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The 2024 technology roadmaps provide a view of technology adoption
in the automotive industry. These roadmaps help academia, industry €D Electric Machines
and policy-makers understand where research and development (R&D)

. o . . Technology
efforts are likely to be focussed, highlight key milestones in technology Roadmap
adoption, and through the supporting documents explore challenges 2024
and opportunities.

The documents available for each roadmap are as follows:

ADVANCED

The executive roadmap N (€ e
The executive roadmap provides a high-level view of forecast mass

adoption of technology within the automotive industry. Mass adoption
requires technology, supply-chain, manufacturing and market readiness Technology roadmap
and in some instances, regulatory readiness.

. Electric Machines
The narrative report @'—'

The narrative report supports the executive roadmap by providing the
context behind the technologies on the roadmap. The narrative considers
regulatory and market drivers alongside the work required to develop
individual technologies and their supply chain.

The innovation opportunities report

CED
LSION
K

The innovation opportunities report is intended to take a deeper dive in - automotive @
to the R&D steps required to enable technologies on the roadmap. 2
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Narrative report




Introduction to the technology roadmap

This technology roadmap represents a snapshot-in-time view of the
global automotive industry propulsion technology forecast for
mass-market adoption.

+ Chevrons with text describing a technology indicate when a technology
is expected to reach mass-market adoption in the automotive industry.

Technology adoption will vary from region to region, this is recognised
and discussed in the narrative report that accompanies this
executive roadmap.

Technology adoption varies within different sectors of the automotive
industry and, where appropriate, this is indicated on the roadmap and
discussed in the accompanying narrative report.

« Some technologies may be feasible before appearing on the roadmap,
many technologies that do not appear until later are technically feasible
now. However, the roadmap considers not just technology maturity but
also market, supply chain and regulatory impacts. These are discussed
in the accompanying narrative report.

+ Some chevrons appear to start on the 2025 line, this is considered as
equivalent to a technology being available now.

Technology

Beginning of chevron
(developing technologies)

Technology is in a
mass-market application.
Significant innovation is
expected in this timeframe.
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Technology >

Transitions

Each horizontal set of bars
represents a technology
‘theme’. Transitions do not
mean a phase-out from market
but a change of R&D emphasis.
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2025 2035 2040 2025 2035 2040
Volumetric power density (kW/I) 25 35 40 Volumetric power density (kW/1) 6 10 14
Gravimetric power density (kW/k 8 12 16 Gravimetric power density (kW/k 4 6 8
Mass-volume p y ( ) p y ( )
el Peak power (kW)* 120-250 >250 250 Peak power (kW)* 250-500 300-500 400-500+
Continuous power (kW)* 50-150 150 >150 Continuous power (kW)* 150-350 180-350 250-350+
Continuous torque (Nm) 480-800 800-1200 1000-1200+
Peak torque (Nm) 800-1500 1500-2000 2000+
2025 2035 2040
Volumetric power density (kW/I) 85] 50 60
Gravimetric power density (kW/k 8 14 18
Ity p y ( 9)
technology Peak power (KW)* 350 500 2500 2025 2035 2040
e e 230 400 2450 Volumetric power density (kW/1) 6 10 14
Gravimetric power density (kW/kg) 4 6 8
2025 2035 2040 Off-highway Peak power (kW)* <100 <150 <150
(including
Volumetric power density (kW/1) 35 50 65 NRMM)** Continuous power (kW)* <55 <75 <75
High- Gravimetric power density (kW/kg) 10 15 23 Continuous torque (Nm) 480-800 800-1200 1000-1200+
performance
technology Peak power (kW)* >500 500-800 >800 Peak torque (Nm) 800-1500 1500-2000 2000+
Continuous power (kW)* 450 650 >650

*potentially delivered by multiple motors

Power density is based on the e-motor only (including active and passive mass of e-motor)
Continuous power and torque should be sustainable for at least 15 minutes (for NRMM 260 minutes)
Power is Net Power, as defined in ECE R85

**NRMM with lower power requirements such as forklifts

B Technology is in a mass market application. Significant innovation is expected in this timeframe.
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis.

Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications.

