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INTRODUCTION

Ricardo was subcontracted by Systems Research and Applications Corporation (SRA), a wholly
owned subsidiary of SRA International, Inc., under contract to the United States Environmental
Protection Agency (EPA) to assess the effectiveness of future light duty vehicle (LDV)
technologies on future vehicle performance and greenhouse gas (GHG) emissions in the 2020—
2025 timeframe. GHG emissions are a globally important issue, and the EPA's Office of
Transportation and Air Quality (OTAQ) has been chartered with examining the GHG emissions
reduction potential of LDVs, including passenger cars and light-duty trucks.

SRA is a company of over 7,000 staff dedicated to solving complex problems of global
significance for government organizations serving the civil government, global health, and
national security markets. SRA’s Air Programs and Climate Change Account works extensively
with OTAQ and other EPA offices on regulatory and voluntary programs to reduce air pollution
and address climate change.

SRA and Ricardo worked closely with the EPA team on nearly every technical and contractual
issue.

The team at EPA OTAQ included the following staff members:

e Matt Brusstar, Director, Advanced Powertrain Center, Testing and Advanced
Technology Division

o Jeff Cherry, Staff Engineer, Light Duty Vehicles and Small Engine Center, Assessment
and Standards Division

e Ann Chiu, Contract Project Officer, Data Analysis and Information Center, Compliance
Division

e Ben Ellies, Staff Engineer, Climate Analysis and Strategies Center, Transportation and
Climate Division

e Joe McDonald, Senior Engineer, Fuels Center, Assessment and Standards Division

In addition {Q.theSi2 e AR 1N e — — akehaglders for the program
included th§ &ternational Council on Clean Transportation (ICC d the California Air
Resources Board (Rrer=aalagantobutod fundingatsmmme—rarly portion of the study in

collaboration with ARB. The Advisory Committee provided advice to EPA, and included the
following representatives from ICCT and ARB:
Ld Sl e a OV O

7 Anup Bandivedakar, Senior Researcher,
. John German, Senior Fellow and Program Director, ICG

Ricardo, Inc., is the US division of Ricardo plc., a global engineering consultancy with nearly
100 years of specialized engineering expertise and technical experience in engines,
transmissions, and automotive vehicle research and development. This program was performed
between October 2009 and November 2011.

The scope of the program was to execute an independent and objective analytical study of LDV
technologies likely to be available for volume production in the 2020-2025 timeframe, and to
develop a data visualization tool to allow users to evaluate the effectiveness of LDV technology
packages for their potential to reduce GHG emissions. An assessment of the effect of these
technologies on LDV cost was beyond the scope of this study.

29 November 2011 Ricardo, Inc. Page 8
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Subcompact baseline 1.5L 4V DOHC 14

DCP, DCT, ATT, 3% MR

Turbo GDI, DCP, DCT, ATT, 3% MR

Turbo GDI, DCP, DCT, ATT, 15% MR

Turbo GDI, DCP, DCT, ATT, DVVL, SS, 15% MR
Turbo GDI, DCP, DCT, ATT, EGR, 15% MR
Turbo GDI, DCP, DCT, ATT, EGR, start-stop, 25%
Hybrid, downsized, 15% MR

Hybrid, turbo-GDI,DCP, DCT, 20% MR

Hybrid, turbo-GDI,DCP, DCT, EGR, 20% MR
Plug-in hybrid (40 mile equiv)

Plug-in hybrid (40 mile equiv, low GHG grid)
Electric vehicle (US grid)

Electric vehicle (low GHG grid)

KB4

Baseline mid-size car (2.4L |14 DOHC, 4-speed)
DCP, DCT, ATT, 3% MR

Turbo GDI, DCP, DCT, ATT, 3% MR

Turbo GDI, DCP, DCT, ATT, 15% MR

Turbo GDI, DCP, DCT, ATT, DVVL, SS, 15% MR
Turbo-GDI, DCP, EGR, DCT, stop-start, 15% MR
Hybrid, DCP, DCT, ATT, 15% MR

