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H.1 INTRODUCTION/OVERVIEW

Whilemunicipalsolidwaste(MSW) themtoconverslonandrecyclingtechnologieshave beendescribed

inAppendicesA throughE, thisappendixaddressesthe roleof bioconversiontechnologiesin handling

•theorganicfractionin MSWandsewagesludge.MuchoftheorganicmatterinMSW,consistingmainly

of paper,foodwaste,andyardwaste,haspotentialforconversion,alongwithsewagesludge,through

bkx:hemicalprocessesto methaneand carbondioxideprovidinga measural_, renewableenergy

resourcepotential(814). The ges producedmaybe treatedfor removalof cad_n dioxideandwater,

Deavingpipelinequalitymethanegas. The p¢ocosealsohasthepotentialforproducingii stabilizedsolid

productthatmaybesuitableas a fuelfor combustionorusedasa compostfertilizer(850).

Anaerobicdigestioncanoccurnaturallyin anuncontrolledenvironmentsuchas a landfill,or ltcanoccur

ina controlledenvironmentsuchas a confinedvessel. Lmv:lfillgas productionisdiscussedinAppendix

F. Thisappendixprovidesinformationon the anaerobicdigestionprocessas lt has been appliedto

producemethanefromtheorganicfractionof MSWInenclosed,controUedreactors.

H.1.1 Backomund

Conventionalanaerobicdigestionprocesses have beenused sinceabout1860 to stabilizesettled

sewagesolids. Thetechnologywasfirstinvestigatedas a meansof MSWdisposalintheearly1930s,

but earlyexperimentswere notsuccessful,lt metwithrenewedinterestinthe late1960s. Golueke,at

the Universityof California,directeda S-yearprogramto determinethe technicalfeasibilityof digesting

municipalwastewithlargequantitiesof animalwaste(343).

In1969,the Officeof SolidWasteManagementof theU.S. PublicHealthService(laterto be transferred

to the U.S. EPA)fundeda researchprojectto Investigatethe processingcondi,onsthat wouldresultin

the maximumconversionof MSWto gas. ConductedbyPfeffer,at the Universityof Illinois,the intentof

the processwas to reducethe weightandvolumeof the solidwasteremainingfor disposal;energy

recoverywas n_t a majorfactorat that time(814). Theworkdemonstratedthe feasibilityof methane

productionfrof,_solidwaste,withlimitedadditionsof sewagesludge;and includedan evaluationof gas

productionas a functionof pH,temperature,solidsloading,retentiontimeandslurryconcentration,and

an evaluationof the costsand neteconomicbenefitof the system(343). Also in 1969,Consolidated

Natural Gas Service Compaw performedlaboratoryand engineering'studiesto evaluate biogas

productionfrom MSW. These studiesreconfirmedthe technicalfeasibilityof the anaerobicdigestion

processtoconvertorganicwastestopipelinequalityfuelgas.
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Inthe early1970s.the impendingenergycrisisledto an increasedinterestinanaerobicdigestionas an

dernative for realizing energyfrom MSW, whilereducingthe volumeof wasteto be disposedand

controlUngemissions.In 1973,the NationalScienceFoundation(NSF), underth_ ResearchAppliedto

National Needs Program,awardeda conlmctto DynatachR/D Companyfor an Indepthstudyto

deteaNnethepotentialfordevelopingthe anaerobicdigestionDrocessfor theorganicfractionof MSW

andthe cogenerationof the resultingbiogas(343,814, 850). A comprehensivemodelof a 1,000TPD

facilitywasdevelopedto evaluateeconomicfeasibility.Basedon thiswork,NSF recommendedfunding

fora proof-of-conceptfacility.WasteManagement,Inc.was awardeda contractto developthefacilityat

its PompanoBeach,FloridaSolidWaste ReductionCentersite. Priorto projectinltiatJon,project

administrationand funding was Vanslerredto the then newly formed U.S. EnergyResearchand

DeveiolXnantAuthority;and subsequentlycame underthe sponsorshipof the U.S. DOE (343, 814).

Knownas RelCoM(RefuseConversionto Methane),theproof-of-conceptfacilityoperatedfrom1978to

1985whenthedemonstrationperiodendedandtheprojectwasshutdown.
a

H.I.2

The prockcUveuseof biogas hasnot becomea widespreadpractice in the UnitedStatesnor throughout

theworld. ReICoMremainstheonlylarge-scalefacilityto havebeendevelopedinthe UnitedStates;no

controlledcommercialMSWanaerobicdigestershaveyetbeenplacedinoperationinthiscountry(010).

Because of the increasinginterest in the developmentof bw-cost, environmentally-acceptable

alternativeenergysources,theconversionof MSW to methanethroughanaerobicdigestionhasbecome

the subjectof extensiveresearchanddevelopmenteffortsthroughouttheworld(45J). In 1988,several

countriesincludingAustria,Canada,Denmark,Finland,Ireland,New Zealand, Norway,Sweden,the

UnitedKingdom,andthe UnitedStateshaveagreedto coordinatetheirresearchin biomassconversion

throughTaskIV of theBioenergyAgreementofthe InternationalEnergyAgency(09).

In the UnitedStates,advancedbiologicalandengineeringresearchprojectsare beingconducted,as

partof the EnergyfromMunicipalWaste Program,by the Deperlnmntof Energynowunderthe field

managementof the National RenewableEnergy Laboratory(NREL), formerlythe Solar Energy

ResearchInstitute(SERI). Researchis beingconductedin a numberof areaswheretechnological

improvementsmust be made in order to economicallyproducemethanefrom MSW. Areas being

investigatedinclude:1) increasingsolidsloading,2) decreasingsolidsresidencetime,and3) improving

conversionefficiency. In 1987, Goodmannotedthe followingDOE/SERI researchobjectiveswith

respectto thesekeyoperatingparameters:
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SolidsConcentrationinDigester 10% 20-30%

SolidsResidenceTimeinDigester 25 days 5 days

ConversionEfficiency 55% 80%

Theoverallgoalof thisresearchis to reducethecostof pmck_ngmethanefromwasteorbiomassfrom

S,._miUionBtuto lessthan$3.501mU,onBtubytheyear2000(425).

Advancesarebeingmadein thedevelopmentof high-solidsanaerobicdigestionprocessesat NRELand

elsewhere. Much of the initialwork In this area was concluctedby Jewelland Wujcik (853, 855).

JeweU'sresearchon treatingorganicwastesand farm crop residuesby meansof dry fermentation

indicatedthatsignificantmethaneproductionratescouldbe obtainedai totalsolidscontentsof upto 40

percent(290). Researchand developmentis ongoingat the Universityof Florida(851,852), Cornell

University(851),theUniversityofCalifornia(850),andtheUniversityof Maine(851).

The Gas ResearchInstitutecompletedbiogasificmionstudiesat a pilot-scaleexpertm_ntaltest unit

locatedinthe DisneyWorldResortComplex,Florida. From1984 through1988,the SOLCON(solids

concentrating)reactorwas utilizedto converta varietyof individualand mixedfeedstocks,including

ratuse-dedvedfuel(RDF),to methane(802).

In Europe,a pilot-scaletacUityin Gent,Belgiumoperatedforone-year(1985)usingtheDRANCO(dry

anaerobiccomposting)process,producingmethanefromtheorganicfractionofMSWandacommercial
humus-_eend product.The Valorgaprocessappearsto be themostdevelopedanaerobicdigestion

technologyfor MSW in the world(450). Thisprocesswasdemonstratedat pilo_strtal-soale in La

Buisse,France;and a commercial-scalefacililyhasbeen operationalsince October,1988 in Amiens,

Francewiththeobjectiveoftreating100,000tonnesofMSWperyear(450,812,815).

H.2 TECHNOLOGYDESCRIPTION

The digestionpmce-_utilizesmicroorganismsto stabilizeorganicmatterand to produceenzymesto

catalyzethe process.The detailsof the processare notcompletelyunderstoodbecausemanyof the

organismshavenotyetbeenisolated.Nonetheless,thebiochemistryof theoverallprocessisthoughtto

proceedin threedistinctstages. The first stageis fermerv_ation.Faculativebacteda,whichcan live

either inthe presenceor absenceof oxygen,andtheir enzymesreducecomplexmolecules(polymeric
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solidssuchas cellulose,fats, andproteins)to simpleorganics(monomerssuchas sugar,fattyacids,

andaminoacids). In the secondstage,acidogenicbacteriareducethe monomersto aceticacidand

hydrogen. In the third stage, methanogenicbactedause the aceticadd and hydrogento produce

• methaneandcarbondioxide.The methanogenicbacteria,essentialto thesuccessof the system,are

•strictlyanaerobic,andthusmustbe containedin an airtightreactionvessel.Otheressentialfactorsarea

neutralpH, propernutrients(nitrogen,phosctto_s, trace metals),absence of toxins, and proper

temperature.Themicrobialpopulationwhichaffectsthedigestionmaybe introducedwiththe organics

ormaybeseededintothedigesterwhenthesubstratedoesnothavea largepopulationof itsown,as is

thecasewithMSW(010,271).

H,2.1 Omm_lnoParametera-

An importantcensiderationin theanaerobicdigestionprocessis the rateat whichthe activeorganisms

doubletheirpopulation.First,the substrateis hydmlyzed. Forfeedstockssuchas sewagesolidsand

manures,theorganismsdoubleandhydrolyzethe substr_everyrapidly.Thedoublingrateforthe more

recalcitrantsubstratessuchas paperandwoodis more limited._ the substrateis hydrolyzed,the

acetogenicbacteriagrowrapidly,whilethe methanogenicbacteriagrowmoreslowly(10).To enhance

activityand thusaffectthebiological¢onven_n efficiencyofthe system,thedigesteroperating

parametersmustbecontrolled.Ingeneral,theseparametersincludethe following:

o VolatileSolid,JtVS)/l=eedstockComzx)sHion.VS is the measureof organicmatedalina

substance(10). Thebestdigesterfeedstockis onewhichis high in volatilesolidsand

low in nonbiodegradables(271). Althougha largefractionof MSW is biodegradable,

certainorganicssuchas plasticsand fibersresistbreakdown(as notedabove)and

further,can causeproblemsin subsequentunit processes.Therefore,preparationof

MSW is requiredto removemetals,glass,textiles,and plasticsfromthe feedstockin

orderto minimizedigestervolumeand w_ar on the equipment(290), as well as to

minimizethe residuefor disposal(814). The amountof gas producedis dependent

uponthevolatilesolidsfedata specifictemperatureand retentiontime(271).

o _'rernDeratureandRetentionTime. The productionof biogasis maximizedat a reactor

mesophilictemperatureof 37oc, and at a thermophilictemperatureof 60oc. The

hydraulicresidencetime (HRT), the time requiredfor the averageparticleof liquidto

movethroughthe system,equalsthereactorvolumedividedbythe totalvolumefed per

day. TypicaldesignHRTsare onthe o;derof 20 days at mesophilictemperatureand5
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daysat thermophilictemperatures.Thesolidsretentiontime (SRT)is a measureof the

timethe solidsremainin the system,exposedto the bacteria(271). Isaacson(814)

notesthat operatingwitha temperaturein the thermophilicrangesignificantlyreduces

the retentiontime necessaryfor goodconversion.Further,retentiontime and slurry

concentrationdetenTdnethe reactorvolumerequiredto processa given tonnageof

MSW. A reductionin bothcapitalandoperatingcostcanbeachievedbyoperatingat a

shortretentiontimewitha highconcentrationof solidsinthe feedslurry.

o SolidsConcentration.An increasein the solidscontent in the reactor resultsin a

comparabledecreasein the ma(torvolume. If the reactoriscontinuouslystirred(as ina

conventionalanaerobicdigestionsystem),the inputfeedstockto the reactoris limitedto

about 10 percentsolids (_71). Since about50 percentof the volatilesolids are

convertedto gas,thedigestercontentswE thenbe about5 percentsolids.(271). Inthe

caseof MSW, in a conventionaldigestionsystem,thismeansthat,6 to 10 m3 of water

mustbe addedpermetrictonof organicmaterialto reducethe total sofldscontentfrom

about55 percentto about5 percent(290). Recyclefiltrateis usedto reducethesolids

content (271). High-solidsconcentrationsup to 40 percentam nowbeingachievedin

researchandlaboratorystudies(850).

o ParticleSize.nil andNutrients.Thesevariablesappearto havea lessere_'-;t on the

processconversionefficiency. Particlesize, however,is a factor in the rate of

biodegradationof o_ganicmaterial. In additionto size reductionandscreeninginthe

: MSWseparation/preparationsystem,theparticlesizeof theorganics(includingpaper)is

effectivelyreducedby the digestermixingprocess(814). Methanogenicbacteriaare

_j sensitiveto pH andam generallyinhibitedwhenthe pH dropsbelow6.6. Limecanbe

added tO the reactor to provideadditionalalkalinity. However, recycled Jtrate

significantlyreducesor eliminatesthe lime requirern_. Similarly,the use of filtrate

recycleand/orthe additionof sewagesludgeprovidessufficientnutrientssuchthat

phosphorusandnitrogenarerequiredonlyonanInlern_entbasis(814).

