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EYXAPIZTIEZ

H dumlopotikn avty epyacio ekmoviOnke ota mhaicia ¢ cvvepyacio tov [ToAvteyveiov
Kpnmg pe 1o Mavemotuio g [advtoPa (Itaric) katd v ¥povikn tepiodo TOV YEWUEPVOD
egopunvov tov 2009. T ™V OAOKANP®ON NG, TEPAV TNG TPOCHOTIKNG EPYOACINGS,
OLVELGEQPEPAY TOALOL AVOpmTOL TOVG Ooiovg Ba B VO EVYOPIOTHO®.

[Mpdto am’ 6o, BEL® va EVYOPIETHCM TOV EMPAETOVTIO TNG OUTAMUATIKNG EPYACIOG OV, TOV
Kabnynm . Raffaello Cossu, yuo v moAvtiun Ponbeio kot kabodnynon tov koatd
duapkela TG dovAeldg pov. Emiong, evyapiotd tov Kabnynt k. Evdyyeio I'dapdko 1660
YO TNV EUMIGTOGLVN OV HOV €xel O&i&EL Yo TNV OVTITPOGMMTELST NG OUASNG TOL GTO
Opupa. VLOdOYNS GGO KOl Ylo. TNV TPOGEKTIKN OVAYVMOOT TNG €PYACIOG HOV KO Yl TIG
TOAOTIIEG LTOOEIEELS TOV.

Evyopiot® tovg wabnyntéc g tpuerodg emrpomng, tov Kabnynm k. Evdyyelo
Awpovtomovdo kot tov AvamAnpoty Kadnynm k. Ocoydpn Toovtco yia v moapovcio
TOVG KoL TNV a&loAdYN o1 TG TOPOVGAS SITAMUATIKNG EPYOUGIOG.

Ooeilo emmAéov va gvyapiomnom Vv k. Lai Tiziana, péAog epevvnTIKOL TPOGMOTIKOL TOV
Tuqpotog Yopavakng, IMapdxtiag Mnyavuic, IlepiBdiiovtog ko 'emteyvoloyidv Tov
[Mavemompuiov g I[TdvrtoPfa yio v ovolactikn fondetd g oV EMPEAELD TNG EPYACIAG
pov, Kafmg emiong Kot yio TV Topoy omolacdnmote AAANG Pondetog ypetdoTnKe.

Axopa Bo N0ela va euYOPLOTAC® TO LEAT TOL EPYOCTNPLUKOD TPOCOTIKOV TOV EPYACTNPIOV
[epBarrovtikng kot Yysiovopkng Mnyavikng tov Ioavemompuiov g Idvtofa, v .
Sandon Annalisa ko1 tov k. Rinaldo Nicola yia v Ponfsio otmv dieknepaioon tov
TEWPAUATIKOD UEPOVS TNG EPYOCIOG KOL Y. TO EMIMALEOV YVOOTIKO EMIMESO TOL OV
TPOGEPEPAY VD ota BEpata TG yMUeioG.

[Tave am’ 6la, elpon EVYVOU®Y GTOVG YOVELG HOV, Y1o. TNV OAOYLYT ayAmn Kot VTooTnpién
TOVG OAOL QLTA TOL XPOVIOL.

Pivnenko Kostyantyn
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1. EIXAI'QrH

H edagwr 0160eom elvar o omd T1g apyoidtepes TEYVIKEG JOEIPIONG GTEPEDV
anopppdtov. Ilpwv 5000 ypovia oty Kvwcd, v mpwtedovco e Kpnng,
eueavifovior ot TPATOL KOTAYPUUUEVOL Y®POlL O140E0NG AMOPPILUATOV, GTOVG
omoiovg Ta amOPANTA palevovtay o€ AAKKOVS Kot KaAvTTovTay pe youo. Ot kopoi
A a&ov, n avénon Kol 1 GLYKEVIPOTOINGN TOv TANOLGHOL £QEPOV KOLVOVPYLES
npokAncels. H poper g edapikng owdbeong omopplupdtov eEeAiymnke amod
“Yyopatepéc” oe ympovg vysovoukng tapng (XYTA), oAdd m tcoppomio pe to
nepPaALov dev €xel akOpo emTeLyOEl.

