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Abstract　Overthepasttenyears,microalgaehavebeeninvestigatedaspromisingsourcesofrenewable
energytoreplacethediminishingsupplyoffossilfuelsandmitigatetheenvironmentalpollutioncausedby
useoffossilfuels．InadditiontoprovidingoilＧbasedbiofuels,theuseofmicroalgaecanpotentiallyreduce
environmentalpollutionbecausealgaecanuseindustrialbyproducts(CO２,NOx,wastewater,andothers)
asnutritionsources．However,ourpreviousstudyshowedthattheunacceptablyhighcostofbiofuels
production,especially culturing microalgae,remainsthe biggestobstacle hinderingthelargeＧscale
implementationofmicroalgaebiofuels．Therefore,futureeffortswilllikelyemphasizebiotechnological
approachestoimprovetheeconomicfeasibilityofalgalbiofuelproduction．Thisreviewsummarizesthe
progressmadeoverthelastdecadeinenvironmentalapplicationsofmicroalgae,combinedwithdataonCO２

capture,NOxbiotransformation,wastewatertreatment,andsynergisticapplications,anddiscussesfuture
prospects．
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１　Introduction

Inlightofthediminishingsupplyoffossilfuels,includingpetroleum,coal,andnaturalgas,andthe
environmentalpollutionassociated withthem,attentionhasturnedtodevelopingcleaner,renewable
energysources[１,２]．Microalgalbiofuelsshowgreatpromiseasarenewableenergysourceandhavebeen
thefocusofextensiveresearch,especiallyinthepastdecade [３,４]．Microalgaeareaquatic,simple
organismsthatutilizesunlightenergytosequesterCO２andconvertitintobiomassthroughphotosynthesis
[５,６]．Microalgaehavepromisingapplicationsinvariousnutritionalandindustrialfields,including
biofuelproduction,bioremediationofenvironmentalpollutants(CO２,NOx,wastewater,andothers),and
productionofhighaddedvalueproducts(proteins,carbohydrates,pigments,antioxidants,andvitamins)
[４,７—１０]．

Duringthepast１０years(２００７to２０１７),extensiveresearchhasbeenconductedonmicroalgaebiofuels
[８,１１—１７]．Unfortunately,researchinmicroalgalbiofuelshasstalledduetotheunacceptablyhighcosts
oflargeＧscaleimplementation [４]．Inparticular,thehighcostoftheresourcesrequiredformicroalgal
cultivation,includingwater,inorganicnutrients(mainlynitrogenandphosphate),andCO２,hindersthe
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commercializationofmicroalgalbiofuels[１８]．
In２０１０,theglobalCO２emissionsfromhumanactivitiesreached３３billiontonsperyear[１９]．This

increaseingreenhousegases,even basedonconservativeestimates,couldraisetheaverageglobal
temperaturebyasmuchas２．６℃bytheendof２１００,andsealevelswouldrisesimultaneouslyasaresult
ofglacialmelting,aswellasotherenvironmentalproblems[２０]．Thus,itiscriticaltoreduceourCO２

emissions．
Nitrogenoxides(NOx)arethemaingaseouspollutantsinatmosphericsmog,whicharisesmainlyfrom

industrialfluegasemissions[２１]．Since２０１２,thisatmospherichazehasbecomeaseriousprobleminmost
Chinesecitiesandhasarousedincreasingpublicconcernaboutitsimpactontheenvironmentandhuman
health[８]．Inaddition,withtheincreasingdemandforfreshwaterresourcesandgrowingwaterpollution
issues,thereuseofwastewaterhasbecomemoreimportantforsustainabledevelopment[２２]．

Ourprevious worksuggestedthatcombiningthebioremediationofenvironmentalpollutants with
microalgaecultivationrepresentsaneffective methodforachievingenvironmentallysustainable,costＧ
effectiveproductionofbiofuels [４,２３]．Ourpreviousstudydemonstratedthefeasibilityofusing
microalgaefortheefficientbiologicaldenitrification (DeNOx)offluegasesandfortheproductionof
microalgaeＧbasedproducts[８,２４,２５]．Moreover,werecentlyproposedamethodinvolvingthereuseof
biomasspowerplantash,CO２ sequestration,and NOxremovalfromfluegasesinthecultivationof
Chlorella,whichwouldreducethecostofproducingbiolipidsandotherproductsderivedfrommicroalgae
[２６]．
Inthisreview,wesummarizethepast１０years (２００７—２０１７)ofresearchontheenvironmental

applicationsofmicroalgae,includingCO２capture,NOxbiotransformation,wastewatertreatment,and
synergisticapplications．Inaddition,weusedinformaticstosystematicallyanalyzethesedevelopmentsto
betterunderstandthekeyquestionsandpossiblesolutions．