H.2.2 ConventionalMSWAnaerobicDlaestionSystem

- A generalflowdiagramfor a conventionalMSW anaerobicdigestionsystemis shownin FigureH-1

(010). The overallprocesscan be dividedintofoursteps: feedstockpreparation,feed dilutionand

digestion,gasrecovery,andresiduetreatment.
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Figure H-1. Anaerobic Digestion of MSW (010)

In order tor MSW to be introducedinto the digestionsystem, it must first be processedthroughsize

reductionand separationtechniquesto remove metals,_lass, andother inorganicsproducinga relatively

homogeneousfeedstockdevon of large and irregularpiec_ inck.KUng,in particular,plasticstringersand

textiles (271,450).. These I_r materialscaused considerableproblemsin the RefCoM facilitywhere

they wrapped around the digester mixer shafts and also affected mixing action by forming excessive

scum layers (429). The preparation or pre-processing step, including the recovery of recyclabie

materials such as ferrous and aluminum, is similar to the waste processingoperationsutilized for the

productionof RDF, as describedinAppendix B.

The digester feed is then blended with nutrientsand slurriedwith recycledfiltrate, and makeup water ii

necessary, to achieve the desired solidscontent before being ted into the anaerobic digesterwhere ii

remainsfor the specifiedretentiontime. Sewage sludgecan be mixedwiththe prepared waste suchthat

bothtypesof wastes can be codisposedoThe digestertank is stirredcontinuouslybyone or more mixing

devices (gas recirculation,liquidrecirculation,or mechanicalagitation) and is equippedwith a floating

cov_,rto maintainthe system at constant pressure. Steam is generally used to control the temperaiura

(271).
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The continuous stirred reactor (CSTR), shown in Figure H-2, is typical of conventionalanaerobic

digestionsystems. The stilTingaction of the mixer enhancesthe contact of organisms with the feed,

providesuniformityin tank contents, and breaks up scum and other inhibitingconditions (271). The

drawback to conventionalCSTRs for the digestion of MSW is the large digester volume required

because of the relativelylowsuspendedsolidsconcentrationsand highretentiontimes.

The anaerobic bacteria and faculative bacteria break down and decompose the organic matter in the

digester, producingmethaneand carbon dioxide. The gas is saturated with moistureand is typically50

to 75 percentmethane and 25 to 50 percent carbondioxide. The gas can be scrubbedto remove carbon

dioxide producing a relatively pure methane product which researchers have suggested can be

converted to pipelinequalitygas. The successfulapplicationof a membrane processto the gas cleanup

will prockce a low-gradewaste gas that can be co-¢ombustedwith the dry residue from the process

(450).

Inthe residuetreatment phaseof the system, the effluentfromthe digester is dewatered to the maximum

extent possible, and the liquid recycled for use as makeupto the feed _lurry, thus conserving heat,

water, nutrients,alkalinity,and inoculum. Researchershave suggestedthat the filtercake, whichis 25 to

30 percent of the originalfeedstockvolume, may be combusted (if sufficientlyde-watered) to produce

power and/or steam (450). Desp_a its_w nutrientvalue, the fibrouscake may alsolind applicationas a

soil conditioner(271).

_CH4• COz

INFUJENT

E:><:Q

F.JrFI.UENT

Figure 1"1-2.Continuous Stirred Tank Reactor 18031
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HlOh,,Sollds(:oneontrMIon_;ys'temsa

A numberof researcheffortshavebeenundertakenlo modUycS'rRdesignto allowhighsolids

mncentrmlonandslgnHicantlyredumdigestervolumeinorderto _provetheeconomicsof anaerobic
digestion (426, 802). Pmdmdbod and fluidizedbed dlg_iers (FigureH-3) hove been investigatedto

pmdu_ higheryieldsof gaseousand liquidfuelsfrom an MSW (RDF) substrate,employinghighsolids

concentrationsinthe process(343, 476). As shownon thefigure,the packedbeddigesteris ¢onNxised

ca,a containmentvessel,_ bedmaterialwhichsuppons_ growth,circulatingfluid,substrate

(o_ganlcfractionOf MSW), _ system,and in sommcases, on _n/pudficatJon system. The

fluidizedbed is adm_darin design,exceptthatthe Inertbedmaterialis fkddizedbythe substaUe. As noted

by Scamnmlli(343), in edcHUonto hlghorenmlw yield,thesedigestershove thepotentialtor reducingthe

overd cost oi anamoblcdlOoadonsystemsUmx_ reducUomin digestercapitalcost,wator
requirements,enmgyrequ_ formixk_andbeing, andreskduedisposalcosts.
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MullJ-phssedIges/k_ systermhavealso_,_en_ tor M,SWfeedsle_. Two-stagedi0estion

meombirstionof hi0h-rmodt0e_lonandconv_ w_,_lxeddl0e.ton whereth_ firstdigester

,,,driVes_ demmpos_nandthereforeoasp_l,c_on,wh,etheseconddi0esterprovidesfor
solids separa/k_ and _ Two-ptumedigestionInvolvestwo (or thrsa)biologicallyactive

in series _d_ereWeach functk)rmto optknlze the sped_ oond#lom (hydrolysis, acldllleallon,

and msthanization)lcr activemstabot_smof the mi_. Thissystemfocuseson bacterial

orowmrms; _x _, _ _ do._ m_r popui._n _ _ man a _y w_k,
,r_mm0_ b_ req_ 3 toSdaysretert_ Urns.._vanm0esoftwo_ased,0_ over
Gor,venlim_ high-rated_6tlon asstatedbyScaramell(343) inckxle:_ (x)n/mlofthegrowthof

bac/eda_, sui_Um_ _ intotalreac_ _ume andmerefom,_ incapUland
, operllklg(:osts;cie(:n)Medhest _ I_ndIn_lMled thermal_; highrates of soik:ls

mbizlil_; tnd incrH_l r_rme yieldand_. me. Inaplugflowd_estionsystem,digeaer
moves _; feedstockii loadedbom one end Ir.:l effluentIi cBscllaroedfrom the

o_sr. Thsre_sv_ua.ynobiencS_orm_ngofsoSds,_VSckSedownm_d by__foroes,
butessen_ remsinwththesoSdsw_ wh_hthsywere_ (_S,_).

H.2.4 _ SludlR

The Ulerm,lm review has identifiedfour tactalieswhich were placed in operationto oonvertthe

blodegrl:lable,o_oanicfractionof MSWto _: 1) Ihe RefCoMpmoi-of,.con_plfaciglyinPonl)ano

Beach, Florida;2) an expednm_ testunit in Walt DisneyWorld,Florida,that usedthe SO/CON

reac/or;,3} a pilotp/anldernonsU_ngtheDRANCOprocess,locatedal a soldwastetreatmen_plantin

Gent,Bel01um;and4) a plantin LaBuis_e,Francethatusesthe Valorgaprocess.Therearea number

of _ mseuch and deve_ activitiesand plot-sca_emms Inthe UnitedStatesthat are

inv_ theoonversionof MSWto mstt_neand a _ _ Someof thesepmlec_ are
disoussed_ SectionH.2.4.5.
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H.2A.1 RaICoNIProc_xs: PomoaneBeaah.Florida

The RefP.,oM(RefuseC¢_ _rConto Methane)projectwasthe cuinninalionoi a num0i_rof studiesand

• laboraloryresearchsponsoredbythe EPAandthe NationalScierce Foundationandconductedbythe

UNvemiy of Illinotsand othersin the eady 1970s. The facilitywas designedto demonstratethe _

tecttrdcalfeasibilityof anaerobicallydlgest_ ; MSW and sewagesiJdgeto producemethane,obtain

operatingdatathatcouldbe usedto improvethedesign,andprovidecostdataforuseinev_!,,atingthe

economicfeasibilityoftheprocess(814).

Constructionof the facilitywas ¢o_ted ar_ operationbeganin 1978 underthe sponsorshipof the

U.S. EnecgyResearchandDevelopmentAdnWdsU_lon.Avarietyof unexpectedoper_k_nalproblems

wereexperiencedwiththepreparationsystem.Suffk:k_ modificationstothe systemw_..:_'_madeby late

1981toachievea feeclstreamtothedigestionprocess.

UNortunately,fundinglapsedandthenbecan_ againavailablein late 1982 at whichtimethe system

was restarted. In 1983, sponsorM_pshiftedto the U.S. Departmentof Energy,the Gas Research

Institute,and the contrdc_r,Waste Management,Inc. Still plaguedby operationalproblems,the

preparationsystemwas extensivelymodifiedin early1984 and sl__ently operatedsatisfactorilyto

producefeedforthe testinginthedigesters(814).

t

Becauseof budget limitations,the RefCoMinstagatbninckKledonlypart of the plannedsystem;the

MSWseparationsubsystem,themethanedigestionsubsystem,andthedewateringsystem.The facility

was originallydesignedto process50 to 100 TPD of MSW, dependingupon digesteroperating

temperature,and5 to 10TPDof sewagesolids(118). Theas-builtconfigurationisshowninFigureH-4.

Theoriginalpreparationsystem,as indicatedon FigureH-4,consistedof a 60 TPD verticalshredderand

ferrousremovalsyst¢_m_,_ateroperatedseparatelybythecontractor),a trormnelwith3/4-inchopenings,

a secondaryshredder,and an air classif,)r. Significantchangeswere made to correctproblems

experiencedwith thissystem. The trornmelwas firstconvertedto a two-stageunit and later was

replacedwitha two-stagediscscreen. Thesecondaryshredderaridairclassifierwereeliminated,and

extensivemodific_tionsweremadeto theshredder.Thechangesto thepreparationsystemresultedin

a drasticsimplircationof theprocessevidencedbya dropin horsepowerrequirementsfrom425 to 81

(429).
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The digestionsystemconsistedof a premixtank an(/two 45,000 d, 50-ft diameterdigesterswith

mixers(450). The effluentfromthe digesterswas dawateredvia a vacuumfilter,andthe

filtratewasrecycJedbacktothepremixtank. Themixersexpertenosda numberofoperationalproblems.

