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ReFreeDrive Project Overview

EU Project in Horizon2020
Title: Rare earth free e-Drives featuring low-cost manufacturing
Acronym: ReFreeDrive
Grant Agreement No: 770143

Topic: GV-04-2017

= Goal: avoid the use of rare earth magnets through the development of a
next generation of scalable electric drivetrains

ReFreeDrive project runtime: Oct 2017 — Mar 2021
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ReFreeDrive Project Overview
13 partners, 6 European countries
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Why rare earth elements free solutions?
Strong demand growth of Nd, Pr, Dy

Global total demand
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Figure 37. REE (dysprosium, neodymium, praseodymium) global total demand by scenario (STEPS and SDS)
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Why rare earth elements free solutions?
Global material scarcity expected, notably in the 2020-2030 decade

STEPS Scenario SDS Scenario

2020- | 2030- | 2040- 2020- | 2030- | 2040-
2030 | 2040 | 2050 2030 1 2040 | 2050
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Praseodymium ..

. Not enough projects announced to meet demand

‘ Base case supply insufficient, project pipeline sufficient. Innovation and investments needed

’ No issues expected, supply potential sufficient

E Figure 116. Global supply-demand conclusions by decade
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Why rare earth elements free solutions?
Market uncertainty

Neodymium and praseodymium prices since 2019

Fao wNeodymium oxide 99% FOB China ($/tonne)  —— Pr oxide 99%min FOB China ($/tonne)
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Data compiled Jan. 27, 2022.
Source: S&P Global Market Intalligence
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https://www.spglobal.com/marketintelligence/en/

news-insights/latest-news-headlines/clean-

energy-transition-to-fuel-growth-for-china-s-rare-

earths-sector-in-2022-68604096




Why rare earth elements free solutions?
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Cost
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Why rare earth elements free solutions?
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Life cycle environmental impact

CRMA4EV Task 40 - ReFreeDrive / ICA
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ReFreeDrive Project Overview

Project Objectives

= The main aim of this project is to develop rare earth-free traction
technologies

I
)

INDUSTRIAL MASS PRODUCTION LOWER COSTS
’ FEASIBILITY \
» Material selection » Design optimisation
« Manufacturing « Scalability
processes
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ReFreeDrive Project Overview
Design & manufacture 8 different e-motors for electrical powertrains

7SkW  200kW

Induction machines with
copper rotor

Fabricated

Die Cast

Synchronous reluctance
machines

i

Ferrite assisted
Pure SynRel
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ReFreeDrive Project Objectives

Target figures

wQO\O INCREASE mcc\c MOTOR

SPECIFIC TORQUE LOSSES REDUCTION

mOO\O INCREASE OF

POWER DENSITY IN
POWER ELECTRONICS

‘— mc\c COST

REDUCTION
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ReFreeDrive Project Objectives

Specific power
Power density
Specific torque

Torque density

CRMA4EV Task 40 - ReFreeDrive / ICA

3.31

92%

ReFreeDrive Goals
200kW

>43

>8.0

>8.2
>15.4

<44.6
96%

Comments

Peak value,
active parts
only

active parts
only
Peak value

April 2022



ReFreeDrive Motor Achievements
Simulated Performance Data

Torque vs Speed efficiency map of 200kW

Shaft Torque (Nm)

Motor variant i Pure SynRel

DC-link voltage 720V

BTSN 500Ams 416 Arms 500 Arms
| Peaktorque  [EETERNTY 405 Nm 385 Nm
Maximum speed 20,000 rpm 17,500 rpm 18,000 rpm
| Gearratio  [NEEEEN:T 12.19 12.19
(Peakpower  IEEENOIN 226 kW 246 kW

Peak power @nmax 150 kW 95 kW 60 kW

Torque [N.m]

Peak Efficiency 96% 97% 96%
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Prototypes Manufacturing

Two variants of Synchronous Reluctance Motors

Pure Synchronous
Reluctance Motor
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Ferrite assisted Synchronous
Reluctance Motor
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Prototypes Manufacturing

Induction Motor using Hairpin Stator Winding

The two ReFreeDrive induction motor prototypes are using innovative Hairpin Winding in the
Stator

CRMA4EV Task 40 - ReFreeDrive / ICA

April 2022



Prototypes Manufacturing

Two variants of Copper Rotor for the Induction Motor

Fabricated Copper Rotor
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ReFreeDrive Motor Achievements

Test Performance Data — 200 kW motors

200 kW KPIs

Specific peak power
(kW/kg)

Peak power density
(kW/liter)

Specific peak torque
(Nm/kg)

Maximum speed
(rpm)

Peak efficiency (%)