２　CaptureofCO２fromfluegasesbymicroalgae

CO２isoneofthemaingreenhousegasescausingglobalwarming．OfthetotalanthropogenicCO２

emissions,about７５％arederivedfromburningfossilfuels[２７]．Ingeneral,threetypesofmethodshave
beenappliedforCO２fixation:chemicalmethods(e．g．,alkalinesolutionadsorptionfollowedbystorage
[２８]),physicalmethods(e．g．,injectingCO２intothedeepsea[２９]orunderground[３０]),andbiological
methods(convertingCO２intoorganicmatter[３１])．FixingCO２byphysicalorchemicalmeansandfinding
thespacetostoretheadsorbed CO２ isdifficultandincludescostsfor monitoring,operation,and
maintenance．Additionally,CO２storageisnotpermanent,asCO２willeventuallybereleasedbackintothe
atmosphere[３２]．

Carbonisthemainelementinmicroalgalcells(３６％—６５％ofdrymatter)．Microalgaefixatmospheric
CO２ withanefficiency１０to５０timeshigherthanthatofhigherplants[３３]．Therefore,bioＧsequestration
ofCO２ by microalgaehasbeenconsideredasanenvironmentallyfriendly CO２ remediationstrategy．
CultivationofmicroalgaewithCO２fromfluegasescanreducegreenhousegasemissions．Forinstance,one
gigawattＧelectric(GWe)coalpowerplantoperatingatanelectricalefficiencyof３５％andat７５％capacity
normallyproduces６．７７milliontons(Mt)ofCO２annually．Toconsumethatamountofcarbon,aclosed
microalgaeculturesystemwithaCO２Ｇcaptureefficiencyofabout８０％couldproduce２．７Mtofbiomass,
whileanopen microalgaeculturesystem (suchasaracewaypond)witha muchlowerCO２Ｇfixation
efficiencyofabout５０％couldproduce１．７Mtofbiomass[３４]．

CO２bioＧutilizationbymicroalgaeinaclosedＧculturesystemrequiresthecaptureoftheCO２fromflue
gasesandabsorptionbythe microalgae,followedbybioＧfixationthroughphotosynthesis．However,
excessCO２ maynotbetakenupbythealgae,whichwouldprovidenoadvantageandonlyincreasethecost
ofbiomassproduction,oritcouldbeassimilatedandsubsequentlyelicitanutritionalimbalanceleadingto
achangeinbiomassquality[３５]．TheimpactofelevatedCO２ongrowthratesishighlyvariable,mostly
speciesＧspecific,anddependentonenergyavailability [３６]．Thus,althoughtechnicallychallengingand
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timeconsuming,screeningforalgaespecieswithhighCO２toleranceisextremelyimportant．Liuetal．
[３７]establishedahighＧthroughputmethodtorapidlyscreenandidentifyhighfluegasCO２Ｇtolerant
microalgaestrains．MicroalgaespeciesreportedtotoleratehighlevelsofCO２includeChlorellasp．[３８],
Scendesmussp．[３７],andDunaliellatertiolecta [３９]．Informaticsanalysisalsoshowedthatthemain
algaegenerausedforCO２capturewereChlorella,Chlamydomonas,Scenedesmus,Synechocystis,and
Synechococcus,andresearchinthisareahasfocusedonCO２capture,photosystemII,carbonＧconcentrating
mechanisms,wastewatertreatment,andbiodieselproduction(Table１)．

Table１　Thetop５algalgenerawiththeproportionoftotalstudiesa)andresearchhotspots

Researcharea Top５algalgenera(％oftotal) Researchhotspots

CO２capture Chlorella (３２．７４),Chlamydomonas (２３．３０),
Scenedesmus (１３．５１),Synechocystis (１２．７４),
Synechococcus(１２．４０)

CO２capture,
photosystemII,
carbonconcentratingmechanism,
wastewatertreatment,biodieselproduction

