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ABSTRACT:Theglobalproductionofplastichasbeenincreasing
steadilyinrecentyears,withplasticpackagingaccountingfor
approximately39%ofthetotal.Plasticsusedforpackagingare
fossil-fuel-basedandthushavesevereenvironmentalimpacts.
Polyhydroxyalkanoates(PHAs)areconsideredalternativestofossil
fuel-basedplastics.AmorphousPHAs(aPHAs),areusedinawide
rangeofapplicationsowingtotheirrubber-likepropertiesand
remarkablefresh-waterandoceanbiodegradability. However,few
studieshaveperformedenvironmentalimpactassessmentson
aPHAs.Therefore,thisstudyperformedalifecycleassessment
(LCA)basedonsite-specificandactualaPHAproductiondata.
Theresultsofkeyimpactcategoriesandasinglescoreforthethree
endpointsofaPHAproductionprovidedcomprehensiveinsights
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intotheenvironmentalsustainabilityofaPHAs.Inaddition,parametricanalysis(PA)wasperformedtoanalyzethepossibilityof
increasingthesustainabilityoftheaPHAproductionprocess.Theglobalwarmingpotential(GWP)ofaPHAproductionusing
sugarcanerangedfrom0.86to1.59kgCO,equiv/kgaPHA,whilethatofcorngrainsrangedfrom0.01to1.96kgCO,equiv/kg
aPHA.Thus,intermsofitsenvironmentalimpact,thefindingssuggestthataPHA,asabiobasedandbiodegradableplastic,shows

improvedperformancecomparedtofossilfuel-basedplastics.

KEYWORDS:aPHA lifecycleassessment(LCA),globalwarmingpotential( GWP),first-generationPHA,parametricanalysis

BINTRODUCTION

Theglobalproductionofplasticsreached390.7Mtin2021,
whichwasapproximately10%greaterthanthatin2018.’
PlasticsareprimariIyapgliedforpackaging,whichaccountsfor
39%ofplasticdemand.“Plasticsusedforpackagingarefossil
fuel-basedplastics,suchaspolyethylene(PE),polypropylene
(PP),andpolyethyleneterephthalate(PET).In2021,90.2%0f
plasticsproducedwerefossilfuel-based,8.3%wererecycled,
andonly1.5%werebiobased. Themassiveproductionoffossil
fuel-basedplasticscausessevereenvironmentalproblems.First,
fossilfuelsusedtoproduceplasticsaccountforapproximately
8-9%oftheglobaloilandgasconsumption,contributingto
resourcedepletion.®Additionally,approximately66%ofthe
producedplasticsendupinlandfillsorleakintothe
environment,4therebynegative|yimpactingmarine5and
terrestrial®ecosystemsaswellashumanhealth.”®
Bioplasticsarerecognizedasalternativestofossilfuel-based
plasticsandcanbebroadlycategorizedasbiodegradableor
nonbiodegradable(Figure1).Thebioplasticmarketis
expectedtoexpandapproximately2.9timesfrom2022(2.2
Mt)to2027(6.3Mt).°Moreover,themarketfor
biodegradableplasticsislargerthanthatfornonbiodegradable
plastics.
Amongvariousbiobasedandbiodegradableplastics,
polyhydroxyalkanoate(PHA)isgainingincreasingattention
owingtoitsfreshwaterandoceanbiodegradability.Hence,the
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environmentalimpactofPHAproductionhasbeencontinu-
ouslyanalyzedthroughlifecycleassessments(LCAs),and
manystudieshavefocusedonitsglobalwarmingpotential
(GWP).ThefirstgenerationofPHAusedsugarcaneorcorn
grainsasfeedstock.Hardingetal.analyzedtheGWPofPHA
usingsugarcaneasafeedstockandreportedthe GWPvalueof
PHAtobe1.96-2.60kgCO,equiv/kgPHA.'°TheLCA
methodadoptsacradle-to-gatescopeandusesexperimental
andsimulationdata.Lopez-Arenasetal.alsoanalyzedthe
GWPofPHAusingsimulationdataandreportedthatthe
GWF:1vaIueofP HAwas1.70-1.90kgofCO,equiv/kg
PHA.
Incomparison,cornasafeedstockshowedaGWPrange
widerthanthatofsugarcane.KimandDaleconductedanLCA
ofPHAusingcorngrainsasfeedstock.'*Theyuseddatafrom
variousreferencestocreatetheirLCAinputdataandproposed
anintegratedsystemthatusedcorngrainsandcornstoverto
producePHA.Asaresult,theyreportedthatthe GWPvalueof
PHAwas-1.93to-0.28kgofCO,equiv/kgofPHAforthe
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Figure1.Varioustypesofplastics.

