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ABSTRACT 
 
Lithium iron phosphate (LiFePO4) is a very attractive positive active material because of features such as large discharge 
capacity of 160 mAh/g and has demonstrated long life even at high temperatures The current LiFePO4 chemistries, however, 
have shown to have poor high rate discharge capability. Therefore, in order to improve this chemistry, prototype lithium-ion 
cells with an improved LiFePO4/Gr electrode system have been developed. We made and evaluated 4Ah cells and 50Ah cells. 
The cells showed superior discharge performance with a flat voltage profile and maintain capacity retention of 98% even at 
high currents of 10CA. Furthermore, even after long term cycling at high ambient temperature of 45oC, the cells retain a 
much higher capacity than conventional LiMn2O4/Gr chemistry. We compared the new chemistry with identically sized 
conventional LiMn2O4/Gr system cells (same cell case and terminals). The new cells have almost the same charge/discharge 
energy (Wh) and power capability (W). However, the LiFePO4 cells showed much better life performance, especially at high 
temperature condition. 
 

1. INTRODUCTION 
 

Currently, lead-acid batteries are primarily used as a backup power source for telecommunication applications. Lead-acid 
batteries are a very mature technology and have a long history of use in the industry, and as such, its operating and life 
parameters are fairly well understood. However, they have relatively low specific energy and energy density compared with 
other newer batteries. Lithium-ion batteries have recently been evaluated as potential candidates for deployment in 
telecommunication networks. Its much higher specific energy and energy density enable up to a 70% reduction of weight and 
volume compared with lead-acid batteries. Additionally, lithium-ion batteries that have LiFePO4 as positive active material 
demonstrate high capacity and longer life even at high temperature. In this study, we tried to improve the poor high rate 
discharge capability of LiFePO4 lithium-ion cell due to low electron conductivity by optimizing the electrode design. 4Ah 
and 50Ah cells are manufactured and evaluated. 1) 2) We will discuss the electrical performance and life performance 
compared with conventional industrial lithium-ion batteries, which have LiMn2O4 positive active material. 3)  
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2. EXPERIMENTAL 
 
2-1 Small Cells 
 
Manufacturing Process 
 
Positive electrodes are made by a paste coating process on aluminum foil. The paste was prepared with LiFePO4, carbon 
powder (as an electron conducting material), plastic binder, and organic solvent. Negative electrodes are made by a paste 
coating process on copper foil. The paste was prepared with graphite, plastic binder and organic solvent. These electrodes are 
pressed, dried in vacuum chamber, wound with plastic separators, and inserted into laminated film pouch case. The pouch 
cell was sealed after electrolyte filling. Using the small cell design, we made two different types of LiFePO4 cells. One type 
has regular LiFePO4 particles and the other type has carbon-loaded LiFePO4 particles to improve the high rate discharge 
capability.2) Hereafter, the cell with regular LiFePO4 particles is called “Regular Fe Small Cell” and the cell with 
carbon-loaded LiFePO4 particles is called “Improved Fe Small Cell.” And also we prepared another cell, which has 
conventional LiMn2O4 positive material. The manufacturing processes are the same, except the positive active material. 
Hereafter, it is called “Conventional Mn Small Cell.” These three cells will allow a comparison of the new LiFePO4 cell 
chemistry with the standard LiFePO4 chemistry along with a comparison to the existing LiMn2O4 chemistry currently in use.  
 
Dimensions and Mass 
 
The small cell dimensions are W65mm x L115mm x T11.3mm. The mass is 132g. 
The internal structure and picture of the cell is shown in Fig. 1 and Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Picture of the Small Cell Fig. 2 Structure of the Small Cell 
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2-2 Large Cells 
 
Manufacturing Process 
 
The larger cells use the same case, cover and terminal hardware as our existing industrial LIM cells which use lithium 
manganese Spinel (LiMn2O4) /graphite system. 3) Positive electrodes are made by a paste coating process on aluminum foil. 
The paste was prepared with LiFePO4 carbon powder (as an electron conducting material), plastic binder, and organic solvent. 
Negative electrodes are made by a paste coating process on copper foil. The paste was prepared with graphite, plastic binder 
and organic solvent. These electrodes are pressed, dried in vacuum chamber, wound with plastic separators, attached current 
collectors and terminals, and inserted into stainless-steel metal case. After electrolyte filling, the stainless steel case was 
sealed. We made two versions of the large cell with the carbon-loaded LiFePO4 particles and also our standard LiMn2O4. 
Hereafter, they are called “Improved Fe Large Cell” and “Conventional Mn Large Cell,” respectively. We can directly 
compare the large experimental cells with the existing LiMn2O4 cells to demonstrate the performance improvements.  
 