Althoughriceda 125 hp, the mixermotorswere neverableto draw morethan35 hp (429). Initially,

whenfeed ratesand solidcontentswerelowinthedigesters,themixersworkedweil;however,as the

feedrateincreased,mixershaftfailuresoccurreddueto 8 buildup of longstringymaterials(i.e.,plastics,

textiles)aroundtheshaftinboththedigestersandthepremixtank. Thisproblemwas eliminatedbythe

revisionsto the preparationsystemwhichremovedthe problemmaterialsbeforedigestion,and by

modificationstothepaddleconfiguration.

Pedonnancodatawas collectedover10 interm_entdigestertestmnsbetweenDecerrber1981_wough

July1985. Thermophilictemperatures(57-60oc)weremaintainedthrougr_. Retentiontimesranged

froma lowof 6.4 daysto a highof 26.6 days(814). As an example,duringFebruaryandMarch1983,

theretentiontimewas 8 days. Theaveragefeed ratewas 6.07 TPO,and5.95 scfgas/Ibfeed m,_edal

(volatilesolids)was produced.Thefeedrateduringthisperiodwas limitedbythevacuumfilter'sability

todewatertheeffluent(118). A belt filterpresswasusedand evaluatedinthelaterstagesof theproject,

howevernot underoptimumconditions. Isaacson(814) notedthai lt was probablethat the belt filter

presswouldIXOdUCea cakewitha highertotalsolidscontentifoperatingconditionswereoptimized.

Althoughthe systemdes_n capacitycouldnot be fully realizedduringtestingdue to the types of

problemsindicated,thecapabilityto feeda concentratedslurrywas demonstrated.Solidsconcentration

as highas 10.3 percentwere fed into the digestersresultingin a slurrysolidsconcentrationof 6.33

percent. Testsalsodemonstratedthat,at the longerretentiontimes,substantiallyhighervolatilesolids

destructiontookplaceandconsequently,moregas productionper unitof feedto the _actor. Longer

retentiontimesalso resulted in a more stable operatingsystem. Gas compositionwas relatively

consistent,withthe methane_ent rangingbetween50 and54 percent.

lt shouldbe notedthatbeginningwiththe initialoperationin 1978,thedigesterscontinuouslyWo(kced

gas and displayedno unusualmicrobialproblems(118). The RefCoMexperimentalprogramverified

that,at thaiscale,the processproducedmethaneofthesamequalityandquantityas establishedinthe

laboratoryresearch(814).
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H.2.4.2SOLCONProcess. Walt Dlsnev World.Flodda(802)

NotingthattheRDFfractionof b_SWrepresentsa signHicantwasteresource,equivalentofup to 2 EJof

energyperyearin the UnitedSlates,the Instituteof GasTechnologydevelopeda programto studythe

implementationof low-cost,non-energyintensivewastetreatmenttechnologiesandthenetproductionof

energy(methane)fromwastesources. As a partof thisprogram,a SOLCON(solids-concentrating)

bioreactorwasplacedinoperationbetween1984 and1988 at an experimentaltest facilityin the Walt

DisneyWorldComplex,Florida.

Thefadiltyincludedfront-endfeedprocessingandslurrypreparationequipment,a coM-flowtest column,

a 1200-gallon(4.5-m3) SOLCONdigee_r, digestereffluentprocessingequipment,and gas handling

equipment.Fourdifferentfeedstocksweretested:water hyacinth,primarysludge,sorghum,andthe

refuse-derivedfuel (RDF) co:'nponentof MSW. The RDFwas obtainedfroma Baltimore,Maryland

resourcerecoveryplantsizedat 10 mm,thuse;:minatingtheneedforpreparationequipment(shredding,

sizing, separation)at the facility. Table H-1 surmrmdzesthe physical,chemical,and biological

characteristicsof the feedstocks.The RDFwas dry (lessthan7 percentmoisture)and containedlow

levels of nutrients(nitrogen,phosphorous,sulfur),requiringnutrientsto be added to sustainan

uninhibitedlevelofanaerobicdigestionwhendigestereffluentwas notrecycled.

A schematicdiagramofthe pilot-sca;a_estfacilityisshowninFigureH-5. The feedwasfirstfine-ground

to a 3-mm size and dilutedwith influentsewageto 5 to 10 weightpercentsolidsand stored in an

enclosedtank. A mixerandpumprecirculationwereprovidedto guaranteeunHormproductdeliveryto

thefeedblendingtankwherethe feedwasmixedwiththe primarysludge. Influentsewagewasreceived

fromtheresort'swastewa_ertreatmentplantandstoredina tank. A feed heatexchangeautomatically

preheatedtheblendfeedto minimizetemperaturefluctuationsinthedigester.The nominalfeed rateto

thedigesterwas790wetkg/dofdilutedfeedcontaining5 percentsolids.

The SOLCONdigesteris a noveldesignthatis non-mixed,relyingon passivesettlingand flotationto

concentratesolids, ltcanbeoperatedineitheranupflowmodewherebythe feedstockis injectedat the

bottomand effluentremovedfrom nearthe topofthedigester,or ina downtlowmodewherebythe feed

is injectedat thetopofthe digesterandtheeffluentremovedfromthebottom.WhereasRDFhasa low

specificgravityand a tendencyto float,thedigesterwasoperatedin anupflowmodeas shownin Rgure

H-6. For comparison,a 13-gallon(S0-L)continuouslystim_ tank reactor (CSTR) was operated

simultaneouslyatthesameoperatingconditions,withthe same5)edmaterial(802).
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TABLE H-I. PHYSICAL, CHENBCALAND BIOLOGICAL CHAqACTERISTICS

OF SOLCON FEEDSTOCKS (802)

Pr imary
, Sludge liyactnch Sorghum _ HSWa

Feed Type (As-Received)

Total Solids (TS),
Z wet: wt: 4.8 4.9 27.5 93.3

Volat:tle Solids (VS),
Z TS 83.6 82.9 9_.8 91.1

Element:s, Z TS

Carbon (C) 47.1 40.7 44.4 4i.9
Hydrogen (ll) 7.U4 5.72 b.16 5.b7
Nitrogen (N) 3.75 3.02 1.15 0.59
Phosphorus (P) 0.56 0.73 U.24 U.U5
Sulfur (S) 0.49 0.7b U. lO O. lZ.

Nutrient: P,akios b

C/N 13 t3 39 71
C/P 84 56 190 840
C/S 96 54 440 350

Energy (ileal:lng) Value,
kJ/kg VS 25,600 19,500 19,000 17,00U
(Btu/lb VS) (11,000) (8,370) (8,160) (7,320)

Biologically Recoverable
Energy in Product Gas, c
kJ/kg VS 23.300 II,600 14,000 9,300
(St:u/lb VS) (IO,O00) (5,000) (6,000) (4,000),mb

Recovery Efflclency, Z 91 00 74 55

al_0F fract:ion.

bpreferred C/N, C/P, and C/S ratios are 15, 100, and 150, respecClvely.

CAs decermlned by anaerobic blogaslflcaclon pocenclal (ABP) assayb (3).
These data are accurate co within-/:107..
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FigureH4. SOLCONDigester,(802)
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Two testmnswerepedonnedon the RDF. Thefirstuseda 15:1RDF/primarysludgeblendfedwith

externalnuldentsto obtainthedesiredratiosfor G/N,G/P,endC/S (15, 100 and150, respectively).The

blendwas fed at a loadingrate 04 3.2 k,gVS/m3-dto the SOt.CONdigesteroperatedat mesophilic

¢onditk)nsanda i.-ydraulicretentiontimeof 1_ days. Thesecondtestwas conductedwiththesame15:1

RDF/sludgefeedbutwitheffluentsupernaterecyck).Thedatashowedthatliquidrecyclecan eliminate

theneedfix dailyaddition04mdrientswhennutrient-deficientfeedisused.

Thepedormancedataforthe digesteris presentedinTableH-2. Thedigester_ methaneyields

04up to 0.27 m3/kgVS addedexceedingtheyieldsfromthe cS'rR operatedat bothmesophilicand

thennoph_ temperatures. Further,duringthe secondtest mn, part of the effluentwas recycled

resultingina dropof over60 percentinnutrientrequirement.

Theadvantages04a SOLCONdigesterasconcludedbytheresearcherswhoseworkisdescribedabove

areasfollows:

o Doesnotrequirecontinuousmixing;reducingene_wconsumption

o Promotesretentionof solids;smallerdigester,highercon,.;ersionratesand efficiencies

o Hasno Internals;abilityto processfi:xousandparticulateslurries

o Has no attachedmechanicalequipment;no forced downtime, low operatingand

maintenancecost

o Provideshydraulicrecirculationof surfacelayer;,preventsformationof scumlayers,

continuouslyprovidesnutrientsandinocuIumfor impcovedsolidsreduction

H.2.4.3 DRANCOPrqc'eu-GenL Belalum

De Baereand others(290) developedthe DRANCO(dryanaerobiccomposting)processwhichwas

installedat a solidwastetreatmentplantin Gent, BelgiumIn late1984. "l_,lepilotplant,with a reactor

volumeof 56.5 m3 processing3 tonnes of matedalper day, operatedfor approximately1 year to

determinethe technicalfeasibilityand reliabilityof theprocess. ChynowethandLegrand(450) noted

thata larger-scaiedemonstrationprojectemployingthistechnologywas inthe planningstageIn 1988.
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TABLE H-2. SOLCON DIGESTER TESTS WITH 15:1 RDF/SLUDGE (802)

Test No. 1 l
,m,mmmm,m..mm

Duration, months 5 5

St:eady-Scace Period, weeks 5 5

Nutrient Recycle No Yes

Operat:lng Hode, flow Down Down
me

Average Feed Solids Content, wC % 7.1 7.8

SOLCON Teaperal:ure, eC 35 35

Loading _,aCe,
kg VS/mJ-d 3.2 3.2
kS orS• maCter/m3-da 3.5 3.4

._T, days 17 ld

SOLCONMet:hans Ytel_ _, m3/kg vs added _J.27 U.2:)

SOLCONNethane Production Rate, vol/vol-d 0.87 U.81

SOLCON Methane Yield a3/ks ors. _accer a 0.24 0.22

SOLCONEffluenc Solids Content, wc % 6.1 6.1

SOLCONEffluent:, pH 7.2 7. t

SOLCON Organic Hatter Balance, % 104 106

CS_g-I b NeChane Yield,
mJ/ks ors. maccer a 0.19 0.18

C_TR-2 c Het:hane Yield,
m_/kg ors. uccer a 0.2t 0.19

a0rganic matter is defined as the volatile solids, decermined
by standard mechods plus volatile acids chac were lost dur£n_
solids analyses. This loss was expertmencally determined.

bMesophilic ce_peracure, 35°C, as in the case ,of che SOLCON digesCer.

CThermophilic cemperacure, 5_°C.
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A flowdiagramoi theoverallDRANCOprocessis shownin FigureH-7. Thepreparmionstepsinclude

shredding,screening,andaircl_ion lorthe remov_of melals,glass,plastic,mooverablepaper,

and othernon-bloclegradablesfromUm organicfraction. The resultingorganicstreamis mixedwith

re_,_ waterandsupematantandpuml)edintothe topof an Intensivefermentoral 35 to 40 percent

total solidstor a periodof 12 to 18 days. Movementis downwardin a plugfiowmannerwithout

mechanicalmixingwith a volatilesolidsreductionof about55 percent. This step is followedby a

post-fermentorwitha retentiontimeof 2 to 3 days. Bothstepsoccural a themtophili¢temper-_dureof

550 C anda solidsooncemrmionof 30 to 35 percent.Dependingonthe¢ortT_silionof the substrate,

125 to 185 mB of biogaspermetrictonof digesterfeedmatedaiareproduced.Themethanecontentof

thebiogasisapproximately55 percent.