1.1 Emnrtadoels evog yampov topins 6to mepifidiiov

X®Opog TOPNG OTOPPIUUATOV  OVIITPOCOTEVEL £vay  YryovTloimv  OlooTdoemv
AVTIOPACTNPO GTOV OTOIOV GTEPEA, VYPA KOl OEPLOL OVTIOPOLV WE OTMOTEAEGHO TNV
Tapay®yn vYpov (otpayyicpota) kot aéptv (Broaépro) tpoidvimv (Cossu, 2005). H
TOGOTNTO TOV TPOIOVIOV TOL TOPAYETOL €E0PTATAL KVPIMG Amd TNV TOCOTNTO NG
OPYOVIKNG VANG O10EGIUNG Y10 ATodOUNOT).

Ta otpayyicpato kot o Proaéplo, da@eHyoviag amd Tov YOPO TAPNS, UETAPEPOLY
010 TEPPAALOV TOL OpYOVIKA Kol TO avOPYOVO GULGTOTIKO TOV OTOPPLUUATOV,
TPOKAADVTOG OLEPLO. KO VOATIVY POTALVOT).

Ol emmtdoel 010 TEPIPAALOV amd Evav YDOPO TAPNG OTOPPIUUATOV UTOPOVV V.
d®ploTohV  G€ EMATMCELS TOMIKNG Kot maykooug kAipakos. IMaykdopog
KMUOKOG EMNTOGES TEPIAAUPAVOUV GLVEICPOPA GTO PavOpeEVO Beppoknmiov Kot
Vv Helmwon Tov 6TpatosPuptkov 6Lovtog (Yvoot) og “tpdma’” tov 0Lovtog) amd To
napaydpuevo Ploagplo. Xe Tomik KApaKa, and v GAAN, 0VIKOLV Ol EMATMOGELS TOV
YivovTal avTIANTTEG LEXPL KO LEPIKA YIMOUETPO Atd TOV YDOPo diabeong amoPAnTov
(aAlayn oto avayAveo, B0pvPog, dVGOGHES, avENOT TANOVCUOD TOV TPOKTIKOV Kol
TOV TOLMOV KAT.)

To Zymua 1.1 deiyvel T emntdOcElg vOC GLUPATIKOD YDPOL TAPNG OE GYECT HE TNV
amOGTACT] Ao AVTOV.



100 10 1 0,1 km

DowwdLeve Bepllowrmion
Wlsioom tov éCovtog

Tofied VOC's | ATMOLZPATPA
Oopsg |

Eépupog

Tpowtud, mouALd K
I
TTIpromée

Emmodhosic oo phdonon

Pimoseor sddupong —=all] FAATOL
Emupovetose pomoeo s —ememm D]
Ymdyaio primono ey VEFO

100 10 1 0,1 km
Yymua 1.1. Emirraoeis evog avufatixod ywpoo topng oto mepifoiiov (Cossu, 2005).

Xe ovvdptnon HE TOV YPOVO, Ol EMMTMOOCELS UTOPOVV VO YWOPIOTOOV GE TPEIQ
Kkatnyopieg: PpoyvrpodBeopec (00pvPog, ooués, KAM.), ot omoieg eppavifovior Kupimg
KaTé TNV SIIPKELD TNG AEITOLPYIOG TOV YMPOL didbeong, peconpobeoies (Léypt kot 30
xpOvIo. LETA TO KAelowo), ol omoieg oyetiovion pe v mapaywyn Proaepiov kot
pakponpofecpeg (100 ypovia kot mapomdve Petd To KAEIoLO), o1 omoieg oyetilovTat
LLE TNV TTOPOY®YN GTPAYYIGUAT®V.

Ot ToAoOTEPEg UEAETEC OElYVOVV TG TOL XPOVIKA OPloL LETOPPOVTIONS EVOS YMDPOL
TaPNe, 6mwg avtd opilovtal amd TV 1oyvovca vouobesio, dev ivol apKkeETA Yo va
emrevybel woppomiac tov pe 10 TEpPdArov. Epoapuodlovioag O1dpopeg TEXVIKESG
npoenelepyaciog TOV  OTOPPIUUATOV TPV TNV TOPT TOVS UTOPOVUE VO, LEUWCOVLE
ONUOVTIKA TNV TEPTOO0 PETAPPOVTIONG TOV YDPOL TAPTG.

