1.0 Stationary Source Division CALIFORNIA
benzene 017 TEST PROCEDURES FOR EVALUATING

SUBSTITUTE FUELS AND NEW CLEAN FUELS
formaldehyde 0.035 IN 2015 AND SUBSEQUENT YEARS;
acetaldehyde 0.016 Adopted: March 22, 2012
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@ =L} MTBE 10 CH{H| E10 H|E 7} A

0= 242 =9| 232 H(EPA Complex Model)0f| =
SN2 AHA OI = AN EFE[ e A = A
EXFHHEWA 2EH A AN E FUE L 2 U5 4
Nig=g=git
iBEAM Seoul
GDI Rate 50%
EV Rate 7%
EO CHH| (%) E0 CHH| (5 &)
CcoO -3.1% -15,004
THC -4.9% -3,369
PM -0.6% -1
NOx 0 0
Polycyclics -2.6%
Weighted Toxins -7.2%
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Bl (Benzene)

o MY AYE LM /S EE I QAT 7|2E (IARC: International Agency for Research on Cancer)2 HIH S Q14 2etd =&
(A1) 2572 3dSsd el (SdHE a1 d Hdl) S RESIH HE0 29 3 BHd 2lz5d sid  H| 2 X[ 7]
HoS OO E53 FYAZE = AC= Mo SAH EX
EN: MALAZ|F

1,3-FEFC| 2l (1,3-butadiene)
o “Cto AFE &6l 1,3-FEICIUC 20| CHot 2 R A =1 B A S} 7to| A2 0| RES| S5 X| 1D U

=X https://www.cancer.gov/about-cancer/causes-prevention/risk/substances/butadiene

o O] E7Z K|S (DHHS), IARCE} EPAL 13-REFCINS OIN WOIBH2 FHE, A7 At 13-REICIA0| EH 22XEL Y,
&joiof 2l mOof £ HiH O3 0| =L Y%l
=10, 0—O0 o =20 Tlo IT 21 [

Z=7X: cDC ATSDR Database
T US| E (Formaldehyde)

o QI7to CHSH MBSt ZH X S=0f| Cist S22 SHO 7|2=5H0] Q1N b F=- &, IARC: 21K 2 =E (carcinogenic to
humans); O/= S EEH T Z 12 (NTP: National Toxicology Program): AF2H0]| CiSH 22t 0| QIS 4= = =& (reasonably
anticipated to be a human carcinogen)

ZX{: CDC ATSDR Database

Ot M| E L | S| E (Acetaldehyde)
0 SE2oHYEYUMYYY S S0 7| %
EX. 0|5 SEEZ T (EPA)

H T Aok AE ot M, Y MA 71 B0 224

Bl = Il 2l (Benzo[a]pyrene (BaP)); CteRISFZ ELSt= 4 (polycyclic aromatic hydrocarbon(PAH))
0 SEprPAHEAEE = AHEUCEH USEO JUS. A 21}, 5= W O|F, o, 28, 7t S 9 &l St #£0F OfL 2f A}
2 EFO0EIEUS. S= A4 2, E-F PAHZ 2 U HA HA O = G2 O0/E 5= AS0| LA E (ATSDR)
o BIYLK: H, /Y, =287
=

o ZYETFEEQUFZIE AME UMY LY HHHL] ZF (Thyssen et al., 1981).

=X https://cfpub.epa.gov/ncea/iris2/chemicallanding.cfm?substance_nmbr=136




: Hi =71 A Rk ZhA = diok QI ZFA

- CHZ7| 2 & (Atmospheric
Model)2 &5}

= A R BE TEAE Pollutant IUR Factor Relative
HiZE7tA 22 H4A 5 (risk per ug/m3) Potency
St 42z Met
Acetaldehyde 2.7 x 10°® 0.002
S35 CHY| o8l QA Benzene 2.9 x 107 0.026
¢ bl
(Inhalation Unit Risk Benzo[a]pyrene 1.1 x 107 1.00
M. e}
iﬂcotlrgzo? gl ;EEE ot 1,3-Butadiene 1.7 x 10 0.155
o1 —
= T —
o = N Formaldehyde 6.0 x 10°® 0.005

1 microgram/m3
SEO| F&0

X'ﬁ‘&! O —"EgEl_l =X : California

7E:|J_'—|'E §;g E.:.' Environmental
Protection

BENZENE Agency
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MTBE CHH] Z4Zof o|X|= <
MTBE CHH| R H=2 & & Ll Atel| S
Acetaldehyde Benzene Benzo[a]pyrene 1,3-Butadiene Formaldehyde =
2.8 -33.9 -14.5 -45.8 -2.1 935
MTBE CHH| = &4 Jhs == (YLL, Years of Life Lost)
Acetaldehyde Benzene Benzo[a]lpyrene 1,3-Butadiene Formaldehyde =
41 -488 -230 -779 -31 -1,487
K=z H|E
Acetaldehyde Benzene Benzo[a]pyrene 1,3-Butadiene Formaldehyde 3=
$195,156 -$2,375,488 -$1,012,519 -$3,202,677 -$150,282  -$6,545,810