;JRANCOprocessflowdiagramshowsthatwaterremovedby mechanicalfiltrationof the digester

residueis recycledto adjustthe solidscontentof the raw incomir_substrate, lt is claimedthat no

wastewateris Ixoduced. The filtercake is ddxl, shredded,andscreenedto producea stabilized

humus-I_ product. The biogasrecoveredat the top of the digesters,musedto produceelectricity

sufficientto meettheneedsof theoverallsolidwastetreatmentfacilityandforsaleto theelectricutility.

Wasteheatisusedto heatthedigestersanddrythefiltercake.

TheGentpilotplantwas initiallyoperatedundermesophilic(350 C) conditions.The methanecontentin

thebiogasroached55 to 60 percentwhilethepH 04thedigestedresiduerosefrom6.5 to 8.5 within8

periodof 8 weeks. Duringthistime,gasproductionratesreached2 to 3 m3 of biogas/mB reactor- day.

After16 weeks,the processwas adjustedto operateat thermophilictemperature.Steadystategas

Ixoductlonat a rateof 6 to 8 m3/m3 reactor- daywasachieved.Thedigestedresiduehada totalsolids

concentrationof 32to 35 percentanda pHof 8.2to 8.5 percentundertheseconditions(290).

As noted above,the DRANCO processproducesa stabilizedend product,Humotex,whichwas

evaluatedin comparisonto conventionalcompostproducedwithan aerobicprocess. Humotexhada

cadmntonitrogenratioof 12to 15,andvirtuallynofecalbacteda(290).

ReportedadvantagesoftheDRANCOprocesscomparedtoaerobiccomposting(290)are:

o Needsa minimumof sudacearea(about20%thatofaerobicsystems)

o Minimizesodorproblemssinceentirefermentationtakesplaceinsealed-offreactors

o Doesnotattractrodents,birdsorinsectsanddoesnotproduceany (runoff)wastewater
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H-2.4.4Ymma pmcus. Lt Bulmm.France(156,815)

In 1980,the CARENEengineeringanddes4gnofficeundertooka projectto detennirmthe possibi_ of

usingthe pressurefroma portionof the biogasproducedby fermentationto mixthe substratein the

digestionsystem. Thisconcepthadbeen proposedby ProfessorDucelller,one of the pioneersin

methanizmlonin France. In collaborationwith ProfessorPavia,D_r of the Laboratolrede Chimie

Ap_ de L'Universitedes ,Scienceet Technoquesdu Languedo¢in Monlpellisr, CARENE

demonstrated,at pilot-scale,that a substratewith solidsconcentmtlonas highas 35 percentcouldbe
melharCzed.

" Sincethe structureof theCARENEorganizationwasnotwellsultedto contlnuetheworkonan industrial

scale,theVa_ companywas createdin 1981. A 2-yearresearchanddevelopmentprogramresulted

in the Industrlal-scabimplementationof the Valo_gamathanizatlonprocessat La Buisse. Originallya

_ng plant,methanizationandrefiningunitswereplacedinoperationin 1984. A combustionunit

was addedin 1987. La Buisseoperates6 hoursa day,260 daysperyear,processing66 TPO (60tlxl)

of MSW,or 17,600TPY (16,000tpy).

Anoverviewof theValorgaprocessis shownin FigureH-8. The overallsystemconsistsof five units:

preparation,methanlzatlon,refining,combustlon,andOastreatment. Waste deliveredto the plant is

dumpedintoa receivin_stocagepit,fromwhichn isfed intothepreparationsystemvia a grapple. After

shre(_ng, ferrousmetalsare removedmegnaticabjfor recycling.Thewastethenpassesthroughthree

trommels,eachwitha differentmeshsize. Approximatemeshsizesare0.6, 2, and8 Inches(6 mm,50

mm,and200 mm). The plus0.6 inJminus8 in. materialformsthe highlyorganicfeed streamto the

digester;the plus2 tanJminus8 in.material(the¢ontcmlibles)formsthe refuse-derivedfuel fractionfor

incineration.Wastesgreaterthan8 in.are landfilled.

The digesterfeedstreamfromthe secondtrommelis approximately55 percenttotal solids. Recycled

water is addedto dilutethisstreamto between35 and45 percentpriorto injectionintothe digester.

Materialis pushedthroughthe digesterby the incomingmatedaland by pressurizedgas circulated

throughthe digester.ThedigestionprocessisschematicallydepictedinF'_ureH-9.
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Any_ thatwerescreenedoutafter_e digestionpmmmsare_ withtheRDFandfed
to • _ furnacewhichproducesIow<emperm_heatusedtonN_etmefacility'sene,gyneeds_
_ eneqwisro)ldtootherusemofIow-temporalureheat.

._e femresofU_eV_ wocemarer_o_edask_R_ (815):

o _ to molhanlzewbMraios havinghigh solidscontent(35 percent);yieldinga

digestedeflkHmtof alxxd28 percentdrymatter

o _ Ioadino_ thedmstionsystem

o A _ tankdesignfeaturingm InletouUetseparationwallandtransferby

o Prmatic mixing;nointernalmechanicalpans

o _ to metMnizationof polysubetrams(e.g.,domesticwasteplus sewage
p_s __ s_, domss_ waste_us mms)

H.2.4.6RmmurehPrelects

Resemchonanaerobicdigestionasa meansofoenemHnomethanefromMSW,hasbeencon(kx_ed
overthepastthreedecades(343,850,425,405,814). Thissectk)npresentsa numberofMSW
anaerobicdiOeStionprojectsrecentlycompletedorinWogmsswhichhighlightthestateoftheartofthe
technok_Oy.WhethersponsoredkmpendemyordirecUybytheU.S.DOE'sEnergyfromMunk:ipaJ
Waste ResearchProgram(managedby SERI).thesewojeclstargetkey technologicalImpmvomerUIn

the mu oi: 1) Increamgsolm_dlr_. 2) demmlngsoldsreCden_t_.e, and3) _IXovlng
¢onvemlon_.

DOE/NRELblocomefldonresearchprojectshave been conductedat NREL, UCLA, Universityof

Kamas, and the NewYork State _ of Heal_ "rhe_ _ were _ to Improve

reac_ stabaayandk_easeprocessconvermn_k:Sencybyiden_/k_O,characte_zJnOandopUnVzJno
mk:morganis__ fortheprocess(42S).Processengmed_expedmemwerefundedal the
GasResearchmtlute'sExpmtmentalTeaUnitatWait_ Wodd,_ suppo,_bylabomo_

_meflts attheUNver_o(FIorid¢BloguI_¢Mctbnandmla_ slu¢_were¢_lundedwiththe
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GasResearchInstituteandSouthernCaliforniaEdisonandReynolds,Smith,andHill. Improvedreactor

concepts,withemphasison processinghighercorcentrationsof solidswerefundedat theUniversityof

Arkansas,PurdueUniversity,and NREL

The Informationpresentedbelow covers researchinto Inwoved reactor conceptsand process

enginsedngexperiments,whichhave been reportedin the open literature. Thesestudiesrepresent

publicas wellas private/commercialreseachparticularlyinthe areaof increasingsolidscontentinthe

digestertherebyaffordinga reductionInreactorsizewhileensudngreasonablemethaneyields.

H.2.4.5.1 Hloh SolidsProcessfor thl Fmme_tlatlonof HSW for the Productionof Methane.

In the mid-to-late1980s,SERI's BiotechnologyResearchBranch(forerunnerto NREL)developeda

novelreactorthat was ableto processhighsolidsconcentrationsfor the anaerobicfermentationof

iignocellulosicmaterials,IncludingMSW (426). Researchinto the kineticsof highsolidsanaerobic

ferrnsntatlonled to the beliefthat decreasingreactorvolumewould be possiblefor higher solids

concentrationswhile maintainingthe same solids loading rate and retentiontime. The key to

implementingthis approachis to providefor effectivemixingof the substrate,microorganismsand

metabolicintermediates,In eitherbatchorcontinuousmodesat controlledtemperaturesand Inoculation

ofthe IncomingMSWorganicfractionwithleachatefrompriorfermentation.

The highsolidsreactordesignutilizeda lowspeedhi__'torquehydraulicmotorwithanoptimumblade

configurationfor mixing(426). The most effectivemixingwas accomplishedby rodsspacedat 90

degreeanglesaroundthe shaft. Initialfermentationrunswithhighsolids,demonstratedthe importance

of graduallybuildingup solidsinorderto accflrnatemicrobesto highsolidslevels. Oncethe reactor

microorganismpopulationhasbeenbalanced,stablehighsolidsfermentationwilloccur(426).
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H.2.4.5.2 AmonnelDOE ResearchIn Bioconversionof MSW. Workproceedingat DOE's

ArgonneNationalLaboratoryincludesevaluaUngthe performanceof conventionalcontinuouslystirred

andpackedbedanaerobicdigestersin producingorganicacidsfromMSW and eventuallyconvening

them to liquid(al(ane) hydrocadx)nfuels(476). Initialellorlshave beenfocusedon improvingacid

• productionfromMSWfeedstockand theextractioncdorganicacidsfromdigesterfluids.

H.2.4.5.3 Two.Staae,, HI0111.SolldsAnaerobic Dlaestk)n/Aemblc Comnostln0 Process.

Universityof California.Davis. The Departmentof CivilEngineeringatthe University

of Californiahasdevelopeda bioconversionconcept,basedontheworkof Jewell(855, 856) andothers

thatcombineshighsolidsdigestionwithaerobiccomposting(850). Currentlyundercontractwiththe

CaUlomlaPrisonIndustryAuthority,UC Daviswilldemonstratethe technicalfeasibilityof thisprocessas

appliedto the organicfractionof MSW.

TheUniverse'spilot-scaleresearchprocessconsistsoftwostagesasdepictedinFigureH-10(850). In

the first stage,highsolidsanaerobicdigestbnof the organicfractionof the MSW occursproducing

principallymethaneandcarbondioxidein a completelymixedreactor. The secondstage involvesthe

aerobiccompostingoi the anaerobicallydigestedsolidsto increasethe solidscontent from25 to 65

percentor more. Theproductproducedmaybe usedas highqualitycompostor co-firedwithotherfuel
ina oombustor.

Biogas
A

Heat _ Heat Air

I "
Organic High-solids ,_ Aerobic , > Humus
lractlon --_ anaerobic r composter
ofMSW digester [] ,_ Fuel for

, r power plants

Complete-mix Complete-mix
reactor reactor

FigureH-10. High;SolidsAnaeroblUAemblcCompostingProcess(850)
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Thepilot-scalesystem,whosephysicalcharacteristicsareshownin TableI-t-3,hasbeenoperMedfora

pedodof 7 monthson a controgedmixtureof newswint,mixedofficepaper,yardwasteandfoodwaste _

to simu_e the organicfractionof MSW (850). Table I-I-4 presentsproximateanalyses,ull_n_te

analysesandbiodegradabilityparametersas funclionsof feed sul:slmtosuggestingthe importanceof

-theCM ratioforoptimummicrobialmetabolism,the lignincontantas en indicatorof_, and

theheatingvalueofthematerialcomponents(850).

Based on an intermittentlymixed reactormaintainedat thennophUictemperaturesand a 30-clay

residencetknefor the solids, Table H-5 presentsfeedskx:kcharacteristicsbeforedigestion,dudno

digestion,andafteraerobicco--nO (850). In additionto significantbiogasprodtx:tion(vtz.,6:1 for

biogasvolume/adJvereactorvolume),a volumereductionofup to 90 percenthasbeenachievedforthe

unconcacteclorganicfractionof MSWthatis fed to thedigester,or 57 percentcomparedto the same

materialwhen placedin a wen compactedlandfill(850). The humus-likeproductfromthe aerobic

concosteris66 percentsolids,hasa densityof35 I:_t3 and,whendried,a heatingvalueof6360 Btu/lb.