1.2 Bigdowun tapn axoppypudtov

1.2.1 H g&€Mén e edaoiknc didbeonc amoppupdtov

Biooym toen avimmpoconedel 10 mo eEEMYUEVO OTAOIO TNV €00pIKN O1d0eom
aroppiupdtov (Butti kar Cossu, 2010). to Zynqua 1.2 avamoplotdvetal 1 ¥pOVIKN
eEEMEN TG €dapIKNg O1a0eong OmOPPIUUATOV OTMOC EMIONG KOl Ol OVTIGTOL(ES
TEYVIKEC TOL €QOAPUOLOVTOL YO TEPLOPIGUO TMOV EKTOUTOV (OTpayyioHOTA KO
Bloaéplo) kot oTabepomoinon Kot EAEYXOGC TV AmTOPANT®V.

o



Ov moAawdtepeg popeéc owbbeomg, Omwg “yopatepn” kot eheyyoduevn Toen”,
AVTIKATOOTAOMKAY o “vYyglovokn Tapn” oTig apyés g dekaetiog Tov oyddvta. H
VYELOVOIKT TOON €QPEPE TOGO ONUAVTIKES eEeMEEI OTMG adlamEPUCTES UEUPPAVES
KOl OAOKANPOUEVO GUGTNUO GTPAYYIoNGS, XGpN OTIC 0moie GVAAOYN Kou emesepyacio
TOV VYPAOV KOl TOV OEPIOV EKTOUTAOV EYIVE JVVATOV.

H vysovopkn taen e&eliybnke oe “OmoOASUHOTIKY TOEN” O [ TPOSTAOEID TNG
EVPOTOIKNG KOWOTNTOG VO UEWMGEL TIS MWOCOTNTEG TMOV  OTOPPUUAT®V OV
KOTOAYOUV GE YDPOVS LYEWOVOUIKNG Tapns. Me Bdomn Tig televtaiec vopobetikég
petoppvbuicelg to  omoppippoTo YOPiG TV KOTAAANAN mpoemeiepyacio Kot
ETOVOUYPTOILOTOINGT/AVOKVKA®GT 0eV UTOPOHV TAEOV VO GTOAODV Y10l €00PIKN
ouabeon.

Amouoia uTroSopwy
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Somua 1.2. Xpovikn eléliln e eoopikne o1a0sons omoppiuuatwv (Butti kar Cossu,
2010).

AV Kol 1 VTOAEWUOTIKNY TAPT TPOHTOHETEL TNV TOPaKOAOVON OGN Kol TOV EAEYYO T®V
TOPAYOUEVOV EKTOUTMV, OKOLO KO LETE TO KAEIGILO TOVL YOPOL TAPNC, 0V BETOVTOL
TOL0TIKA Oplol Yo TOV TPOGOIOPIGHO TOL onUeiov 610 omoio umopoue TAEOV vo
LOYVPICTOVUE TG 1) TOPN £EPTOCE GE 1GOPPOTIa. LLE TO TEPPAALOV.

‘Exovtag wg onueio avagopds Tig maAodtepeg pebddovg toeng kol pe Paon Tig
TPOCPUTES UEAETEG TTOL €YOLV Yivel, wodyetol 1 évvolo TG “Pudoung taens”. H
Buoon taen meptropPdver kavovpylo epyolieion Yoo Tov Pldoipo €EAeyyo TV
LOKPOTPODECUOV EMATOCEOV €VOC Y®POL O1dbeong amoPfAntov. O o10X0g NG
Blooyung tagng eival n Hel®on TOV ETTOGE®V 6TV OTULOGPAIPO, TO £00POG KL TO
voata amd Evay YOPO TAPNG, £T61 MCTE 1 EXIOPACT 6TO TEPPAALOV Vo ivorl EAAYLOTN
Kol o1 oyeTikol Kivovvor apeintéot. Ola avtd Ba mpénetl vo emtevyBovv 6To YpOoVIKO
neplldplo piag avBpomvng yeviag (30-35 ypovia).
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1.2.2 H apyn tov colvyiov pualoc otnv Toon

"Eva ypnoto epyaieio yio v mpocyyion g Evvolog g Pdoctung taeng sivol to
wolvylo pdloc. Me oavtyv v mpocéyylon eivol Suvotdv vo. EKTYUNGOVLUE TNV
eMdpac JPOPOV  TEYVIKOV oty  dwyeipon yopov  dapikng  duabeong
amoppupdtov (Cossu et al., 2004).

— SYSTOPEYSH —

EIEO&.C}E AVTIBPAGEIC EEO@OE ’
(amroppiypara, {Bloaépio, oTpayyiouara,
VEPO, IAIC) uTToAEigpaTa)

Eyua 1.3, Zyediaypopua ioolvyiov ualos ae évay ywpo topns amoppiudtwv (Cossu
etal., 2004)

2mv mpocéyyon pe 16olvylo palag vag ydpog TaPNG TEPTYPAPETAL ATAOTOMUEVAL
®¢ €vag avtidpaotnpog pong mAnpovs ovapéng (Continuous Stirred Tank Reactor,
CSTR). 'Eva moAdmAoko cvotnuo pmopel va meprypapet Ko pe moAlamiovg CSTR
OVTIOPOCTIPES.

