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Executive Summary |R

Regulatory standards for reduced greenhouse gas emissions and pollutants will
require significant changes to light duty vehicles and their powertrains

Vehicle electrification will be part of the solution, but the vast majority of vehicles
sold through 2025 will use gasoline fuelled, spark-ignited (Sl) internal
combustion engines as the primary form of propulsion

Battery-only electric vehicles will only represent a niche market

Sl engines will appear in both conventional and hybrid vehicles

Higher octane fuels would unchain the performance of advanced Sl engines
technologies

This report describes the requirements, technologies, and potential
configurations for the next 5-15 years

Future powertrain solutions will have a
natural thirst for higher octane fuels
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Ricardo History: ~100yrs on the frontiers!

Advancing powertrain systems technologies through the decades R

RICARDO

1915 Engine Patents Ltd. Est.

Harry Ricardo formed Engine Patents Ltd, the precursor of today’s Ricardo Plc becoming famous
for the design of a revolutionary engine which was utilised in tanks, trains and generators

1930 Fundamental Fuel Research

Development of a variable compression engine which was used to quantify the performance of
different fuels. This was the forerunner of today’s octane rating scale (RON)

1931 Comet Combustion Chamber

The famous Ricardo Comet IDI diesel Combustion system for high-speed diesel engines was
developed for AEC for use in London Buses

1935 Citroén Rosalie

The world’s first diesel production passenger car was introduced featuring a Comet Mk llI
combustion chamber. Derivatives of this design are still used by the major OEMs of today

1951 Fell Locomotive

The 2000bhp Fell Locomotive was the world’s first diesel mechanical locomotive, with a novel
transmission invented by Lt. Col Fell. It was powered by four Paxman-Ricardo engines.

1966 Jensen FF

The 4WD system of the world’s first 4WD passenger car, was developed by Ferguson Research
Ltd (which later became part of Ricardo) and was launched at the British Motor Show

1986 Voyager

The first aircraft to fly around the world non-stop without refuelling. Ricardo redesigned the
Teledyne Continental engine, thus improving fuel economy and reducing the aircraft’s drag

1999 Le Mans Success

Advanced technology helped Audi to secure its special place in motorsport history with a novel
transmission to win 5 races out of 6 entries at the 24-hour race of Le Mans

2006 Record Breaking Year

Development of the world's fastest diesel engine for JCB. The DieselMax set the diesel land
speed record at Bonneville with a speed of 350 mph (563 kph)

2008 Olympic Games, Beijing

50 off “Olympic Green Messenger” vehicles co-developed by Chery Automobile and Ricardo
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Challenge or Opportunity... [ = <
163 g CO,/mi equivalent to 54.5 mpg fleet average

New Federal regulations to be released governing light duty vehicle fleet fuel
economy and greenhouse gas emissions

54.5 mpg combined fleet average (62.0 for cars, 44.0 for trucks)

50% reduction in new vehicle fuel consumption from 2011 to 2025
Vehicle electrification will be part of the solution, but the vast majority of vehicles
sold through 2025 will still have internal combustion engines in them

Both "conventional”
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http://www.arb.ca.gov/

California ARB LEV Ill Targets Fleet-Average SULEV-Level | = <
Emissions Performance from New Vehicles by MY 2022
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Ford sees focus on CO, mitigation driving development

¥ ’? Science: Automotive Share
\ B2 Of 450 ppm Objective
2008 Global CO, By Market 2008 U.S. CO, By Industry
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Achieving the 450 ppm Glidepath Requires A Well-to-Wheel Focus

Slide 13, May 4, 2011 @
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Spark-Ignited Engine Technologies Overview |R

Gasoline fuelled spark-ignited (Sl) engines will remain the dominant powertrain
in the US light-duty vehicle market through 2025

Used in both conventional and hybrid vehicles

The primary challenges for S| engines are
Reduce CO, emissions and achieve fuel economy targets
Maintain performance
Maintain emissions compliance, especially with California LEV Il rules
Minimize increases to manufacturing cost
These challenges will best be met by a range of improvements, from the

application of highly-efficient downsized engines through to detailed optimization
of components and systems
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Potential market scenario for light duty vehicle propulsion | = <
systems in 2025

Gasoline based fuels 92% 74% (25-80%)
Diesel based fuels 6% 6% (5—20%)
HEV 2% 9% (4—15%)
PHEV/EREV 0% 9% (5—-25%)
CNG 0% 2% (1-12%)
Fuel Cell 0% 0%

>90% of vehicles in 2025 should still be powered by gasoline or similar fuels,
between conventional vehicles, HEV, and PHEV/EREV.
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Sl engine development will focus on CO, reduction, as | = <
emissions will be less challenging, even under LEV llI

