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CO2 emission regulations for heavy-duty trucks are being constantly

. . _ o s . o0 Fev
tightened; Adoption of zero-tailpipe emission vehicle critical propulsion
FUEL ECONOMY/CO2 EMISSION REGULATION — HEAVY COMMERCIAL VEHICLES @
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Reduction targets compared to 2019 baseline

Mandatory CO, & fuel consumption reporting |
us [t ACT Regulation; >40% ZEV Sales Mandate in 2035
' GHG/ CO,/tmls 6-14% reduction® | -
gGl/]OOO GHG 11-20% reduction 19-97% reductiond)
Fuel GHG 2 (2021) i Zero tailpipe emission
tmis Phase | GHG 2 (2024) GHG 2 (2027)  GHG 3 (2032) ] Pip

vehicles necessary (BEVs
for shorter range, FCEVs

China | . for longer range)
up to 15.9% lower limits compared to Stage Il

*: Fuel  1/100 km [HerE
I Stage Il stage )

As per GHG Phase 3 targets, 40 to 49%

Japan Trucks®: 7.09 km/I (+12.2% vs. 2002) Trucks®): on average +13.4% reduction in GHG emissions compared
/ vs. 2015 to GHG Phase 2 (2024-2026) is required
Fuel km/I ; - i
. 2015 standards 2095 standards depending on heavy-duty vehicle fleet
type by 2032
India
e o
® Fhase | Phase 2 Simulation approach?)
— PP Fev
CONSULTING
Note: Currently no dedicated GHG / fuel economy regulations for both Brazil (tax incentive program only) and South Africa I Targets in force FEV expectation

1).FEV Scenario; 2) Only opplicobSe to HDV > 12 t; only monitoring yet, no final implementation 3) currently under consideration, details and timing not fixed yet

4) Fleet average fuel economy; 5) Relative to 2017 & depending on truck class 3



FEV's sales forecast based on multiple factors such as current regulation,

L L L] L L oge® Fev A
policy discussions, material availability and customer acceptance propulsion
COMMERCIAL VEHICLE — POWERTRAIN FORECAST OVERVIEW BY REGION m

[ ] Europe gOeNéL/JLTING = USA gOeNéL/JLTING China Eoe'\'g{”""@
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2025 2030 2035 2040 2025 2030 2035 2040 2025 2030

2035 2040
ICE | XHEV
For an optimistic scenario, how would we drive ~50% reduction in fleet average CO2 numbers if ZEV adoption B BEv

rates will remain <27%?

B FCEV [ H2ICE
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Expected roadmap for hybrid powertrains for commercial vehicle .y
qpplicqtions propulsion

COMMERCIAL VEHICLES - LONG-HAUL APPLICATION (HYBRID POWERTRAIN) m

23  Today 2025 ‘26
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10 48V Limited Hybriczation R T T YRR SN ciccicclHybic Engine PHEVS

Platform strategy
2: Hybric BEV | Fuel Cell EV (BEV based hybric) CFusicelEvpominantsoitions  [EERIE
Diesel; CNG/LNG; 2nd generation biofuels; early PFI H2-ICE market entry _ HP-DI H2-ICE; methanol
Energy Conversion : - —
H2 PEM Fuel Cell with 350/700 bar Tank; 25000hr durability  H2 PEM Fuel Cell with 700 bar Tank; 35000r durability  [EAAZE VIR SN IR
R R PMSM Radial Flux, speeds <8,000 rpm, power PMSM Radial/Axial/Transverse Flux,, power to weight ratio
Electric machine to weight ratio 1.0-2.0 kwW/kg of 2-4.5 kW/kg, direct drive in at wheels for platform 2

Cathode: NMC, NCA, LFP

: b . Cathode: LMNO, LR-LMO, LTO
: liqui Electrolyte: solid-liquid-hyb., solid-state
Anode: graphite with low % silicon Anode: pure silicon, lithium metal

Battery Electrolyte: liquid
Cloud-based optimization for

energy management and
thermal system for a horizon

Independent cooling loops for EDU/Battery, ethylene-glycol based cooling, low Integrated immersion cooling
Thermal Systems voltage fan/pumps concepts for battery/EDU

Current Future
technology focus technology focus

. Rule based energy management with some predictive controls capability,
Superwsory Controls temperature-based feedback control for thermal systems



