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Motivation

* Hybrid electric vehicles (HEVs) are effective at reducing per-
vehicle fuel use

* |ncremental cost remains a barrier to wider market
penetration
o Energy storage system (ESS) arguably the largest contributor

e ESS cost reductions/performance improvements = improved
vehicle-level cost vs. benefit
o Increase market demand and aggregate fuel savings

e LEESS considerations
[o Technical evaluation—can it do the job? ] <€ Project Focus
o Potential for lower cost with less energy?

o Potential benefits from alternative technology?
— Better life, better cold temperature performance
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Related Background Work: NREL Evaluation for GM of Replacing NiMH
Batteries with Ultracapacitors in the 42-V Saturn Vue BAS HEV

* Motivation: Ucap potential for superior cycle life, cold temperature
performance, and long-term cost reductions

* Bench tested Ucaps and retrofitted vehicle to operate in 3 configurations

Photos by Jeff Gonder and \'J_a'son-i_ustbader, NREL

Findings: 42V HEV with ultracapacitors performed at least as well as the stock
configuration with a NiMH battery

BAS = belt alternator starter (“mild” HEV)
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Additional Background: NREL Analysis for USABC of Full-HEV Fuel Savings
Sensitivity to Energy Storage Size

* NREL performed simulations and analyzed test data in conjunction with an EES
TT Workgroup

o Re-evaluating ESS targets established in the late 1990s / early 2000s

e Results suggested power-assist HEVs can still
1230 e gnificant benefit with energy window out to
achieve high fuel savings with lower energy oonsio S L
11.50 DOH = 38% Most additional benefit with energy window out
and potentially lower-cost ESS — see:

o Gonder, J.; Pesaran, A.; Howell, D.; Tataria, H. “Lower-
Energy Requirements for Power-Assist HEV Energy

UDDS Cycle Results

Fuel Consumption (L1100 km)
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Storage Systems—Analysis and Rationale.” o D\L""" i
Proceedings of the 27t International Battery Seminar = 7% *\;\ff s T

and Exhibit; Mar 15-18, 2010, Fort Lauderdale, FL. 65 C N e e
http://www.nrel.gov/docs/fy100sti/47682.pdf ’ P i T 7

 USABC established targets and began supporting device developers
o See: http://www.uscar.org/guest/article view.php?articles id=87

o Open to any ESS technology (very high power batteries, electrochemical double-
layer capacitors, or asymmetric supercapacitors)

USABC = United States Advanced Battery Consortium
EES TT = The FreedomCAR/USDRIVE Electrochemical Energy Storage Technical Team
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Current Project:
Hardware Evaluation of Potential Full-HEV LEESS Devices

Photos by John Ireland, NREL

e Set up a reusable vehicle test platform
using a 2012 Ford Fusion Hybrid

o Cooperative research and development
agreement (CRADA) with Ford to facilitate

e Second set of production Ford control
modules to interface with LEESS cells
o Custom state estimator sends
instantaneous state of charge (SOC) and

power capability information to vehicle
controller

* Maintain stock operating capability (using
production NiMH cells)
o Able to switch between operation using

the stock battery and using the LEESS
device under test

o Provides back-to-back performance
comparison

Fusion test platform and traction battery with Bussed
Electrical Center (BEC), Battery Pack Sensor Module (BPSM),
and Battery Energy Control Module (BECM)

NATIONAL RENEWABLE ENERGY LABORATORY



Bench Testing of First LEESS under Evaluation

Lithium lon Capacitor (LIC)

e JSR Micro provided LIC - |e— Output |

Figure courtesy
modules

of JSR Micro

o Asymmetric storage
device with battery and
ultracapacitor-type
characteristics

o 3.8V max/cell, and
doubled volumetric
capacitance due to
lithium doping

Lithium-doped Electrolyte Activated Carbon
Anode Cathode

A
| Lithium-ion Battery Ultracapacitor

T Ouiput — - i |% Output T:’l i

Graphite  Electrolyte LiIMO, Activated Electrolyte Activated
Carbon Carbon

e Conversion pack sizing

# of Cells Nominal Voltage  Total Energy (Wh)
Stock Sanyo NiMH* 204 275 1,370
8 JSR 192 F LIC Modules 96 300 260**

*Based on fact sheet published by Idaho National Laboratory (INL):
http://www1.eere.energy.gov/vehiclesandfuels/avta/pdfs/hev/batteryfusion4699.pdf