In additiontoitsproposeduseas a soilamendment,ltcouldalsobeconsideredasa fuelsource.

H.2.4.5.4 _uenced Batch AnaerobicComnoMIn0 (SEBACI Process.University_of Florida •

(852). in an effort to extendthe applicablUtyof high solidsanaerobicdigestionto

convTmrclalfacilities,the Universityo4 Floridahas been pilot-testinga sequencedbatch anaerobic

conCostin0(SEBAC)process,intendedto converttheorganicportionof IdSWto methaneandcompost

(852). Two differenttypeso! MSW, characterizedin Tal_e 1"4-6,were usedintrialswitht_x) different

ieachaterecyclingefflctenclesandtwodifferentretentiontimes.
/

The processacceptsthecoarselyshreddedorganicfractionof MSWwhichis packedintotheStage 1

reactor,showninFigureH-11,andInoculatedwithrecyclingleachatefroman active,agedbiomassfrom

Stage3 (852). Inadditiontobiogas,theStageI ret_ctorproduceshydrolysisproductsandvolat_sacids,

whichare fed to Stage3. Nter the Inoculatedrefuseis Operatedin the batchmodein the Stage 2

. reactorto producebiogas,Stage3 completestheconversionto biogasandservesas thesourceforthe

InocuIumforsystemstart-up.

Whilethe feedstockvariedconsiderably(TableHAS),the SEBACsystemwas ableto converta major

fractionof the organicfractionof shreddedMSW to methaneand carbondioxidewhile producing

compostqualityresidue(852). The 42-dayresidencetimerunswithSumterCountyMSW, shownIn

TableH-7, pm(kceda meanmethaneyieldof 3.10 scf/IbVS(add)anda meanvolatilesolidsreduction
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04 49.73 percent. The 21-day trials with Sumter and Levy MSW (not shown) showed mean methane

yieldsof 2.61 and 3.06 scf/lhVS(edd), ms--ely, with volatilesolidsreductionin the rangeof 21.1 to

44.epercm(8,s2).
,J

TABLE _ PHYSICAL CHARACTERISTICS OF UC DAVIS PILOT-SCALE

HIGH-SOUDS ANAEROBIC DIGESTION/AEROBIC COMPOSTING PROCESSING UNITS (850)
i ilia

/tem Un# Value
| iii i i

_ c_szer
Runortype Comim.rm
_UnO_ Uecnmm
UoUnoUn. nUVm Vana_
Toolreactorvolume na(L) 90(2.250)
TozaivolumeodzctWebiomz, fP(L) 67(1,900)
m,=_orb,m'namomns_y mnp(kO/ma) 63(1.009)
Raa_orW so_sconummUon%_WW 23-50

_m_r_un#
Ruc_x_lm Con_m-n_
Mm_mecnamm umu,dm
umo _na nVnm_n vam_
Totaln_orvolume lP(L) 30(850)
TolalvoIun_lolconllx)slJngmass lP(L) 27(7_)

i i i a i ii r.,wJ,

TABLE 1'1-4.CHARACTERISTICS OF ORGANIC FEEDSTOCK MATERIALS

HIGH-SOLIDS ANAEROBIC DIGESTION/AEROBIC COMPOSTING PROCESS (850)

,,F_ subs_te(pe_'ent_ry_s)
Nm,ar_t Ot6ce/_er Yam,zm Foodwute

Tom_ TS _.00 96.40 S0-S0 7-15
V_Jle_ V_ 88.00 82.60 72.72 7'9.71
A_t(:mlzmt 0JIB 6.94 11.20 3.16
Fomdca_oon 11.1S 10.46 16.06 17.13

_aW_
C 48.90 43.14 44,..r)8 50.31

Nim)g_N 0.001 0.1S 3.34 ,1.'_S
Hy_ H 6.oo s.ao 5.35 5.9O

: Oxygen,0 43.50 43.82 :34.64 36.29
Su_r.S (1068 0.079 0.33 0.54
ClUonne.12 0.12 0.O7 0.58 0._

S_o_ma,lW
cmm_.LC 21.91 0.35 4.07 0._-

_ 0.22 0.03 0.72 o.s3

_wm,mm,_
High_ value,61Wlb 8.813 7.426 8.570 8.282
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TABLE 1t-5. TYPICAL CHARACTERISTICS OF WASTE FEEDSTOCK

HIGH-SOLIDS ANAEROBIC DIGESTION/AEROBIC COMPOSTING PROCESS (850)

i li ii i iii i

Averafevalues
After Humusaltar

InDut anaemOic aemOic
Pammeeer Unit feerLrtocX _#estJon comDoslin#
Ta _ TS ._ ' el ZS U
vow_esowJs,vs %oiTS 82 63 59
ekmw'a_4
vomzkzsoW_SVS %olVS U I --
Asncmwlz %arTS 6 22

coaalnt Oaulb TS'IS Ut,O 6_60
Remvewamss, I 0.78 0.30
rWaw vm.m

I 0,13 , (1087
1 O.75 0,4,1

mt

,,Therwm'eM.mee_waav_a_sateer_ angamer_ amOased_ anomMWrous
,rmwm_am ot30¢in_ _ _aW.l_/n m _ _ wzt.
'Szs4Wonumvmenmm',ws_as_ to_ _i_stw'.

TABLE 1t-6. COMPARISON OF MSW COMPOSmON FROM SUMTER AND LEVY COUNTY

SEBAC PROCESS FEEDSTOCK (852)

ii I, III ii I I

Mean Range Mean Range
t lt t

Paper(_) 47.3 22.0-65,.2 91.5 65.0-98.G
C,ln:lboard(_) 10.9 0.0.24.6 4.1 0.4- 7'.0
PIzs_ (qk) 9.7 4.0.21.4 0.3 0.0- 0.9
Y&'dWaste(_) 5.9 0.0- 33.0 1.9 0.0 - 0.4

22.6 11.S-67.7 0.0 0.0-7.4
I i i

(7)_SW_m Sum_CmaWmmsa_mamxcinf
_zciW,m _m_ meW,azmewmandsome
cammm_oxuaw_z_: ooms(t_rr)_ m_e_
ItomN MSW_toneit _ _ w_lea hammenn_.

(_ .SW _m _e/ CoumVw_ smW _ aene._
_ eefram_nc_n useeas/eeosto_br me
r_eem,z conmeeo_y_oe_.yzmanelooewaste.
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We_

Stage I Stage2 Stage3 '
New Mature Old

Figure It-11. S4quenced Batch An_roblo Composting Process (852)

TABLE 1t"7. PERFORMANCE PARAMETERS, 42-DAY RETENTION TIME, SUMTER IASW

SEBAC PROCESS (852)

ii

Tdal4 Tr_S Trial6 Tr_17Mean
i i

_Yiekl(acc.) 2.86 2.92 3.52 3.08 3.10

_pmauc_ o_ o.57o._ o.6o o.sl

Vola_So_nds SI.0 48.9 52.4 46.6 49.7
ReSu=_(_)

: VoWmeReaucUon(_) 43.2 48.1 ,Q.4 -- 43.9
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H.3 ECONOMICDATA

Whilethereis limitedco_ scaledesignandoperatingexperiencewithMSWanaerobicdigestion

systems,projectedecononVcsandactualdata for largerscaleoperations,as providedin the Uteralure

reviewed,aregenerallycotq)arablewithotherMSWmanagementapproaches.Forexample,levelLzed

costsfor a commercialscaleof ReICoMaresimilarto thoseof a massbumfacility. A DRANCOfacility

wasreportedto behighertl_n aerobicwirv:lrowco_ systemabutsimilarto in-veseelcomposting.

The_ forcombinedanaerobicdigasUo_aeroa__ng systemsare highlydependenton

the biodegradabilityof the feedstockthe valueof biogasproducedand the opportunitiesfor useof the

residueas a soilamendment.

H.3.1 ConventionalSystems

Thissectionintroducestwoaccountsthatdescribethe technoeconomicandmad(stviabilityof anaerobic

digestionin the managementof the organicfractionof MSW. Bothpointto a significantcoInrrmrclal

potentialfor thistechnology.Sincethesetworeports,whichdescrt)etechnoeconomicmodelanalyses,

are ratherdetailed,onlyselectedhighlightsare presentedhere. The readeris referredto the original
documentsfor additionaldetail.

H.3.1.1TechnoeconomlcComnuter Model(450)

A computermodelhas been developedby Chynowethand Legrandto simulatea prototypeMSW

anaerobicdigestionfadilty. Based in pert on the experiencefrom the RefGomproof-of-concept

program,the levelizedcost resultspresentedin TableH-8areconstant-dollarcostsof service_ing

debt amortizationand operatingcostsassumingfullmunicipalownership. The tippinglee selected

coverstheshortfallbetweenrevenuesandthecostofproducinggas,electricityandrecyclablematerials.

Processingof thedewateredresidue,landfillingof ashandrejects,andpreproceseingof MSWintoRDF

eachaccountfor 25 percentof thecostof service.Anaerobicdigestionis shownto bea relativelyminor
cost item.
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TABLEH-8. PROJECTEDLEVEUZEDCOSTS

PROTOTYPEMSWANAEROBICDIGESTIONFACILITY(450)

%ot

1991 Total

$_nm Cost
l_ : ii ii | _ Iu "' " -- -- _ _ .... _ :_ "_ : _-

1.

RDFPlant 15.0 27.4

Anaemt)icDigesUon 8.9 16.2

Gas Cleanup 2.7 5.0

ResidueBurning 14.9 27.3
LandfillCosts 13.1 24.0

m omml,

TotalCom $54.3 100.0%

2. Revenues

GasSales 14.1 25.8

Electricity/Recyclables(1) 5.1 9.4

TippingFee 35.1 64.8
_m.mm_mm

TotalRevenues $54.3 100.0% .

(1)Onlyaluminumoonsidered
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In additionto itsuse in perlormingsensitivityanalyses04tippinglee as a functionof severalreactor

design_ers, the modelhas beenusedto comparethe economicsof massbum withanaerobic

digestion. Usinga life cycleeconomicanalysis,incimiingenergyprices,rec_tabie and economic

assumption,threepossibleusesforbiogaswereconsideredfor theconcartson.ThesecasestncJuded

direct saleof biogasto a nead)yindustrial/utilitycustom'using a dedicatedpipeline,¢ombu_lonin a

cyclegas_rbine on site,andupgradingoftr_)__ to SNGqualityforsale. In additionto

theburrdngof residuewithpowergeneration,fullairpollute, controlswereassumed.

The analysisincludedali operatingexpensessuchas labor,O&M, residue/ashlandflUingand debt

sendceas well as revenuefromthe sale of eleclxk:bj,recyclablesand tippingfee. The oucnl:_er

pmjeded capitaJcost of an MSW anaerobicdigestionfacilityIs approximatelyequivalentto a

conventionalmassburningfacility. Sensitivityanalysisrevealedthai the break-eventippingfee for

anaerobicdigestionstartsoutbelowmassburninganddeclines,whilemassbumstartsout higherand
increases.