Technology Roadmap for Light Duty Gasoline

Emissions EPA Tier 2/ Calif LEV Il Calif LEV Ill

EU: 130g/km CO, g/km CO, target
CAFE (mpg) @
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Pathways for Sl engine developments for light duty vehicles:
Progress from research to premium product to mass market

Premium Research or
product demonstration

2-stroke/
4-stroke

PFl, DI, Boosted
Boosted EGR

DI, DI, Boosted
Boosted No enrichm't

DI, Boosted
Fuel-lean

NA = naturally aspirated

PFI = port flow injection

DI = direct injection

EGR = exhaust gas recirculation

Source: Ricardo Analysis
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General Motors' strategy involves diverse energy sources

Advanced Propulsion Technology Strategy
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General Motors' vision recognizes that the right powertrain
depends on the application

Vehicle Application Map
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Ford likewise sees a mix of powertrain options in the future... |R

f’?-
, - Ford’s Sustainability Strategy — Technology Migration

TECHNOLOGY MIGRATION

s N N\ “
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Ford’s sustainability strategy, founded on affordability for millions of

customers, remains in place as we move to the mid-term.

Slide 14, May 4, 2011 @
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... but even so, Ford only sees a sliver of its global sales not | = <

having engines
" P;?.. Ford Global Elecificationi Prodet Pian

Q Q Q

2010 CY 2005 CY 2020

BEV
BEV

HEV

HEV

1% 2-5% 10-25%

Portfolio Approach = HEV/PHEV/BEV (customer-driven)
Global Flexibility = Electrify Highest Volume Platforms
Best Value = HEVs Remain Highest Volume

Affordability Remains Key = Sharing Common Components

Ford’s electrified platform strategy provides global flexibility

Slide 18, May 4, 2011

Source: Nancy Gioia, 4 May 2011, "Key Trends and Drivers for the Future"
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Cost-benefit overview for leading fuel economy improvements | |JHIR
shows a mix of options

Technology Vehicle Manufacturers Using

Advanced Fuels

Compression Ratio Increase + 0 All

Cam Profile Switching ++ $$ Honda, Mitsubishi, Porsche, Audi
Active Valvetrain +++ $$$ Fiat, BMW

Direct Injection Fuel Sys. ++ $$ Mitsubishi, Audi, GM, Ford, BMW, etc.
Turbocharging ++ $$ Ford, Volvo, GM, Audi, BMW, etc.
Advanced Boosting systems +++ $$% None

Exhaust Energy Recovery + $$$ Commercial vehicles

Effects are not simply additive—some synergies are possible, as are conflicts

Higher fuel octane will facilitate changes to engine compression ratio, direct
injection fuel systems, and higher boost pressures.
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Compression Ratio | = <

Increasing the compression ratio for S| engines improves fuel consumption by
improving the volumetric and thermal efficiency

Fuel energy is more effectively used by the engine
Higher compression ratios, though, affect engine performance, since the knock
limit is reached faster

Higher octane fuel increases the range of engine speed and load where
autoignition (knock) is not a problem

87 octane fuel limits performance, as engines knock sooner

CO, benefit of 3—5% over drive cycles per higher ratio
e.g., increase from 9.5:1 to 10.5:1 compression ratio

Negligible increases in engine cost

—
T
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Boosting System | = <

Increasing the engine's intake air pressure with a compressor increases the
torque and power available from a given engine displacement

This allows the same power from a smaller engine
This reduces pumping work in the engine by shifting engine operation to
higher-load operating points
Several types of boost systems are expected to be available over the timeframe,
including
Supercharger: the compressor is driven mechanically by the engine

Turbocompressor: the compressor is driven by a turbine powered by
expanding exhaust gas

Two-stage turbocharging: Two turbocompressors in series can provide better
response and higher pressures, but for higher cost and complexity

CO, benefit of 5-10% over drive cycles

10-15% increase in engine cost
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Cam-Profile Switching [ = <

Cam-profile switching (CPS) systems allow selection between two or three cam
profiles by means of a hydraulically-actuated mechanical system

CPS systems have been developed by a number of Japanese and European
OEMSs, such as the Honda VTEC, Mitsubishi MIVEC, Porsche VarioCam and
Audi Valvelift (pictured)

CPS systems can be optimized either to improve low-speed torque, or to
improve fuel economy by reducing pumping losses at light load

CO, benefit of 5—-7% over drive cycles

8—10% increase in engine cost
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Camless Valve Actuation |R

Fully camless valve actuation systems allow full flexibility for valve lift and valve
opening and closing times

Fiat MultiAir is the only system in the market currently

Camless systems can be optimized either to improve low-speed torque, or to
improve fuel economy by reducing pumping losses at light load

CO, benefit of 8—-10% over drive cycles

10—-12% increase in engine cost
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Direct Injection Fuel System | = <

Homogeneous direct-injection Sl engines operate in a very similar manner to
port fuel-injected (PFI) engines, except that fuel is injected directly into the
cylinder

SIDI engines were first introduced in Japan in 1996, and a significant number
of new gasoline engines now feature direct injection.