proposedsystem.However,theGWPvalueofPHA
productionusingcorngrainsonlywas1.60-4.10kgofCO,
equiv/kgofPHA.Inafollow-upstudy,KimandDale
conductedacradle-to-gateLCAbasedonsite-specificdata
fromTelles.Withoutconsideringsystemexpansionandthe
pelletizingstage,the GWPvalueofPHAproductionfromcorn
grainswas-0.45kgCO,equiv/kgPHA."?
ThesecondgenerationofPHAusednonfoodmaterialsand
wasteasfeedstock. GWPcreditscanbederivedfromrecycling
wastewhenitisusedasafeedstockforPHAproduction.
Dacostaetal.analyzedtheLCAofPHAproductionusing
wastewaterandconcludedthattheGWPvaluewas1.97-2.60
kgCO,equivikgPHA."“KendallreportedthattheGWPvalue
forPHAproductionusingorganicwasteasfeedstockwas
3.10-5.10kgCO,equiv/kgPHA."*These GWPvaluesonly
includethecradle-to-gatel CAresultsandexcludetheresults
ofthePHAend-of-lifescenario.Lopez-Abelairasetal.reported
thatthe GWPvalueforPHAproductionusingtheorganicacid
gluconateasafeedstockwas4.08-29.46kgCO.equiv/kg
PHA. ®Thesestudiesusedacradle-to-gatescope,exper-
imentalandsimulationdata,ordataobtainedfromvarious
references.Recently,third-generationPHAwasdeveloped
usingcarbondioxide(CO,)asanenergysource.Kochetal.
foundthattheproductionofPHAusingCO,asafeedstock
hadaGWPvalueof8.68-23.58kgCO,equivikgPHA.""This
istheresultofacradle-to-gateLCAbasedonexperimental
resultsfromvariousstudies.
Asmentionedabove,threetypesofPHAproduction
methodshavebeendevelopedusingvariousfeedstocks,and
manystudieshaveattemptedtoanalyzetheenvironmental
impactsoftheseproducts.However,mostpreviousstudies
werebasedondatafromexperiments,simulations,orpilot
facilities. Toprovideamorereliableenvironmentalimpactof
PHAproduction,anLCAusingsite-specificandrealplantdata
isrequired.AlthoughKimandDaleusedsite-specificdata,
theywerenotfromrealplantdata.lnaddition,noprevious
studieshaveanalyzedtheenvironmentalimpactofamorphous
polyhydroxyalkanoates(aPHAS).
Inthisstudy,toprovidereliableresultsontheenviron-
mentalimpactsofaPHAs,anLCAwasconductedusingactual
productionandsite-specificdatafromCJCheilJedang,the
exclusiveproviderofaPHA.aPHAproductionLCAsusing
sugarcaneandcorngrainswereconducted,andparametric
analyseswereperformedbyconsideringrawmaterialusage,
transportation,andproportionofrenewableenergyuse
dependingontheplantlocationtoaddresstheuncertainty.

Finally,theenvironmentalimpactofaPHAproductionwas
comparedtothatofotherbiobasedplasticsandconventional
fossilfuel-basedplasticstoanalyzethesustainabilityofaPHA
production.

B MATERIALSANDMETHODS

aPHADetails.CJCheilJedang,theexclusiveproducerofaPHA,
constructedanaPHAplantinPasuruan,Indonesia(Figure2).aPHA

Figure2.PanoramicviewofCJCheilledang’saPHAplantin
Pasuruan,Indonesia.

isacopolymerof3-hydroxybutyrate(3HB)and4-hydroxybutyrate
(4HB)(Figure3)thatisformedwhentheproportionof4HBexceeds
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Figure3.aPHAstructure.

30%,andithasrubber-likesoftpropertiescomparedwithcrystalline
andsemicrystallinePHAs(cPHAandscPHA, respectively).The
propertiesofeachPHAtypearesummarizedinTableS1.

AsshowninFigure4,aPHAhasahighdegreeoffresh-waterand
oceanbiodegradability.Accordingtotheexperimentalresultsby
KoreaConformityLaboratories(KCL),aPHAshowedasignificant
weightlossof57.1%after11weeksinthemarineenvironmentonthe
coastofDaebulsland,SouthKorea.Thisisbecausethedegradation
rateincreasesasthecrystallinitydecreases.‘9Thus,aPHA,whichhas
thelowestcrystallinityamongPHAs,exhibitedthefastestdegradation
rate.
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Becauseoftheircharacteristics,aPHAscanreplacefossilfuel-based
plasticsinfoodpackagingandplasticbags.Inaddition,owingtoits
rubber-likeproperties,aPHAcanbeusedasaphysicalmodifierto
enhanceprocessabilitybyaddingflexibility.Forexample,the
mechanicalpropertiesofbrittlepolymers,suchaspolylacticacid
(PLA),canbeimprovedbyaddingaPHA.?°aPHAcanalsobe
blendedwithotherbiodegradablematerialsinadditiontoPLA,and
itsapplicationsaresummarizedinTable1.

Table1.ApplicationsofaPHA

processingtype examples
extrusion film,straw
thermoforming sheet tray
injectionmolding containers,case
fibers nonwoven,monofilament,multifilament
coating extrusioncoating,emulsioncoating
ingredient personalcare,medicalcare

LifeCycleAssessment.ThisstudyperformedanLCAto
evaluatetheprospectiveenvironmentalconsequencesassociatedwith
theproductionofaPHAderivedfromsugarcaneorcorngrains.The
LCAwasmodeledusingthecommercialsoftwareSimaPro(version
9.5.0.0)andconductedaccordingtolSO14040/44standards.?’

AccordingtolSO14040,theLCAprocedureisdividedintofour
stages:goalandscope,inventoryanalysis,impactassessment,and
interpretation(Figure5).Detailsofeachstagearediscussedinthe
followingsections.