H apyikn vtobeon yia évav CSTR avtidpaotipa ivor n opoyevomoinom tov, dnAaomn
TG 1| CLYKEVTPMOT] Y10 L0l GLYKEKPIUEVT ovGia eivan otafepn o€ OAOV TOV GYKO TOV
avTdpacTNpa. Oe®pPOVTAG TOV YOPO TAPNG MG avtidpactipo (Zymua 1.3) tpokvmtet
70 TOPaKAT® 16olvyo palag:

oLGGMPELON = €16000¢ — ££000¢ + avTidopaoN (1)

Eicodoc oty e€iomon (1) avimpoconevel v pnalo amoppUidTt®y Tov TpocTtifetal
OTOV Y®OPO TAPNG amd Odpopec myéS. Ymobétovtog n pedaTo e 1 CLOTATIKG LE
nwapoyn Qi (t'y), o KabBéva pe OUPOPETIKY] GLYKEVIPWON €Nl TOV OTEPEDV (Xsi OF
mg/kg amopppdTov), N padnuoatikny Ekepoocn g £.66dov Ba givarl n akdAovon:

Eicodos = ZQ, Xy ()
i=1

"E€odog omv e&icwon (1) avtimpocmnevel v pdala mov dapedyel and Tov YOPO
tapic péoo tov Proagpiov (qg, m’ly) kot Tov otpayyopdtov (qu, 1/y). Eav ot
GUYKEVIPOOELS TOV pOTMV 6TO PlOCéplo Kot oTa oTparyyiopota sival xg (mg/m’) kot
xp, (mg/1), avtiotorya, n padnuotikn Ekepact g e£0dov Oa eivar | akdAovn:

Eéodog = X, -q, + X5 - q; 3)



o vo dwyopicovpe T0 KAGGHOTO TOV Plooepiov Kot TOV GTPAYYICUATOV TOV
ovAAEYovTOL (dgr KO iy ) OO OVTA TTOV SLOPEVYOLV OVEEELEYKTO 0TO TTEPPAAAOV
(qGd Ko qrg) 10YHOV TO TOPOKATO:

qr =9 Tqq Kol gg =g + 964 “4)

O 06pog ocvcompevon oty e&icmon (1) avtimpoownevel v avénon paloag (m) tov
OTOPPIUUAT®V KT T dOCUEVT XPOVIKT TTEPI0dO (t):

Yvocmpevon = dm/dt (%)

H ovoompevon g pdloc umopet va kivnromomfel pEC® TV QLGIKO-YNLUKOV
LETACYNUOTICUOV Kol vo uetapepbel otnv vypn @don (oTpdyylon, Mpyep), N VO
petacynuotiotel og otabepomomnpuévn popen (Mgx) Kot VoL TOPAUEIVEL GTO OO0 TOV
YDPOL TAPNG.

O 6pog avtidpaon oy e&icwon (1) avTITPOoORTEVEL TOV UETOGYNUOTIONO TNG HALoGC
TOV amoppUUaTOV. O To amrAdg TPOTOG AVATOPAGTACT|G VTOD TOL UNYOVIGHOD givort
HE KWVNTIKA pNSEVIKAC Ko TpdTNC TaENS (pe pulud e aviidpaone r oe mg/m’y,
6TOV OYKO TOV avTidpacthipa V o m’):

Avtidpoaon =1V (6)

Me Bdaon Tovg OpPOLE TOVL TEPLYPAPOVIOL TOPOUTAV®D TPOKVLMTEL TO 0oKOAOVOO
avaALTiKo 160lvyo palog:

dm/dt =" Qxg —(x,q; +Xq)—1V )

Ddépvovtog 610 TPAOTO PEPOG NG e&lomoNg TOvg GPOVG OV AVTITPOCHOTEVOVY TO
aveEEAEYKTO KOUUATL TOV OTPAYYIGUATOV Kot ToV Broaepiov yiveton Katavontd, amod
pHoOnpoTikng mAEVpag, mwg M Proown Toen pmopsl vo  emrtevybel pe v
EAOY1GTOTOINOT TOL TPMOTOL PEPOLS NG e&lowong (AN IOTOTOIOVTOG TOVS BETIKOVG
OPOLVG TOV BEVTEPOL HEPOVG TNG EEICMOTG KO LLEYIGTOTOIMVTOS TOVS OPVITIKOVG).