Hybrid, turbo-GDI, DCP, DCT, 20% MR

Hybrid, turbo-GDI, DCP, EGR, DCT, 20% MR
Plug-in hybrid (40-mile equiv, low GHG grid)
Electric vehicle (low GHG grid)
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Yaris Camry 300C Vue Caravan pickup
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VEHICLES AND TECHNOLOGIES SELECTION T Load Vehicle:
e o =
Choose Vehicle Class: |E—Class {Toyota Yaris) _\_f| ‘ Compute ] ‘ Show Formula ] Save Vehicle:
Select Technologies: |Car.veh | E
Architectures | ENgines | Transmissions | STATUS: Configuration Valid
Vehicle Fuel Economy and Performance Data
Baseline =
Stoich_DI_Turbo Vabics Clage:
Lean_DI_Turbo B-Class (Toyota Yaris) Edit  Search Table
EGR_DI_Turbo T A 8 c b E
2020_Diesel Conventional 55 1NEDC [CO2] |Displacement [FDR Rolling R.  |Aero if
Atkinson_CPS 2 133.67424 1.5 4.0 0.0094 0.73 Bi[ 3
Atkinson_DVA Engine: 3 105.855034 0.74 4.0 0.0094 D.?Bﬁi[
2020_EURO_DIESEL Stoich_DI_Turbo 4 10335448 0.74 a0 0.0094 0.7361
Diesel_Baseline =l
Transmission: [
GDry_DCT 7
8
g
10
: il 11
Displ AT M Driveline Eff. 2
d 100.0 % 50.0 % :
0.74 50 125 S o 96 104 13
14
e-load:
FDR: ] & 50.0 % 15
3 | 100 % 0 -50 0 ! 18
4.0 75 125 - 17
. . EM Size: 18
Rolling R.: ; ] 1009 2 = Jo0| 50:0% o
0.0094 70 100 . 5 —
Aero: ] EM/Batt Eff.
100 % = 50.0 %
0.736 70 100 0 -50 0 Londuinte St Save Data Sh
I [rar vie | Browse Car.xls ]
£ i >
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EU-27 2010 average
PFI 1,27 MT 11. 156 EU4 +129
Rk 3827 E T K - EE &

Ricardo baseline (start stop) ) -
Ricardot £ 7k T (start stop) 4 1.6 PFl 1,257 6-MT 9.1 139 EUS

STDI (start stop + {EF L= E N
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dVVT, ICE

PFI, ICE

ﬂi - BLFIE R B R 22+ A
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=lel s EAHARE FHAEE Mg | TN R
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{§ 2010/2011 A= F= B 2012 2018 2020 2026
AN 6 18 S BB P AL
1.4L, 4, 4V, DOHC, NA, PFI, 1.0L, I3, 4V, DOHC, Turbo, GDI, -
1] 0100 | VT 1o e U VW Polo €230 €371 | €327 | €267 | €237
1.6L, 4, 4V, DOHC, NA, PFI, 1.2L, K4, 4V, DOHC, Turbo, GDI,
2| 0101 | VT e VT 10 OO ER s amg | VW Gol € 360 €505 | €460 | €398 | €367
2.4L, 4, 4V, DOHC, NA, PFl, 1.6L, 4, 4V, DOHC, Turbo, GDI, i
_ 3] %2 [awr e VT 10 L VW Passat € 367 €520 | €473 | €407 | €375
+<&
R
Z 3.0L, V6, 4V, DOHC, NA, PFI, 2.0L, 4, 4V, DOHC, Turbo, GD|,
[ 4] o103 VT i VT I e /K% | VW Sharan €80 €245 | €194 | €123 | €89
5.4L, V8, 3V, SOHC, NA, PFI, 3.5L V6, 4V, DOHC, Turbo, GD|, B
5| 0106 |00 e VT 00 E Lz £ ig] VW Touareg €648 €946 | €854 | €726 | €664
R IR TR A W Multair 75
6| 0200 1.4L, 4, 4V, DOHC, NA, PFI, 1.4L, K4, 4V-MultiAir, SOHC, NA, on 22 VW Polo €107 €159 €145 €126 €117
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< Ford Focus Ford Focus EcoBoost /.
/

4000 16L,4cyl, 74 kW | 1.0L, 3 cyl., 74 kW /’
~ P2 AtkCPS, 1.2I, 8DCT, -27% mass,
IR SS+SGTDI ST "’ig’“z"’;;'o
& / 5
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K A s 005
£ 3000 M5, 11.9 s 1 M5,12.5s 7 7 =

