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where | Aramco Locations and Connections

3 R&D centers connected with relevant stakeholders
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how | Aramco’s Fuel Technology Activities

Fuel Technology &
Vehicle Integration

Prototype Engine

Crude Carbon :
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economic Fuel-Engine
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how | Fuel Technology Research Focus

Our fuels technology program is aimed at improving the efficiency of
current and future engines, and reducing the overall environmental
Impact, cost and complexity of engine systems.

key elements:

- Holistic Approach to Innovation

- Beyond Well-to-Wheels

- Great Engineering Practices

- Technology Integration and Demonstration
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why | Future Demand

» Global economic growth drives increase in commercial demand

Freight transport volumes Global transportation energy mix evolves
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Heavy Duty Gasoline Compression
lgnition




HD GCI | Test Engine

* Modern heavy duty highway diesel engine that can be installed in all major truck
brands - non-road variant also available

Displacement Volume (14.9L

Number of Cylinders 6

18.9, variants at 17.3 & 15.7

Diesel Fuel System 2500 bar common-rail

Air System single-stage VGT
high pressure cooled EGR loop
charge air cooler " .

Engine Ratings 450 hp @ 1800 rpm Intake
1750 Ib-ft @ 1000 rpm OOOO0OO

Exhaust

-
urchased a 2013MY Cummins ISX 15L 450hp engine as _
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HD GCI | Fuel Characteristics

I Test Fuels
Opportunities exist in engine-fuel _ ULsp RON6D  RON70  RONSO  RONS1
optimization for heavy—duty engines : Gasoline  Gasoline  Gasoline Gasoline
B c s 4« 40 37 34
¢ 200 07 62 57 51
Gasoline Range Fuels offer beneficial °C 254 98 91 88 83
H:C ratio T90 °C 305 124 127 133 151
°C 336 141 169 184 198
Density at g/mL
X 56 6 0.853  0.714 0.717 0.724  0.733
oSt 4 0.59 0.57 0.56 0.55
ULSD (CN = 40) ) - viscosit
:'_2.5 o Increasing Reactivity vol% 29.0 9.1 13.7 19.7 25 7
v
< vol% 1.5 0.4 3.0 5.6 10.4
>
£ % vol%  69.5  90.5 83.4 74.7 63.9
§15 3 sulfur ppm__ 59 193 8.2 6.2 3.0
= L >
o % H/C ratio : 1.822  2.124 2.058 1.981 1.854
= 1 % Cetane
£
g e (e 41.2 34.1 29.8 25.9 20.4
T o > o RON - - 56.0 69.4 80.0 91.4
‘ RON60 Naphtha 87AKI Gasoline - - 55.1 67 74.9 84.6
0 : - 55.6 68.2 77.4 88.0
30 50 70 90 110 M‘é/ K 4276  as112 43623 43.58 43.42

Research Octane Number

-co Is exploring fuel chemistry and combustion as a means to Io_
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HD GCI | “Drop-in Fuel” Mixing-Controlled Combustion
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HD GCl | Efficiency Improvement Potential - Aramco Design

100 Swirl Ratio
TNA Fuel consumption improvement at B50:
# of Nozzle .
0
= 80 Bowl Design Holes . Nozzle Angle " 2.6_/0 |mp_rovement compgred to stock
= & CR Bl engine with RON60 Gasoline
£ 60F 1 »  4.1% improvement compared to stock
g engine with ULSD
E 40| Fuel LHV
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HD GCI | GCI Hardware Performance: SET 12 Modes

SET 12-mode composite BSFC BSFC Delta NOX Soot €O, Delta
[%, vs. RON60 [% vs.
results fo/kw | V8 BONGO 1 pgzewny | poskown s
ULSD 18.9CR 42.6 197.7 - 4.6 0.037 627.4
RONG60 18.9CR 42.1 194.1 - 4.6 0.013 603.4 3.8

RON60 BowlIC 8Holes
TNAL5 SWR2.0 42.5 192.3 0.9 4.5 0.046 597.9 4.7

RONG60 BowlIC 8Holes

TNAL.0 SWR1.0 42.5 192.1 1.0 4.5 0.029 597.0 4.8

RON60 BowlE 9Holes

TNAL.3 SWR1.0 42.8 190.2 1.6 4.5 0.084 591.7 5.7

 Up to 1.6% BSFC improvement was attained through lower heat transfer loss and faster combustion
» Higher soot emissions need to be addressed in future design refinement activity

« CFD model correlates reasonably well on efficiency, but soot prediction is lacking.