NOxbiotransformation Chlorella (２２．６９),Chlamydomonas (２１．９６),
Synechococcus (１０．４９),Scenedesmus (９．４３),
Spirulina(８．７９)

photosynthesis,cyanobacteria,
fluegas,
toxicity,
cellgrowth

Wastewatertreatment Chlorella (５９．１１),Scenedesmus (２４．３５),
Spirulina (１４．５４),Chlamydomonas (１１．４５),
Nannochloropsis(６．４９)

biosorption,
biodiesel,
mixotrophiccultivation,adsorption,
harvesting

　a)Somestudiesrelatetotwoormoregenera．

AnotherinfluencingfactorforCO２captureusingalgaeissuitablecultureconditions．Itwasestimated
thatsomealgalcultivationsystems (tubularorflatphotoＧbioreactororopenponds)canallow the
conversionoflargeamountsofCO２ emittedbycoalpowerplantsintobiomass;thisshowedthat,in
principle,algalcultivationcouldbecoupledtoproductionofindustrialbyproductsto minimizetheir
environmentalimpact[４０]．Anotherexperimentshowedthattheadditionoffluegasestoculturesof
Scenedesmusquadricaudaresultedin８５％utilizationoftheCO２inthefluegas;somewhatlowerfixation
capacitieswereobtainedusingBotyrococcusbrauniiandChlorellavulgaris[４１]．

MostoftheapplicationsofmicroalgalCO２fixationarecarriedoutphotoautotrophically,asthisgives
highertransformationefficiencythanheterotrophicfixation[４２]．Interestingly,mixotrophiccultivationof
microalgaecaneffectivelybioＧtransformfluegasCO２ withtheaccumulationofmicroalgaebiomassand
algallipids,andtheoverallamountofCO２fixedincreasesduetohigherbiomassaccumulationunder
mixotrophicconditions[２４]．Forexample,mixotrophiccultureofBotyrococcusbrauniifedwithCO２and
glucoseachievedaCO２bioＧfixationrateof７５％ [４３]．

AsmentionedbyChisti[４４],biodieselproductioncouldpotentiallyusetheCO２fromindustrialwasteto
minimizecultureexpensesandreducegreenhousegasemissions．MicroalgaecanfixCO２from various
sources,suchasgaseousCO２directlyfromtheatmosphereandindustrialfluegases,anddissolvedCO２in
theformofcarbonates．Industrialfluegasesnormallycontain１０％—１５％ CO２,whichcouldpotentially
providethemicroalgaewithcarbonatlittleornocost[３３]．Zhaoetal．[４５]investigatedthreeoilgae
(algaewithhighoilcontents),Chlorellasp．,Isochlysissp．,andAmphidiniumcarterae,andselected
Chlorellasp．asthedominantspeciestofixCO２fromfluegasesforenergyconversion．

Duringmicroalgaecultivation,thesupplyofCO２intheculturesolutionisalimitingfactorforfixation
duetoitslowsolubilityinwater(１．４５gL－１at２５℃,１００kPa)[４６]．MostcurrentCO２feedingmethods
formicroalgaecultivationrelyondirectblowingofpureCO２orCO２fromfluegases．However,becauseof
itspoorsolubilityinwater,muchoftheCO２islosttotheatmosphereduringthespargeＧfeedingand
resultsinrelativelylowcarbonutilizationefficiency[４６]．Also,thesedirectblowingCO２feedingmethods
havehighenergycosts,whichlimitstheirapplicationforscaledＧupproduction[４７]．Chemicalfixationof
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CO２usingabsorptionliquids(e．g．alkalinesolutions)tostabilizetheCO２ascarbonatemayimprovethe
CO２uptakeefficiencybythemicroalgaecomparedwithdirectblowingoftheCO２intotheculturemedia
[４８],andmayalsoreducetheenergyrequirements[４７]．Inthiscase,itwouldbenecessarytoscreen
microalgaespeciesforhightolerancetothealkalineconditionsthatthecarbonateswouldproduceinthe
culturemedia．Hsuehetal．[４９]foundamicroalgafromanalkalinehotspringthatgrowswellatover
５０℃andatapHof１１．５,anditsCO２ masstransferratewasenhancedby５Ｇfoldwithahighperformance
alkalineabsorberandregeneratingthealkalinesolutionthroughmicroalgalphotosynthesis,asthepHof
culturewouldincreaseduringalgalphotoautotrophicgrowth．