H.3.1.2RefO,oMTechnoeconomlcModM(814)

Froma detailedtechnical,economicandmad(etanalysisof theexperimentalRefCoMprojectconducted

byIsaacsonet al, thefollowingsectionhighlightskeyanalysesandcasestudiesknportantforassessing

theoonwmrcialviabilityof MSWanaerobicdigestion.Thisisaccomplishedbydeterminingtheoptimum

tippingfee to satisfykey eoonomicandfinancialoonslmkU. The 1986 economicmodelandanalysis

summarizedbelowarebasedonvendordesignandcostinginlom_ionfora 400 TPD facility.Various

scalesofoperation,by-productcredits,andfinancingoptionsareconsidered.

NI projectedcostsforthisanalysisam ona 1990basis.

H.3.1.2.1 J&tl.._. Forthepuqx)sesof thisevaluation,thefacilityis assumedtobegin

constructionin 1988, completeMart up in 1990, andoperatefor 20 years. Fundedby a bondwith

paymentsstartingin 1988,andwitha 1.5 yearbondreserve,the operatingexpensesof theplantand

bondpaymentsmustbe offsetbyitsrevenues,oncetheplantisoperational.Expensesandrevenuesfor

thebasecase,definedfor an equitycontributionof 25 percent,are shownin TableH-9. The costof

capitalis presentedinTableH-10. Acorrespondingcashflowanalysis,showingincomefromthe bond

reserveandtheexpenseof thebondpayment,ispresentedinTableH-11.
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TABLE I_l° RefCOM BASE CASE - 1890 EXPENSES AND REVENUES ($) (814)

Expenses
Personnel I, 553,200l

Power 1,688,000
Hate r 2,920
Equipuent Replacement 181,700
Haler. Htls. $ Supplies 990,800
Lamtflll Disposal 235,040
SGr.A Expenses 788,375

' Hobile Equipeent 288,500
Cent ingency 209,000

Total

Revenues
Hethane 1,578,500
Carbon Dioxide 1,351,000
Hetals 275,000
Tipping Fee 5,504,000
Sewage Sludge 952,000
Interest Incole 353,G00

Total _'0_0

TABLE I_I(L RelCoM BASE CASE - CAPITAL REQUIREMENTS ($) (814)

Total Constr_=tion Costs 28,862
Equity 7,034
Bond Capital Requirement 21,828
Bond Issue Costs 1,179
Bond Payment Reserve 4,4G7
Bond Payment During Construction 4,716
Interest Earned on Reserve 715
Interest on Bond Payment 472
Interest, on Construction Funds 1,530

Bond Issue 2!F-.il'/;l"

TABLE kk11. ReICoM BASE CASE- CASH FLOW ($000) (814)

..... INCOHE....... EXPENSES ....
Other Bond Opera t ing Bond

Yea_._r Revenue Reserve Expenses Paya4_',t

1990 4157 353 5938 2985
1994 5383 353 72i8 2985
1999 7289 ,353 9211 2985
2004 9962 353 11757 2985
2009 14014 4771 15005 2985
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The oqed_ i to ascertainon sn annualbasisthe 'Ixeak-even"tippingfee requiredto cover the

dilferencebetweenexpensesand otherrevenue. The "actual"tippingfee requir_ is higherby the

mrmunl04thefinancialreturnon thecapitalInvestmentrequired.A secondobjectiveisto ascertainthe

-equityoonldbutk)nthat satisfiesmultipleprofitmeasures. Theseam: the pre-taxincomeratio(1styr

Pl'lR - 10percent);averagepre-taxIncomeratio(PTIR,, 25 - 30 percent);andreturnon investedequity

(ROI- 25 - 30 percent).

Thetrade-offallalysisfor the basecase predictsii 12 to 15 percentequityrequiredto yieldthe lowest

tippingfees (correspondingto $53/T and$57rr, respectively)for boththe 25 percentand30 percent

requirements.

H.3.1.2.2 BaseCam with InternalEnemyGeneration. Thereisa fairlylargeamountof

heat energywhichresultsfrom Incinerationof the sludgecake and non-biodegradablecombustible

streamsfed to anonsiteIncinerator.ConsideringtheenergyvalueoftheseunusedIuelsourcesandthe

equipmentthatwouldenablesuchfuel to be utilized,the followingsummarizesthe deviationfromthe
basecase.

o Additionof $260,000/yrin electrk:_ sales (consideringthat the base case already

Includeda$5.2 mllllonIncinerator);

o Removalof $1,688,000/yrin powercosts(to acoountfor cost associatedwithpower

generation);and

o Additionof $8,800,000In capitalfor powergenerationequipment(tuYoine,generator,

oondenser,etc.).

Theresultsof thisanalysisshowsthatin orderto satislyali of thefinancialparametersregardingreturn

on investmenta tippingfee of $44.50and$46.50perton arerequiredat a 25 percentand30 percent
ROI.
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H.3.1.2.3 100 Percent Public Flnanclna. Table H-12 presentscapital requirementstor

the base case, both with and without intern,_!energy generation, when investors choose no equity

panicipalion. In movingfrom 25 percentequity in the base case to a zero equityposition,the bond issue

only increases 10 percent; 9 percent for the alternate internal energy case. A break-even tippingfee

•analysisfor zero equity, includingnot only additional bond payment but otheroperating expenses as well

as revenue,is showninTable H-13.

TABLE 1t-12. CAPITAL REQUIREMENTG FOR ZERO EQUITY

1990 DOLLARS ($000) (814)

BASE INTERNAL
CASE POHER GEN.

Total Conqt;r. Costs "-_8_- --3"/,-'G_'2--"
Equity 0 0
Bond Cap. Requ _rement 28,862 37,6G2
Bond Issue Costs 1,154 1,50G
Bond Payment Resecve 0 0
Ik:md Payment During Constr. 4,618 6,026
Interest Earned on Reservo 0 0

Interest on Bond Payment 462 G45
Int.erest on Constr. Funds L, 530 1,9_&

Bond I s sue 3_"4"2 42"_'5_

TABLE H-13. TIPPING FEE CALCULATION FOR ZERO EQUITY

1990 DOLLARS (814)

OT_ER OPER. norm TXPeING
_VF.mJ_ Exemsv.s e^_T FEE

BASE CASE 4,156 5,937 3,306 48.90

0._3-'. CASE wi th IgT.
_ERGY GENERATION 4,400 4,249 4,310 40. O0
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Whi_llle e_,_mm:sot theDml_ pmcul dependmainlyonlhcmemes ollmd _ _ m _

_. _,evem,_vee_ _ ou.para_._ _ b_eeee_ _ oom_ewt,
lerr_ forclose_ of(x_ra(290).V_tha neteleddcal_n ofappmxlmalely

_sokWhp,rMS_ _ _ mm. e_ to_ $_0(lSS7U.S.).me Dta,coproce,,can
aW _. ,oreN ,a,w_edmm,aL,eadyS4_ oo,_. The,aopera_oom perM0_
e_ mluu am m_ar _ lhouforaerob_w_(kewo0_ ran_ _om SSto$I0.

The caplal oosl oi the Valois t_ly in La Bulmm,Fran_ in 1985 m 16,_,_ _ (1_). Much

oflheoo__o_n01he p_moe-_h mmm_omtmmeof_ogmand_ m)0as
m _1 tmmm_ loa nea_ indum_faciy k)r3Slrm:s pertormdelivered_ _ _ Di0esme

wm _ tor200 and600 Imnmpermine. _. tor bulkandba0ge_,m_al (lSe. _12).

._kx_red_ metammd _ al)o.t_S_:_ perV)nofn_:. F_reach_)nn_o_mm_
madeda_the_dmy.m maixk_k)rseamwa_79Irm:s(;56_.

The_o. _ anao._ _.e,et_ _:e_ pmcmaevek_p_dat UCOav_,_,b,dno
p,epoeeda. a. k,toOndpoeofapmpoeed1,000"r_:)m._kdp,dwaste_ faeryJ theCamo.da

PIA,_ WoceIsdalmnm_edte_n_ _ arid_r_able_ (_).

A _ ot d _ costs,mis belance and _._._Hn_systenmspecdfic_6on__sr_presented in Tal_

H.-14 lm' the _ of Flodda's Sequem::edBalch Ar41emblcCompoMklO Pmcen (852). The

mtnm_ e_n_t mm cq:)a:ly,I det_ by1990tlpplnolm Inthe$_/I" r_nge,Is30TPO

Isased on a 7 day per week operatlon, lt Is notedthat ecoconVcsare hlolWdependenton the

blodegradablmyof the feedstockand_ foruse of the_ _ as a soll_.

HA ENERGYASSESSIaENT

Anmxxtm pertof DOE'spW,to ao:eWmthe_ accepta_convom_of MSWto
ene,gyIItheuseofbk)k)ok_p,ocesses.Blomassoonvendonoltheo,ganlcfractk)noi MSWhordsthe
pom_ ,orr,movem0amox_nam,y ha_o_mohoat_ va_ _ me_,eLwh_ ach_ a..mu._
vounemducUo_webnWWna_emmomnenUdro:ect. Anaerouc_ ofMSWrscapab_o_
pmdu(:k_ 10 to 14 lt3 per pound of bk)deoradal:)lem'gar_ maledaJfed In (850), with i,._,adyaHof the

odok_energyresk:angw,_U,e_ gasWoduced_dr,gb',bkx:onvemk_Wocen.

IlID I_I_MA I I_LJISI ,,-v,
_

_



TABLEH-14. SEBACSYSTEMDATASUMMARY(852)

A. _mrd

_ 15,0oo
Gu_ 206.000u:_layO 650_ w

AJueaelcGxnjm_ hmmtnt: Srants,uc_ 2SUmomuw and
38Uud

mm:
ldSW_t 35 I00
We_Nm_Mded 6 18

Recovenld S" 16
CmwenMtoGI 0 26
Cau_mPraJa_ 2O S0
f_ectsL,andfinM 7 19

_ k_mm_S
Cost(IN0j Sl.600.000

1. Taj AmWCNt(deUN _) S,_0.S00_
2. _ _ GaSSIN • S3.0/MMSW $124.00Q_
a. ToN ImncNvm tJpm0Jm(_.2) S:_.300_
4. Tmuo_USW_:qmJ Pu'YW

M.3_ x 386x 0.9(Sew:ehoo_. 11_16mns_

i lw ii

FL4.1 _Zl_flll_J_ _

C_ and Le0rand(450) deveJopeda _ mass_ diagram_ a convenUonaJMSW

anaembk:r_iOestionpro(:o_oper_ at SO0TPD, as shownin FigureH-12. The massbalanceand

associated_ balanceprovidedinTableH-1Swerecak:ulateclfroma modeldesignedwithkinetics

Idmilarto tho_ _ withtheRefGoldIXOjod.To redtx:ethevolumeof residueto be disposedand

thusknpmveprojecleconomics,con'_sUonwithIN) generationof powerin the formof processheat

and eleclrk:dtywere _ The data indicates ttut 8pproxJnutety45 percent of the 7oss energy

containedin MSWcan be recoveredu 8 substilutena_Jraloas(SNG). Dueto the lowmoistureoomerd

oftheMSWfeed,procmmheatingneedsare ndrdnuJ.
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TABLE14-15.TYPICALENERGYBALANCE(450)

%GrossBk)gas

• _ production

MSWInput(aPlxox) 4750 209

Gro_Bk)gu _ 100
Net,_IG 2O4O 9O

Pnx:ou Heat 88 3.8

Pmcm Becst_ 1o.o
NetExcessBectrk:_ 40 1.e

ElecMcalpowerneedsare sulxDntlal,beingequivalentto 10 percentof the ecergycontainedin the

total biogasstream. The main eledrk_ consumeris the gas cleamq)systemwhere biogas is

Conlp_ alongwltha recycledgas streamwhichIs equlvalentto 80 percentof the biogasstress.