GoalandScope.ThisLCAstudyaimedtoquantifythe
environmentalimpactsassociatedwiththeproductionofikgof
aPHA.TheLCAinthisstudywasconductedusingacradle-to-gate
approach,andthesystemboundariesaredenotedbythedottedline

lGoal and
scope

4Interpretatiun

o "

= Inventory
analysis

Impact
assessment

Figure5.LCAmethodologybylSO14040.

inFigure6.Transportationofchemicalsandutilitiesisalsoincluded
inthesystemboundaries.Aspreviouslymentioned,aPHAcanbe
producedusingeithersugarcaneorcorngrains.Sugar,adisaccharide
producedfromsugarcane,anddextrose(i.e.,n-glucose),a
monosaccharideproducedfromthehydrolysisofstarchincorn
grain,arethetwofeedstocksforaPHAproduction.Therefore,this
studyevaluatedtheenvironmentalimpactsofaPHAproductionin
bothcases.
Sugar,therawmaterialforaPHAproduction,wasderivedfrom
sugarcane.Sugarcaneiscomposedofapproximately12%sugar,10%
fiber,andothercomponents,includingwater.?*Sugarisextracted
fromsugarcanethroughmilling,whichproducessugarand
byproducts,suchasbagasse,molasses,andfiltercake.>*Bagassecan
beburnedtogenerateelectricityforsugarmilling,andfiltercakecan
beutilizedasasoilconditionerforsugarcaneproduction.?*Finally,
molassescanbeusedasatransportationfuel.>Theuseofthese
byproductswasconsideredinthisstudy.
Dextrose,whichistherawmaterialforaPHA,wasderivedfrom
corn.Corniscomposedofapproximately74%carbohydrates(mainly
starch),9%protein,7%totaldietaryfiber,and10%water,anditcan
bedividedintocorngrains,cornkernels,andcornstover.Starchwas
extractedfromcorngrainsthroug hawetmillé)rocessandthen
enzymaticallyhydrolyzedtoproducedextrose.?*Therefore,among
thethreecornparts,onlythecorngrainrequiredfordextrose
productionwasincludedwithinthesystemboundaries.
Acomparisonofcornandsugarcaneshowsthatcornhasastarch
contentofapproximately74%,-°with100%ofthestarchassumedto
beconvertedtodextrose,?’ whilesugarcanecontainsapproximately
12%sugar,?*withanapproximately74.6%sugarextractionefficiency
throughsugarmilling.?®Consequently,aPHAproductionrequiresa
largerquantityofsugarcanethancorn.Startingwiththefermentation
process,dextrosefromcornandsugarfromsugarcaneweresubjected
tosimilarprocedurestoproduceaPHA.
Dextroseandsugarservedasnutrientsourcesformicroorganisms
duringfermentation.Microorganismsconsumecarbohydratesand
fattyacidsasenergysources.However,inthepresenceofexcess
carbon,theseorganismsstoreenergyintheformofaPHA leadingto
theirproduction.Consequently,aPHAisformedduringfermentation
andextractedfrommicroorganismsthrougharefiningprocess.The
accumulatedaPHAinmicroorganismsisrecoveredbyphysicochem-
icalfracturingafterseparatingotherimpurities(suchascarbohydrates,
proteins,fattyacids,andorganicacids)fromthefermentationbroth.
Inaddition,high-purityaPHAcanbeobtainedbyremoving
impuritiessuchaslipidbilayers,membraneproteins,andnucleic
acidsthroughchemicalandenzymaticpurification,dehydration
processes,anddrying.PHAwasthenpelletizedtoproduceaPHA.
InventoryAnalysis.Primaryandsecondarydatabaseswereused
fortheLCA.Fortheprimarydatabase,thematerialandenergy
balancesforsugarcanewithinthesystemboundarieswerebasedon
CJCheilJedang’saPHAproductionplantinPasuruan,Indonesia.
However,thematerialandenergybalancesforcorngrainwithinthe
systemboundarieswerebasedonkeyexperimentalandsimulation
dataprovidedbyCJCheilJedang.Basedonthesedata,CJ
CheildedangplanstobuildaPHAplantsinlowaintheCentral
UnitedStates. Therefore,theprimarydatafromCJCheildedang
providethequantityofrawmaterialsusedinaPHAproduction.
Furthermore,theconsumptionofutilities,suchaselectricityand
liquefiednaturalgas(LNG),isalsobasedonthesedata.Thesame
appliestotheamountofwastewatergeneratedfromthefermentation
topelletizingprocesses.Themethodsforcollectingandvalidating
theseprimarydatabasesareprovidedinFigureS1.
ThesecondarydatabaseincludedEcoinvent3.9.1andtheUnited
StatesL ifeCyclelnventory(USLCI),anditwasincludedinSimaPro
9.5.0.0.Thesecondarydatabasecontainsproductiondatafortheraw
materialsusedinaPHAproduction.Inthecaseofcorngrains,which
serveasrawmaterialsfordextrose,theUnitedStatescontributes37%
ofthetotalcornproduction.?®Therefore, thisstudyanalyzedthe
environmentalimpactofcorngrainproductionusingtheUSLCl,an
inventorydatasetprovidedbytheUnitedStates.Dextroseproduction
fromcorngrainswasinvestigatedusingecoinvent3.9.1.Dextrosewas
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Figure6.SimplifiedflowdiagramfortheproductionofaPHA.Dottedlinesrepresentsystemboundaries.

assumedtobeproducedintheUnitedStates,andtherestofthe
world(ROW)productiondatafromecoinventwereused,because
U.S.-basedproductiondatawereunavailable.AsBrazilisthelargest
sugarcaneproducer,??sugarcaneandsugarproductiondatawere
obtainedfromecoinvent’sBrazilianproductiondata. Transportation
fromrawmaterialproductionsitestotheaPHAproductionplantswas
alsoconsideredusingecoinventdata. Table2summarizesthedetails
oftheprimaryandsecondarydatabasesusedinthisstudy.

