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Importance of an Effective Thermal Management Solution

Thermal 
management

Increase 
lifetime

Increase 
power 
density

Decrease 
cost

Enable 1 million miles/25,000 hours of 
operation in Class 8 trucks 

Decrease the cost of electric 
traction drive Systems by 20% 
to $13.4/kWp (peak power)

Enhance volumetric power 
density by 20% to 3.22 
kWp/liter

Project goals
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Medium- and Heavy-Duty (MHDV) Vehicle Environments

Photo Credits: [1] Dean Armstrong, NREL 19672; [2] Toyota Motor North America, 90387; [3] Lauren Reichelt,  NREL 91633

There are many types of vehicles in the MHDV 
category; each has a different loading condition.

axle with electric motor 
(electrified axle)

traction inverter(s)

energy storage

Trucks

electric motor

traction 
inverter(s)

electric and cooling components
Buses

Electric drive (ED) 
components are in 
different locations within 
vehicle, resulting in 
different temperature 
and vibration conditions.



Power Module Thermal 
Management Technologies
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Thermal Management Strategies

Water-ethylene glycol coolant (single-phase) cooling strategies

Pin fins

~25,000 W/m2∙K

Jet impingement

~40,000 W/m2∙K

Triply periodic minimal surface (TPMS)

>50,000 W/m2∙K

Overall heat transfer coefficients at 10 L/min (total) and ≥ 1-mm-channel sizes 
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Thermal Management Strategies
Dielectric-fluid cooling strategies

Single-phase heat transfer 
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Two-phase heat transfer

Lexus hybrid power module
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Lower thermal 
resistance, increased 
power density 
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Thermal Management Design Approach

Calibrate resistance-capacitance ROM 
using high-fidelity models (FEA, CFD)

Capacitor

Enclosure
Ambient node

Modules

Cold plate

R R

R R

R

R

Interior air

Coolant 
inlet

Coolant 
outlet

R

Motor node

node
resistanceR

Develop a transient, inverter-scale 
thermal ROM model of the ORNL inverters

Estimate component temperatures 
for representative drive-cycles 

ROM = reduced order model | FEA = finite element analysis | CFD = computational fluid dynamics



High-Temperature Bonding 
Materials for Devices

Metal-oxide-semiconductor field-effect transistors (MOSFETs)
Insulated-gate bipolar transistors (IGBTs)
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Approach – Power Electronics Reliability

Thermal 
shock

Power 
cycling

Thermal 
cycling

• Crack growth behavior
• Cycles to failure
• Failure mechanisms
• Lifetime prediction 

Die/substrate attach failure

Wire/ribbon 
bond failure

Objectives: 
• Evaluate the reliability of silicon carbide (SiC) power modules with a focus on high-

temperature bonded materials.
• Study the thermomechanical behavior through finite element simulations.
• Investigate the failure mechanisms through a combination of non-destructive and 

destructive analysis.
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Power Cycling of SiC Modules

• Sintering of copper and silver bonds as die-attach were completed by CuNex GmbH for the power module 
samples.

• The sintered parts were sent to Microchip; Microchip completed the power module assembly.
• A total of 20 power modules were fabricated by Microchip (10 with sintered copper and 10 with sintered silver). 

Substrate-attach: SnBi solder; Wirebonds: Al-clad Cu.
• Power cycling of these modules is currently ongoing at NREL.

Copper sintering Silver sintering
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Power Cycling of Switch-Level Samples

• NREL is also working with CuNex to fabricate switch-level samples for power cycling.
• These samples, with Wolfspeed dies, allow experiments with a junction temperature of >200°C.

The main outcome of this study will be a direct comparison of reliability and lifetime between sintered silver and 
sintered copper bonded materials.

Switch-level samples Al wire bonding



Electric Machine Thermal Management



NREL    |    13

EDT NEXTDRIVE:
High-Torque, Heavy-Rare-Earth-Free Electric Motor Thermal Management

Objectives: Developing technologies with ORNL and AMES enabling 
heavy-rare-earth-free electric motors to achieve 1 million miles of 
operation. The approach will identify motor designs that achieve the 
best trade-off between motor power density and durable operation.

Task 4.1. High-Fidelity Multi-Physics Motor Models
NREL’s role: Thermal Models (including rotor windage losses)
• A conjugate heat transfer (CHT) model is being developed for an IPM 

motor for evaluating cooling concepts and optimizing in the future 
iterations of the model.

• In the latest iteration of the thermal management approach, water-
ethylene glycol (WEG) is used to cool the stator and ATF/oil to cool the 
rotor of this IPM machine.

• Maximum temperatures of stator windings and rotor were within 
acceptable operating limits, but further refinements are needed to 
optimize the coolant flow and channel layout/positioning to achieve 
better cooling with the lower coolant flowrates (e.g., getting ATF/oil closer 
to magnets and adding stator end-winding cooling, thus improving heat 
removal path and reducing thermal resistance).

• Thermal models for other motor types without magnets (switched 
reluctance and wound-rotor) are also planned. 

Rotor ATF/oil flow temperatures for 40-LPM rotor 
ATF and 40-LPM stator WEG flow rates. 
Images by Rajneesh Chaudhary, NREL

Thermal field across a vertical slice at the 
middle of the front half of the motor. 
Images by Rajneesh Chaudhary, NREL
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EDT NEXTDRIVE:
Electric Motor Interface Materials

Task 4.5. Identification, Evaluation, and Measurement of Motor Interface Materials

Objective: Experimental characterization of key contact resistances 
between electric motor materials:
• Baseline contact resistance measurements:

o Slot liner paper to lamination stack
o Slot liner paper to copper (representative of hairpin/bar windings)
o Slot liner paper to aluminum

• Advanced contact resistance measurements:
o Slot liner paper to windings (round wires—different wire sizes)
o Slot liner paper to windings bonded with varnish (representative of 

motors with potted windings)
o Windings to ceramic (e.g., aluminum oxide)

Preliminary results of conducted measurements:
• Slot liner paper thermal conductivity: 0.171 ± 0.035 W/m-K (1496 mm²-

K/W). The datasheet value is 0.155 W/m-K, and the measured value is 
within the uncertainty of measurement.

• Measured the contact resistance between slot liner paper and flat 
copper (not shown on the photo) to be 432 ± 235 mm²-K/W.

• Measured the contact resistance between slot liner paper and an M15-
29Ga lamination stack to be 818 ± 251 mm²-K/W.

Publication on characterization of key contact resistances between 
electric motor materials is planned in FY26.

Slot liner 
paper 

(Nomex)

Section of 
windings

Lamination 
stack (on 
edge, in rig)

Experimental setup for characterization of interface materials and contact resistances. 
Images by Emily Cousineau, NREL
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Thank you

Contact: Gilbert Moreno, Senior Research Engineer, 
Advanced Power Electronics and Electric Machines (APEEM) Group
Gilbert.Moreno@nrel.gov
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