３　BiotransformationofNOxfromfluegasesbymicroalgae

FluegasesalsocontaindifferentNOxspecies,suchasNO,NO２,N２O,N２O２,N２O３,N２O４,andNO３,
andmostoftheseNOxspeciesmustberemovedfromemissionsastheyarerestrictedbylegislation[５０]．
ConventionalDeNOxmethodsareexpensiveandthesecondarywastesproducedintheprocessoftenrequire
furthertreatment[５１]．Asnitrogenisoneofthemostimportantnutrientsforalgalproduction,NOx
speciesmaybeusedasanitrogensourceformicroalgaecultivation[２４,２６,５２,５３]．Thus,microalgae
maybeusefulforrecyclingthenitrogeninfluegases．

AstheNOxremovalefficienciesofmicroalgaevarybyspecies,itisnecessarytoselectorgenetically
modifyappropriatealgalcandidatesforthis purpose．Somestrains ofthe genera Chlorella sp．,
Scenedesmus,andDunaliella havebeenreportedtoremovesubstantialamountsofNOx [５４—５６],
althoughhighlevelsofNOxtendtodepressphotosynthesis．Informaticsanalysisshowedthatthemain
algalgeneraforNOxbiotransformationwereChlorella,Chlamydomonas,Scenedesmus,Synechococcus,
andSpirulina(Table１),andtheresearchinthisareahasfocusedonphotosynthesis,cyanobacteria,flue
gas,toxicity,andcellgrowth(Table１)．

Upto９５％ oftheNOxintypicalfluegasisNO．Inthemedium,NOisinitiallyoxidizedtonitrite,
whichisthemaincomponentofNOxinaqueoussolutions[５７]．Nitriteinhibitsalgalgrowthbecauseit
decreaseselectrontransferfrom QA to QB atphotosystemII,andinterferes withthedonorsideof
photosystemII [５８]．Therefore,screeningfornitriteＧtolerant microalgaespeciesiscrucialforalgal
DeNOxapproaches．Inourpreviouswork,weanalyzedtheacclimatizationofnumerousChlorellastrains
tohighlevelsofNOxandthepotentialutilizationofChlorellastrainsinbiologicalDeNOxofindustrialflue
gases．WefoundthatthedegreeofnitritetolerancewasstrainＧspecific,andmostChlorellastrainscould
withstandhighconcentrationsofnitrite[２５]．Amongthesestrains,Chlorellasp．C２wasfoundtobea
promisingcandidateforbiologicalDeNOxofindustrialfluegases．

FormicroalgaeＧbasedNOelimination,thefirststepisthedissolutionofNOgasintheaqueousphase．
Nitritewillbeoxidizedtonitrateinthemedium,andthenassimilatedbythemicroalgae[５７]．However,
thesolubilityofNOinwaterislow,sothedissolutionofNOgasintothemediumoftenlimitstherateof
nitrogenassimilationandthusistherateＧlimitingstepformicroalgaeＧbasedbiologicalDeNOx [５５]．To
solvethislimitation,wepreviouslyreportedatwoＧstepmicroalgaeＧbasedbioＧDeNOxstrategyinwhich
NOxＧrichfluegaseswerefirstfixed,mostlyasnitrite,intofluegasＧfixedsalts(FGFS),whichwerethen
usedasthesolenitrogensourceforthecultureofChlorellaspecies[５２]．Theresultsshowedthat６０％of
theNOxwasremovedfromthemediumwithaninoculatedcelldensityof０．０７gL－１dryweightand３３％
algaelipidswereproducedwhenusingFGFSswith５× equivalentnitrogen,asfoundinBG１１medium,
whichisusedforcultivationof microalgae [５２]．Wefurtherperformed mixotrophiccultivationof
Chlorellasp．C２withFGFSandglucoseandachievedanoverallDeNOxefficiencyof９６％,demonstrating
thefeasibilityandefficiencyofbiologicalDeNOxwithmicroalgae[２４]．

SOxspeciesarealsopresentinmostincinerationfluegases,andtheseSOx mainlyconsistsofSO２witha
minoramounts(２％—４％)ofSO３．SO２andSO３arehighlysolubleinwater[５０]．SO２tendstohydrateto
H２SO３ and SO３ hydratesto H２SO４;theoxidationof H２SO３ canalsogenerate H２SO４ and SO２－

