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Introduction

Polymeric encapsulation materials are typically used in concentrating photovoltaic (CPV) modules to

protect the cell from the field environment. Because it is physically located adjacent to the cell, the encapsulation
is exposed to a high optical flux, often including light in the ultraviolet (UV) and infrared (IR) wavelengths. The
durability of encapsulants used in CPV modules is critical to the technology, but is presently not well understood.
This work seeks to identify the appropriate material types, field‐induced failure mechanisms, and factors of
influence (if possible) of polymeric encapsulation. These results will ultimately be weighed against those of future
qualification and accelerated life test procedures.
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Background
Test specimens, including: ethylene‐co‐vinyl acetate (EVA), polyvinyl butyral (PVB),
poly(ethylene‐co‐methacrylic acid metal salt) (ionomer), polyethylene and polyoctene copolymer (“polyolefin”,
PO) thermoplastic polyurethane (TPU) poly(dimethylsiloxane) (PDMS) and poly(phenyl‐methyl silane) (PPMS)

Experimental Results
Discovery experiments using EVA and PDMS specimens were conducted to become familiar with the CPV

environment and to understand the effect of contamination embedded in the specimens. Catastrophic failure
(thermal runaway followed by material decomposition) may be quickly observed (within minutes or days) in CPV
modules (geometric concentration  500x), if no homogenizing optic is used. The optical concentration at
localized sites within the focus of a single optical element can easily be 1‐3 orders of magnitude greater than the
nominal geometric concentration. Such localized hot points are believed to have facilitated the destruction of EVA
and PDMS specimens.
Soil, aluminum filings, polymer filings (black polyethylene), and voids (bubbles) were intentionally added to
separate sets of EVA and PDMS specimens. Soil, aluminum, and polyethylene (PE) facilitated the thermal
decomposition of EVA within 2, 31, and 2 days respectively. Like the earlier specimens, indicators of significant
stress (including voided regions, localized delamination, and cracked glass) were observed in failed specimens.
Only PE facilitated the thermal decomposition of PDMS; however, the soil and aluminum filled specimens became
cracked within 2 days in the field No primer was applied to the contamination which may have facilitated thePO), thermoplastic polyurethane (TPU), poly(dimethylsiloxane) (PDMS), and poly(phenyl‐methyl silane) (PPMS)

were formed between quartz slides. (Some of the test materials come from the existing flat‐panel PV field and
were not specifically formulated for use in CPV. Hydrocarbon formulations often contain a UV stabilization system
whereas the silicones typically do not). Hydrocarbon‐based materials were laminated to be 0.5‐mm thick (as
popular in existing film products) whereas silicones were molded to be 5.0‐mm thick (to distinguish between
these exceptionally optically transmitting materials). Specimens were situated between a secondary optic and
then inserted in a contemporary CPV module product (nominally 500x concentration). The module uses a domed
Fresnel lens as its primary optical element, and is mounted on a tracker in Golden, CO. Measurements (including
hemispherical transmittance, direct transmittance, mass loss, and visual appearance) were/will be performed
periodically (0, 1, 2, 4, 6, 12, 18, 24, 30, 36 … months). The initial results (for 6 months cumulative aging in the
field) are summarized here.

cracked within 2 days in the field. No primer was applied to the contamination, which may have facilitated the
cracks in the PDMS. While voids reduce the optical transmittance, the specimens with bubbles did not appear
changed after 116 consecutive days in the field.

ABOVE: Photographs of representative (a) hydrocarbon and (b) silicone test specimens, are inserted (c) behind a secondary optic element and then
(d) into a CPV module. The tracker‐mounted module can accommodate 25 separate specimens (no duplicate formulations are used here).

Environmental conditions at the test site are

logged using a plethora of instruments, including
module‐located thermocouples. Instruments not
immediately present at the Outdoor Test Facility
(OTF) are supplemented by those at the Solar
Radiation Research Laboratory (SRRL), located on

ABOVE: The visual appearance of soil‐contaminated EVA [(a)‐(c)], soil‐
contaminated PDMS [(d)‐(f)], aluminum‐contaminated EVA (g) & (h), and 
aluminum‐contaminated PDMS (i) & (j). Discoloration and voiding 
(arrow) are evident in (b). The failed EVA specimens contain a voided 
central region, surrounded by charred, decomposed, and degraded 
material (c) and (h). The PDMS was prone to cohesive failure (crack 
formation, [arrows in (e), (f), and (j)]).