Table2.InventoryDatabaseforaPHAProduction

process database

sugarcaneproduction ecoinvent3.9.1

sugarproduction ecoinvent3.9.1
corngrainproduction USLCI

dextroseproduction ecoinvent3.9.1

fermentation CJCheilJedangproductiondata
refinery CJCheilJedangproductiondata
pelletizing CJCheilJedangproductiondata

ImpactAssessment.TheenvironmentalimpactofaPHA
manufacturingwascalculatedbyusingtheReCiPe2016Midpoint
(H)methodology.Eighteenimpactcategorieswereconsideredinthe
methodology.Amongthesecategories,thefollowingimpact
categorieswereanalyzed:GWP,fineparticulatematter,landuse,
andwaterconsumption.Theimpactcategoriesthatarenot
consideredintheResultssectionareaggregatedintoendpoint
basedontheReCiPe2016Endpoint(H)methodology.Inthis
methodology, 18midpointimpactcategoriesarecomprehensively
consideredbasedonthreeendpoints:HumanHealth,Ecosystems,
andResources.Additionally,eachofthethreeendpointsare
weightedtocalculateasinglescorethatprovidesanintegratedviewof
theenvironmentalimpact.AdditionaldetailsareprovidedinFigure
S2andTablesS2andS3.Inaddition,nonrenewable(fossil)and
renewableenergyuseswereanalyzedusingthecumulativeenergy
demandmethodology.

CaseStudy.Case1:ProductionofaPHAUsingSugarcane.Case
1evaluatedtheenvironmentalimpactsofaPHAproductionusing

sugarcaneasthefeedstock.Aspreviouslymentioned,theproduction
ofsugarcaneandsugarwasbasedontheecoinventBrazildatabase.
CO,absorbedduringphotosynthesis®°wasconsideredduring
sugarcanegrowth.WhilesomeCO,wasemittedbackintotheair,
theremainderwasstoredinaPHA.TheamountofCO,uptakeby
aPHAwascalculatedasfollows'”

. _ masseiC,

carbonsassia-aPHAmmonomer£CzH=05): M GO,

_ 0558kgE

" 1kg=PHA (1)
0O stiptake-massi-aPHA: 0.558kg€ N M, L0,

1xgaPHA M,=of-C
_ 2046%g€0,
~ 1kgaPHA @)

Asaresult,aPHAmadefromsugarcanestored2.046kgofCO,.
ConsideringtheendoflifeofaPHA,wereleaseCO,backintotheair.
However,inthisstudy,acradle-to-gateanalysiswasconducted;
therefore,thereleaseofCO,wasnotconsidered.®"

AsshowninFigure6,sugarisconvertedtoaPHAthrougha
processthatstartswithfermentationandproceedstopelletizing. The
electricityusedintheplantisproducedfromgeothermalpower,
whichisarenewableenergysource.Asrenewableenergycertificates
(RECs)canbepurchasedinindonesia,theuseof100%renewable
energyforelectricitywasassumed.>*Wastewaterproducedfrom
fermentationtopelletizingprocessescontainsorganicsthatcanbe
anaerobicallydigestedtoproducenaturalgas.Naturalgasproduced
fromwastewaterisknownasrenewablenaturalgas(RNG).Carbonin
wastewaterisbiogenic,andCO,emissionsarenotproducedduring
thecombustionofRNG.3*Basedontheexperimentalresults(see
TableS4),0.00105Nm*RNGwasproducedfrom1kgofwastewater
fromtheaPHAproductionprocess.Therefore,itwasassumedthat
someoftheLNGusedtoproduceaPHAwassubstitutedwiththe
RNG.

Case2:ProductionofaPHAUsingCornGrains.Comparedwith
casel,case2evaluatedtheenvironmentalimpactofaPHA
productionusingcorngrainsasfeedstock.Theproductionofcorn
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grainsanddextrosewasbasedontheUSLClandecoinventdatabases,
andtheCO,uptakewasalsoconsidered. TheamountofCO,uptake
dependsonthetypeofcrop,**butitwasassumedthattheamountof
CO,uptakeinaPHAremainsconstant.'”
Similartocase1,aPHAproductionusingcorngrainswasbasedon
primarydata.Accordingly,RNGwaspartiallysubstitutedforLNG
andallelectricitywasproducedfromrenewablesources.However,
unlikecase1,whichisbasedinindonesia,case2assumesthataPHA
wasproducedinlowaintheCentralUnitedStatesbecausemostcorn
grainisproducedintheCentralUnitedStates.Therefore,electricity
generationwasassumedtobefromwindenergy,whichismost
commonlyemployedintheCentralUnitedStates.>”Similartocase1,
allelectricitywasproducedusing100%renewableenergy. Thisis
becauseCJCheilJedang’sU.S.plantwillreceiveelectricityfromthe
MidAmericanEnergyCompany(MEC),whichhascommittedto
100%renewableenergyby2025.°°Thecomparisonsofcase1and
case2aresummarizedinTable3.