CV CHALLENGES

Near-term
challenges in

development of
hybrid
powertrains for
commercial
vehicles

Fev

propulsion

CO2 Reduction: Technology development for 2027-2032 GHG
emission regulations

Emission Reduction: Technology development for 2027-2032 ultra-
low emission regulations

Durability: Robustness of solutions for emission compliance and
extended vehicle life requirements

Electrification Architecture: Identifying right electrified
architecture for right application and corresponding technology
development

Trade-offs: Product strategy assessment e.g. package, weight,
TCO, initial cost, durability, reliability, maintenance etc

Real-World Emissions: On-road emission monitoring and
compliance assessments

Development Timing: Need to accelerate product development
timelines to meet regulation and business goals



Defining the hybrid powertrain architecture most significant challenge as

optimum architecture varies with application type, and Regulation!

Expect more penetration of PHEVs
in not-so-attractive applications

40

(&%)
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o

Fuel Saving Potential [%]

10§g

Source: FEV

Micro Hybrid
10 20

Additional Costs [% Base Vehicle Price]

30

40

Lig thuty
Urban VOQation

Medium Duty .

Urban Vocation,

Medium Duty Regional
Vocation

Hea\\\iy\l\_'\)uty Long Haul Track

50

Type of hybridization and functionality

Limited

Micro Hybrid

recuperation

Mild Hybrid

Limited
E-Accessories

Electric Air
Handling System

ICE operating
point shift

Ltd Torque Assist
Recuperation

Full Hybrid

e-drive within
short range

E-Accessories
ICE operating
point shift

Torque Assist
Recuperation
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propulsion

Plug-In Hybrid /
ReX

External
charging

e-drive within
limited range
>20 miles

E-Accessories
ICE operating
point shift

Torque Assist
Recuperation

Stop-Start Stop-Start Stop-Start Stop-Start
up to 5 kW up to 25 kw 100 kW and more  glectric Power
1 1 >
1 1 1 w
24V 48V + 24V High Voltage + 24V Voltage



FEV’s holistic design process for conventional and hybrid vehicles includes a

. . . . . Fev
detailed process for an optimal system layout with highest efficiency propulsion
SYSTEMS ENGINEERING FOR HYBRID POWERTRAIN LAYOUT

Stakeholder V-Model =* . Final
Analysis Powertrain

_______________________________________________________________________________

[ Customer requirements / System validation }
[ Vehicle requirements ) % System testing }

MBD, [ Powertrain assessment and Q:O ‘_) [H:ﬁ:i) component development,}‘MBD

target specification calibration and testing
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MBD Advanced simulations and (| /1) @ System optimization MBD
component specification | ==




In the first phase, FEV uses its powertrain concept tool to determine impact

Fev

of various propulsion system technologies on multiple factors of interest! propulsion

POWERTRAIN CONCEPT DEVELOPMENT

Parallel Hybrids

(PO, P1, P2, P3, P4)
Series-Parallel Hybrids
(P1-P2, P1-P3, P1-P4)

—e— Concept | --o - Concept 2

Concept3 - e Concept 4 Power-Split
Performance Hybrids
10 |
Durability / Efficiency

xEV Concepts
(BEV, FCEV, REV)

Front Axle

Front Axle

P4
Rear Axles

1 . .
 Transmission

ICE




The tool also provides down-selection of technologies for a dedicated
hybrid engine that have special requirements

Steady-state full load Breakdown of friction and

thermal efficiency targets

At steady-state target
operating points

Idle

Transient response

Overall SPL &
NVH character
Cold-start
Orifice & flow noises
Mechanical excitation
warm

Component
‘ vibration levels

Tolerances

Cost

Package

Weight

Functional safety and
mechanical durability

P2 parallel hybrid

Fev
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Moderate specific power
|

Focus on high efficiency in
sweetspot operating point

Transient performance
less important

High focus
especially for serial
hybrid and REX

High focus
on cold-start

Low cost especially important for
“everyday” REX vehicles and high
degree of electrification

Serial hybrid / REX

Two Paths
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Once the leading concepts are down-selected, FEV's modular simulation
platform enables seamless virtual development for these hybrid powertrain

