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NREL at-a-Glance
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NREL’s Range of Energy Storage R&D
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Why Extreme Fast Charge (XFC)

XFC allows full market penetration of 
battery electric vehicles (BEV) while 
solving the current equity issue of 
BEVs only being feasible to people 

that can charge at home.

Photo by Dennis Schroeder, NREL
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XFC Today

Car Make and Model Battery Capacity Maximum Power Charge Time 
(10%-80% SoC) Average Power

Kia EV6 Long Range 2WD 77.4 kWh 233 kW 16 min 200 kW

Hyundai IONIQ 5 Long Range 2WD 77.4 kWh 233 kW 16 min 200 kW

Porsche Taycan 4S Plus 93.4 kWh 268 kW 17 min 216 kW

Audi e-tron GT Quattro 93.4 kWh 268 kW 17 min 216 kW

Lucid Air Pure 88.0 kWh 200 kW 24 min 160 kW

Tesla Model 3 Long Range AWD 82.0 kWh 250 kW 27 min 124 kW
Source: ev-database.org

Current BEV DC Fast Charge Capabilities

Source: insideevs.com/news/537223/kia-ev6-prototype-fast-charging/

Current state-of-the-art 
charging enables high 
power at low SoC but 

suffers from lower power 
levels at high SoC.
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XFC Tomorrow: DOE XCEL Program

Taken From: Howell, Dave. 2021. “Vehicle Technologies Office Battery R&D Overview.” Presented at ARPA-E High Energy, Fast Charging Batteries for EV Applications Workshop.
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Objectives of NREL’s Battery Thermal Management 
Work

• To thermally characterize cell and battery hardware and provide technical 
assistance and modeling support to DOE/U.S. DRIVE, USABC, and battery 
developers for improved designs

• Identify how changes to the battery chemistry and cell design affect the cells’ 
efficiency and performance

• To quantify the impacts of temperature and duty cycle on energy storage system 
life and cost

• Work with the cell manufacturers to identify new thermal management strategies 
that are cost effective.

USABC = U.S. Advanced Battery Consortium
U.S. DRIVE - United States Driving Research and Innovation for Vehicle Efficiency and Energy 

Life, cost, performance, and safety of energy storage systems are strongly impacted by 
temperature
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• As part of the United States Advanced Battery Consortium’s 
(USABC) Technical Advisory Committee, we benchmark 
different cells/chemistries

• This activity also helps advise multiple standards committees, 
roadmaps, etc.

Thermal Characterization & Analysis
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Efficiency of this energy storage system 
shows improvement after initial cycling.
(This result not representative of all designs)

Pack, Module, and Cell Calorimeters

Cell, Module, & Pack Level Testing

Phase 
transitions 
visible in the 
entropic 
signature 
during slow 
discharge of Li-
ion battery

Top view of large calorimeter test chamber
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Sources of Heat Within Cell

• Lithium-ion batteries have very good 
coulombic efficiencies that are as high as 
99.7%. The small drop in efficiency is 
often traced back to mismatched 
properties among the different battery 
components.

• The source of heat occurs in three areas:
– Heat generation in the cell due to 

Joule heating is usually 50% of the 
heat generated within the cell.

– Heat generation from electrode 
reactions contributes 30% – 40% of 
the heat losses.

– Entropic heat generation contributes 
approximately 5% – 15% of the heat 
losses.

Photo by Aron Saxon, NREL 
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Electrode Thickness Impact on Efficiency

Thick 
Electrode

Thin 
Electrode

C-Rate limited by cell design

High energy density in 
today’s battery 

chemistry relates to 
high electrode loading. 
Increasing the loading 
increases joule heating 

within the cell.
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Active Thermal Management Design 
Considerations

CD = charge depleting CS = charge sustaining HENCM = high energy nickel manganese cobalt 

End of CD

End of CS

Evaporator

HENCM/Graphite

Approximately 100 cells in pack

Intercell heterogeneity 
must be considered 

when designing thermal 
management systems.
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Heating from Pack Interconnect Design

Under XFC the battery 
interconnect design will 
have added importance. 
Minimizing interconnects 

for cost reduction or 
weight saving could 

increase thermal load.
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Cell Design and Temperature Variation

Normal Design

Wide Stack Area DesignSmall Tab Design

Counter Tab Design

Source: Keyser, Matt. 2017. “Thermal Implications for Extreme Fast Charge.” Presented at Vehicle Technologies Office (VTO) Annual Merit Review and Peer Evaluation, Washington, D.C.