Table3.ComparisonofCaselandCase?2

description casel case2
plantlocation Pasuruan,Indonesia CentralUnitedStates
feedstock sugarcane corngrain
regionoforiginof Brazil CentralUnitedStates
feedstock
CO,uptake 2.046kg 2.046kg
electricity geothermalpower windpower
byproducts bagasse filtercake, N/A
molasses
RNGfromwastewater partialLNGsubstitutionpartialLNG

substitution

ParametricAnalysisforCase1andCase2.Parametricanalysis
(PA)wasconductedforcases1and2.Aspreviouslymentioned,
wastewaterisusedtoproduceRNG,whichpartiallysubstitutesfor
LNG.ComparedwithRNG,whichhasnonegativeenvironmental
impactduringcombustion,LNGhasanenvironmentalimpact.
Therefore,incases1and2,theenvironmentalimpactofsubstituting
allLNGwithRNGwasanalyzed.

Forcase1,changesinthesugarproductionareaswereanalyzed.In
thisstudy,aPHAwasproducedinindonesiausingsugarproduced
fromBrazil,andthetransportationdistancefromBraziltoIndonesia
wasassumedtobeapproximately17,800km.Sugarcaneisalso
producedinThailandandColombia,withassumedtransportation
distancesof2330and19,000km,respectively.BasedonPA,the
regionsmostsuitableforsugarproductionwereidentified. TheGWP
andtransportationdistanceforeachproductionregionarelistedin
Table4.

Table4.GWPValuesbyDatabasefor1kgofSugar
Production

corngrain database GWP
sugar(base) ecoinvent3.9.1(Brazil) 0.095kgCO,equiv
sugari ecoinvent3.9.1(ROW) 0.98kgCOequiv
sugar2 ecoinvent3.9.1(Columbia) 0.29kgCO,equiv

Additionally,case2consideredchangingthedatabaseforcorn
grainanddextroseproduction.AccordingtoTables5and6,

Table5.GWPValuesbyDatabaseforikgofCornGrain
Production

corngrain database GWP
corngrain(base) USLCI 0.29kgCO,equiv
corngraini USLCI 0.076kgCOzequiv
corngrain2 NatureWorksLLC?” 0.16kgCOsequiv

Table6.GWPValuesbyDatabaseforikgofDextrose
Production

dextrose database GWP
dextrose(base) ecoinvent3.9.1(ROW) 0.50kgCO,equiv
dextrose1 ecoinvent3.9.1(*RER) 0.35kgCO,equiv
dextrose2 NatureWorksLLC?” 0.18kgCO,equiv

2RER:RestoftheEurope.

variationsoccurredintheGWPvaluesforcorngrainanddextrose
productiondependingonthedatabase.Thereferenceisbasedon
productiondatafromNatureWorksLLC,?"whichusescorngrainsto
producePLAintheCentralUnitedStates. Therefore,thesedataare
suitableforaPHAproducedintheCentralUnitedStates. ThePAfor
eachcasewasbasedonGWPandissummarizedinFigure?.

BRESULTS

ResultsofEnvironmentallmpactAssessmentfor
CaselandCase2.Thissectiondescribestheresultsofthe
impactassessmentoftheproductionofikgofaPHAincases
1and2.Aspreviouslymentioned,theimpactassessmentwas
conductedbasedontheReCiPe2016Midpoint(H),ReCiPe
2016endpoint(H),andcumulativeenergydemand.Key
impactassessmentcategoriesforeachcase,includingGWP,
fineparticulatematter,landuse,waterconsumption,and
energyusage,aresummarizedinTable7.Furtherdetailsofthe
LClandimpactassessmentcategoriesareprovidedinTables
S5andS6.

ContributionsofeachinputtotheGWPforcases1and2
areshowninFigure8.InputsforaPHAproductioninclude
rawmaterials,processwater,rawmaterialtransportation,LNG,
andelectricity.Inaddition,aspreviouslymentioned,theCO,
uptakewasconsideredincases1and2.Consequently,the
GWPofcaselwas1.59,whichislowerthanthatofcase2
(1.96).Themainreasonforthisisthatcase2hadahigher
proportionofrawmaterialsthancasei.Incase2,the
proportionofcorngrainsanddextroseintherawmaterialwas
approximately3.7timestheproportionofsugarcaneandsugar
incase1.Thisimpliesthattheproportionsofcorngrainsand
dextroseincase2weresubstantiallyhigh.Inthecaseof
sugarcane,theGWPwasreducedusingbyproductsfromthe
sugarproductionprocess(e.g.,electricityproductionvia
bagasse).Incomparison,byproductswerenotusedinthe
productionofdextrose.Therefore,itcanbeconcludedthata
differenceinGWPhasoccurred.

Cases1and2alsoexhibiteddifferencesintransportation.In
case1,sugarcaneandsugarwereproducedinBrazilandaPHA
wasproducedinanindonesianplant. Therefore,thedistance
betweenBrazilandindonesiawasassumedtobeapprox-
imately17,800km.Bytransportingtheserawmaterials,the
GWPincaselincreasedby0.53.However,incase2,there
wasnoincreaseowingtotransportationbecausecorngrains,
dextrose,andaPHAwereallproducedintheCentralUnited
States.