Dimensions and Mass 
 
The large cell dimensions are W 170mm x L 115mm x T 47mm. The mass is 2.1kg. 
The picture of the cell is shown in Fig. 3. 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Picture of the Large Cell 
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3. TEST RESULTS AND DISCUSSIONS 
 
3-1 Small Cells Experimental Results 
 
Comparison between the Regular Fe Small Cell and the Improved Fe Small Cell 
Discharging voltage profiles are shown in Fig. 4. The Regular Fe Small Cell provided 3.3Ah with condition of 1C (4A) 
constant current and 2.0V cut off. Comparatively, the Improved Fe Small Cell provided 4.1Ah under the same condition, that 
is, the Improved Cell achieved 25% capacity increase. From Fig. 4 it can also be shown that the Improved Fe Small Cell has 
a flat discharge curve over its capacity range, which will allow it to provide stable power (watts) during discharge. 

 
High Rate Discharge Test Results of the Improved Fe Small Cell 
 
Fig. 5 shows discharge voltage profiles at various discharge rates. At a discharge rate of 10CA (40A), the cell showed 98% 
capacity vs. its 1C (4A) capacity, and at 20CA (80A), it provided 95% capacity of its 1C (4A) discharge rate. Fig. 5 also 
shows a relatively flat voltage profile, even at the very high discharge rates of 10C and 20C. 
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Fig. 5 Discharge Voltage Profiles of Improved Fe Small Cell at Various Discharge Rates 
Charge:   4 A to 3.6 V followed by constant voltage until cutoff current of 0.04 A at 25 oC.  
Discharge: 4, 20, 40, and 80A to 2.0 V at 25 oC. 
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Charge:   4 A to 3.6 V followed by constant voltage until cutoff current of 0.04 A at 25oC.  
Discharge: 4 A to 2.0 V at 25oC. 

Fig. 4 Discharge Voltage Profiles of Regular Fe Small Cell and Improved Fe Small Cell 
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Discharge Performance at Various Temperature of the Improved Fe Small Cell 
 
Fig. 6 shows discharge voltage profiles at various temperatures. There is a temperature dependence of capacity with the 
Lithium Iron Phosphate system. For example, discharge capacity at –10oC was 73% of room temperature (25°C). This 
behavior is different from other lithium ion batteries that have LiCoO2 or LiMn2O4 as a positive active material, which shows 
almost the same capacity even at low temperature such as –10°C. 3) 4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cycle Life Test Results 
 
Cycling tests were performed on the Improved Fe Small Cell and Conventional Mn Small Cell to demonstrate improved 
cycle life performance. The test conditions are shown below. 
 
Improved Fe Small Cell: 
 
  Charge: 1C (4A) constant current followed by 3.6V constant voltage until cutoff of 0.04A at 45oC 
  Discharge: 1C (4A) constant current until cutoff of 2.0V at 45oC 
 
Conventional Mn Small Cell: 
 
  Charge: 1C (4A) constant current followed by 4.15V constant voltage for 3 hours at 45oC 
  Discharge: 1C (4A) constant current until cutoff of 2.5V at 45oC. 
 
Fig. 7 shows cycle life test results. The Conventional Mn Small Cell shows 73% capacity retention after 500 cycles in this 
condition. This relatively large capacity loss is caused by the high temperature condition. 3) However, the Improved Fe Small 
Cell shows 94% capacity retention after 500 cycles with the same condition. 
 

Fig. 6 Discharge Voltage Profiles of Improved Fe Small Cell at Various Temperatures 
Charge:   4 A to 3.6 V followed by constant voltage until cutoff current of 0.04 A at 25 oC.  
Discharge: 4A to 2.0 V at 25, 10, 0, and -10 oC. 
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The Outside Plant (OSP) environment requires a battery that can handle extreme temperature conditions. The life data at 
45°C shows that the improved Fe cells can work well in this high heat environment. At the lower temperatures there is a 
temperature effect that is not as pronounced as in the currently deployed VRLA technologies so, even here, LiFePO4 is an 
improvement.  
 

Fig. 7 Cycle Life Test Results of the Improved Fe Small Cell and the Conventional Mn Small Cell at 45 oC 

Improved Fe Small Cell: 
Charge: 1C (4A) constant current followed by 3.6V constant voltage until cutoff of 0.04A at 45 oC 
Discharge: 1C (4A) constant current until cutoff of 2.0V at 45 oC 
 
Conventional Mn Small Cell: 
Charge: 1C (4A) constant current followed by 4.15V constant voltage for 3 hours at 45 oC 
Discharge: 1C (4A) constant current until cutoff of 2.5V at 45 oC 
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3-2 Large Cells 
 