The application of direct injection produces modest fuel economy benefits,
resulting from the ability to apply higher compression ratio.

CO, benefit of ~3% over drive cycles

8—10% increase in engine and aftertreatment cost

C001223 Client Confidential — Renewable Fuels Association 5 December 2011 RD.11/351705.3 ©Ricardo plc 2011 23



Stratified Charge Direct Injection [ = <

In stratified-charge engines the fuel is injected late in the compression stroke
with single or multiple injections. The aim is to produce an overall lean, stratified
mixture, with a rich area in the region of the spark plug to enable stable ignition.

Stratified lean operation allows the S| engine to operate unthrottled, eliminating
the majority of pumping losses.

CO, benefit of 8—-10% over drive cycles

15-25% increase in engine and aftertreatment cost

C001223 Client Confidential — Renewable Fuels Association 5 December 2011 RD.11/351705.3 ©Ricardo plc 2011 24



Homogeneous Charge Compression Ignition (HCCI) or | = <
Controlled Auto-Ignition (CAl) Combustion

Homogeneous charge compression ignition (HCCI), also known as controlled
auto-ignition (CAl) combustion, is distinct from the conventional S| and CI engine

operating modes

In the idealized case HCCI/CAI combustion initiates simultaneously at
multiple sites within the combustion chamber, and there is little or no flame

propagation

The most likely implementation has dual mode operation
HCCI/CAI at part-load
Sl for high-load, idle and starting

CO, benefit of 2-10% over drive cycles, depending on how the benefits of the
constituent technologies are counted

20-30% increase in engine and aftertreatment cost

IMEP [bar]
© s

500 2000 25 300
Engine Speed [rev/min]
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Exhaust Energy Recovery |R

Exhaust energy recovery encompasses a number of technologies, such as
turbo-compounding and thermoelectric devices

In turbo-compounding a radial turbine is connected through a mechanical
transmission directly to the crankshaft

Turbines are generally sized to recover energy at high load operation; a variable-
speed transmission between engine and turbine can be used to improve the
efficient operating range

Costs: Not established for light-duty vehicles
CO, benefit of 3—-5% over drive cycles

Costs are not established for light-duty vehicles

Energy loss in the exhaustgas ~ 30%

Radiation

Coolant  Ajm -
Recovery of more exhaust
Friction ~©asenergy

Exhaust

Usable Engine Energy
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Renewable Fuels (Biofuels) |R

Wherever possible renewable fuels should operate in a manner identical to
conventional fuels, especially gasoline for U.S.

Increasing blending of conventional gasoline and biofuels is likely to occur
EPA RFS 2 standard mandates increasing use of renewable fuels

The CO, benefits from the use of renewable fuels are complex and disputed
Tank-to-wheels fuel economy for biofuels is similar to conventional fuels

The higher octane number of ethanol-based fuels may facilitate other
technologies

Additional CO, benefits can be attributed to renewable fuels use if the
complete life-cycle is considered (e.g., for cellulosic ethanol)

Higher heat of vaporization can improve performance .
by providing charge cooling effect in cylinder %@ 1 E

There is no significant engine cost associated with the
use of single-fuel renewable fuels, although appropriate

materials must be applied in the fuel system E \’
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Current (2011) Sl Engines | = <

Current Sl engines light-duty vehicles in the US market are a range of naturally-
aspirated port fuel-injected (PFI) engines, featuring dual-independent cam
phaser (VVT) systems

Costs: Baseline — powertrain and aftertreatment cost of ~$1500—-$2000 for
standard car segment
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Stoichiometric Direct-Injection Turbocharged Engines |R

Downsizing replaces a naturally-aspirated engine with a smaller-displacement
turbocharged engine, having equivalent torque and power

Use direct injection to facilitate higher power density

Downsizing reduces pumping work by shifting operating points to higher load
factors, and can also produce reductions in frictional losses

CO, benefit of 8—-10% over drive cycles

15-25% increase in engine and aftertreatment cost
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Lean Boost Direct-Injection® (LBDI®) Engines | = 4