TheshareofGWPinelectricityusedtoproduceaPHA
differed.Cases1and2producedelectricityusing100%
renewableenergysources.Aspreviouslymentioned,case1
generatedelectricityfromgeothermalpowerinindonesia,and
case2generatedelectricityfromwindpowerintheUnited
States.However,theGWPofgeothermalelectricitygeneration
inindonesia®’ishigherthanthatintheCentralUnited
States.*®*Inaddition,asshowninTableS5,theelectricity
consumptionforcase2was38%lowerthanthatforcase.

https://doi.org/10.1021/acssuschemeng.3c04788
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Figure7.Summaryoftheparametricanalysis.
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Table7.ResultsoftheKeylmpactCategoriesforEachCase

impactcategory unit casel case2
globalwarmingpotential kgCO,equiv 159 1.96
fineparticulatematter kgPM, sequiv 0.015 8.24x1073
landuse m2acropequiv 4.09 329
waterconsumption m® 024 027
nonrenewable,fossil MJ 55.21 4797
renewableenergy MJ 53.84 1855

Global warming potential
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Figure8.ContributionofeachinputtoGWPforeachcase.

Therefore,althoughbothcasesusedrenewableenergyto
generateelectricity,theGWPshareoftheelectricitydiffered.

Thecontributionofeachinputtononrenewable,fossil,and
renewableenergyforcasesiand2isshowninFigure9.As
showninFigure9,case1requiredapproximately1.2times
morenonrenewableandfossilandapproximately2.9times
morerenewableenergythancase2.However,asshownin
Figure8,theGWPofcase2wasgreaterthanthatofcase
becausecase1hadaGWPcreditforthebyproduct.The

combustionofbagasseproducedelectricitythatcanbeused
foraPHAproduction.Forikgsugarproduction,approx-
imately2.2kgofbagassewasgenerated.>*“°Additionally, 1kg
ofbagassecontains0.787kgofdrymatter,and1kgofdry
matterproduces15.4MJofenergy.*®Therefore,approximately
26.7MJofelectricitycanbegenerated,leadingtoan
equivalentreductioninGWP.Thesameappliestoanother
byproduct,filtercake.Approximately0.3kgoffiltercakeis
producedper1kgofsugarproduction.*°Usingthisasasoil
conditionerinsugarcaneproduction,areductioninGWPcan
beobtained.?’However,despitethelowerenergyconsump-
tion,case2hadahigherGWPvaluebecausenobyproduct
utilizationwasconsidered.
Contributionsofeachinputtofineparticulatematter
formation,landuse,andwaterconsumptionforcases1and?2
areshowninFigure10.AsshowninFigure10,thefine
particulatematterformationvaluewasapproximately1.9times
higherincase1thanincase2becausethenonrenewablefossil
fuelenergyconsumptionincase1washigherthanthatincase
2.Incase1,thetransportationofsugarcaneandsugarwas
included,whichincreasedthefineparticulatematteremissions.
Inaddition,landusewasapproximately1.2timeshigherin
caselthanincase2.Landuseisaffectedbyfactorssuchas
landarea,cropproductivity,andfertilizerusage.Sugarcane
productivitywashigherthanthatofcorngrains.*'However,
approximately11kgofsugarcaneisconsumedtoproduce1kg
ofsugar,whichisgreaterthantheamountofcorngrainsused
toproducedextrose.?®*Therefore,landuseincase1tendedto
behigherbecauseofthegreaterconsumptionofsugarcane
thancorngrains.
Finally,waterconsumptionwasapproximately1.1times
higherincase2thanincase1.Processwaterusageincase?2
waslowerthanthatincase1.Processwaterrepresentsthe
waterusedinthemanufacturingofaPHA,duringthe
fermentationtopelletizingprocesses.However,theamount
ofwaterusedintherawmaterialwasapproximately1.7times
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higherincase2thanincase1.First,thewaterconsumptionof
corngrainproductionisapproximately12timeshigherthan
thatforsugarcaneproduction.*?Inaddition,dextroseis
producedbytheenzymatichydrolysisofstarchincorngrain.*®
Thisprocessconsumesapproximately1.2timesmorewater
thanthesugarmillingprocess.”*Therefore,case2hadhigher
waterconsumptionthancase1.
Additionally,singlescoreresultsforcases1and2,providing
anintegratedviewoftheenvironmentalimpact,areshownin

Figure11.InFigure11,thesinglescoreoftheimpactcategory,
representingacumulativepercentageofapproximately99%,is
shown.TheunitmPtindicatesone-millionthoftheone-year
environmentalburdenoftheaverageEuropeanpopulation.**
ForHumanHealth,thetotalvalueforcase1was222.87
mPt,whichisapproximately1.38timeshigherthanthe161.46
mPtofcase2.InFigure11,bothcases1and2havethelargest
singlescoreforfineparticulatematterformation.This
indicatesthatfineparticulatematterformationhasasignificant
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impactonhumanhealth.Aspreviouslymentioned,case1had
highervaluesforfineparticulatematterthancase2duetothe
highernonrenewableenergyconsumptionandinclusionof
long-distancetransportationofsugartotheaPHAproduction
site.
ForEcosystems,thesinglescoreofcase1was16.72mPt,
whichisapproximately1.24timeshigherthanthe13.50mPt
ofcase2.Ecosystemswererevealedtobesignificantly
impactedbylanduse.Becauselandusecanmodifyland
surfaceandspeciescomposition,energyflowsandbiogeo-
chemicalcyclesarealteredinterrestrialecosystems.”As
previouslymentioned,case1hadhigherlandusebecauseit
consumesmoresugarcanecomparedtocorngrainincase2.
Consequently,landuseincreasedtoproducemoresugarcane,
resultinginahighersinglescore.
ForResources,thetotalscoreforcase1was2.80mPt,
whichisapproximately1.29timeshigherthanthe2.18mPtof
case2.AsshowninFigure11,resourcesarehighlyaffectedby
fossilresourcescarcity. Fossilfuelresourcessuchascrudeoil
andnaturalgasareusedasnonrenewablefossilenergy.The
higherusageoftheseenergysourcesleadstoascarcityoffossil
resources. Therefore,asshowninFigure9,case1,withhigher
valuesfornonrenewableandfossilresources,hadahigher
singlescoreforfossilresourcescarcitythancase2.
Inthemidpointassessment,someimpactcategorieswere
higherforcase1whileotherswerehigherforcase2.
Additionally,inthecomprehensiveenvironmentalimpact
assessmentbasedonthesinglescoreofthethreeendpoints,