Comparison between the Conventional Mn Large Cell and the Improved Fe Large Cell 
 
Discharging voltage profiles are shown in Fig. 8. In terms of capacity delivered, the Conventional Mn Large Cell provided 
45Ah with condition of 40A constant current discharge at 25oC. Comparatively, the Improved Fe Large Cell shows 52Ah 
under the same condition. The cell voltage for LiFePO4 chemistry is lower than other lithium ion chemistries (lithium cobalt, 
lithium nickel, lithium manganese spinel) this is a fundamental property of the LiFePO4 chemistry. As shown in Fig. 5, the 
average discharge voltage of Improved Fe Large Cell was 3.3V as compared to 3.8V for the Conventional Mn Large Cell. 
But, because of higher discharge capacity, the energy delivered (Wh) of Improved Fe Large Cell discharge was 172Wh, and 
that of Conventional Mn Large Cell discharge was 171Wh. So, even with the reduced cell voltage, the energy delivered is the 
same between the Improved Fe Large Cell and the Conventional Mn Large Cell. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
High rate discharge test results of the Improved Fe Large Cell 
 
The cell was discharged at 40A, 200A, and 400A constant current with a 2.0V cut off. The discharge capacity at 400A was 
51.4Ah and corresponds to 99% of the capacity at 40A. The voltage profiles are shown in Fig.9. So, high range discharge 
does not appreciably reduce the capacity of the cell, even up to 10C for the larger cell. 
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Fig. 8 Discharge Voltage Profiles of Improved Fe Large Cell and Conventional Mn Large Cell  

Improved Fe Large Cell:  
Charge: 40A constant current followed by 3.6V constant voltage until cutoff of 0.4A at 25 oC 

Discharge: 40A constant current until cutoff of 2.0V at 25 oC 
 
Conventional Mn Large Cell: 
Charge: 40A constant current followed by 4.1V constant voltage for 3 hours at 25 oC 
Discharge: 40A constant current until cutoff of 2.75V at 25 oC 
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CONCLUSIONS 
 
The cells that have carbon-loaded LiFePO4 as a positive active material with 4Ah size pouch cell case demonstrated 25% 
larger capacity than the cell with regular LiFePO4 at 1C discharge condition. High-rate 10C capacity retention was 98% and 
20C capacity retention was 95% compared with 1C rate. However, it showed lower capacity at lower temperature; for 
example, capacity at –10oC was 73% of one at 25°C at 1C rate. This behavior is different from other lithium ion batteries that 
have LiCoO2 or LiMn2O4 as a positive active material, which show almost the same capacity even at low temperatures of 
around –10oC. The cells that have carbon-loaded LiFePO4 as a positive active material exhibited 94% capacity retention after 
500 cycles at 45°C, compared with 73% capacity retention for same dimension LiMn2O4 cell. In the larger cell, 40Ah sizes, 
configuration study, the cell which has carbon-loaded LiFePO4 shows 52Ah capacity, 3.3V average voltage, and 172Wh 
energy at 40A constant current discharge condition at 25°C. This compares with values of 45Ah, 3.8V, and 171Wh, 
respectively, for the conventional LiMn2O4 material cell tested under the same conditions. Even though the large Fe cell has a 
lower per-cell voltage, the energy delivered is the same between the Fe cell and the Mn cell. However, we think the capacity 
of LiFePO4 cell can be further improved to increase the Wh delivered and maintaining the excellent long life performance at 
high temperature, the future of LiFePO4 is very promising.  
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Fig. 9 Discharge Voltage Profiles of Improved Fe Large Cell at Various Discharge Rates 
 
Charge:   40 A to 3.6 V followed by constant voltage until cutoff current of 0.04 A at 25 oC.  
Discharge: 40, 200, and 400A to 2.0 V at 25 oC.

40A 
200A 
400A 



10 - 9 

REFERENCES 
 

1) I. Suzuki, T. Mochizuki, T. Inamasu, K. Nishiyama, and T. Sonoda: Development of LiFePO4 / Gr System 
Lithium-Ion Cells for Long Life Application, 48th International Symposium on High-Tech Batteries, Fukuoka, 
Japan, Nov. 2007 

2) Y. Yasunaga, T. Egawa, H. Nakagawa, T. Inamasu, Y. Katayama, T. Nukuda and T. Murata: Development of New 
Carbon-loading Process for LiFePO4 Positive Active Material, 48th International Symposium on High-Tech 
Batteries, , Fukuoka, Japan, Nov. 2007 

3) I. Suzuki, T. Shizuki, and K. Nishiyama: High Power and Long Life Lithium-Ion Battery for Backup Power 
Sources, Proceedings of the 25th International Telecommunications Energy Conference, INTELEC. ’03 

4) T. Inoue, H. Yoshida, M. Mizutani, and M. Goto, “Qualification Test Results of 100AH Lithium-Ion Cells for 
Space Applications”, 18th AIAA International Communications Satellite Systems Conference, Oakland, CA, Apr. 
10-14, 2000 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /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
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