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region.
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Technology roadmap

2025 2030 2035 2040

» Machine architectures

- Technologies Click to expand (page 6)

- Integration

» Thermal management

- Materials Click to expand (page 7)

- Design

» Material development
- Windings
- Hard magnetics Click to expand (page 8)
- Soft magnetics
- Other

» Manufacturing and processing
- Housing

- Windings Click to expand (page 9)
- Stator / rotor
- Other

» Noise, vibration and

Click to expand (page 10)
harshness (NVH) Click to expand (page 10

» Software and drive controls Click to expand (page 11)

» Life cycle

- Life cycle impact Click to expand (page 12)

- Material recovery

2025 2030 2035 2040

B Technology is in a mass market application. Significant innovation is expected in this timeframe.
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis.

Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications.

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region.



Technology roadmap

2025 2030

Transverse flux
Radial flux
Axial flux
Magnet-free motor optimisation, e.g. Induction and EESM

HREE-free magnets
Technologies

New machine designs via enhanced simulation techniques

Embedded sensors ’
Functionally integrated drives (housing, embedded electronics, highspeed gearbox)
3-in-1 including PE. > 4-in-1 and up to 6-in-1

E-axles / EDU

Co-design of power electronics with electromagnetics
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Integration
Integrated motor-generator for hybrid systems

Simplification of the housing

In-wheel motor, e.g. for high-
performance and autonomous vehicles

Multi-motor EDU integration ’

» Thermal management Click to expand (page 7)
» Material development Click to expand (page 8)

» Manufacturing and processing Click to expand (page 9)

» Software and drive controls Click to expand (page 11)

» Noise, Vibration and harshness (NVH) Click to expand (page 10) ‘
» Life cycle Click to expand (page 12) ‘

2025 2030
Compress all

B Technology is in a mass market application. Significant innovation is expected in this timeframe.
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis.

Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications.

> Fully REE-free magnets

2035

Advanced architectures (new rotor design, new positions) Additive manufacturing enabled new machine designs with adaptive / flexible features

Technology Roadmap 2024 Ul automotive ADVANCED
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2040

Hypercooled systems (high-performance)

HTS (high-performance)

Radical architecture

Advanced
architectures

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region.
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2025 2030 2035 2040

» Machine architectures Click to expand (page 6) ‘

Insulation materials for electrical strength and

thermal conductivity, e.g. film insulation
I |

Improved potting compounds Higher thermal efficiency materials reducing cooling requirements

FEP (fluorinated ethylene-propylene
co-polymer)

Advanced electrically insulating thermally conductive materials

\VETCES

Improved cooling fluids, e.g. synthetic dielectirics >
Using phase change materials (PCM) ’

Slot liner optimisation (reducing thickness and increasing heat transfer)

Frame cooling

Direct liquid cooling of winding termination Liquid hydrogen as coolant especially in FCEV

Advanced cooling concepts

Oil spray cooling of winding
Direct liquid cooling of full winding
Direct liquid cooling of stator ’

Through slot cooling channels
(direct rotor cooling)
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Submerged stator

> Submerged rotor

Integrated machine architecture and thermal Integration of e-machine and PE into
management, e.g. inverters and motor cooling battery cooling system

Improved potting processes

Thermal loss modelling and validation

Physics-based models and machine learning for thermal performance simulation and design optimisation

Using Al for thermal performance simulation and design optimisation

» Material development Click to expand (page 8)

» Manufacturing and processing Click to expand (page 9)

» Software and drive controls Click to expand (page 11)

» Life cycle Click to expand (page 12)

» Noise, vibration and harshness (NVH) Click to expand (page 10) ‘ ‘ ‘

2025 2030 2035 2040
Compress all

B Technology is in a mass market application. Significant innovation is expected in this timeframe.
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis.

Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications.

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region.
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2025 2030 2035 2040

» Machine architectures Click to expand (page 6) ‘ ‘ ‘
» Thermal management Click to expand (page 7) ‘ ‘ ‘

| |
High-performance and high-efficiency windings, e.g. graphene, HTS, etc.