case2exhibitedalowersinglescore,indicatingasmaller
environmentalimpactcomparedtothatobservedincase1.
ResultsoftheParametricAnalysisforCaseland
Case2.AssummarizedinFigure7,PAwasperformedfor
casesland2.TheGWPresultsarelistedinFigure12.All
environmentalimpactassessmentresultsforPA1andPA2are
providedinTableS7.ForPA3andPA4,onlyGWPresults
areprovidedduetodatalimitationsfromtheliterature.27First,
PA1indicatesthatsubstitutingallLNGwithRNGreducesthe
GWP.TheGWPforcases1and2decreasedbyapproximately
46and26%t00.86and1.46,respectively.ThelargerRNG
substitutioneffectincase1wasduetoitshigherLNGusage
thanthatincase2.PA2representsthe GWPresultsforsugar
productionineachregion.Theseresultssuggestthatsugar
productionisthemostenvironmentallyfriendlyoptionfor
Brazil.First,Brazilreplacednearly40%ofitspetrol
consumptionwithrenewableethanol.**Sugarcane,theraw
materialforsugar,isburnedtofacilitateitsharvest,resultingin
negativeenvironmentalimpacts.Brazilhasenactedlaws
prohibitingsugarcaneburning.Asaresult,itwasassumed
thatallsugarcanewillbeharvestedwithoutburningby2025.*”
Therefore,theproductionofsugarcaneandsugarinBrazilis
moreenvironmentallyfriendlythanthatinotherregions.In
addition,atPA3,theeffectsofchangingthedatabaseoncorn
grainproductionwereobserved.Consequently,theGWPin
case2decreasedtoaminimumof1.37,whichwasalarger
effectthanthatoftheRNGreplacementinPA1.Inthecaseof
PA3.1,asignificantreductioninthe GWPoccurredwhen
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biomasswasusedastheenergysourceforcorngrain
production.?®Finally,atPA4,thedextroseproduction
databaseincase2changed,resultinginthelowestvalueof
1.10forPA4.2.ThiswasbasedonNatureWorksLLCdata,>”
whichyieldedalowGWPowingto100%renewableresources

ThelowestGWPvalueswereobtainedfromthePAresults.
Incase1,substitutingalLNGwithRNG(PA1.1)yieldeda
minimumvalueof0.86.Case2hadaminimumvalueof0.01
basedonPA1.2,3.1,and4.2. TheGWPresultsforthebest
case(casesland2)areshowninFigure13.InFigure13,the
sugarcanebestsubstitutesallLNGincase1withRNG,
therebyremovingtheshareofLNG.Thesameappliesforcorn
grainbest,whichsubstitutedallLNGincase2withRNG.
Additionally,inthecaseofcorngrainbest,corngrainand
dextroseproductionappearedtobemoresustainable
comparedtothoseincase2.Therefore,theshareofraw
materialswasreducedbyapproximately45%comparedwith
thatincase2.

MDiscussioN

IntheResultssection,theLCAresultsofaPHAproduction
usingsugarcaneandcorngrainswereanalyzed.Table7
providestheresultsforsiximpactcategoriesrangingfrom
GWPtorenewableenergy.Theanalysisofcontributionsof
differentinputstotheseimpactcategoriesisshowninFigures
8and10.Theseresultsshowthatcase1(sugarcane)hada

Global warming potential
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Figure13.ContributionofeachinputtothebestGWPvaluesfor
aPHAproductionusingsugarcane(left)andcorngrains(right).

lowerGWPvaluethancase2(corngrain),indicatingasmaller
contributiontoglobalwarming.However,fineparticulate
matterformation,landuse,andotherfactorshadhighervalues
incase1.Therefore,forthecomprehensiveevaluationofthe
environmentalimpactofcase1andcase2,asinglescorefor
thethreeendpoints(HumanHealth,Ecosystems,and
Resources)wasanalyzed,asshowninFigure11.Forall
threeendpoints,case2haslowervaluesthancase1.
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Inaddition,PAswereconductedforcases1and2witha
focusonGWPduetodatalimitations.AsshowninFigure 13,
theGWPvalueinthecaseofcorngrainbestwaslowerthan
thatofsugarcanebest.Theseresultsindicatedthatthe
proximityofthefactorytothesourceoftherawmaterialand
theuseoflow-GWPenergysourcesamongrenewableenergy
sourceswereimportantfactorsfordeterminingthe GWPof
thebestcase,whereassustainableproductionofthefeedstock
wasimportantincases1and2.