**Assuming 175 V — 350 V maximum in-vehicle operating window
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JSR LIC Pack Characterization

* Bench cycling at multiple 25°C, 8-Module HPPC Results
temperatures 375
o Static capacity test o325 —
o Hybrid pulse power > 275 ,./
characterization (HPPC) O 75
o USO06 drive profile 175 . . | . |
* Impedance 2—-3x less than NiMH* ! 20 'msoc {yfﬂ 0
, 10
E o 32 = Diccharge
.E E ) wfll=Charge
e Q__D.d
$ 0.2 T R —em—rE——
~ 00 . . | | .
0 20 40 60 80 100

SOC (%)

*Based on calculations from INL fact sheet
OCV = open circuit voltage

Photo by John Ireland, NREL
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US06 Stock Vehicle (NiMH) & LEESS (JSR LIC) Lab Comparison
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Stock battery data courtesy of Argonne National Laboratory (ANL) chassis dynamometer testing
US06 = aggressive drive cycle with high speeds and accelerations
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US06 Profile Comparison: Stock Battery (in vehicle) vs. JSR
Micro LIC (in lab)
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LEESS Control and Vehicle Interface:
MABYX, LIC State Estimation, and Vehicle Communication

— BSE - LEESS - Ford Fusion
Thase aie the CAN cantiolians

« Controls for LIC state estimation,
safety, etc. implemented via rapid
control prototyping with dSpace
MicroAutoBox (MABX)

« Adaptive state estimation model
used to monitor LEESS pack state
and estimate power capabilities

« State estimation and power
capabilities were validated against
bench test data from LIC modules
undergoing US06 and HPPC cycles

« MABX interfaces with LEESS
modules and with the Ford hybrid
controller over the vehicle controller
area network (CAN) bus

Simulink state estimation model (above), and
LEESS installation in the trunk space
showing the JSR LICs and MABx
(Photo by Jon Cosgrove, NREL)
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In-Vehicle Comparison: 0—-60 mph Accelerations*
Stock Battery (NiMH) & LEESS (JSR LIC)

0-60 Acceleration Times
LIC and NiMH Configurations

12

10 ~

mLIC
= NiMH Photo by Petr Sindler, NREL

Acceleration Time [seconds]
=]

No significant difference found
between acceleration times
while in NiMH configuration vs.
LEESS configuration

* Run with extra mass of both ESSs and at high altitude
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In-Vehicle Comparison: Dynamometer Testing

Test Schedule Dynamometer Facility
* Performed standard drive * Testing details
cycles with vehicle in NiMH o CAN fuel rate calibrated to
and LEESS configurations bag measurements for
o Test cycles included: comparisons
— FTP/UDDS
— HWFET
— USO06

— Cold (20°F) FTP

o Vehicle CAN traffic
recorded using the MABXx

FTP/UDDS = Federal Test Procedure/Urban
Dynamometer Driving Schedule (city testing) Sk R o
HWFET = Highway Fuel Economy Test - Photo by Jon Cosgrove, NREL
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In-Vehicle Comparison:
Dynamometer Testing Production NiMH vs. 3 LIC configurations

Percent of Cycle Time
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Evaluated several LIC scenarios in addition to the production configuration

o LIC-High: Energy constrained only by vehicle and device voltage limits

o LIC-Med: Artificially reduced upper voltage limit to constrain energy

o LIC-Low: Further reduced upper voltage limit for most constrained evaluation

LIC-Low Distribution
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LIC-High Distribution