Enhanced copper windings,
e.g. alloys, laminated and enhanced coatings

Low-cost form Litz winding,

e.g. using hairpin winding tools Carbon nanotubes or nanomaterial

Alternate low-cost and lightweight windings, e.g. aluminium and aluclad
Windings Advanced joining techniques, e.g. welding ’
Hollow conductors
ditive manufacturing for winding (high-performance)
Cast windings

p Cost-competitive additive manufacturing windings with alternative materials ’

Reduced heavy rare earth content ’

Hot-pressed HREE-free NdFeB magnets

Blends of primary and secondary rare

Hard magnetics
9 earth magnets

Higher temperature resilience materials, e.g. Iron ferrite, Iron Nitride

Alternative to sintered NdFeB for mass-market applications, e.g. iron ferrite, SmCo and bonded NdFeB

Polymer bonded magnets

Enhanced e-steels, e.g. higher Si content Cost-competitive next-generation e-steels (with localised properties)
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Next-generation e-steels, e.g. niobium alloys, CoFe alloy:

SMCs tailored for high-volume automotive,
Soft magnetics e.g. smaller grain sizes, reduced saturation
Optimising SMC with improved strength and reduced losses

High-strength steels for high-speed applications
Additive manufacturing

Slot liner optimisation (reducing thickness and increasing heat transfer)

Additive manufacturing (housing)

» Manufacturing and processing Click to expand (page 9)

» Noise, vibration and harshness (NVH) Click to expand (page 10)

» Software and drive controls Click to expand (page 11) ‘ ‘ ‘

» Life cycle Click to expand (page 12)

2025 2030 2035 2040
Compress all

B Technology is in a mass market application. Significant innovation is expected in this timeframe.
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis.

Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications.

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region.



Technology roadmap

2025 2030

» Machine architectures Click to expand (page 6) ‘
» Thermal management Click to expand (page 7) ‘
» Material development Click to expand (page 8) ‘

. Optimising diameter for specific power range and torque target
Housing

Design optimisation to reduce passive mass v active mass (machine learning and Al)

Technology Roadmap 2024 ¥auton_10tive ADVANCED
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2035

2040

Additive manufacturing (housing)

High-volume winding techniques with high fill factor, e.g. continuous winding

Higher efficiency winding techniques
Windings >
Pre-treating coils with thermal materials

Advanced joining techniques

Reduced wastage of stator / rotor stacking, e.g. slinky stators
Improvements to cutting of lamination
Cost-effective cutting of ultra-thin lamination

Rotor / stator
Rotor side back iron elimination

>
=

Managing heat without potting / epoxy

Process optimisation using physical process models
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Eliminate wet processes

Reduced wet manufacturing
processes in machine assembly

Recoverable adhesives nding resins
Reduction of structural materials, e.g. adhesives and potting
Reducing cost of automation
In-line and on-line process metrology to control and optimise process

Closed loop process control utilising machine learning / Al

» Noise, vibration and harshness (NVH) Click to expand (page 10) ‘

Click to expand (page 11) ‘

» Software and drive controls

» Life cycle

Click to expand (page 12) ‘

2025 2030

Compress all

B Technology is in a mass market application. Significant innovation is expected in this timeframe.
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis.

Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications.

New winding processes for high-performance, e.g. casted windings, additivs

Loss reduction, e.g. multi-gauge, multi-material windings

Direct injection bonded magnets

Manufacturing hollow rotors to enable submerged rotor cooling

Using Al to optimise manufacturing processes

———
Dry retention methods, e.g. mechanical joining techniques

e manufacturing

Casted windings

_

3 Net shape, zero waste integrated magnetics

2035 2040

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region.
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2025 2030
» Machine architectures Click to expand (page 6)

» Thermal management Click to expand (page 7)

» Manufacturing and processing Click to expand (page 9)

» Material development Click to expand (page 8) ‘

Management of e-machine NVH - management of switching frequency ’

Advanced control techniques moving away from PWM
Active damping of hybrid engine vibration through e-machine control

Noise vibration NVH-optimised designs
’

and harshness
(NVH)

Material development for optimised properties, e.g. stiffness, damping
Lightweight NVH mitigation components
Co-designing with other drivetrain components to optimise NVH
Physics-based models and machine learning for NVH simulation and design optimisation
Al optimised NVH simulation and modelling

NVH-design optimisation using Al

Click to expand (page 11) ‘

2025 2030
Compress all

B Technology is in a mass market application. Significant innovation is expected in this timeframe.
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis.

Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications.