Control model

ment

ot (hybrid
o e & operation
& - strategy) <
Longitudinal
Environ vehicle i T Coolant

circuit
model

powertrain
model

Battery

Lo I |

-+

00000 @

EATS

Acceleration time » NVH emissions

» Tailpipe
emissions

» Cruising range » Electric driving

Towing capacity » Fuel economy range
Offroad performance

Drive-off on slop
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» Simulation contains advanced
optimal control strategy to control
the hybrid system

— Control parameters included in
optimization process

» All powertrain component models
containing sub-models for thermal
behavior and derating
characteristics

® Once architecture is determined,
further model use for
propulsion/thermal component
sizing and XiL calibration

High fidelity hybrid powertrain
model for model-based
development



Example model development and validation for Class 8 truck application cov

[ ] (] o (] [ ] o [ ]
with diesel powertrain and predicitive cruise control propusion
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Propulsion and thermal systems modeled for multiple architectures using
. . . Fev
GT-SUITE and component sizes/control strategy optimized propulsion

Conventional ICE P4 PHEV E-Axle with 3-Speed

Transmission

13LICE 13LICE
12-Speed 12-Speed
Transmission Transmission

1 I
HV LFP
ikt

Pack

BEV Hybrid BEV

E-Axle 1with 2-Speed E-Axle 2 with 2-Speed E-Axle 1with 2-Speed E-Axle 2 with 2-Speed
Transmission Transmission Transmission Transmission

13LICE

Generator

1 I
HV LFP
Battery

Pack




Target drive cycle development is key in optimization and evaluation of

hybrid powertrain architectures; especially for CV applications propuision
. T g FREN Drive Cycle Attributes Value
WaSH. i = Burlington A ' Average Target Speed 64.25 mph
g . s a Average Grade 0.015 %
10AHo, e e Standard Deviation of Speed 8.71
Safifrancisco to — P
Standard Deviation of Grade 2.04
Maximum Speed 70.24 mph
i . - Maximum Grade 8.31%
INDIANA E e Minimum Grade -811%
e W Cincpnss . Oimepse: e of Total Distance 56 miles
» GT-Suite Real Drive Map box functionality was applied to develop —Veh. Target Speed  ——Road Grade
the cycle characteristic e.g., elevation, target speed and cycle 80 0
distance

Speed [mph]
Road Grade [%]

70
—\h\d"\-r‘—\/—v—'-\—r‘—
» Considered major heavy duty truck routes across the US 60 5
50
» SanFrancisco to Cheyenne I-80, Chicago to Boston I-80/1-90, 40 0
and Miami to Atlanta I-75
30
» Altitude data smoothing algorithm (Annex lIA Appendix 7b 4.4.2) 20 -5
Sectjon of 180

- . Section of 175 Section of 180
» Reference: Commission Regulation (EU) 2018/1832 of Nov 5, 2018 , Chicago to Boston Miami to Atlanta  SF to Cheyenne

» FEV’'s MATLAB based cycle generation tool utilized to filter Elevation 0 10 20 30 40 50 60
data to prevent any abrupt changes in grade or vehicle speed Distance [miles]




PHEV battery pack optimization key for understanding the tradeoff between cov
EV sales reduction and PHEV cost/weight/emission/payload/modularity propuision

BATTERY PACK SIZING TRADEOFF FOR P4 PHEV AND HYBRID BEV ARCHITECTURES

=@—P4PHEV —@-—Hybrid BEV —=@—P4PHEV —@-—Hybrid BEV

w b
o O
—
(2]
o

EV Sales [%]
N

EV Range [miles]
- I—
o O O

—
w
o

P4 PHEV Hybrid BEV

? 150 200 250 300 350 400 450 * 150 200 250 300 350 400 450
HV Battery Capacity [kWh] HV Battery Capacity [kWh]
® Without PHEVs 40% EV sales required
to meet fleet-average CO2 target in —@—P4PHEV —@—Hybrid BEV —@—P4PHEV —@-Hybrid BEV
g/ton-mile 90 — 4200

¥ Tailpipe CO2 emission reduction in
PHEVs due to EV mode driving, little
to no-benefit in charge sustaining
mode

-2}
o

Tailpipe CO2 Emission
[g/ton-mile]
NN
o o
Add
N N
N N
o O
© o

(-2}
gl

150 200 250 300 350 400 450 150 200 250 300 350 400 450
HV Battery Capacity [kwh] HV Battery Capacity [kwh]

EV range/Tailpipe CO2 calculated for 19 US-ton payload on the real-world drive cycle 15



Dedicated hybrid engines for commercial applications expected to focus on
reduced transient capability and even narrower speed range operation

Conventional Diesel
Avg. BTE: 45.0%

Engine Torque [Nm]

2500

2000

1500

1000

’I
500 7
\ .