35
30 -
25
20
15 -
10 -

5 4

0 -
210 230 250 270 290 310 330

Voltage (V)

40 -

35

30

25

20

15 4

10 A

5_

0_

NiMH Distribution

210 230 250 270 290 310 330




In-Vehicle Dynamometer Testing:
Fuel and Energy Use Comparisons

4.0 25
) 3.5 7
 Small fuel use differences /
between the HEV 3.0 Unadjusted city rating for |—— 333

conventional Fusion

configurations—all show
significant savings compared
to the non-hybrid vehicle

= 2.0 50
15 l I
1.0 HEV UDDS fuel consumption 100
used by each ESS 0.5 I I
configuration for each cycle 00 | | |

e Also measure energy window
LIC_low LIC_med LIC_high NiMH

2.5

Fuel Economy {mpg)

Fuel Consumption (gal/100 mi)

Energy out for electric

launch/assist Energy return from

) charging/regen. Total

& % _ energy

o < .

29 __— Charge sustaining over

®©

oiye cycle (no net energy use) Energy

g é window

O In-use “Energy Window” defined by actually
. . used

(max — min) for the particular cycle
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In-Vehicle Dynamometer Testing:
Comparing NiMH and LIC-High Scenario

UDDS Fuel Use and Energy Window
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In-Vehicle Dynamometer Testing:
Comparing NiMH and LIC-Low Scenario

UDDS Fuel Use and Energy Window
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In-Vehicle Dynamometer Testing:
Comparing NiMH and LIC-Low Scenario

UDDS Fuel Use and Energy Window
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In-Vehicle Dynamometer Testing:
Fuel Use and Energy Window Observations

Comparison over 75°F and 20°F City Test Cycles

3.5
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|
o
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3 L
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1.0 | I | I |
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Energy Window Used [Wh]

Negligible fuel consumption difference from significantly reduced energy
window
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In-Vehicle Dynamometer Testing:
Comparing NiMH and LIC-Low Scenario

HWFET Fuel Use and Energy Window
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In-Vehicle Dynamometer Testing:
Fuel Use and Energy Window Observations

Comparison over Highway and High Speed/Acceleration Test Cycles
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Small energy window provides level HWFET fuel consumption and slightly
increased US06 fuel consumption
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In-Vehicle Dynamometer Testing:
Comparing NiMH and LIC-Low Scenario
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In-Vehicle Dynamometer Testing:
Fuel Use and Energy Window Observations

Comparison over All Cycles Run to Date

3.5 NiMH Cold FTP
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Significantly reduced energy window resulted in negligible fuel
consumption difference on most cycles and small increase on US06 test
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Summary

 HEVs are effective at reducing per-vehicle fuel use

e ESS cost reductions/performance improvements = improved
vehicle-level cost vs. benefit

o Increase market demand and aggregate fuel savings

e LEESS considerations

K Technical evaluation \
— Road testing showed no differences in acceleration times

— LIC configurations even with very small energy windows showed
negligible fuel consumption difference to the production NiMH
configuration for many cycles, and slight increases on the US06 cycle only

= LIC calibration improvements may improve efficiency and drive quality

o As long as engine can be started under worst-case conditions,
considerable ESS downsizing may minimally impact fuel savings

— Potential to achieve cost savings
\ — Alternative technologies may allow downsizing while still satisfying Iife,/

power, and cold temperature performance requirements
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Potential Next Steps

* Wrap up JSR LIC testing
o 95°F SCO3 for air conditioning comparison case
o Very cold (e.g., -10°F = -23°C) operation
* Bench testing followed by in-vehicle evaluation with
additional LEESS devices
o Next system will be ultracapacitor modules

* Consider possible changes if vehicle designed around a LEESS
device — e.g., higher power motor

 Combine evaluation results with supplier cost estimates to
refine business case assessment
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Questions?