X qre ¥ Xgl6a = ZQiXSi =X q, —Xgqg —dm/dt,, —dm/dt; -1V (8)

Me Bdon ta mponyovpeva amorteitol va yivel 1 eloylotomoinon g ElGEPYOUEVS
pélog (ZQiXSi ), €lte eEAéyyovtag v mapoyn (Q;) elte eEléyyovtag v moldtnTa (Xsi),
N UEYIGTOTOINGN T®V GLAAEYOUEV®V TPOIOVTOV (XGqar Ko Xrqrr) oA pe EAeyyo glte
G mocotrag gite TG mowdtTac. Ot 6pot TG cvaodpevons (dm/dtye, Ko dm/dtsy)
LLEYIOTOTOLOVVTOL GTOVG HEYOALTEPOLS pLOUOVS amodounong (mw.y. eeapudlovtag
aepOPlEG TEYVIKEC).

Eivar onpovtucd va onueiwbei mog pe faon 1o 1oolbyro pdlog kot o€ avtiBeon pe v
VILAPYOVoa VORoBETia, TOL £YEl GOV GKOTO TNV UEIMON TOV TAPUYOUEVOV TPOIOVI®V
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(otpayyopdtov kot Broagpiov), sivol amapoitntn 1 TOPOLGIN APKETOV TOCOTHTOV
VEPOV GTO GO TOL XDPOL TAPYS, £lTe Y avEnon pvBudv amoddunong eite cov
péco ywa perapopd palog (flushing).

1.2.3 Moxkporpofeouec eMmTOGELC 6T0 TEPPBAALOV atd YDPOLCE TAPNC ATOPPUULUATOV

Mehétec mov €0V Yivel VTTOOEIKVIOVY TG Ol EMATMOGELS Ad VOV GLUPOTIKO XDPO
TOENG Umopel va Egovv peydAn xpovikr| ddpkela axopo kot petd to KAeiowod tov,
wWwitepa 0cov agopd 10 appmviokd aloto (Price et al., 2003). Me Bdon ta
nponyovpevo to Zynua 1.4 mapovoidler v cvoowpevon e palos (dvOpaxag M
almT0) OE £vav YMOPO TAPNG GLVAPTIGEL TOL YPOVOV.

To péyloto g GLGCMPEVONG TAPOLGSLALETAL KOTA TNV (PACN TNG AELTOLPYiag Kot
pewvetal otadlokd Kotd T petagpovtioa. H  oapywkn @don  (svepyn) g
LETAPPOVTIONG aVAAAUBAVETOL OO TOV SLOYEPLOTH] TOV £PYOV UE TO. GUVOTTOUEV
KOGTN KOl TOLG KIVOUVOLG. XTNV 0e0TEPN GAoT (TabnTIKN) TNG UETAPPOVTIONS, TOV
opiletar amd v vredOovvn apyn, Le amovsio TV EAEYYOV KOl TOpoKOAOVONoNG N
1GOPPOTIL. TV ATOPPLUATOV KoLl TOV TEPPAAAOVTOG EMTVYYAVETAL AGVUTTOTIKA.

ZUoahpEuar i, t
Zoppone Top
—— — - | Buboum toup

............ Toupt] e Bpogyumpdbecn
ILETOp P ovTldo

HMETTOYPTTA IMETAPPOITTIAL

CAIAYEIPTTH ATIOPP,  PYIIANTH EAAGOYE

Syua 1.4, Towtiky taon ovoompevons s uolos tov avlpaxo. 1 100 aldTOV O€
O10POPETIKES PATELS AITOVPYIAG J1apopV 10V tapns (Cossu, 2005).

Me Vv €QapuoY TOV GUUPOTIKOV TEYVIKOV GTNV TAPT ATOPPIUUATOV TOPATPOVUE
Emuro 1.4) mog okdpo Kor PETA amd TV Ypoviky mepiodo twv 30 etov 1
ovoowpevpévn pdla tov dvBpaka kKot Tov alowtov (M3g) ivan og TOAD LYNAOTEPQ
enimedo amd to TEPPAALOVTIKA amodekTd Opta (My). AvTd €xel ooV AmOTEAEGHLO TNV
Bedpnon Tov YOPOL TAPNG OC PLTAGUEVNG TEPLOYNG LE EMOKOAOLOEG damAVES Kot
KIVOUVOLG,.

Buoowun taen, and v GAAn, Bo Tpénel va EMTOYEL TNV 1GOPPOTIO TOL YDPOV E TO
nepPaAlov péca oty TpdOTN Pdomn g petappovtidag (30 £m). Iapovsia Kamolwv
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OLKOVOULKADV KIVATPOV UTOPEL VO LELDGEL TEPETAIP® TNV OEPKELN THG TPAOTNG PAGNS
LLETAPPOVTIONG.