2035

Technology Roadmap 2024 Ul automotive ADVANCED
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2040

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region.
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2025 2030 2035 2040
» Machine architectures Click to expand (page 6)

» Thermal management Click to expand (page 7)

» Manufacturing and processing Click to expand (page 9)

» Noise, vibration and harshness (NVH) Click to expand (page 10)

» Material development Click to expand (page 8) ‘ ‘ ‘

Al optimisation of FOC algorithms
Improvements in brake blending Enhanced regenerative braking safety features ’

Improvements in regenerative braking control enabling deletion of physical brakes
Improvements in energy recovery
Advanced control techniques for hybrid architecture and systems

Enhanced drive dynamics, e.g. using e-machine to generate a richer driving experience
particular for high-performance vehicles
Management of e-machine NVH - management of switching frequency and reducin

Software and

Advanced control techniques moving away from PWM

drive controls

Enhanced sensors for positional feedback, e.g. induction sensors Sensor-less control

Online monitoring and optimising lifetime / performance Self-learning efficiency optimisation of e-axle / EDU

> Holistic data gathering over lifetime to inform end-of-first-life decisions and servicing
I |

Enhanced single motor safety features, e.g. limp home mode
|
Enhanced safety features utilising redundancy in multi-motor and multi-level converter systems

Al health management

Enhanced fault resilient, self-diagnostic systems > Vehicle-to-X (report, predict and control) p (in-situ self-managing algorithms)

Advanced multi-motor drive controls > Enabling other functional uses of e-motor, e.g. heat source, DC charging boost

» Life cycle Click to expand (page 12) ‘ ‘
2025 2030 2035 2040
Compress all

B Technology is in a mass market application. Significant innovation is expected in this timeframe.
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis.

Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications.

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region.
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2025 2030 2035 2040
» Machine architectures Click to expand (page 6)

» Thermal management Click to expand (page 7)
» Material development Click to expand (page 8)

» Manufacturing and processing Click to expand (page 9)
» Noise, vibration and harshness (NVH) Click to expand (page 10)
» Software and drive controls Click to expand (page 11)

Design for disassembly > Increased circularity in supply chain, especially further down Life cycle compliant supply chain

Reduced waste and increased recycled content in manufacturing >

production waste and material used

Increased use of recycled .mlaterlals, | ased use of recycled REE
e.g. copper and aluminium

REE: grading of material

Using machine learning and physics-based models to reduce .

Life cycle

impact State of health monitoring

Degradation simulation and modelling Optimised lifetime motors

End-of-life design and re-manufacturing Design for reuse

Highly decarbonised manufacturing and recycling Net-zero manufacturing

LCA of new thermal materials, joining materials, etc.
LCA integrated into design stage,
e.g. material choice and design optimisation

Recovery of dielectric coolant fluids

Pilot recycling plants Mass-market e-machine recycling Closed loop value chain

Hydrogen cracking of magnet scrap

LCA-focussed value chains

Life cycle

Hydro-metallurgically extract REE ’

Demagnetisation techniques ’ Re-used and recycled magnets

New methods for material segregation

Material
recovery

Improved recycling of production waste

Simplification and standardisation of material grades to support increased secondary material usage

2025 2030 2035 2040
Compress all

B Technology is in a mass market application. Significant innovation is expected in this timeframe.
B3 Transitions do not mean a phase-out from market but a change of R&D emphasis.

Fluid timings: these technologies have less consensus on when they will occur on the timeline, and may
be implemented earlier or later than they appear. They may be adopted in niche vehicle applications.

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region.



Glossary

APC
Al
BEV
BMS
CcOo2
CO2-eq
EDU
EESM
EV

EU
FOC
FEP
FCEV
HDV
HTS
ICE
loT

Advanced Propulsion Centre UK

Artificial intelligence

Battery electric vehicle

Battery management system

Carbon dioxide

Carbon dioxide equivalent greenhouse gas effect
Electric drive unit

Electrically excited synchronous motors
Electric vehicle

European Union

Field oriented control

Fluorinated ethylene propylene

Fuel cell electric vehicle

Heavy-duty vehicle

High-temperature superconductors
Internal combustion engine

Internet of things

@

LLM
LCA
LDV
ML
MPC
NEV
NdFeB
NRMM
NVH
OEM
R&D
REE
SMC
SmCo
XEV
ZEV

Technology Roadmap 2024 Ul automotive ADVANCED
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Large language models

Life cycle analysis

Light-duty vehicle

Machine learning

Model predictive control

New energy vehicle
Neodymium iron boron
Non-road mobile machinery
Noise, vibration and harshness
Original equipment manufacturer
Research and Development
Rare earth elements

Soft magnetic composites
Samarium-cobalt
Electromotive vehicle

Zero emissions vehicle

This roadmap represents a snapshot-in-time view of the global automotive industry
propulsion technology forecast for mass market adoption.
Specific application-tailored technologies will vary from region to region.
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