４ ．
Therefore,thedissolutionofSOxcausesacidificationofthemedium,andtheextentdependsontheSOx
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contentofthefluegas．TheconsequenceofSOxdissolutioninthegrowthmediumcanlimitthechoiceof
algaetoacidophilicand/orbisulfiteＧtolerantspecies[５０]．Insomecases,chemicalscrubbingofSOxoutof
thefluegasmaybeapreconditionforanymicroalgalculture[５２]．IfpHandtoxicityofSOxＧderived
solutesarecompatiblewithalgalsurvival,thealgaecanassimilatesubstantialamountsofSO２－

４ [５９],in
quantitiesconsistent withtheelementalstoichiometryinthegrowth medium andthestoichiometric
constraintsofcellgrowth[６０]．

４　Treatmentofwastewaterandotherpollutantsbymicroalgae

LargeＧscalemicroalgaeculturerequireshugeamountsoffreshwater,whichcandraintheresources
neededforterrestrialcropsandhumanactivities．Thisdemand,coupledwithincreasingratesofwater
pollution,makeswastewaterreuseanimportantcomponentofsustainabledevelopment[２２]．Algaecan
recoverlargeamountsofnitrogenandphosphorus,particularlyintheformsofNH＋

４ ,NO－
３ ,andPO３－

４ ,
fromwastewater[６１,６２]．Forexample,Cabanelasetal．[６３]demonstratedtheremovalofnitrogenand
phosphorusfrommunicipalwastewaterbyChlorellavulgariscultivation．

Microalgalspecieswithhighnutrientremovalcapabilitiesandwidetolerancetoenvironmentalstresses
shouldbeselectedforwastewatertreatment．Informaticsanalysisshowedthatthemaingenerausedfor
wastewatertreatmentwereChlorella,Scenedesmus,Spirulina,Chlamydomonas,andNannochloropsis
(Table１),andtheresearchinthisareahasfocusedonbiosorption,biodiesel,mixotrophiccultivation,
adsorption,andharvesting (Table１)．Selectionforaparticularstrainofmicroalgaewithadditional
desirablecharacteristics,including high photosynthetic efficiency,high CO２ affinity,and carbon
concentratingmechanisms,isalsoimportantfortheenhancementofbothbiomassproductionandnutrient
recovery[６４]．InastudybyWangetal．[６５],coＧculturingofChlorellasp．andbioflocculantＧproducing
bacteriawasoptimizedforeffectivewastewatertreatmentandefficientharvesting．

Organicnutrientsareoftenfoundinwastewaterandthecultivationofmicroalgaeundermixotrophic
conditionsusingwastewatercontaininginorganicandorganicmatterhasbeenreported．Chengetal．[６６]
usedthealgaDesmodesmussp．CHX１totreatpigfarmwastewaterandfoundthatmixotrophicmicroalgaeＧ
bacteriasystemssignificantlypromotedmicroalgalgrowthandtheefficiencyofnutrientremoval,attaining
maximalbiomassandlipid productivity．Moreover,thecoＧcultureof microalgaeand bacteria with
wastewaterachieved５０％—６０％ and６８％—８１％ removalefficienciesofdissolvedorganiccarbonfrom
municipalwastewaterandindustrialwastewater,respectively [６７]．Becauseofthecomplexnatureof
wastewaters,issuesincludinginconsistentwastewatercomponents,contamination withotheruseless
microorganisms,andunstablebiomassproductionhavehinderedtheuseofwastewaterinlargeＧscalealgal
cultivation[６８]．