In the LBDI concept the octane requirement to avoid engine knock is controlled
using direct injection and lean operation at full load

LBDI engines combine the downsizing benefits described on the previous slide
with the additional efficiency benefit of homogeneous lean operation at high load

CO, benefit of 20-22% over drive cycles

50-60% increase in engine and aftertreatment cost

Lean NOx aftertreatment on US06 (aggressive highway) cycle is expected to
be challenging
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High-Load EGR Engines (EBDI®) | = 4

In the EBDI® concept the octane requirement to avoid engine knock is controlled
by EGR dilution at full load

High-load EGR engines combine the benefits of downsizing described previously
with the additional efficiency improvement of EGR dilution at high load

CO, benefit of 15-18% over drive cycles

40-45% increase in engine and aftertreatment cost
Should be able to use three-way catalyst

RD.11/351705.3 ©Ricardo plc 2011 32

C001223 Client Confidential — Renewable Fuels Association 5 December 2011



C O w - - -
— =
WwgyS 6% T gL o © cd
£ 5 % O > L P50 . c = S o o
F286F8 8N28xls 835 o
nn_r.vlumo..u x CSmOCnnun cC - o nrrw o
S S EWZRVT g 825 52|88 = .omodv. S
) = X - O = T DO = o0 o U <
eohm.lmemnu_nesuum o ° @G mtem
rl...Htm InSIrpecaev - — 0 %tss
> o3 9 T 9 m g £ C U < po - o nOMBa
— [T cX¥X U8 gcx3C59S5|8Sc|¥%as
rbnocmc Q@ > c o v 5 < Q 7 o
o o= ©O — ddmtm O ~ ~ wn o
m.ldnue S W oo L oc E c 0o 2
T Wy ¥ PE Sk 2 T © O S &
—4 U .= Aa S0 55 £ 2% W| G)
= W e.la 1 M i
= ' _W W m 1 )
b ]
o—
o
[ o
| ©
|
|
|
|
Q o
c S AR - e e e A 3
— Yo}
N | 5
|
O) o
c = S
M,‘ s B m
.
Q® o . s
- -8
O g B
c *
Qo Yr s 2
< 9o ... =z
Q| . . (]
r - \ .H.m”wm.m”ﬁ“ L m e
X | D Q
O o | “
[ Fr = |
Q 3T . BE
© 2 ¢ 8D
T -
E T * w
S
- o
0 S
C — Rn/_v
|
LL Q|
N o
|
(OB g
m 2 g
o | I3V
w |
_— N | -
| . . o
Z | -—
|
N |
|
| o
m | T~ | m
o — o o o o
wid =] o 0 AR
o N o -
@) (wN) eanbio)
1
N
N
n nms < © (] e.m
S g 25 = Z_%¢g £ 3¢
oo 2 2 ~ S © S o+
- ..U 0B IR .>0380Rcawgl
c v g ®O SO g RU P g
y o) 60T O .55+ 0200 cowrt
w8 £ D wh - uw=1 0* v on
c v H 0 0w o V9T OEo Lo XV
S 05 v = 9 O = c O < =2
(1] - 0B m =« v E 2V 52t
eSO 2= 392FS 389
RTbe Ll BTrahEnUfm
OmCd_ O+ — S v o O
[ v = O [
=08 = € b1} R
aQ ®© < o ©
_CS ] | © .m
LI _ G

* Part load EGR percentage dependant on engine out NOx target vs BSFC penalty

* Recommend use of WOT EGR with advance boosting system (E-Boost/Twin stage) as otherwise detrimental to compressor sizing

and thus transient response

ible when

ion poss

ine operat

to mitigate knock and allow full load lambda 1 eng

ies
combined with high temperature turbine (1030°C) or water cooled exhaust manifold

trateg

ions

t

injec

* SGDI combustion system and

33

Ricardo plc 2011

RD.11/351705.3

ﬁ
)
o
o)
(2]
]
<
0
0]
>
[
<
Q
©
=
()
c
5]
x

Client Confidential



Two-Stroke/Four-Stroke (2S-4S) Switching Engines | = <

The vast majority of passenger cars use the four-stroke cycle, but some
characteristics of two-stroke engines—especially high specific torque—remain
attractive for automotive application

25-4S engines combine a combustion system capable of operating as both two-
stroke and four-stroke with advanced valvetrain and boosting systems.

