
Methodology
• The Materials Flows through Industry (MFI) tool is a supply chain modeling 

tool created at NREL to identify and analyze opportunities to reduce the 
energy and carbon intensities of the U.S. industrial sector.

• We model the lab-scale rPET upcycling process developed by other NREL 
researchers to determine the requisite energy and material inputs, then 
connect this lab-scale unit process to existing MFI unit processes

• Energy requirements and combustion-related greenhouse gas (GHG) 
emissions were calculated for the full bio-based supply chain models and 
compared to results from conventional GFRP manufacturing

• Scenarios 2-4 below represent different methods of handling the impacts 
attributed to the “first life” of the upcycled PET plastic bottle.

Methodology
• A literature review was performed to compile a preliminary list of DfR best practices.
• The results of the literature review were socialized iteratively with 20 domestic and 

international experts across PV, wind, and batteries within NREL, DOE, academia, and 
industry.

Results

Motivation

• In pursuit of a circular economy, the proverbial last line of defense when a product 
reaches its End-of-Life (EOL) is recycling.

• Fundamentally, there are only two ways to improve recyclability; design a better 
recycling process, and/or implement Design for Recycling (DfR) strategies during 
product development.

• Recycling itself often consists of multiple stages. For example, a metallic output from 
a shredding recycler will likely undergo various degrees of smelting and refining 
before a product manufacturer can make use of the material.

• The relationship between a circular economy, recycling stages, implementation, and 
considerations necessary for effective DfR are illustrated in the figure below.

• Out of 95 sources reviewed, 40 were deemed to have some degree of direct 
relevance to DfR.

• Breakdowns by subject matter and origin are shown in the charts below:

• Industry feedback was generally positive, and often consisted of suggestions for 
alternative wording to improve the clarity of the guidelines. In one instance, an
expert proposed two additional guidelines deemed appropriate for inclusion in
later iterations.

• Two examples of a DfR strategies resulting from industry feedback is as follows:

“Ensure circularity, minimize the use of or substitute hazardous materials. This will 
impact not only the safety of recycling efforts, but potentially also avoids
contamination of recycling outputs and characterization as hazardous waste.”

“Minimize the use of additional materials other than the resin and fibers to ease 
recycling of blades. This includes eliminating adhesives where possible.”

• At present, this list consists of 10 overarching DfR guidelines, and 4 to 8 RE tech 
specific DfR guidelines & observations each for PV, wind, and batteries.

Design for Recycling (DfR)
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Key Findings
• Supply chain fossil energy reductions 

range from 37% to 58%.
• Supply chain fossil feedstock energy 

reductions range from 58% to 79%
• Supply chain GHG emissions reductions 

range from 30% to 40%
• If all conventional GFRP were replaced: 

we estimate 0.7 – 1.0 MMT-CO2e annual 
offsets; Roughly equivalent to taking
150,000 to 200,000 cars off the road

Sustainable Manufacturing – Recycling
Opportunities, Trends, and Technoeconomic Analysis

Birdie Carpenter 

Washington, D.C.
June  10–12, 2019

NREL/PO-6A20-74053

Battery Rare Earth Element (REE) Recycling

Supply Chain Analysis of rPET Upcycling

Scenario Name PET Bottle (First Life) 
Impacts Allocation

1 Conventional 
GFRP production

N/A
(No rPET Used)

2
Waste Valuation; 
Reclaimed
Clear rPET

3
Waste Valuation; 
Reclaimed
Green rPET

4 Reclaimed rPET -
Cutoff

0%
(First Life Ignored)

NREL researchers Nic Rorrer (front) and Gregg Beckham (back) working on their
lab-scale rPET upcycling process. Photo by Dennis Schroeder, NREL 47350

Motivation
• Most commercial PET plastic recycling is mechanical
• Mechanical recycling leads to lower-grade plastic with fewer 

applications (carpet fiber, etc.)
• Chemical recycling of PET bottles back to monomers is 

energetically and economically expensive
• What if we could make higher value glass fiber reinforced plastic 

(GFRP) with chemically-recycled PET and bio-based additives?
• Key analysis question: Are there energy/emissions savings 

associated with rPET–based GFRP production?

Results Figures

Publication: Rorrer et al. 2019. 
“Combining Reclaimed PET with Bio-based 
Monomers Enables Plastics Upcycling”. 
Joule. DOI: 10.1016/j.joule.2019.01.018

Motivation
As emerging electronics and clean energy technologies
drive up demand for rare earths, value recovery from
end-of-life recycling provides an option for closing the
material loop, conserving natural capital and enhancing
resource security.