Author contact:

Jeff Gonder
Jeff.Gonder@NREL.gov
303-275-4462




	Performance Evaluation of Lower-Energy Energy Storage Alternatives for Full-Hybrid Vehicles
	Motivation
	Related Background Work: NREL Evaluation for GM of Replacing NiMH Batteries with Ultracapacitors in the 42-V Saturn Vue BAS HEV
	Additional Background: NREL Analysis for USABC of Full-HEV Fuel Savings Sensitivity to Energy Storage Size 
	Current Project:�Hardware Evaluation of Potential Full-HEV LEESS Devices
	Bench Testing of First LEESS under Evaluation 
	JSR LIC Pack Characterization
	US06 Stock Vehicle (NiMH) & LEESS (JSR LIC) Lab Comparison
	US06 Profile Comparison: Stock Battery (in vehicle) vs. JSR Micro LIC (in lab)
	LEESS Control and Vehicle Interface:�MABx, LIC State Estimation, and Vehicle Communication
	In-Vehicle Comparison: 0–60 mph Accelerations* �Stock Battery (NiMH) & LEESS (JSR LIC)
	In-Vehicle Comparison: Dynamometer Testing
	In-Vehicle Comparison: �Dynamometer Testing Production NiMH vs. 3 LIC configurations
	In-Vehicle Dynamometer Testing:�Fuel and Energy Use Comparisons
	In-Vehicle Dynamometer Testing:�Comparing NiMH and LIC-High Scenario
	In-Vehicle Dynamometer Testing:�Comparing NiMH and LIC-Low Scenario
	In-Vehicle Dynamometer Testing:�Comparing NiMH and LIC-Low Scenario
	In-Vehicle Dynamometer Testing:�Fuel Use and Energy Window Observations
	In-Vehicle Dynamometer Testing:�Comparing NiMH and LIC-Low Scenario
	In-Vehicle Dynamometer Testing:�Fuel Use and Energy Window Observations
	In-Vehicle Dynamometer Testing:�Comparing NiMH and LIC-Low Scenario
	In-Vehicle Dynamometer Testing:�Fuel Use and Energy Window Observations
	Summary
	Potential Next Steps
	Acknowledgments
	Questions?


<<

  /ASCII85EncodePages false

  /AllowPSXObjects true

  /AllowTransparency false

  /AlwaysEmbed [

    true

  ]

  /AntiAliasColorImages false

  /AntiAliasGrayImages false

  /AntiAliasMonoImages false

  /AutoFilterColorImages true

  /AutoFilterGrayImages true

  /AutoPositionEPSFiles true

  /AutoRotatePages /PageByPage

  /Binding /Left

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CheckCompliance [

    /None

  ]

  /ColorACSImageDict <<

    /HSamples [

      2

      1

      1

      2

    ]

    /QFactor 0.76000

    /VSamples [

      2

      1

      1

      2

    ]

  >>

  /ColorConversionStrategy /LeaveColorUnchanged

  /ColorImageAutoFilterStrategy /JPEG

  /ColorImageDepth -1

  /ColorImageDict <<

    /HSamples [

      2

      1

      1

      2

    ]

    /QFactor 0.76000

    /VSamples [

      2

      1

      1

      2

    ]

  >>

  /ColorImageDownsampleThreshold 1.50000

  /ColorImageDownsampleType /Bicubic

  /ColorImageFilter /DCTEncode

  /ColorImageMinDownsampleDepth 1

  /ColorImageMinResolution 150

  /ColorImageMinResolutionPolicy /OK

  /ColorImageResolution 150

  /ColorSettingsFile ()

  /CompatibilityLevel 1.7

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /CreateJDFFile false

  /CreateJobTicket false

  /CropColorImages false

  /CropGrayImages false

  /CropMonoImages false

  /DSCReportingLevel 0

  /DefaultRenderingIntent /Default

  /Description <<

    /ENU ([Based on '[StdWeb150]'] Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /DetectBlends true