MZ 1340 THK| = ME EE 4 &4 E4 ) ME/SE 24 Ha0| JHK]

487 x A7t $150,000 = $223,000,000
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GHG 2 28

UICibeam 22 A4 EHA[O| A EH Z|F AH|EEA K] © F=7]0
AXN S 0B 20 Ciet o|HX| £ H Hi=E 7IAE 20 E.
Sr0A L= Bia s d=7| 3 B A5 B (biogenic carbon
neutral) 2 2 X 2| £/, ANLO| GREET 2 2 1 Biograce 2 & 9]

o XS
Mg A = F g

0 Argonne National Laboratory(ANL)O| 7l & St GREET Model= O| = L|
M F7|1HlE7Is 2M0| Aot 7| &0|H, S5 O Eh= A Ao
2ot XM HEE 2ot S, GREET 22O A2| L L|Of
HTH2 MEA 2 7| M8 2851 JA2H, 0| HHEZ
Ol= epAl] SISl T HE A =7 R 20 2 EE % =.

0 Biograce B &2 X |4 X| X| &l (RED)S}I2| & HE YNBSS

- O O
ot she QYA M FT| HETIA BEY.
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= O|EF2 vs. &= MTBEQ| GHG H|&=2F H| 1

== O Et= XtH[0f| 2|2t GHG Hif =2 MTBE CHH| CH =
H

Feedstock

100 Production
2 ILUC
@ 20
@] Fuel
]
o 60 Co-Product
[0y ]
5 o Net
‘w40
B
£ e
o 20 | [
T R
O o |

-20

Comn Sugarcane |Natural Gas| Crude Oil  Oil Sands
Ethanol MTBE Gasoline 20




MTBE 10 CHH| E10°2] GHG X Z & 1}
(GHG savings)

iBEAM Output

GHG Seoul E10 Model GREET Allocation
GHG Savings|GHG Savings
gCo02/MJ GHG (M tonnes) (tonnes) Cumulative (t)
% change
(E10 to
Current Gasoline % change (Ethanol to Gasoline Gasoline
Blend Ethanol Gasoline) E10 Blend) Year Blend E10 E10 E10
96.43 48.10 -50.1% 92.08 -4.5% 2016 3.8 3.6 -172,563

2017 3.7 3.5 -165,909 -338,471
Cumulative GHG Savings 2018 3.5 3.4 -159,122 -497,594
_200,008 2019 3.4 3.2 -152,262 -649,856
400,000 2020 3.2 3.1 -145,340 -795,195
,, 600,000 2021 3.1 2.9 -138,654 -933,849
g -800,000 2022 2.9 2.8 -132,223 -1,066,072

S -1,000,000
£ 1200,000 2023 2.8 2.7 -126,062 -1,192,134
-1,400,000 2024 2.7 2.5 -120,150 -1,312,284
a0 2025| 2.5 2.4 -114,469|  -1,426,753
2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2026 2.4 2.3 -109,029 -1,535,782
Year 2027 2.3 2.2 -103,814 -1,639,596

£10 Total: 36 35

Savings -1,639,596 -1,639,596
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CHM |2 A7] I Z0 24 7tA M4 2071 =014
- HE e 5 sYe XS5H THIHIO|L HA|7|=
(biorefining)2| FIHE2 7F&EE CHH| S §EBI220| 24 7tA
Hi =2 X EHo = 4=
o E&d F7|2t=H (vocs), O|MHKX|, Y rtztERA S CH
(weighted air toxins) & ASX2| T2 LHSEH H{ES Z4A Al
o &2 Hr B X|2H|E HAAZA
o X|=2| 7|E X}IZF (vehicle fleet)Ol] CHOH Al AtE X Hi =714 & GHG
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# Gasoline N
Vehicles # Gas. Veh. Net of EV FuelUse  FE (L/100 VDT (million
Year (1000" (1000") (millionL) km) km/year)

2016 1,590 1,546 1,248 7.82 15,967

2017 1,622 1,572 1,200 7.66 15,664

2018 1,655 1,597 1,151 7.49 15,367

2019 1,689 1,623 1,102 7.31 15,076 [—

2020 1,722 1,648 1,051 7.11 14,790

2021 1,756 1,674 1,003 6.91 14,509

2022 1,791 1,700 957 6.72 14,233

2023 1,826 1,726 912 6.53 13,962

2024 1,861 1,752 869 6.35 13,696

2025 1,896 1,778 828 6.16 13,435

2026 1,931 1,803 789 5.99 13,178

2027 1,967 1,829 751 5.81 12,927
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