Savingscouldbe achievedIf the operatingpreston of the systemandthe recycleamount,couldbe

reduced,Chynow_ andLeOrsnd_ theta_ swingsYstsn_using_ diOem_m_ m
str_oncadx_dioxidemuldhavea laroe_pact onsavi,_. "rbemixingsystss alsomnsumesa lar_
amountof eisdrical power. Chynoweth and Legrandnote that use of an unmixed reactorwould reduce

this em_:_ mnsumption to.cone./by a factorof ten.

Based on the resulls of the ReICoMfieldtestsand an _ evalual_onof the MSW separation

system,Isaacson,Pfefferet al (814) developeda detaledcomputermodelfora 400 TPO (2000 TPW)

facto/to cak:u_temassandene_wbalancesandgenenUsystemeconomicdatafor the1990
tlmeframe. Theprlnc_ differencebetweentheRefCoMfacBity_ thefuI-K_deplantwastheaddition

of sn Inclnermorto reduceresiduevolumeand to mooveraddUlonalenmgyfor the heat andelectric

powerneedsof theprocess.Also,theMSWse_n systemwasdesignedto provideforferrousand

alurr_m recoverystreams,as wellas threeotherstreams:an organk:s-deh,biodegnclablestreamfor

feedtothedigester,a _ oversizeforfeedto the Incinerator,andsn inolgardc(inert)stress to

be landfilled.The modelalsoassumescolocatingthe facilitywitha wastewatertreatmentplantthus

ndnknizingsewagesludgetransportationcostsml wel al allowingfordisposalof any excesspm(en

water. A massbalanceon theoverallsystemIs providedin TableI-1-16. "111ereductionin weightof

disposedmaterialIs83 percent,witha volumereductioncalculatedat92 percent.
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TABLE1'1-16.RefCoMSYSTEMMASSBALANCE(814)
(tons/week)

JJ]IZa Mater Rue Land- ww'rp
J4_ _ _ CHdCH3 Gas_ fill

Biodegradables 1130.0 70.0 0.0 524.3 619.4 14.0 42.7

Combustibles 204.0 0.0 0.0 0.0 190.5 13.3 0.0

Inerts 287.0 30.1 24.5 0.0 0.0 263.2 29.4

water _ _ oo _ ZQ¢I dl_ 27es.7

Total 2000.0 3336.9 24.5 607.6 1514.0 331.8 2858.8

The MSW separationequipmentIncludesa shredder,screens,air separators(airknives),air stoners,

ferrousandaluminumrecoverysystems,andassociatedconveyors.The separationprocesseswere

assumedto operate8 hoursperday,5 daysperw_ek. The energydemandfortheseparationprocess

wasestimatedat647,880kWttperyear.

The significantelectricalconsumersare the gas cleaningand compressionsystem (13,234,000

kWIWear),the reactormixers(2,505,800kWh/year),endthe Incinerator(3,176,300kWh/year). These

unitswereconsideredto operatecontinuouslywhilethebalanceof theprocesses,exceptfor theMSW

separationsystem, operate16 hoursper day, 7 daysper week. The energydemandfor the overall

system(includingMSWseparationprocesses)wasgivenas 21,178,000kWhperyear(814).

MassbalanceswerealsocalculatedforthedigestionandIncinerationprocesses.A retentiontimeof 12

daysresultsina biodegradablesolidsreductionof65 percent.Methaneproductionis 1,011,000scf/day

and carbondioxideproductionts933,000scf/day.Thefeedslurrysolidsconcentrationis 12 percentand

the destructionof solidsinthe reactorresultsin a reactorslurrysolidsof 6.8 percent. The digested

slurryIs dewateredandthe filtercake(alongwith the combustibleoversizefromthe MSW separation

system)istedtotheIncinerator.

The combustionprocessconverts116 TPD of combustiblesolidsto carbondioxideand water and

evaporates100TPDof moisture.Allowingforheatto evaporatethe moistureandtheheat lossesinthe

incinerator,about1.1 x 109 Btu/dayareavailableforrecovery.Processheat requirementsand reactor

heatlossesaccountfor0.15 x 109 Blu/dayresultingin 0.95 x 109 Btu/dayavailablefor recovery.The

heatavailableasexcess steamisapproximately38,550pounds/hour.Thesteamcouldbesoldto other
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Industrialsteamusers,usedto driveIn-plainmachinery(¢aqxeuors, mixers,e¢) or usedto Oeneme

eleCdcNyfor _ use ardor see. The potent_lyavalabb generatedpoweris estimatedu S6,50
kw.

•H.4.2 Hlnh Solldm9vstamm

Thedryenuerobicconqx)mingpmca_ DRANCO,wasinsldedata uoUdwastetreatmentplantinGent,

Belgiumwhere ii 1-year_ programwas oondt_ed. Energyusage requirementswere not

pmvkledInthe Ilteralurereviewed.However,li was notedthatlhc elecldcl_producedwas sufficientto

meetthe needso( the completewastefadlilywith50 percentremainingfor sale to theelectricutility.

Thewasteheatfromtheengines(runningon thebiogasproduced)wasusedto heatthedigestersand

to drythefilm cakesolids.Thegasyieldpertono4organicfradJonamountedto 180 m304biogaswith

a methanecontentof ,5,5pecent. Thenetelectricalpm(bx:tionforexportwasprovidedas 150kWhper

metrictonoftheincomingo¢0anictractionof MSW(290).

The DRANCO processalso producedii _ product,I-lumotex,whose qualityand hygienic

aspectsweresuperiorto conventionalcormost. Theeneqw_iorm of compostusearedlscuss,_l

andreferencedinAppendixG, sectionG3.

Figure11-13providesa materialand energybalancefor the Valoq_laprocess(812). The process

pm(Iu(essn averageof 140m3 of biogas(methanecontentof60 percent)pertonneof materla!|;)dinto

thedigester. Energyusagerequirementswere notprovidedin the literaturereviewed.,_Ixoxlmately

halfof theo_lanlcmatterloadedintothedigestionsystemIstranslormedby met_lon, w,h muchof

theremainderintheformof a stabgizeddigestedeffluent.Afterrefining,thiseffluenthasbeensoldasa

so, conditioner((812). The potent_ energy savt_ usinOthis productas a replacementfor

oonventionalinorganicchemicalfertilizersisnotedinAppendixG, sectionG.3.

Accordingto one account,the Vakxgaprocessproducesapproximately710 kWh of non-B:mbbed

biogasand 375 kWh of high calorific(useful)hem per tonne of householdrefuse (156). This

to approximately56 percentrecoveryofusefuleneewfromfeedfromthisprocess.
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Thehighsolidsanaerobicdigestion/aerobicmmpostingprocessdevelopedattheUrdvendlyof California

at Davisis reportedto have thermalrecoverypotentialfromthe biogasproducedandthe solidluel

((:ompostablefraction)whose heatingvalue is 6360 Btu/1)(050). The developersalso suggestttm

•possibilityofconvertingthemethaneintomethanolasa sourceoffuel.

Thenominaleconomicalsizeof 35 TPD (7day/weekoperation)tortheUniversity04Florida'ssecpJerced

batchanaerobicreactoris projectedto yieldapproximately206,000scl/dayof methan_witha h_ating

valueof 550 Blu/scf,or 113,000MMBtu/day(852).

H.5 ENVIRONMENTALRELEASES/IMPACTS

Althoughtheyhave notbeenstudied,the environmentalimpactsof anaerobicdigestionof the organic

fractionof MSWaregenerallyconsideredto be minimal,comparedto otherMSW managementoptions.

Air emissions,especiallyodors,are minimizedas ii result04the isolationof the processfrom the

ambientenvironment.Leachatefromthe digestersare typicallyusedto Inoculatethe incomingfeed

materialsto assureoptimumanaerobicactivity. P_dhogenicbacteriain the solidsproducedfrom

anaerobicdigestionarevirtuallynon-existent.Anadditionalenvironmentalbenefit(as discussedearlier

in SectionH.2), is theconsiderablevolumereduction(on the orderof 50 percent)of thesematerials

comparedtotheirnormalcompactedvolumeina landfill.

H.5.1 ConventionalSystems

Anaerobicdigestionsystemshavethepotentialtoconvertupto 50 to 60 percentofthedrysolidsto gas,

therebysignificantlyreducingthequantityof MSWthatmustbe disposedbyothermeans. Further,the

front-endprocesscan removemostof themetalsandplasticsthatcancontributeto emissions.The filter

cakefroman anaerobicdigestionprocesstypicallyhasa 15 percentashcontentcomparedto 25% for

MSW andrequiresonly40 to 50 percentexcessair comparedto 80 to 100 percentfor MSW (450).

Collectivelyconsidered,thesefactorsmeanthatananaerobicdigestionfacilitywillgenerallyresultintwo

to fourtimesfeweratmosphericemissionsthanan equivalentmassbumfacility.Forspecificpollutants

suchaschlodnecompoundsandhydrocarbons,upto 20 timesfeweremissionsmaybereleased(450).
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H_k2 Hlnh Solid SvMmns

The environmental releases anc_r Impacts from the Dranco process are considered to be minimal

(290). Odors are minimized because the system is Isolated from outside air and wastewater is not

pro_cecl but ratherrecycledas an inoculum. The hY01enicstabilityof the compostproduct(Humotex) is

demonstrate_ in Table H-17 (290). Comparisonof the populationof potentiallypathogenicbacteria in

the Humotexafter 3 weeks of digestionwith aerobiccompostafter 4 monthsof curing,demonstratesthe

absenceof fecal co--ion inthecomfx_ product.

TABLE H-17. HYGIENIC ANALYSIS OF VARIOUS TYPES OF MSW

ORGANIC MATERIALS (Colony Forming UnltWg Material) (290)

Fresh oroanLc Humotex AerobLc compost
fian oroanic frectLon afteT & months
fTactLon stobLILzat*on

lal le) lbl (bi

z i

Yeasts 1x10 i,O M tOa
FungL (tO :.0 x tOO
Fecal coliform ) x 10s 0 (t0 2.0 x t0z

Fecal strepto-
cocci | X t06 0 (100 t.0 X t0 t

Salmonella

I, o_ -1|5 9 DH) - -

la) own results .....
IDI TH0 : Lnaependent Dutch research LnstLtutLon

From the Frerr.h Valorgamethanization-from-MSWprocess,a digestate,Nutrisol38, is producedfor use

as a nutdentfor plants and gardening. In order to evaluate the possibleriskexposure of Nutrisol38, a

studywas pedonned in 1987 by the Physiologicaland AppliedMicrobiologyLaboratoryof the Universite

Lyon (156). The findingsof researchersplacedthe bacteriologicalriskno greaterthan that associated

with aged manure. Also, throughthe chemicalactionoi chelation by the humic and fulvic,acids in the

organicmatter,the riskof heavy metaltransferto the environmentfrom metals in the digested materials

ksclaimedtobeminimized(e12).
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Therotatingdrumpyrolyticlumacewhichservesu theoontuslionunilin the Valorgaprocess,is

to rmmzetheproc vy-am ashand .eutrauz0thefV A
neutmlization-acnub_runitfor.oweusinga solutionof watermixedwith40 percentto 80 percentash

• fromthefurnace_ toneutralizethefluegas(156).

No detailedsrr4konmeraaJdatawere revealedfromthe literaturefor the highsolidsanaerobic

di0esUorVaerol_conax_in0processdevelopedatUCDavis,althou0hermlmslswasp4aeedonthelow

emissionsthatareattendantwitheo_n ofmethanol,comparedtoother,alternativefuels(850).