7
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X
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tcH; 0 p— (3.9 1/100km) (3.31/100km) (2.9 1/100km) fleet targets
S -5% 15% -25% -35% -45% -55% -65%
.l.l'I" CO, reduction relative to 2010 baseline

520104 & A K F 48 LECO, B3 2 L 451
icct

INTERMATIONAL COUNCIL
oN CLEAN TRANSPORTATION



THE INTERNATIONAL COUNCIL
ON CLEAN TRANSPORTATION

HAr#ERE: RAANF
AILRKIFIP &R

[

24



[ 2 i

icct

THE INTERNATIONAL COUNCIL
ON CLEAN TRANSPORTATION

EU 2010 data for EU-27

A ] R A R 0 5 K A [
T4 b 3 B2 ) 5 K B T

Lower Upper Car-derived
Segment Small medium Medium medium Off-road vans
Market share 29% 32% Nn% 3% 9% 2%
Representative model Toyota Yaris  Volkswagen Toyota BMW BMW X3 Renault
Golf Avensis Ser series Kangoo
Diesel share 35% 59% 78% 81% 76% 77%
Petrol Diesel Petrol Diesel Petrol Diesel Petrol Diesel Petrol Diesel Petrol Diesel Petrol Diesel
Cylinder 3.9 3.9 40 4.0 4.3 4.1 5.2 5.0 42 44 4.0 4.0
Displacement [L] 1.3 1.4 1.5 1.7 2.0 2.0 2.7 2.5 1.9 2.2 1.5 1.6
Power [kW] 63 61 87 83 128 109 177 144 m 123 68 67
Auto. transmission share 9% 3% 14% 12% 36% 21% 74% 61% 24% 37% 4% 4%
Curb weight [kg] 1105 1173 1312 1405 1514 1565 1708 1764 1450 1772 1402 1428
CO, [g/km] (NEDC) 136 13 156 132 178 148 200 163 182 182 178 144
China 2010 passenger car data
Lower
Segment Small medium Medium Large SUvV Minivan
Market share 15% 32% 10% 4% 10% 16 %
Representative model BYD F3 Hyundai Honda Audi A6 Honda CR-V Wuling
Elantra Accord Zhiguang
Diesel share 0% 0% 0% 1% 6% 0%
Cylinder 3.9 4.0 4.1 5.0 4.1 4.0
Displacement [L] 1.4 1.6 2.0 2.4 2.1 1.1
Power [kW] 71 84 112 141 10 45
Auto. transmission share 26% 44% 67% 89% 50% 0%
Curb weight [kg] 1080 1258 1464 1684 1567 998
CO, [g/km] (NEDC) 157 173 199 21 21 178
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RANHHEE 1.5

RIWEE 14 |4 |4 |4 |4 |4 |4 |4
MRS  MPFI MPFI MPFI MPFI MPFI MPFI MPFI MPFI
SiTHA DNV Fixed | VAN | Fixed | Fixed Fixed [WT | Fixed
HEEEE  DOHC DOHC DOHC DOHC DOHC DOHC DOHC DOHC

Aot NAGIN V5 . M6 M5
s NG TNe T ~ Yes = No
sertryl (NS N0 . Yes | No
EL LA R R __

o Yes | No
5.7 7.4

NEDC L/100km: 5.6

Disp. 2.4 2.4 2.4 2.1 15 11
Engine Config. 14 14 14 14 14 14
Fueling:  MPFI MPFI MPFI MPFI

Valve: [NV [ Fixed " [V [ Fixed |
Cam Config. DOHC ~ DOHC DOHC  DOHC

Transmission: A6 Ab

Start-Stop: [NNINVESIN | No
Adv. Alternator: NG No
Alternator Regen: [IINESIIN | No