Yet, the economic feasibility 
of recycling depends on 
product recovery and purity 
targets, as well as uncertain 
inputs like feed compositions 
and volumes.  

Robust, first-principles 
models that propagate and 
quantify these uncertainties 
are needed to determine 
their effect on the economic 
viability of recycling.  

Technology: Solvent Extraction
This often requires hierarchical 
combinations of multiple 
separation stages.

The hierarchical structure arises as 
stages combine to form columns, 
and columns combine to meet 
plant recovery targets.

Solvent extraction technologies can 
recover high purity fractions of rare 
earths from end of life products. 

It exploits the relative ability of 
solutes to distribute between 
phases.

Method
The modeling strategy integrates the extraction 
physics into  techno-economic optimization 
framework to provide robust technology 
assessment.

Preliminary Results
Impact of design targets: 
Additional separation 
requirements translate to a 
significant increase in 
equipment size. The 
marginal benefit must 
justify the additional 
capital outlay.

Impact of uncertainty in  
feed composition:
Variation in feedstock 
composition translates to a 
spread number of  
theoretical stages for the 
same recovery and purity 
target.

• In some cases, as shown by the dotted line, DfR may enable the direct recovery of 
intact components for immediate reuse, thus bypassing significant intermediate 
energy expenditures and potential materials losses.

• Specific DfR strategies are a function of both the product in question, as well as the 
nature of available recycling processes. Additional factors, such as legislation and 
business realities, must also be considered.

PV
47%

Consumer Electronics
12%

Wind
10%

Battery
5%

Non-Battery 
Electric 
Vehicle

3%

Other
23%

Distribution of DfR Literature
by Technology

Industry/Gov
65%

Academic
25%

Mixed 10%

Distribution of DfR Literature
by Source Type 

Styrene

Unsaturated 
Polyester (UPE) 

Resin

Glass-Fiber 
Reinforced 

Plastic (GFRP)

Ethylene

Muconic Acid

Acrylic Acid

FiberglassPetroleum 
Refining

Recycled           
PET Plastic

Isophthalic Acid

Xylene

Corn Stover 
(Biomass)

PET Bottles

CONVENTIONAL
SUPPLY CHAIN

BIO-BASED SUPPLY CHAIN

Terephthalic 
Acid

Petroleum 
Extraction

Petroleum

Fiberglass 
Manufacturing

Mineral 
Extraction

Limestone       
and Silica

Corn Planting, 
Growing, and 

Harvesting

Diol

Glycolization

Benzene

Deconstructed 
PET

Unsaturated 
Polyester (UPE)

Biological 
Fermentation

Unsaturated 
Polyester 

(UPE)

Photo by Dennis Schroeder, NREL 27204 

45¢
𝑙𝑙𝑙𝑙 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹∗

83.5¢
𝑙𝑙𝑙𝑙 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑃𝑃𝑃𝑃𝑃𝑃 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅∗

≈ 54%
(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)

27¢
𝑙𝑙𝑙𝑙 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹∗

83.5¢
𝑙𝑙𝑙𝑙 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑃𝑃𝑃𝑃𝑃𝑃 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅∗

≈ 32%
(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)

∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽 2018

This work was authored by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08GO28308. Funding provided by the U.S. Department of Energy Office of Energy Efficiency and Renewable Energy Advanced Manufacturing Office. The views expressed in the article do not necessarily represent the views of the DOE or the U.S. Government. The U.S. Government retains and the publisher, by accepting the article for publication, acknowledges that the U.S. Government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form of 
this work, or allow others to do so, for U.S. Government purposes.



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /PageByPage

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

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

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.7

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.1000

  /ColorConversionStrategy /LeaveColorUnchanged

  /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 false

  /PreserveFlatness false

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages false

  /ColorImageMinResolution 150

  /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 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /ColorImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasGrayImages false

  /CropGrayImages false

  /GrayImageMinResolution 150

  /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 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /GrayImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasMonoImages false

  /CropMonoImages false

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects true

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

  /PDFXOutputConditionIdentifier (CGATS TR 001)

  /PDFXOutputCondition ()

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

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /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 <>

    /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.)

  >>

  /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

    >>

    <<

      /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 \(SWOP\) 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 0.250000

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /UseName

      /PageMarksFile /RomanDefault

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /LeaveUntagged

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [612.000 792.000]

>> setpagedevice