The formal experiment is presently examining (6)

EVA, (2) PVB, (2) ionomer, (1) PO, (1) TPU, (11) PDMS,
and (2) PPMS specimens. A queue of candidates exists
to follow any failed specimens.

RIGHT: The square outline of the homogenizer is clearly evident in an EVA 
specimen. The discovery experiment in (a) used a custom UV‐transmitting 
test fixture (nominal concentration of 500x). Similar behavior is 
anticipated in the formal experiment for a PVB specimen (b). The locally 
degraded region near the center of the concentrated spot appears similar 

Specimen temperature was determined using

infrared thermography. For the purpose of the work
h it i iti l th t th i t t b
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top of South Table Mountain.

LEFT: Temperature and dose data from the OTF. The maximum 
and minimum temperatures of 36°C and ‐15°C, respectively, were 
observed during the first 6 months in the field. The damaging dose 
of solar radiation (note logarithmic scale) is distinguished here 
between “UV‐B “ (from 280‐320 nm), “UV‐A” (320‐400 nm), and 
“direct“( 285‐2500 nm) wavelengths. Seasonal (winter) cloudiness 
is evident in the lesser slope during the first month relative to that 
encountered during the sunny summer months (the latter half of 
the data). The raw dose of radiation incident on first surface of 
the lens is shown in the figure. The dose at the encapsulation may 
be analyzed from the measured transmittance of the CPV optical 
system; its damaging effect may be further understood using the 
specimen’s action  spectrum .

to those seen to precede failure in the discovery experiments.

ABOVE: The evolution of the PVB specimen from the formal study over time (1)‐(4), as photographed using a 
microscope with fixed magnification stops. After the degraded region was observed at 6 months (1), the 
radius of an affected region (indicated with an arrow) is seen to increase in size, even during the cold winter 
months. Furthermore, separate affected regions (located adjacent to the original region) are becoming 
evident with time. Damage here is thought to be aided by thermal runaway of the degraded region, based on 
the increased optical absorptance of chromophore species.

The direct solar resource at the test site

(elevation of 1.79 km) includes greater UV radiation
than that found at other locations. Furthermore, the
steppe climate typically features at least 300 half‐days
of sunshine. Seasonal differences between the duration

here, it is critical that the specimen temperature be
representative of CPV module products. For example,
excessive temperature (because the cell and heat sink
are not present ) may motivate spurious failure modes.

RIGHT: The temperature of the quartz substrate is shown relative to that 
of the ambient and the  poly(methyl methacrylate) (PMMA) lens. A 
thermal image of the back of the module is shown in the inset. From the 
temperature rise for the quartz (+40°C), the existing data suggests the 
specimen temperature of 75°C during the hottest summer days (36°C). 
The data for the lens indicates that its surface is cooler than the sites 
where it is attached to the module. A more advanced model may be used 
to account for the solar irradiance and wind.

the increased optical absorptance of chromophore species.

LEFT: Observations of silicone specimens including: (a) densification, (b) cracking, and (c) haze formation. The 
densification in (a) was photographed using the method of cross‐polarization. The lack of mass loss with time 
suggests the densification observed in 5 of the silicone specimens occurred during their molding. The fracture 
in the harder PDMS resin in (b) occurred during a period of cold weather (when the material is least compliant 
and least tough). Additional cracks have formed only during subsequent cold winter weather (not shown), 
suggesting the influence of thermal misfit stress. The outline of the homogenizer  is evident in (c). Here, the 
degradation is attributed to its unique formulation. 