Aspreviouslymentioned,PHAsareproducedfromvarious
feedstocksandareprimarilydividedintothreegenerations.
ThefirstgenerationinthisstudywastheproductionofPHA
fromfoodorfeeds,suchassugarcaneandcorngrains.The
secondgenerationutilizesnonfoodmaterialsandwasteasraw

materials.Finally,thethirdgenerationrepresentsdirect
productionbymicroorganisms,suchasalgaeandcyanobac-
teria,whichobtainenergythroughphotosynthesis.**Figure14
showsacomparisonoftheGWPvaluesforPHAproduction
methodsreportedinpreviousstudies.AsshowninFigure 14,
thelatestPHAproductionmethodsdonotguaranteelower
GWPvalues.Forexample,PHAproductionusinggluconate'®
andCO,'’showedhigherGWPvaluesof29.46kgCO,equiv/
kgPHAand23.58kgCO,equiv/kgPHA,respectively,
comparedtootherproductionmethods. Thisisbecausethe
useofNaOCI'®orchloroform’”forPHAextractionisnot
environmentallyfriendly.Additionally,therecoveryofthese
solventsisenergyintensive.'”
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Thefirst-generationmethodsshowedGWPvaluesranging
from—0.45t04.10kgCO,equiv/kgPHA.Inthisgeneration,
thelowestGWPvaluewas-0.45kgCO,equiv/kgPHA."®
However,thenonrenewableenergyconsumptionwasalso15.7
MJ/kgPHA,whichissmallerthanthatreportedinother
studies,becausethepelletizingstage(whichconsumes
approximately43%ofthetotalelectricity)ofPHAwasnot
considered.

WiththeexceptionofKimandDale, '®otherreported GWP
valuesfortheproductionoffirst-generationPHAswerehigher
thanthoseobtainedinthisstudy.Inthisstudy,an
environmentalimpactassessmentforcases1and2was
conductedbasedonCJCheilJedang’sactualproductiondata
toprovidearealisticperspective.Therefore,theprocessof
producingaPHAusingsugarcaneandcorngrainsinthisstudy
canbeconsideredtohavelessimpactonglobalwarmingthan
otherPHAproductionmethods.

Plasticscanbecategorizedintofourgroups.Exceptfor
fossil-basedandbiodegradableplastics,suchaspolybutylene
adipateterephthalate(PBAT),whichhasnotbeenevaluated
byenvironmentalimpactassessments, *’theGWPresultsfor
theproductionoftheremainingplasticsareshowninFigure
15.AsshowninFigure15,biobasedandbiodegradable
plastics,suchasaPHAandPLA,generallyhavealowerGWP
thanfossilfuel-basedplastics. Therefore,anincreaseintheuse
ofbiobasedandbiodegradableplasticsisexpectedtoaddress
environmentalproblemsrelatedtoglobalwarming.

Further,consideringthecostaspect,mostconventional
fossil-basedplasticscostlessthanapproximatelyUSD1perkg,
andthecommercialpriceofPHAisknowntobebetween
approximatelyUSD1.5andUSD5.0perkg.’°However,
aPHAisstillintheearlystagesofdevelopment;therefore,the
pricegapsarelikelytobelarge.Thisgapisexpectedtobe
reducedasaPHAiscommercialized,andtechnologyadvance-
mentsareachieved.

BcoNCLUSIONS

Inthisstudy,theenvironmentalimpactsofaPHAproduction
usingsugarcaneandcorngrainswereanalyzedusingactual
productiondatatoproviderealisticresults.Consequently,the
totalsinglescoresforcases1and2were242.39and177.14
mPt,respectively,withcase2showingsmallervalues.Ofthe
threeendpoints(HumanHealth,Ecosystems,andResources),
HumanHealthhadthelargestdifferencebetweencases1and
2.ThemostsignificantimpactonHumanHealthwasfine
particulatematterformation,whichisprimarilyduetothehigh
proportionofrawmaterialsincases1and2andthelong-
distancetransportationofsugartotheaPHAproductionsitein
case1.Therefore,forthesustainableproductionofaPHA, low-
impactrawmaterialsandtheproximityofthefactorytoraw
materialsourcesareessential.
IntermsofGWP,aminimumof0.86kgCO,equiv/kg
aPHAandamaximumof1.59kgCO,equiv/ikgaPHAwere
foundforcase1usingsugarcaneasfeedstock. TheGWPvalues
ofcase2,whichusedcorngrainsasfeedstock,hadaminimum
0f0.01kgofCO,equiv/kgofaPHAandamaximumof1.96
kgofCO,equiv/kgofaPHA.Inbothcases,aPHAwas
producedinanenvironmentallyfriendlymannerthrough
electricityproductionusingrenewableenergy,RNGproduc-
tionusingwastewater,andsustainablefeedstockproduction.
Theseresultsshowedthatthefirst-generationmethodofPHA
productionseemstobethemostsustainableintermsof GWP
atthecurrentleveloftechnologydevelopmentcomparedwith

thesecond-andthird-generationmethodsofPHAproduction
andotherfossilfuel-basedplastics.
Acradle-to-gateLCAwasperformedowingtolackof
informationregardingthe*productuse”and“productdisposal
orrecycling”stagesforaPHA.Aspreviouslymentioned,aPHA
hashigherbiodegradabilitythanotherbioplastics,whichcan
haveapositiveeffectontheenvironment. Therefore,cradle-to-
graveLCAsforaPHAarerequiredtoquantifytheeffectof
biodegradabilityontheenvironment.Inaddition,thecost
aspectsofincreasedsustainabilitywerenotanalyzedbutare
recommendedforfutureinvestigation.
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