Inadditiontobeingusedforfluegasesandwastewater,microalgaecanalsobeusedforbioremediation
ofotherenvironmentalpollutants．Biomassashfromtheburningofcoalhasbeenusedasanutrientsource
forthecultivationofChlorellasp．and wasconsideredsufficienttosustaincellgrowthandbiomass
productivity[６９]．OurrecentworkshowedthatthenutrientＧrichashandfluegasesgeneratedinbiomass
powerplantscouldbeusedasnutrientsourcesforthecultivationofChlorellasp．C２tocostＧeffectively
producebiolipids [２６]．Microalgaecanalsoabsorbandconcentratecertain heavy metalions．As
absorptionandintracellularuptakeofheavy metalionsusuallytakesplaceduringthegrowthphase,
absorptionmechanismsinlivingalgaearemorecomplexthaninnonＧlivingalgae．ShanabandEssa[７０]
investigatedtheeffectsofdifferentconcentrationsofHg２＋ ,Cd２＋ ,andPb２＋ onthegrowthofthree
freshwatermicroalgaestrains,Pseudochlorococcumtypicum,Phormidiumambiguum,andScenedesmus
quadricauda,andfoundthatS．quadricaudaandP．typicumweremoretoleranttohighconcentrationsof
heavymetals．LowerconcentrationsofCd２＋andPb２＋ (５—２０ppm)evenenhancedS．quadricaudagrowth
throughincreasedchlorophyllcontent,andthemostefficientheavymetalionremovalrateforP．typicum
happenedwithinthefirst３０minaftertreatmentwithculturesolutionscontaining９７％ Hg２＋ ,８６％ Cd２＋ ,
or７０％ Pb２＋ ．UsingtheinitialZn２＋ concentrationof７５mgL－１,Monteiroetal．[７１]foundatwoＧfold
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increaseinthemaximumremovalofZn２＋fromaqueoussolutionsbyadsorptionontothesurfaceofastrain
ofScenedesmusobliqusisolatedfromaheavymetalＧcontaminatedsite,comparedtoastrainobtainedfrom
theculturecollection．

Inaddition,organicpollutantscanbeabsorbedanddegradedby microalgae．Dyesareagroupof
persistentcompoundsthatareresistanttoconventionalbioＧdegradation methods．Threestrainsof
cyanobacteria,Phormidiumautumnale UTEX１５８０,Synechococcussp．PCC７９４２,andAnabaenaflosＧ
aquaeUTCC６４,showedpotentialforthebioＧdegradationofthreedifferenttypesoftextiledyes(Sulphur
Black,BrilliantBlueR,andIndigo)[７２]．Anotherstudyinvestigatedtheeffectsofpentachlorophenolon
strainsofMicrocystisaeruginosaandChlorellavulgarisandfoundthatC．vulgarisandM．aeruginosa
wereabletostabilizeandeffectivelybioＧremediatethepentachlorophenoladdedtotheculturingmediumat
concentrationswheretoxiceffectscouldbeobservedonthemicroalgae[７３]．

５　Synergisticapplicationsofmicroalgaeforbioremediationofenvironmentalpollutantsand
productionofbiofuels

Thecombinationofbioremediationoffluegasesandnutrientrecyclingfromwastewatersbymicroalgae
providesapromisingoptiontocurrentbioremediationstrategies．Thenutrientsextractedfromthese
industrialbyproductsalsopromotebiomassaccumulationfortheproductionofbiofuelsandothermetabolic
productsproducedbythealgae[７４]．Forexample,Chinnasamyetal．[７５]culturedScenedesmusbijuga,
Chlorellaminutissima,andChlamydomonasglobosainwastewaterfromacarpetfactoryaeratedwith
５％—６％ CO２andattainedabiomassproductivityof５．９—２１．１gm－２d－１．

ChlorellavulgarisSDECＧ３MwasshowntogrowwellinhighconcentrationsofCO２(１５％v/v),thereby
demonstratingitsabilitytofixandtransformtheCO２fromindustrialfluegasesintocarbohydrates,such
asstarches for bioethanol production [３８]． The green microalga Scenedesmus sp．cultured in
photobioreactorswithfluegasCO２optimizedataconcentrationof２．５％ produced１０．４％carbohydrates
and３５．６％bioＧlipids,thissystemalsoshoweda４６．１％increaseinbiomassproductivitywhencompared
toculturewith０．０３％CO２(thecontrol)[７６]．Inanotherstudy,increasedconcentrationsofCO２improved
biomassproductivityofC．sorokinianaandenhancedthecompositionandstructureoftheaccumulated
starchgranulesforbioethanolproduction[７７]．Leeetal．[７８]reportedthepotentialofChlorogoniumsp．
forthesimultaneousrecyclingofsalinesewagedischargeand CO２ sequestration duringculturefor
microalgalbioenergyproduction,andefficientremovalofPO３－