Sincetamm) leach_eproducedin Stage3 of the mquenoedbatchanaerobicreactor(SEBAC)
developedattheUniversityof FloridaIscompletely_ u inoculumforStage1operalion,andthe

biogas,_ is generatedfromthe organicfractionof MSW,is _ly "clean',environmental

areexpectedtobeminimal.

Withrespectto phyto_oxlcltyissuesre_Ing Io thecompostquality,Universityof Floridaresearchers

claimthatpathogenIdH,basedonpartialresultsof phytotoxlcltytests,isascompletefortheSEBAC

anaerobicprocessasii isaerobicsystemsingeneral(851).

H.6 SUMMARY

H.6.1

AlthoughanaerobicdigestionprocesseshavebeeninuseforwelloverI00 years,interestInbiomassto

energyconversion,includingMSW,hasdevelopedoverthe past30 years. Sincethefirstformal

experimentsof Golueke,severalprocessImlxovementshavebeenmadeaddingto the collective

experience,virtuallyaftof whichis atthepilotscale. Whiletechnicalandeconomicfeasibilitystudies

pointto the potentialof anaerobicdigestionas a viableMSW manaoementtechnique,sustained

experienceinday-todayoperationsona largescale,_ withprovenread.tsfortheproducts
produced,isessentialtoitsoverallcon_Itlveness.

- H.6.1.1T_hnoloavDevelooment

AnaerobicdigestionoffersthepotentialtoconverttheorganicfractionofMSWintomethaneusingless

erm_oythanaerobicsystemswhilealsoachievinga volumereductionof the solidsbeingIxocessed.

OneoftheimportantbenefitstoanaerobicdigestionconsideredsinglyorincombinationwithotherMSW
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managementOlXionewillbe b abilityto pmducamethanethat is economicallycomiC#ire withnatural

ges. Overall,the reactordNign neecisto be _ and_ to minimizedowntime,maintenance

and capitalcosts;requiremtnin_menecwtooperate;anddeliverhighgasproductionrates.

Tradllonal methodsof MSW nnaerot_ digestion,borrowedfromwaatewaterVeatmenttechnobgy,

featurea continuouslystirredreactorwherethe stirdngactionof the mixerenhancesthe contactof

ocganismswNhfeed !_Tomotinghomogenle_of contentsand Inhibitingagglomeration.Itsdrawbackis

the largedigestervolumerequkedto a(:commodatethe relativelylowsuspendedsolidsconcentrations

and high retentiontimes. "thisbasic technologywas employedin the RefCoMwoof of concept

demonara,onmnL

Virlual_ ali of the other pliot and laboratoryresearchIxojects reviewedemployedthe high solids

armerobtcfermentationapproachcharacterizedby plugflowand solidsmixing. Availablekineticdata

predictthaigas _ion rateswUlIncreasewithsolidsconcantrationinthe reactor. At highersolids

concentrations,the reactorcanbe smaller,therebyimprovingtheeconomicattractivenessof anaerobic

digestion.The downsideis thatthe higherdensiiysolidsslurryis very viscousand requiresvigorous

mixing. Projectsthat have usedthisapproachincludethe SOt.CONreactortests at DisneyWorldin

Florida,theDran¢oprocessinGent,BelgiumandtheValorgeprocess,in LaBuisse,France.

In additionto the researchbeingooordin_edinternationallythroughthe Task IV of the Bioenergy

Agreementof the InternationalEnergyAgency,the researchfundedin the UnitedStatesin thepublic

sectoris underthe generalsponsorshipof the Depmtmentof Energy. WoddngthroughDOE'sEnergy

from MunicipalWaste ResearchProgram,the NationalRenewableEnergyLaboratorycontinuesto

manageinnovativeresearchinseveralkeyareas. Theseirckxle:

o Increasingsolidsloadingin orderto take advantageof reductionin reactorsize,without

performancedegradation
i,

o Decreasingsolidsresidencetime inthe reactorthroughimprovedmixingtechniques

o Inl)mving conversionefficiencyand reactorstabilityby identifying,characterizingand

optimizinggrowthconditionsfor microoganismsbest suited for varioustypes of

anaerobicdigestionandproducts
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H.6.1.2 r;_

Virtuallyali of the capitalandoperatingcost informationinthe literaturerelatesto pilotsystemewhich

whenscaledup mayhaveverydifferenteconomicsat thecommercialscale. One studyprojectedthai

the levelized capitalcosts of a commercialscale of the RefCoMconventionalanaerobicdigestion

technologyaresimilarto a conventionalmassbumfacility.Anotherstudyprovidesa detailedanalysisof

the economicsensitivityof tippingfee and equityflnanck_ on conceptualplantcosts,basedon the

RefComproofof conceptexpedence."Actual"requiredtippingfeesprojectedbythe RefComeconomic

modelandbasedon requiredfinancialreturnpemnwters,areinthe$40 and$50pertin ranges.

An economicstudyof the Orancohigh solidsanaerobicdigestionsystemsuggeststhat the capital

requirementsare essentiallyequivalentto in-vesselcompostingwith similarlevels of environmental

controlineachdesign.Projectedeconomicsof otherhighsolidsanaerobicdigestion/aerobiccomposting

systemsintheres,sarchor near-termpilotstagessuggestthatbreakeventippingfeesintherangeof $30

maybepossible;actualtippingfeeswouldnaturallydependonthe leveloffinancialratumrequired.The

economicsfor combinedanaerobicdigestion/aerobiccompostingsystemeare highlydependenton the

biodegradabilityof the feedstock,the valueof biogasproducedand the opportunitiesfor use of the

residueasa soilamendment.

H.6.1.3EnerovImDIicstlons

Aspartof DOE'splanto promotetheenvironmentallyac_)ptableconversionof MSWto energy,theuse

of biologicalprocessesholdsthe potentialfor recoveringnearlyhalf the heat value in MSW while

achievingsubstantialvolumereduction. Fromthe RefCoMexperience,it -,va. ,loted that the main

electricity,consumeris the biogascleanupsystem;the mixingsystemalsorequiresa largeamountof

electricity.Anaerobicdigestionof MSW canproduce10 to 14 ft3 of biogasperpoundof biodegradable

organicmaterialfrom MSW fed in, with nearlyali of the originalenergyresidingwith the methane

produced.Therefore,maximumenergyutilizationis achievedwhen the gas requiresminimumcleanup
and is combustedonsite.

At the experimentaltest unit, locatedat Walt DisneyWorld,Florida,a streamof 93 percentpure

methanewas produceddirectlyfromthe SOLCONdigesterwithoutanyancillarycleanupof the gas. If a

fullscalesystemcouldproducethat purea methaneproduct,gascleanupcostfor removalof CO2 and

H2S couldbe reducedby morethan80 percent(851). Somedevelopersalsosuggestthe possibilityof

convertingthe methaneintomethanolas a sourceoffuel.
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I.L6.1AIEnvlronmental lamuem

Theenvironmentalimpactsof anaemblcdigestionoftheorganicfractionof MSW, althoughnot reported

In the literaturereviewed, are generallyconsidered_ be minimal. Based on llmltedtests and modei

•simulations,airemissionsfromtheconaxmtlonofanaemblcdigestershxloeareexpectedtobelessthan

froma comparablem_.qbumfaclmy.ThisIs dueto:the lowerashcontentof the RDFfrom,which

vlrtua_.• _I InofganlcmaterialshavebeenremovedpriorIo anaerobicdlgestlon;thelowerexcessair,

dueto_e smallervolumetobecond)u_odaftermduc6onofsolidsduringanaerobicdtoestlon;andthe

reducedpresenceof certainernlsslomassociatedwiththe Ino.ganlcportionof the MSW,whichIs

removedpriortothedigester.

Odorsaregenera,yminimizedbecausetheanaerobicdigestersystemis isolatedfromtheoutsideair;,

wastewateris notproducedbutratherrecycledas an inoculum.Alsothe hygienicstabilityof the

compostproductis minimal- comparableto thatposedby animalmanureand muchlowerthan

a_ pmd.cedcomrx)st.

H.6.2 Intearatlon With Other TechnoloalR

TheMSWanaerobicdigestionsystemsdiscussedinthisappendix,whethercommerciallyavailabmeorat

pilotorlaboratoryscale,requireanorganic-rlchfeedstock,devoidof contents. Whereasthelarger

systemsmaybe slightlymoretorgMngin acceptingnon.homogeneousorganicmaterials,anaemblc

digestionis muchlesstolerantof inorganiccontarnlnatlonthatcannotbe bloconverted.Sinceplastics,

glass,metalsandotherInorganicmaterialsconstitutea sizableportionof typicalcollectedrefuse,a

highlyefficient,multl-stagedmaterialsseparationorpreprocesslnosystemIsanessentialfirststep.

TheRefCoManaerobicdigestionprocess,whileit clearlydemonstratedproofof concept,experienced

extendeddowntimedueto protdemsInprepmcesslngtheMSWleecL_)ck.Whilethepreparationof

RDF from MSW had beendemonstratedfor dedicatedRDF andoo-flredboilers,separationof

contamlnant-freeorganicfeedforanaerobicdigestionprovedmoredifficult.Afterseveralmodifications,

theseprotaemswereovercome.
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Othercasestudiespresentedandresearchprojectsreviewed,alsostressthe importanceof usingclean

organicfeedstock. Experimentswith the sequencedbatch anaerobiccompostingprocessat the

Urdv_mityof Floridaused hand-sortedMSW from Sumterand Levy Counties,as describedin the

footnotesin TableH-6. Particularattentionwas paidto homogeneityof orgardc¢onlenland matedal
size.

Fora planned100 TPD pilotprojectal thePrisonIndustryAuthorityin Folsom,California,the University

of Camomiaat Davisis conductinga laboraioWpilotstudyue_o a carefully_ eombinationof

newowint,oflk:epaper,yardwum andfoodwute. Tl'mactualplk_l)rOjo_,wl'dchIsIo Wodatea future

1,000TPO_ nearSan Diego,canjustllytestingsucha conlrolledirdeed¢ompo_ionbecauseof the

plenUfuIlaborforce(vtz,80 inmales)availableatthepdsonformalerlalssortingat a nominalcost. The

ful-scalefacilitywilldrawfroma workforceof 800 Inmateswho, as inthe pilotproject,will handsort

virtuallyeveryconstltuentof the incomingMSW to ensurea (:leanorganicfeed for the anaerobic

digester.

In termsof inleoralionwith otherMSW manaoemenltipS, lh_ appendixdescribesmlaerobi¢

digestionin contlnattonwith:

o Materialsseparationto producea contaminant-freeorganicMSW leed suitablefor

anaerobicdioestk)n

o Aerobiccompostlnoof the organicfractionof MSWto producea hiohqualityoompost

potentlagysuitableas a soilamendmentor inpelletizedformthatcanbeco,firedasfuel

o Methanegas combustiononslteor cleanupfor sale and ¢ombusllonlocallyor sold

directlyto anSNGpipelinenetworkforgenerald_ribution

o Co:'._ustion of the ftltercakeproduced,eitherin a conventionalboileror a pyrolytic
furnace.

In addition,feedstockpreparationas a materialsseparationprocessis certainlycompatiblewith

recyclingand the productionof RDF, H suitablemarketsexist. This last point underscoresthe

importanceof integrationingeneral.
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Compadeonofb _ _hn_x)ono_ _ withotherMSWmanagementoptionsis
• dm_ asbrigasanam_ dma_ ofMSWrmam .qxoven• day-to-dayoperaUon.F.rther,the

quJy of thepmducS(ma_ bk_s) m.sZbeeoonom_ pmSx_ andrequire_ adcmionat
ctunmtobecmmetmvewtm_ wodueedtommfueU.
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