Ta mpooavapepdpeva @aivovtor axope mo Kpiowo Aoppdvoviag vmoyrn TS
aveEEAeYKTEG EKTTOUTES Ao dtapopa €10M Tapav (Zynua 1.5). A&ilel va onueumdel
no¢ N ovpPotikn toen (contained landfill), evéd pmopel va mapovoidler yopnAd
enminedo pOTOVONG OTNV aPYIKN Ao Agltovpyiog, UTOPEl Vo EMPEPEL EKTETAUEVN
POTTOVON OTN PNV EAEYYXOUEVT] PACT LETAPPOVTIONG. XTIV MEPIMTMOOT ACTOYING TOV
puepppavaov n podmaven mov Oo mpokAnOel Oa mpémer va elvon kGt Omd TO
nepPorloviikd amodektd Oplo (€,) Yo vo  amogevyfovv mbavd peAloviucd
TPOPAN LT

AveEshewkTar
EKTIOWTES, ty — - — | Hoporepm
"Empn” Tap
- == - | TopBom wogt

- | Bucaauum Toupt

L

0 c Hp b

Y

" AEITOYPITA METAPPOITTTAL

Suo 1.5, Aveléleykres exmoumés twv arpayyioudtwv kol tov Bloaepiov Omwe
Tapovalalovial amo e0apikés oabéaels orapopwv 10wy (Cossu, 2005).

1.3 ZTpatyyiés yia Ty emitevén thS PIOGIUNG TAPHS ATOPPIIHATOV

Bioown taen amoppupdtov 0o mpénet va eivar og B€om va eyyondel 6tL o1 ekmoumég
TOV TOPOyOUEVOV pOTTOV peTd To KAglowo Tov Ydpov dudbeong (esp) Ba eivon
YOUNAOTEPEG OO TIG TEPPOAAOVTIKA ATOOEKTES (€,), e AALD AOYL 1) 1GOPPOTIQ LLE TO
neptPdAlov Oa mpénet va emtevyBel péoa oe 30 ypdvia (avOpdmIvY YEVIQ).

Mo va emttevyBodv 1o mapoandveo 10 TpdTo Ppa Ba mpénel va mepthappdver v
peioon ™G mOcOTNTOG  OMOPPUHATOV Yl €doeikny  owdBeon  (ueimon,
ETOVOUYPTNOLOTOINGT, OVOKOKA®GT, avaktnon). To debtepo Prpa, onUAvTIKO Yo TV
TO1OTNTO ATOPPIUUATOV TPOG O1dfeo, Ba elvar N TpoemeEepyacio TV ATOPPIUUATOV
Kol 1 petmon g dbéoiung opyavikng HANG.




Edv 1o mapandve Ppota kptBodv avemapkn yio v eXiTeVEN TS 1G0PPOTIOG LLE TO
nepdAlov oto ypovikd meplBdpla mov avabétovtal, in situ TEYVIKEG UTOPOVV Vi
xPNOLoTomBoHv TPV Kot Katd TNV StpKELR TG TEPLOGOV LETAPPOVTIOAC.

To Zyqua 1.6 omewovilel pepwcéc oAokAnpmpéveg AOGES Yoo TV emitevén ToL

oTOYOV NG PLOGIUNG TAPNG.

P OEIECEPT ATIA IN SITU EIEZEPT AZTA METASPONTLAA
ANAEPOBIA
MEXANIKH MAPATGIH AEFPIOTY LERESLINE
EAAPPIA MB EEIIAYZH
AFPIEMOZ —| (FLUSHING)
BAPIAMB HAI- AFPOBIEZ | HMI-AFPOBIEZ
ZYNOHEEE ZYMOHEEE
OFPMIEH FLUSHING AATATIFPATO
EAATMAA
|
KAEIETO LAMNDFILL
IMAYZH
ZYZTHMA MINIMNG

Syua 1.6. ITibovoi cvvovoouol teyvik@wv LeATIwons TS OmOTEAEGUOTIKOTHTOS THG
TOPHG.