0 Plume-to-plume interactions - full geometry simulations to understand interaction
o Soot formation vs. soot oxidation - Evaluation and calibration of different soot model options

-er CO, reduction possible with optimized combustion design _
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HD GCI | Mixing-Controlled Combustion with Market Gasoline

Split injection strategy Hot FTP Performance - Gasoline vs Diesel

EO RON 93 gasoline 56 | — uLsD
Production hardware | RORES gssaline
Production AT configuration

_ hETP RON93

EO NOx 3.118 g/kWh
TP NOx 0.177 g/kWh
Conv Eff. 94 .5%

I |

0 200 400 600 800 1000 1200
g/kWh 728 699 Time (s)
-3% CO,
_ EPA2010 NOx emissions compliance on marke_
12 aramco

Public Information



Low Carbon Technology Demonstrator




Low Carbon Tech | Motivation

Technical Progress e
Conventional Diesel Path to 55% BTE )
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Inputs ta eyele are result af C: sgate analysis, single
eylinder engine data, ineclor llow rale data, mull- :yhuamuunmmuma

» Global commercial vehicle contribution to GHG
emissions expected to grow larger in future while
regulations are tightening
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» Significant research ongoing to improve the
efficiency of the engine, driveline and vehicle

» Impact of each technology remains in the low
single digit percentage improvement range

c
-]
-
&
-3
&
a
£
5
1}
2
=
e
2
]
=
]
E
=

12IunnG

« Engine efficiency ~ 5%
* Friction ~1-3%
» Waste Heat Recovery ~2-3%

Validated beyond requrements of
the SuperTruck contract. =

Drstails available i SAE
20 £
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Total & Aerodynamic E
vt Aty o | |_Trmemion | A || e CO, Capture Technology offers high
EPA/NHTSA UPDATE ON PHASE Il GHG AND FUEL EFFICIENCY RULES relatlve G H G red UCtlon pOtentIaI
FOR MEDIUM AND HEAVY DUTY VEHICLES, 2015.
40-50%
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Low Carbon Tech | Project Milestones

~.~Class'8 Truck

Passenger Prototype

2010 Liquid Solvent System
e Compact System Heat from Exhaust Gas
s e (~8 times smaller) and EGR
{ 3 = SO“: Sorbent System Liquid Solvent System Seven Technologies

o L High Regeneration T 30% CO, Capture .
/ Heat from Ex Gas i 40% CO, Capture
“Conception 10% CO, Capture
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Low Carbon Tech | Carbon Capture System Overview

llllllllllllllllllllllllllllllllllllllll"==========================="

Engine Control Unit

o n Motive
- T : co,

Electrical Power Absorber

:  System
Cooler ¥ —

Hot
Exhaust

Recovery

co,
Separator

Solvent
Loop
-vests available energy from exhaust and coolant to_
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Low Carbon Tech | Carbon Capture Volume

CO, Phase Diagram
10,000 .

« For 40% CO2 capture, volume of CO, =
1.12 gal/gal fuel at 298K & 110 bar

1,000

pressure
P (bar)
-
o
o

« Assuming a total fuel capacity of 200

- 10
gal |OnS - ®triple point
- Volume of CO2: 225 gallons or 850 . , -
- | |
liters 200 250 300 350 400

temperature
TiK)

- Weight of CO2: 1490 Ib or 675 kg

- Tank sizes: 9.1-18.4” in diameter and
up to 120 long

- Three 75 gals-CO, tanks required
(pictured)

-volume IS high, but not infeasible
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Low Carbon Tech | Vehicle Technologies

D13 Engine with
Turbocompounding

Target is 50% CO,
Reduction below
Baseline Vehicle

Concept Package for Mobile
Carbon Capture System

-\

Single Wide Tires with Diesel Engine Converted
Advanced Rubber Liftable Non-Driven Axle to Run GCl on reduced
Formulation friction lubricants

- Demonstrator Combines Multiple Technologies to Achieve Low CO_
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Low Carbon Tech | Vehicle Technologies

Fuel Interactions with
. CO, Reduction Other Benefits .
Savings other Technologies

Technology

Gasoline Compression Ignition: Lower Soot Low CO2 Concentration:
o No hardware change needed 0% 3% -7% /Similar NOx 3-4%

Waste Heat Recovery: Lowers exhaust ~ Reduced exhaust cooler
e  Turbo-compounding 2% 2% temperature size

Low SR.ollllng -IZET-Sta nce: 59% 59

. ingle-wide tires o o

° Liftable 6x2 Axle 3% 3%

Lubricants:

e  Reduced friction in Engine & 2% 2%

Powertrain

E ded t
CO, Capture -2% 40% nergy needed to
compress CO,

Technologies not included: Aerodynamics, APU, Down-speeding, Automated manual transmission
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Qramco |

enabling sustainable
maobility solutions

thank you

Question & Answers

Ao u dhprardalbs paanr s avoss el K ovaleg
mertastader oG long Listing mirond i wih
patimen, nnme Al s

where energy is opportunity”