Cell design impacts 
thermal characteristics 

of cells and thermal 
management system 

design.
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Charging at 60°C to Mitigate Lithium Plating

Source: Keyser, Matt. 2017. “Thermal Implications for Extreme Fast Charge.” Presented at Vehicle Technologies Office (VTO) Annual Merit Review and Peer Evaluation, Washington, D.C.
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Charging at 60°C to Mitigate Lithium Plating

Source: Keyser, Matt. 2017. “Thermal Implications for Extreme Fast Charge.” Presented at Vehicle Technologies Office (VTO) Annual Merit Review and Peer Evaluation, Washington, D.C.
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Increasing Cooling Paths Within Pack Design

Source: Keyser, Matt. 2017. “Thermal Implications for Extreme Fast Charge.” Presented at Vehicle Technologies Office (VTO) Annual Merit Review and Peer Evaluation, Washington, D.C.

Temperature contours of a cell cross section after 250 seconds 
under a 6C charge.
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Temperature Variation Under 
Four Cooling Strategies

Bottom cooling only: 22°C ΔT
Bottom and top cooling: 12°C ΔT

Bottom, top, and tab cooling: 9°C ΔT

Constant inlet temp is constant temperature air boundary 
condition
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Immersion Thermal Management

Surrounding battery in 
pumped dielectric fluid to 

maximize the heat flux out of 
the cell and transferred to a 

rejection point (condenser in 
an actively cooled system).

Dielectric Fluid
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Off-Vehicle Thermal Management

• Provide supplemental 
central cooling during fast 
charge.

• Pump cooling fluid through 
charge tether.

• Minimizes on vehicle 
thermal management 
system.
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Case A1 B2

Fin thickness, 
mm 3.2 0.8

Surface area, 
m2 5.05e-3 2.02e-2

Case A1 (testing) Case B2 (modeling)
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Heat Absorption with Aluminum Heatsinks

• Passive management 
with Al fins among cells

• TR propagation 
prevented In both cases 

• Aluminum fin optimized 
to enhance heat 
dissipation.

  

Convective heat 
transfer

Plate ->cell2
cell1-> plate

∫𝑡𝑡1
𝑡𝑡𝑡 𝑞𝑞𝑇𝑇𝑇𝑇𝑑𝑑𝑑𝑑  =  (𝑚𝑚𝐶𝐶𝑝𝑝∆𝑇𝑇)𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  + (𝑚𝑚𝐶𝐶𝑝𝑝∆𝑇𝑇)𝐴𝐴𝐴𝐴 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

+(𝑚𝑚𝐶𝐶𝑝𝑝∆𝑇𝑇)𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 +  �
𝑡𝑡1

𝑡𝑡𝑡
𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑

Tests done by BATlab in Sandia 
National Laboratories 

Source: Yang, Chuanbo. 2021. “Thermal Management Methods for Mitigating Thermal Runaway Propagation in Li-Ion Battery Systems.” Presented at International Battery Seminar & Exhibit.
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Flame Retardant Foams to Avoid Thermal Runaway 
Propagation

Soft short circuit

Trigger cells

• Soft short circuit occurred in neighboring cells 
• Heat released by neighboring cells insignificant, indicating cascading TR prevented.

Temperature reading kept falling 
indicating no cascading thermal 
runaway

Source: Yang, Chuanbo. 2021. “Thermal Management Methods for Mitigating Thermal Runaway Propagation in Li-Ion Battery Systems.” Presented at International Battery Seminar & Exhibit.

FR3: Fire-Retardant 3
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Conclusions and Outlook

• Robust battery thermal management will be required to make XFC a reality—even with high-power cells, 
an oversized battery thermal management system is needed.

• Fast charge at high temperature - 60°C - is a strategy that can increase fast charge longevity by minimizing 
lithium plating.

• The size of the battery thermal management system will have to increase from today’s BEV average size of 
1 – 5 kW to around 15 – 25 kW.

• Coupling cell design and cooling strategy will have an impact on the temperature variation within the cell 
and the temperature imbalance within the pack.

• New thermal management strategies like dielectric fluid immersion may be needed to keep the battery 
within operational temperatures and minimize temperature variation within the system.

• Centralizing the heat rejection to a station chiller could alleviate the need for the vehicle to have a thermal 
management system capable of keeping up with fast charge.

• Thermal runaway propagation can be avoided by:
– Removing heat quickly from a cell undergoing failure – through the introduction of aluminum heat 

plates and fins (or advanced cooling techniques).
– Providing insulation in the form of fire-retardant foam.
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