RIGHT: Optical transmittance of 
the densified silicone specimen, 
shown relative to a reference 
specimen (composed of the same 
material, but with no visible 
densification) and a separate 
specimen containing a 
delaminated region. Densification 
is clearly different from 
delamination ‐ where a uniform 

and magnitude of the solar radiation, however, do arise
based on the site location (latitude of 39.740 °N). A
4.2x, 2.3x, and 1.6x difference exists between the raw
dose (integral) of radiation present during the summer
and winter months based on duration, for the UV‐B, UV‐
A, and direct wavebands, respectively. Another 2.9x,
1.3x, and 1.0x difference exists between the magnitude
of radiation present during the summer and winter
months based on magnitude, for the UV‐B, UV‐A, and
direct wavebands, respectively. The damaging dose of
UV‐B radiation (which scales with both duration and
magnitude) is therefore at least 10x greater in the
summer months. For polymeric materials, radiation
induced damage may be coupled to the temperature,
further complicating seasonal differences.

ABOVE: Irradiance data (note logarithmic scale), measured on cloudless 
days at the OTF . The differences in the duration and magnitude of 
radiation present are readily distinguished in the figure.

optical loss results from 
reflections at the glass/void 
interfaces. Densification reduces 
the direct transmittance, 
particularly at shorter 
wavelengths. Such loss would be 
detrimental in a CPV module, 
possibly creating a current‐limited 
condition in a multijunction cell.

Future work is planned to include chemical (FTIR, RAMAN, XPS, NMR) and polymer [differential scanning

calorimetry (DSC)] analysis techniques. Traditional indicators (such as yellowness index) lack early warning (or
predictive) capability, particularly in the case of thermal runaway. It is hoped that other methods (such as
fluorescence spectrometry or chemical analysis) can provide predictive capability as well as insight into the
mechanisms of degradation. Once a sufficient knowledge base is generated (including NREL’s outdoor data as well
as that shared by CPV researchers), NREL will work towards the development of indoor accelerated test methods.
We hope to incorporate such methods into the CPV qualification standard(s) and use them to predict material
lifetime in the field.

For More Information, refer to the publications: 
D.C. Miller, M.D. Kempe, C.E. Kennedy, S.R. Kurtz, “Analysis of Transmitted Optical Spectrum Enabling Accelerated Testing of Multi‐Junction CPV Designs”, Optical Engineering, 
50 (1), 2010, 013003.
D.C. Miller, M.D. Kempe, K. Araki, C.E. Kennedy, S.R. Kurtz, The Durability of Polymeric Encapsulation Materials for Concentrating Photovoltaic Systems”, Proceedings of the 
7th International Conference on Concentrating Photovoltaic Systems (Las Vegas, Nevada), 2011. 

Summary  The durability of polymeric encapsulation materials is being examined for the CPV application, 
using test coupons under the optics of a CPV module product. An assortment of popular encapsulants is presently 
under study. The monitoring of field conditions and diagnosis of specimen test conditions is essential to the work here. 
Discovery experiments identified the importance of optical flux uniformity and control of contamination. The initial field 
failures observed during the formal experiment include thermal decomposition (facilitated by thermal runaway), 
fracture (facilitated by thermal misfit), and haze formation (facilitated by the formulation chemistry).  The work here 
will ultimately be applied towards test standards and lifetime prediction.

Acknowledgements 
The authors are grateful to: Dr. Keith Emery, Mr. Matt Muller, Dr. Daryl Myers, Dr. John Pern, Matt Beach, Christa Loux, 
Tom Moricone, Marc Oddo, Bryan Price, Kent Terwilliger, and Robert Tirawat of the National Renewable Energy 
Laboratory for their discussion/help with the solar spectrum, experimental methods, and optical measurements, 
respectively. The authors would also like to thank Mr. Marc Gagnon of Bixby International Corp. for participation and help 
with specimens and related understanding. This work was supported by the U.S. Department of Energy under Contract 
No. DE‐AC36‐08GO28308 with the National Renewable Energy Laboratory.

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC. NREL/PO‐5200‐50159 • February 2011


	Slide Number 1


<<

  /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 <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ENU (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.)

    /ESP <>

    /FRA <>

    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /PTB <>

    /SUO <>

    /SVE <>

  >>

  /DetectBlends true

  /DetectCurves 0.10000

  /DoThumbnails false

  /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 false

      /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