NEDC L/100km: 7.3 9.0 8.2 9.0 5.6 “CdA (m2) OWSENN | 11242
AVVT = A ORI T N— Rl

Mass (k
R AT ass (kg) [NIOS46020 | 998
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Active Rate
FRERE TR TTZTT 5T TS
= |a%is 3 3 o e WK | e (| RuEi
8 | socs ELARYTE) B B TIEAE = N(I":) Hourly Wage | Hourly Wage “ﬁ;ﬁam Hourly Wage | Hourly Wage "I‘_‘:i'b’z" P ﬁé’ L":f"‘ MRO Labor Fringe Fringe Total Labor
3 Code Direct Labor Title (BLS) Direct Labor Description (BLS) E 2013 Ch‘i:: Percentage | Percentage ity Percentage | Percentage Rater Indirect Labor Ra:e A g A i Rate
(BLS) K BEnr 25% Wage 75% 90% Ratio Co:lt::::lon Ratio $/Hour % $/Hour $/Hour
(REF) ILRR MLRR
AN o o
tor Vehicle Manufacturing OEM - NAICS 336100 ¥0.00 ¥0.00 ¥0.00
1 |51-2022 Al B i T AR il o, mitERL, A ¥0.00 ¥0.00 ¥0.00
Electrical and Electronic HijltAssemble or modify electrical or electronic equi
Equipment Assemblers lc)omputers, test equipment telemetering systems, electric motors, and ¥ CNY IMPORTANT: IMPORTANT:
atteries.
2 512031 |RabbUAmAtHE LA SR L S, AUERA MRS, RSB, FACHLAITIATIGS M TR Heed updated values for reen hghlighted cel Left US Indirect, MRO and Fringe Ratios for reference. | would ¥0.00
Engine and Other Machine LA, LIRS, R, ZigE onstruct, or rebuild Yellow highlighted cells would be useful for sensitivity, but not expect these to be a lot different fot China.
Assemblers machines, such as engines, turbines, and similar equipment used in such ¥ CNY shilg Vs
industries as construction, extraction, textiles, and paper manufacturing. 100% mandatory i.e., columnss, U and X
3 [51-2092 |HABAKAL L HBMElk, AR Shok B0 R 55 r AL 2B, AR R iid ik, A ¥0.00
Team Assemblers B A PR AR AR5 Work as part of a team having responsibility for
assembling an entire product or component of a product. Team assemblers ¥ CNY
can perform all tasks conducted by the team in the assembly process and
rotate through all or most of them rather than being assigned
4 [51-2099 | Hehb Rt LRI A Bt it A U EC A 4L % A BAIl assemblers and fabricators not listed ¥0.00 ¥0.00 ¥0.00
Assemblers and Fabricators, All |separately. ¥ CNY
Other
5 [51-4011 | HHEEHLHLAR CRIBIEAR (& | BIETHSTEHLE BRI PLATERPLE A DL 52— Aok EE 2 LA fE LA S )i G2 ok ¥0.00 ¥0.00 ¥0.00
JEF¥EH Computer-Controlled | #¥DHT.f:Operate computer-controlled machines or robots to perform one or
Machine Tool Operators (Metal & |more machine functions on metal or plastic work pieces. ¥ CNY
Plastic)
6 |51-4031 |UFMIBL, MURAUEBBLATER G (SRMT AR HLAMADIR, 90, 574l JPRED, 5o, skl d ok ¥0.00 ¥0.00 ¥0.00
P HmMAED AR, SBREEC | ¥FSet up, operate, or tend machines to saw, cut, shear, slit, punch, crimp,
utting, Punching, and Press notch, bend, or straighten metal or plastic material. ¥ CNY

Machine Setters, Operators and

Tenders, Metal and Plastic
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Code
(USA)

Classification
(USA)

Code
(CHN)

Classificat
(CHN)

ion

51-2022

Electrical Assembly-OEM

6050400

=EfE

fic T

51-2031

Complex Assembly-OEM

6050300

DA

fic T

51-2092

General Assembly-OEM

6050201

JRAELAR T

L

51-2099

Work Cell Operator-OEM

6050201

FERCEH T

51-4011

CNC Operator-OEM

6040108

Bz Ak

T

51-4031

Cut/Punch/Forming
Operator-OEM

6040400

TE AR

51-4033

Grinding/Polishing
Operator-OEM

6040104

BT

51-4122

Welding/Soldering
Operator-OEM

6040201

%L

51-9122

Painter Operator-OEM

6040502

AT

ICCT+CAT

ARC+FEV
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FuelConsum ption ./100%km )

®Top 20 OEMs =2.06x + 0 4.5
y = 4.0bx . 2010
® Footprint bin average fuel consumption D FN 56 I'VITFTM L
== 2010 sales-weighted regression line ME Jig-"
— 2015 footprint-based standard curve b YK._ .- | —