CRMA4EV Task 40 - ReFreeDrive / ICA

Benchmark
Tesla S 60

3.31

7.89

6.32

14,500

92

ReFreeDrive

target PMa-SynRel | Pure SynRel IM DCR
4.3 3.8 5 54
8 17.7 22.1 30.6
8.2 7.9 6.9 7.7
me%ooooo- 17,500 16,000 15,000
96 96.4 96 92.7*

* lower than theoretical results due to software issues during testing




ReFreeDrive Motor Achievements

Test Performance Data — 200 kW motors

Motor efficiency - DC IM 200kW - 750V SO STRCICY = P BUNISSY 200 KNy S THON <4
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ReFreeDrive Motor Achievements
Drive unit efficiency for standard driving cycles

Including motor, inverter and gearbox

Efficiency PMa-SynRel Pure SynRel IM DCR

Highway Fuel mn@:03< Test (HWFET) 88.79% 86.5% 86.1%
driving cycle

Urban Dynamometer Driving Schedule o o
: : 86.39

(UDDS) driving cycle 89.0% 85.3% %

Environmental wq.oﬁmn:o: Agency (EPA) 88.99% 85 8% 86.29%
driving cycle

CRM4EV Task 40 - ReFreeDrive / ICA
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ReFreeDrive Motor Achievements
Life Cycle Assessment (LCA)

Environmental Impact comparison
of REFREEDRIVE motors against
current automotive electric motor
(NdFeB permanent magnets)

“Cradle-to-gate” approach

Crmtte e g

Crtle g
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ReFreeDrive Motor Achievements

Techno-Economic Assessment

All ReFreeDrive motors show
significant lower production costs
compared to benchmark Tesla Model
S induction motor, and to rare-earth
PM

CRMA4EV Task 40 - ReFreeDrive / ICA

Cost comparison of different motors at 100,000 units per annum

€184

Fe-assy
Synrel

€153

Cast

Induction

Stator

Rotor

€153 €161 €177

Built Rare-earth Tesla machine
Induction PM

Passive Parts

April 2022 21



ReFreeDrive Motor Achievements
Techno-Economic Assessment

Losses vs Cost tradeoff
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Obvious that our ReFreeDrive motor
alternatives will never surpass the rare-
earth PM motor total driving efficiency for
a given powertrain configuration.

But, as the battery price will decrease in
some years, our cheaper motor solutions
will become viable economically, when the
efficiency lost by a cheaper motor
technology can be offset through higher
battery capacity.
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ReFreeDrive Project

Technologies well adapted to various applications

cu

The induction motor with die cast or fabricated copper rotor can provide high torque for SUV
applications. The technology can also be used as a low-cost solution for secondary traction units
not intended to operate for the full driving cycle.

The synchronous reluctance motor with ferrite permanent magnets achieves high torque and
competitive efficiency, and the low cost of ferrites reduces series production costs. This would be a
suitable option for midsize cars.

The pure synchronous reluctance motor represents a very cost-effective solution. The absence of
permanent magnets and copper windings in the rotor makes it highly material efficient and, because
of optimized rotor geometry, it can achieve reasonable power densities. This type of motor is suitable
for smaller city cars for which cost, not power density, is the most important factor

CRM4EV Task 40 - ReFreeDrive / ICA April 2022 23



ReFreeDrive Project

Technologies well adapted to various applications

CRMA4EV Task 40 - ReFreeDrive / ICA

April 2022
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ReFreeDrive Project

Outlook

>25 Mio BEVs per year produced globally in 2030 - Need to
substitute critical rare earths to assure supply base in EU

Market Demand

Technology ReFreeDrive investigated 3 different drivetrain solutions as
Comparision alternatives to rare earth PM machines.

ReFreeDrive drivetrain solutions show acceptable performance at

Cost effective . .
lower cost ratio for mass production.

Green & ReFreeDrive solutions show a significant lower environmental
Sustainable impact compared to NdFeB PM motors.

Know-how generated in project developments for follow-up on
academic and commercial level

cu
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ReFreeDrive Project Overview CRM4EV
e —

CRITICAL RAW MATERIALS

www.refreedrive.e ELECTRIC VEHICLES

Induction and:Syhchronous
Reluctance Machines for electric

vehigcle drives

Fernando Nufio - International Copper Association
fernando.nuno@copperalliance.org

Rare Earth Free e-drives featuring low cost
manufacturing

LATEST NEWS

André Nasr - IFPEN
andre.nasr@ifpen.fr

ElectricDrivetraininnovationCluster in LinkedIn
https://www.linkedin.com/company/11805543

Giuseppe Fabri — University of Aquila

r.y ‘ Electric Drivetrain Innovation Cluster MWW Q m C mm U Um . .ﬁm U qnm @ C 3 m<mQ . m.ﬁ
D e ModufED ~ O ~—
T8 decrcomernmonioncser - Mircea Popescu — Motor Design Limited

Mircea.Popescu@motor-design.com

Home Recently posted videos
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