25-4S engines offer the greatest opportunity for engine downsizing, and hence
improvement in efficiency

CO, benefit of 25-27% over drive cycles

70-80% increase in engine and aftertreatment cost
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Engines Optimized for Micro-Hybrid (Stop-Start) Vehicles | = <

Application of stop-start or micro-hybrid concepts requires only very minor
changes in base engine architecture. Typically a belt-driven starter-generator is
applied in place of a separate starter motor and alternator.

CO, benefit over drive cycles depends on time spent idling

Base engine costs are largely unchanged for stop-start systems. Additional
engineering cost is required to implement the stop-start calibration.

Cabin heating or cooling systems will require upgrades to function during
engine off

C001223 Client Confidential — Renewable Fuels Association 5 December 2011
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Engines Optimized for Full Hybrid Vehicles | = <

In hybrid electric vehicle applications the gasoline engine can be optimized for
use in the limited modes required by the full hybrid powertrain.

Engine technology optimization for hybrid powertrains in infancy. Clear trend
towards system level optimization to obtain best overall performance.

Hybrid features such as stop-start, CVT operation, electrical launch, and
electrical assist provide an opportunity to optimize the engine system in ways
not offered by conventional drivelines.

Electrical assist offers opportunity to reduce engine size and specific power in
hybrid vehicle and use lower specific power or increased BSFC technologies
CO, benefit is a strong function of the hybrid control strategy

Base engine costs may be slightly reduced for hybrid
vehicle applications through the use of lower
specification engines.
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Micro Hybrid: Stop-Start | = <

The stop-start hybrid is the simplest form of hybridization, supporting engine
shut-off during idle periods; typically employs enhanced starter motor and limited
use of driver comfort features during engine off

The stop-start hybrid decreases fuel use by minimizing idling but provides no
benefit for highway use or when air conditioning is needed

Application of stop-start or micro-hybrid concepts requires only very minor
changes in base engine architecture. Typically a belt-driven starter-generator is
applied in place of a separate starter motor and alternator.

CO, benefit depends on time spent idling (approx. 3—5% benefit)

Base vehicle costs are largely unchanged for stop-start
systems. Additional engineering cost is required to
implement the stop-start calibration.

Cabin heating or cooling systems will require
upgrades to function during engine off
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Full Hybrid: P2 Parallel Hybrid | = <

An electric machine (EM) is placed between the engine and the transmission,
typically with a clutch between the engine and EM

The EM supports launch assist and regenerative braking

P2 Parallel Hybrid provides stop-start, electrical launch, and launch assist

driving, all of which facilitate downsizing the engine for better efficiency
CO, benefit of ~20% on city cycles, <5% on highway

Costs will come from engineering work to implement the system and controls
and from added equipment for hybrid powertrain,
including electric machine, battery, and controller

E-Machine

I —p Wheals

IC Engine

Clutch
Transmission
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Full Hybrid: Input Power Split Hybrid | = <

Power split hybrids use an electric machine directly integrated into the
transmission, and either provide an additional input parallel to the engine or act
as an additional output from the transmission

Both configurations permit an electric (only) operating mode.

Hybridization provides stop-start, electrical launch, and launch assist driving,
all of which facilitate downsizing the engine for better efficiency

CO, benefit of 22—-33% on city cycles, modest benefit on highway

Costs come from added equipment for hybrid powertrain, including electric
machine, battery, and controller

Input Power Split Hybrids are already in production, including the Toyota
Prius and Ford Escape

Genearator .
Electric

IC Engine Motor
L}-— Wheels

Sun Gear
Planetary Gears
Annulus
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Conclusion: During the next decade internal combustion |R
engines will become significantly more efficient

Future fleet fuel economy targets in the U.S. will require significant changes in
engine technology over the next 10-15 years

Vehicle electrification will be part of the solution, but the vast majority of vehicles
sold in 2025 will use internal combustion engines as the primary form of
propulsion

Battery-only electric vehicles will only represent a niche market

Engines will have higher specific power from using technologies such as
Direct injection
Turbocharging or similar boost systems
Higher compression ratios
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Conclusion: Higher minimum fuel octane number will facilitate | = <
engine technologies

Octane rating or octane number is a standard measure of the anti-knock
properties (i.e. the performance) of a motor or aviation fuel. The higher the
octane number, the more compression the fuel can withstand before detonating.

Pump octane numbers average the Research Octane Number (RON) and the
Motoring Octane Number (MON), which are measured by testing

Higher fuel octane number moves the knock limit further from normal operation
Allows fully stoichiometric operation at high speed and high load

Higher minimum fuel octane number will facilitate engine technologies such as
Direct injection

Turbocharging or similar boost systems ;ﬂn
. . . 51; O
Higher compression ratios __ Dm
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Future powertrain solutions will have a
natural thirst for higher octane fuels
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