４ NO－
３ ,NH３,andtotalnitrogen,witha

CO２fixationrateof５８．９６mgL－１d－１andalipidcontentof２４．２６％ofthealgalbiomass．
Zhouetal． [７９]used Auxenochlorella protothecoides UMN２８０in a mixotrophic culture and

demonstratedimproved wastewaterrecycling,nutrientremovalefficiency,and microalgalbioＧlipid
productivity．Theyachievedamaximalmicroalgaebiomassproductivityof１．１６gL－１ andabioＧlipids
contentof３３．２２％ (dryweight)．Attheendofthecultivation,theremovalratesofNH３,totalnitrogen,
andphosphoruswere１００％,９０．６０％,and９８．４８％,respectively．Industrialsolidwastesthatarerichin
carbohydratesbutdeficientinnitrogen,andliquidwastesfromcertainfoodfactories,suchasolivemills,
couldalsobeusedforbioＧhydrogenproduction[８０]．TostudywastewaterpurificationandalgalbioＧlipid
productionindepth,theeffectsofinorganicandorganiccompoundsongrowthandnutrientrecoveryofa
greenmicroalgaeScenedesmusobliquusculturedinsecondarymunicipalliquidwasteswith５％ CO２aeration
weretested[８１]andresultedina５７７．６mgL－１d－１biomassproductivityanda１６．７mgL－１d－１bioＧlipid
productivity．Thetotalcarbon,nitrogen,andphosphorusrecoveryefficiencieswere５９．１％,９７．８％,and
９５．６％,respectively．TheseresultssuggestedthatS．obliquuscouldbesuitableforthesimultaneousbioＧ
removalofpollutants(inorganicandorganic)andbiofuelproduction．Luetal．[８２]comparedthenutrient
removalefficiencyandbiomassproductivityofChlorellasp．cultivatedinrawdairywastewaterinsmallＧ
scalelaboratoryandlargeＧscaleoutdoorphotobioreactorsandfoundastrongpotentialforlargeＧscale
biofuelproductionusingChlorellasp．coupledwithrawdairywastewaterpurification．Arecentstudy
showedthatthephotosynthetichydrogenevolutioncapacityofC．reinhardtiiculturedinadvancedsolidＧ
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statefermentationwastewaterwasimprovedbymorethan７００％ comparedtothecontrolTAPmedium
[８３]．AnotherseriesofexperimentsweredesignedtotesttheabilityofS．obliquusculturedinvarious
concentrations of wastewater to produce sugarＧrich biomass for bioethanol production through
fermentation,andfoundthatwhengrownunderaeratedconditions,S．obliquusshowedthehighest
removalefficiency(１０％)ofboththechemicaloxygendemandandthebiochemicaloxygendemand,with
thehighestethanolproductionefficiencyof２０．３３％ from biomasshydrolysate [８４]．ImprovedbioＧ
methaneproductioninmethanedigesterswasalsoreportedfrommicroalgaebiomassharvestedfromalgaeＧ
basedswinewastewaterdigestate[８５]．However,theindustrializationofmicroalgalbiofuelproduction
usingwastewaterwilllargelyrelyonthemethodsusedformicroalgaecultivationtoaddressobstaclessuch
aswastewaternutrientrecoveryundercoldclimateandoutdoorconditions,andotherconditionsthatare
adversetomicroalgaegrowth[８６]．

TheprospectofeconomicallyviablealgalbiofuelＧbasedDeNOxofindustrialfluegasesusingChlorella
wasevaluatedinourpreviouswork [５２]．InordertoaddresstheissueofthelargeamountofNOx
containedinfluegasesandtherelativelylowefficiencyforitsassimilationinphotoautotrophicalgae,we
furthertestedthepossibilityofmanagingNOxbyculturingChlorellastrainsmixotrophically[２４]．After
astepwiseoptimization,weobtainedanimpressiveDeNOxefficiencyofover９６％,alongwithabiomass
productivityof９．８７gL－１d－１andahighbioＧlipidproductivityof１．８３gL－１d－１．Therefore,thisapproach
providedanew strategyforscaling up microalgalbiofuelＧbased bioＧDeNOxand practicalindustrial
applicationswithinalimitedlandarea．Furthermore,weevaluatedmicroalgalbiofuelproductionwiththe
coＧbioremediationofnutrientＧrichashandfluegasCO２andNOxgeneratedinbiomasspowerplants[２６]．

Basedonthesestudies,weproposeacyclicstrategyforusingindustrialsolid,liquid,andgaseous
wastestonourishthemicroalgaeusedforbiofuelproduction(Figure１)．Besidesitsobviousenvironmental
benefits,implementationofthisstrategycouldeventuallyenablecarbonＧnegativebiofuelproduction．

