High Performance Hydrogen Engine Applications
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We are Driving Cleaner Performance
and Changing the Way the World Moves
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Tier 1 Manufacturing Accessing
Transportation supplier with 7 global locations Full suite of renewable and alternative fuels

diverse business units
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Sales in 70 100+ 1,400+ Patents &
countries, strong global footprint Global distributors worldwide Applications

Robust patent portfolio

We design, engineer & manufacture gaseous fuel systems & components
to enable cleaner, affordable transportation
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GHG Reduction: The Role for HICEs

Multiple solutions for
decarbonizing transportation:

A BEVs

A FCEVs
A H, ICEs
A Hybrids

NACFE Study: Freight
A BEVs& hybrids - short haul | Payload (Ib.)
A FCEVs& H, ICEs- long haul
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NG / H, ICE Technologies
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Spark Ignited Compression Ignition
How it - Fuel & air pre-mixed at low pressure - Direct injection of high pressure gas into combustion chamber
works - Dedicated natural gas (100%) - Same base diesel engine can be used equipped with
Ignition from spark plug Westport's HPDI fuel system
Reduced compression ratio to avoid - Compression Ignition from diesel pilot
knock - Same piston / compression ratio as diesel to retain high
efficiency

Simple 3-way catalyst
Otto cycle (Stoichiometric) SCR & DPF (same as diesel)
Power / torque / efficiency Diesel cycle- high substitution (~94% on typical road cycle)

typically lower than base diesel - Power / torque / efficiency can exceed base diesel
engine engine on Hydrogen
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An Overview of EWeISystemr |

We s t p HRDt ™® faiel system was conceptualized ~30 years ago with the goal of creating a more
efficient natural gas engine.

The Aheart o o funiqué feelisjectert ewhich fesaturas a small pilot injection and a larger
primary injection of the main fuel 1 initially natural gas.

The rest of the system falls broadly into two categories:
i Fuel conditioning T accurate control of the fuel
I Fuel supply 1 storage and supply of the appropriate fuel
Two important takeaways:

I The base diesel engine remains the same I just switch out the fuel system

i While Westportods HPDI fuel syst e nmhewystem dlldws snumbdreov el oped w
primary fuels to combust on the Diesel cycle
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CURRENT HPDI
Tw FUEL SYSTEM

www.westport.com
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H, HPDI Combustion Overview — rew o= Gie

The following results will focus on the initial M
cal i brati on eof-theSagd EHitrea 0 s st

CBEL1 platform '

. . . HPDI
I Commercially available HPDI fuel system Fuel Injector

hardware was used for the initial calibration
and demonstration of the H2 HPDI fuel
system

In parallel, hydrogen work continues on
several other HPDI fuel system-equipped
engine platforms T both Single and Multi-
Cylinder.
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H, Combustion on Scania CBE1 Engine

30 BTE 46.9% ] ~A7 -490
A ® . NOx 5.8 g/kWh BTE on torque curve of ~47-49%
NOx 12.2 g/kWh BTE 48.9%
25 i NOXx 6.8 g/kWh - Peak BTE at 51.5%
. P - 46‘5(y . Engine-out NOx levels calibrated
. BTE 51.5% T2 -
= NOX 10.7 g/kWh NOX 6.2 g/kWh to ~6 -12 g/kW.h to reflect EATs
) strategy
a 15
L o
= BTE 50.8% - Note: EGR can be used to reduce
10 NOx 11.7 g/kWh NOXx further to ~3g/kW.hr
. Pilot quantities as low as 2-3mg
have been tested, equating to
. near -zero CO , emissions
600 800 1000 1200 1400 1600 1800 2000
Engine Speed (rpm)
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Minimal H, Slip
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A100

H, combustion is almost
fully complete

ECombustion(HZ) Is
>09.97% atthe

measured A-speed points

No measurable slip infers a
low risk of H

Interaction with

combustion chamber
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