== 2020 footprint-based standard curve

-/ ZH

\ AC [ “11.£
SGM W \ " . Qs .- 100%

cac L N/ Y
| .féw.o" ~ 60%
. BHMC ' 2015
W
’ \2015 fleet target
6.9 L/100-km

® v = 0.79x + 2.00
\2020 fleet target
5L/100-km
2.75 3.00 3.25 3.50 3.75 519 4.00 4.25 4.50
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Publications

. Ricardo: “Computer Simulation of Light-Duty Vehicle Technologies for Greenhouse Gas
Emission Reduction in the 2020-2025 Timeframe", Dec. 2011.
. Computer simulations of 6 baseline vehicles, gasoline direct injection with turbocharging, boosted
EGR, Atkinson cycle (for hybrids), both parallel (P2) and powersplit hybrid systems, 6/8 speed
advanced automatic transmissions, and dual-clutch automated manual transmissions (DCT).
. http://www.epa.gov/otaqg/climate/documents/420r11020.pdf

. Ricardo: “Analysis of GHG Emission Reduction Potential of Light Duty Vehicle Technologies
in the European Union for 2020-2025", May 2012

. Added NEDC and JCO8 test cycles, added C class vehicle (Golf/Focus) and small commercial van
(Ford Transit), updated diesel engine map, compared manual transmission to DCT efficiency
" http://www.theicct.org/ghg-emission-reduction-potential-ldv-technologies-eu-2020-2025

. FEV: “Light-Duty Vehicle Technology Cost Analysis — European Vehicle Market (Phase 1)”,
May 2012.
. Created and used European materials, labor, overhead, and mark-up to translate US cost estimates
to Europe for: Downsized turbocharged GDI; 6- and 8- speed auto transmission; 6 speed wet DCT;
Variable valve timing (VVLT); Powersplit hybrid; P2 hybrid; Electrical air compressor
" http://www.theicct.org/light-duty-vehicle-technology-cost-analysis-european-vehicle-market

. FEV: "Light-Duty Vehicle Technology Cost Analysis — European Vehicle Market, Additional
Case Studies (Phase 2)", Sept. 2012.

. Diesel engine downsizing; 2500 bar diesel injection systems; Diesel VVLT; Two stage Diesel EGR,;
Cooled and uncooled low-pressure gasoline EGR; 6-spd dry DCT; start-stop system evaluation
= http://www.theicct.org/light-duty-vehicle-technology-cost-analysis-european-vehicle-market

. ICCT: “Initial processing of Ricardo vehicle simulation modeling CO2 data”, July 2012.

. http://www.theicct.org/initial-processing-ricardo-vehicle-simulation-modeling-co2-data
. ICCT: “Summary of the EU cost curve development methodology”, November 2012.
i’ c Ct . http://www.theicct.org/eu-cost-curve-development-methodology
40
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Back out the technologies and costs to get to
China’s starting point

= Additional data sources used to assess fuel savings
and costs for pre-baseline and intermediate
technologies

= EPA’s earlier technology studies incl.

* Lumped parameter model
= MY2012-2016 TSD

= DOE earlier studies (NEMS)
=  Other studies such as ICCT emissions technology report,
Meszler Engineering models
= Adjust the cost to China cost using an adjustment
factor, a ratio between FEV's estimated China cost
of future technology packages and the cost from
EPA of the same packages

THE INTERNATIONAL COUNCIL
ON CLEAN TRANSPORTATION
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Crank-Drive
Subsystem

|

Connecting Rod Sub-
Subsystem

Rod - Connecting

A 4

Cap - Rod,
Connecting

Bearing - Rod,
Connecting

Bolt - Rod, Cap
Connecting

etc.
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5000

4000

2025

D-segment (gasoline) /‘ average

D-segment (diesel) /

+ 3000 N
' / C-segment (gasoline)

C-segment (diesel)

Ad 52010$£}E7K3F$E_ttﬁﬁi%ﬂuE‘J%ﬂiﬁ&K(IZkJT:)

2000 B-segment (gasoline)
B-segment (diesel)
1000
95 g/km 80 g/km 70 g/km corresponding
0 (3.9 1/100km) (3.3 1/100km) : (2.9 1/100km) fleet targets
0% -10% -20% -30% -40% -50% -60%
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