Figure１　Flowchartofthesynergisticapplicationsofpreventionandremediationofenvironmentalpollutionandtheproduction
ofbiofuels．

６　Existingproblemsandfutureresearchanddevelopment

Informaticsanalysisshowedthattheapplicationsofmicroalgaeinenvironmentalbioremediationhave
increasedmarkedlysince２０１０ (Figure２)．However,thetechnologiesforalgalcultivationandbiofuel
productionarestillunderdeveloped,andourknowledgeofbasicalgalbiologyremainsinadequate．For
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example,itisdifficulttoseparatethealgaefromtheculturemediumafterthewastewatertreatment．

Figure２　Annualnumberofpublishedmanuscriptsrelatedtotheuseofmicroalgaeforenvironmentalapplicationsfrom２００７．
A,CO２capture;B,NOxbiotransformation;C,wastewatertreatment．Thedatafor２０１７inthecurrentandfollowingfigures
showonlymanuscriptspublishedbetweenJanuary１andAugust２８．

AsmicroalgalutilizationofCO２ andNOxvariestremendouslyamongalgalstrainsandspecies,itis
essentialtocollect,screen,andselectsuitablemicroalgaecandidatesfordifferentapplications．Besides
CO２andNOx,thepossibleeffectsofmanyotherfluegascompounds,suchasSOx,O２,H２O,N２,CO,
halogenacids,heavy metals,unburnedcarbohydrates (CxHy),andparticulatematter,on microalgae
needstobeaddressed,alongwiththetoleranceofmicroalgaestrainstovariousfluegascompounds,and
theinteractionbetweenthefluegascompoundsandthemicroalgae．Thusfar,mostofthestudieson
microalgaecultivationwithwastewaterhavebeencarriedoutinsmallＧscaleexperiments．LargeＧscaleand
longerＧtermproductionwillhelptooptimizethecultivationmethodsandimprovetheeconomicviabilityof
realＧworldapplicationsofmicroalgalbioremediationofenvironmentalpollutants．Abetterunderstandingof
cultivationparameters,suchasphysicoＧchemicalconditions,contacttimes,andinitialconcentrations,are
also needed prior to implementation of microalgae for bioremediation． Moreover,before actual
implementation,energyＧintensityanalysis,technoＧeconomicanalysis,andlifeＧcycleassessmentofany
microalgaesystemmustbepreciselydetermined．CouplingthecultureofoilＧproducingmicroalgaeforthe
productionofbiofuelswithbioremediationofenvironmentalpollutantsisapromisingstrategytoimprove
theeconomicviabilityofbiofuelproduction．

７　Futureprospects

Withdiminishingsuppliesoffossilfuelsandthethreatofclimatechangeduetotheuseoffossilfuels,
thedevelopmentofmicroalgalbiofuelsisofparamountimportance．Greatprogresshasbeenmadeinthe
applicationofmicroalgaeforbiofuelsinthepast１０years;however,duetoapoorunderstandingofbasic
algalbiologyandtechnologicalshortcomings,thewidespreadavailabilityofmicroalgalbiofuelscannotyet
berealized．
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Moreeffortsneedtobemadetoreducethecostsofcultivationandtoresolvethetechnicalbottlenecksof
largeＧscaleimplementation for promoting rapid development ofthe microalgal biofuelsindustry．
BreakthroughsinalgaeＧbasedenvironmentalapplicationsarerequiredforcomprehensiveutilizationofalgal
resourcesinmodernindustrialtechnology,andmustprovideaneffectiveroutetocontrolproductioncosts
ofalgalbiofuelsfortherealizationofthepotentialofthistechnology．

Futurestudiesshouldfocusonthefollowing:１)puttingmorefundsandeffortsonfundamentalresearch
toprovideabetterunderstandingoftheobject,２)screening microalgalstrainsforhightoleranceto
pollutants,andbroadadaptability,and３)synergisticcouplingoffluegasbioremediationandwastewater
treatmentwiththeproductionofmicroalgaeＧbasedbiofuelsandotherproducts．Tosumup,althoughthe
largeＧscaleindustrialimplantationofmicroalgalbiofuelinbioremediationstillfacesgreatchallenges,ithas
abrightfuture．
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