  /DetectCurves 0.10000

  /DoThumbnails true

  /DownsampleColorImages true

  /DownsampleGrayImages true

  /DownsampleMonoImages true

  /EmbedAllFonts true

  /EmbedJobOptions true

  /EmbedOpenType false

  /EmitDSCWarnings false

  /EncodeColorImages true

  /EncodeGrayImages true

  /EncodeMonoImages true

  /EndPage -1

  /GrayACSImageDict <<

    /HSamples [

      2

      1

      1

      2

    ]

    /QFactor 0.76000

    /VSamples [

      2

      1

      1

      2

    ]

  >>

  /GrayImageAutoFilterStrategy /JPEG

  /GrayImageDepth -1

  /GrayImageDict <<

    /HSamples [

      2

      1

      1

      2

    ]

    /QFactor 0.76000

    /VSamples [

      2

      1

      1

      2

    ]

  >>

  /GrayImageDownsampleThreshold 1.50000

  /GrayImageDownsampleType /Bicubic

  /GrayImageFilter /DCTEncode

  /GrayImageMinDownsampleDepth 2

  /GrayImageMinResolution 150

  /GrayImageMinResolutionPolicy /OK

  /GrayImageResolution 150

  /ImageMemory 1048576

  /JPEG2000ColorACSImageDict <<

    /Quality 15

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000ColorImageDict <<

    /Quality 15

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000GrayACSImageDict <<

    /Quality 15

    /TileHeight 256

    /TileWidth 256

  >>

  /JPEG2000GrayImageDict <<

    /Quality 15

    /TileHeight 256

    /TileWidth 256

  >>

  /LockDistillerParams false

  /MaxSubsetPct 100

  /MonoImageDepth -1

  /MonoImageDict <<

    /K -1

  >>

  /MonoImageDownsampleThreshold 1.50000

  /MonoImageDownsampleType /Bicubic

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /MonoImageResolution 1200

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /NeverEmbed [

    true

  ]

  /OPM 1

  /Optimize true

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AllowImageBreaks true

      /AllowTableBreaks true

      /ExpandPage false

      /HonorBaseURL true

      /HonorRolloverEffect false

      /IgnoreHTMLPageBreaks false

      /IncludeHeaderFooter false

      /MarginOffset [

        0

        0

        0

        0

      ]

      /MetadataAuthor ()

      /MetadataKeywords ()

      /MetadataSubject ()

      /MetadataTitle ()

      /MetricPageSize [

        0

        0

      ]

      /MetricUnit /inch

      /MobileCompatible 0

      /Namespace [

        (Adobe)

        (GoLive)

        (8.0)

      ]

      /OpenZoomToHTMLFontSize false

      /PageOrientation /Portrait

      /RemoveBackground false

      /ShrinkContent true

      /TreatColorsAs /MainMonitorColors

      /UseEmbeddedProfiles false

      /UseHTMLTitleAsMetadata true

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /BleedOffset [

        0

        0

        0

        0

      ]

      /ConvertColors /NoConversion

      /DestinationProfileName (U.S. Web Coated \050SWOP\051 v2)

      /DestinationProfileSelector /UseName

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements true

      /GenerateStructure true

      /IncludeBookmarks true

      /IncludeHyperlinks true

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MarksOffset 6

      /MarksWeight 0.25000

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /UseName

      /PageMarksFile /RomanDefault

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /LeaveUntagged

      /UseDocumentBleed false

    >>

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXBleedBoxToTrimBoxOffset [

    0

    0

    0

    0

  ]

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXOutputCondition ()

  /PDFXOutputConditionIdentifier (CGATS TR 001)

  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)

  /PDFXRegistryName (http://www.color.org)

  /PDFXSetBleedBoxToMediaBox true

  /PDFXTrapped /False

  /PDFXTrimBoxToMediaBoxOffset [

    0

    0

    0

    0

  ]

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /ParseICCProfilesInComments true

  /PassThroughJPEGImages true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo false

  /PreserveFlatness false

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /sRGBProfile (sRGB IEC61966-2.1)

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [612.000 792.000]

>> setpagedevice