====Min. BSFC Line

850

T T T T T
1050 1250 1450 1650 1850 2050
Engine Speed [RPM]

b1

® Decoupled engine operation from
vehicle driveline can drive
significantly different engine

performance requirements

Reduced transient capability and
reduced operating speed range
opens door for optimization for
cost and efficiency

Engine Torque [Nm]

Fev.
propulsion
Hybrid BEV
Avg. BTE: 45.4%
2500TBsEC [g/kWh -=== Min. BSFC Line

2000

1500

g
C

500

190

195

/ | 205
205

205 220

240
e 220
240 240

e 300 300

[
650

T
850

1050 1250 1450 1650
Engine Speed [RPM]

T
1850

2050

0.05

0.1

0.25

0.5

|16



For class 8 application, tailpipe GHG benefits from PHEVs will be primarily

from external charging; may need ensure it happens regularly!

T
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Vehicle Chassis Mass
(Payload)

**Est. Upfront Cost [$]

Propulsion System

Acceleration 0-60 mph @80k Ibs GVWR
(0-30 mph)

Max Speed @80k lbs GVWR

Startability (Peak) @80k Ibs GVWR

Max. Speed at 5% Grade with High SOC
(Low SOC) @80k Ibs GVWR

*Real-world Drive Cycle Fuel Economy
(CO2 Emission)

***Real-world Drive Cycle Based EV Range

(Total Range 150 Gal. Tank)

22,708 Ibs
(38,000 Ibs)

160,000

455HP MX13, 12 speed AMT

60 s
(13 s)

89 mph

37.5%

33 mph
(33 mph)

6.16 mpg
(86.91 g/ton-mile)

NA
(924 miles)

27,858 Ibs
(38,000 Ibs)

204,705

400HP MX13 Genset
540HP Cont. 2x2-speed E-axles
210kWh Battery Cap.

38sHyb [ 47s EV
(MsHyb [13s EV)

81 mph

20.0

31 mph
(30 mph)

5.63 mpge CS (-8.5%) /
6.05 mpge CD+CS (-1.7%)
(83.47 g/ton-mile)

60 miles
(908 miles)

26,861 Ibs
(38,000 Ibs)

197,113

455HP MX13, 12 speed AMT
270HP 1x3-speed E-axle
210kwh Battery Cap.

36 s Hyb / 65 s Low SOC [ 88 sEV
(10s Hyb /15 s Low SOC [19sEV)

86 mph

Hyb 37.0%/ Low SOC 30.0%
[ EV 17.0%

Hyb 45 mph/ EV 26 mph
(31mph)

6.04 mpge CS (-2%)/
6.51mpge CD+CS (5.7%)
(77.28 g/ton-mile)

63 miles
(977 miles)

38,146 lbs
(29,000 Ibs)

298,984

540HP Cont. 2x2-speed E-axles
1050kWh Battery Cap.

38s
(ns)

81 mph

20.0%

31 mph
(30mph)

13.74 mpge

318 miles

*Charge Sustaining (CS), Charge Depletion (CD), Utility Factor is based on daily driving distance of 500 miles and EV range, relative percentages for fuel economy are compared to baseline Diesel,
all fuel economy numbers are in DGE, **HV LFP Battery Cost: $155/kWh, ***EV range/Tailpipe CO2 calculated for 19 US-ton payload on the real-world drive cycle

|17



Using model-based approach, FEV has recently led the development of
: £ : Fev.
multiple electrified propulsion and thermal systems! propulsion

Thank you!
Questions?

Satyum Joshi

Manager

Controls and Virtual Development
Engine and Hybrid Powertrains
FEV North Americaq, Inc.

4554 Glenmeade Lane

Auburn Hills, M|, 48326
joshi_s@fev.com

+1248-724-7917
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