1.3.1 Ipoene€epyacia

Otr wvplot pébodol mpoemesepyaciag TV OMOPPIUUATOV TPV TNV TAPH TOLG
ocvvoyilovTtol OTIC TPELS TOPAKAT® KOTNYOPIES:

e Mnyavikn mpoenelepyacio
¢ Buoloywkn mpocnetepyacia
o  Ogpuukn mpoeneEepyasio

H punyoavikn eneéepyocio £xel cov oKomd 1oV S0YOPIGHO TOV ATOPPIUUATOV GE OVO
KAdopato. To KAdopo pe LVYNA TEPIEKTIKOTNTO GE OPYAVIKY VAT, TO OmOi0 oTNnV
ouvvéyela mpombeitat yia frodoyikn enegepyacio, Kot To KAAGHO Pe VYMAN Beppoydvo
dvvaun, 1o omoio otV ovvéxel Tpowbeital Yy amOTEPP®OY KOl avAKTNON
EVEPYELOG.

H Broroykn mpoemeEepyacio Exel G GKOTO TNV EAEYYOUEVT] ATOOOUNGT OPYOVIKMDV
OLUOTOTIKOV TOV OTOPPUUATOV KOl OVOPEPETAL TNV 0epOPia Kot avaepoPia
enefepyacio.  Avoepofio  emelepyacion EMKEVIPAOVETOL  OTNV  TOPOY®YN
EKUETOAAEVOUEVOL Proaepiov evd aepoflo otV TOPAY®YN TOV EJAPOPEATIOTIKOD
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VAoV (kopumoot). Stegmann (2005) avaeépet peimon v mtopaymyng Proaepiov kot
™G mowTNTag otpoyyopdtov puéxpt kot 90% ota Poroykd mpoemesepyacpuéva
omoppippaTa.

H Oepuikn emelepyacio avapEépeTal 6TV ATOTEPPOGCT TOV OTOPPIUUATOV GE VYNAES
Oepurokpacieg Kot Tapoywyn NAEKTPIKNG EVEPYELNG. Q¢ OMOTEAEGLOL TG ATOTEQPPOONG
napatnpeital peimon tov dykov (péypt kot 90%) ko g palog (uéyxpt ko 70%) tov
amoppupdtov. [Mapdro v amotelecpatikdtra 1 HEB0S0G ExEl GUYKPITIKG VYNAES
OTOUTNOELS O€ KEPAAOLO KO TOPOY®YN EMKIVOLV®OV TOPATPOIOVTOV (ITTAUEVT TEPPOL
Kol TEQPO TVOUEVQ).

1.3.2 In situ enelepyacio

Ov in situ teyvikég emeEepyoociag €xovv cav okomd TV adénomn Tov pvopov
AmodOUNONG TOV OTOPPUUATOV. Oe®PoVVTIOl ®G EVOAAOKTIKEG AVGES Yo TNV
ovpPatikn ovoepoflo Topr, TOV ATOCKOTOVV oTNV EMITELEN NG PLOCIUNG TAPNS
OTOPPULUATOV.

Ot 10 S100€00EVEG in situ TEXVIKES etvan o1 EENG:

e Koatavoykoaotikog 0epIopog
o Dvo1KdC aeplopog (Mu-aepoPia Taen)
o Koataxopven ékmivon (flushing)

‘Eva diktvo coAnvacenv (Katakopupmv kot optlloévtiov) pali pe évav cuumiest
aépa AmOTEAOLV W10 OATOEN TOL XPNCUOTOLEITAL Y10 KOTOVOYKOOTIKO 0EPIGHO. G
OTTOTEAEGLO. TOV OLEPICUOD Ol OPYOVIKES EVIGELS 0EPLOTOLOVVTOL KOl SLOPEVYOVV OO
TOV YOPO TAPNS G O10EEId10 TOV AvOpaKa, LELOVOVTAG LE AVTOV TOV TPOTO TO POPTIO
TOV GTPOYYIGUATOV.

O @uokdg aepiopdg €xel oG apyn v oeopd Bepuokpaciog mov onpovpyeital
HETOED TOV YDPOL TAPNS KOl TOV TEPPAAAOVTOC OC OMOTEAEGUO TNG LUKPOPLOKNG
dpaoctnpromtas. Katd kavéva cmrAnveg GUAALOYNG OTPAYYICUATOV PN GLLOTOI0VVTOL
Y. TNV QULOIKY pon a€pa 6ToV YOPo TaPns. EAletyn olokAnpopévov dKTLOL
COAMVOCEMY KAl omovcio. a€pa VO TESN ONUIOVPYOLV OCVLVEYELEG GTO GCMOUO TOL
YDOPOV TOPNS (MUL-aepOPleg GLVONKEG).

‘Exmhivon (flushing) eivor pia teqviky] epappoyng HEYOA®Y OYK®V VEPOL GTO GO0
TOV OTOPPIUUATOV PE OKOTO TNV ATOUAKPVVGT] TOL SIOAVTOD KAAGLOTOG KOl avENOT
TV puOudv amoddunong avédvovtog £tol ta emimedo Vypaociag, To omoia €ival
amopoitnto Yo Tov uetafolopnd tov pukpoopyavicumv. O Walker et al., (1997)
extipud 0tt 5 pe 7.5 woPikd pétpo vepod avd TOVO OmOPPUUATOV UTOPOVV V.
OTTOLLOKPOVOLY TO HEYOAVTEPO UEPOG TMV OIAVTAOV GCLGTOTIKMV TV OTOPANTOV.

O1 emdpdoelc TV dPOPOV TEXVIK®OV ENEEEPYUTIOS OMOPPULUATOV GTIC LETAPANTES
tov olvuyiov paloc (Mapdaypapog 1.2.2) avagpépovion otov Iivaxa 1.1.



[Mivakag 1.1. Teyvirés emelepyacios ko puetofintés ioolvyiov ualog.

TEXNIEET Xs Q; X Qs Qs | dm/dt | dov/dt | 1V
fix | mob

Tlrpyonicy) mpo smeepaoie + + +
Biodovier| mposmelepvooie +
Hepuikt| mposnsepyaoio ++ ++
Msimom wnoppuyLpdooy +
Lvoxvcdopople otponay. + +
Flashing 3+ N
In sty nepropde + | ++ ++
AenzpdPie Toupm + + +

1.4 I2¥on tov axoppypudroyv wg uébooogs npocrelepyacios Tovg

H m\don tov amoppipupdtov og¢ mpoeneiepyasio mpv TV TEMKN omdppyn TOvG
etvar poe péBodog mov mpotdOnke TeAgvTaia, Kol Yoo Tov AdYo avtdv €xel peetndel
EMOPKDOG HOVO Yoo €va €i00G amOpPiLUaTO; — VTOAEILUATO KOOONG TOV OCTIKMOV
oTEPEDV ATOPPUUATOV (TEPpa TLOUEVE, KOTA PAOT, TOL OVIITPOCOTEVEL GYEOOV
80% tav vroiewpdtov kowong (Chimenos et al., 1998)). Mekéteg mov €yovv yivel
TAV® 6TV TAVGT] TOL GLYKEKPLUEVOD E100VG ATOPPILLATOS £0VV OeEEL TOC N TAVON,
YPNOUOTOIOVTOS SLAPOPES TEYVIKEG (UNYOVIKT TAVOT), EMKOEONG TAVOT|, VILEKTOP
mon, KAm.), elvar  évag amoteleopatikdg  TpOmOg  mpoemeCepyaciag TV
VTOAEUUATOV KOOONG HE TNV amdd0cN TNng vo avépyetor mave amd 80% vy
YAopovya, xorkd kot payyoavio (Hoshikawa et al., 2004, Yamaguchi et al., 2004,
Higuchi kot Hanashima, 1999). Emiong, ot peléteg mov €yovv yiver pe midon
VTOAEUATOV KaTaTERA)IoUOD TV avtokvitev (car fluff) deiyvouv 611 umopel va
elval po amotedecpatiky] péBodog Ocov apopd TV pelwon g evoexOUEVNG
pOTavVoNG Kot 1 amddootn g vo etavel 60% O6cov agopd to LETAALN, YA®PLOVYA,
Beukd dAata, eBoprovya Kot dtaAvpévo opyovikd avBpakxa (Cossu et al., 2008).

H m\on dhov edov amopplupdtov £xel mpaypotonombel Kot oe pio tpdo@atn
peArétn (Cossu et al.,, 2010), mov meprhapPdvel €miong LTOASIUUOTO UNYOVIKIG-
Broroyikng enefepyasiog Kot VIOAEIUUATO 0VOKOKAMONG TAACTIK®OV. AVTH 1 HEAETN
TEPILAUPOVE TOV YAPOKTNPIGUO TNG GVOTUCNG TOL GTEPEOD OelylaTog amofATon Kot
NV eKTiUNno”n TeV BEATIGTOV GLVONKOV JEEaymyNG UNYOVIKNG TADONG, OTwg emiong
KOl TOV TPOGOIOPIoUO TNG amdd0ong ™S HeBOdov Yoo kGbe KAGCUO OTOPPIULUATOV.
Opwmg, 1o omoteléopoto TG teAevtaiog HEAETNG Oeiyvouv mwg eivol avaykoieg
TEPUTEP® UEAETEG O HEYOAOTEPN KAIHOKO TPV TNV EUTOPIKN E€POPUOYT TNG
pebodov.
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To mpdTO PEPOS TG TOPOVGAG LEAETNG EYEL GOV GKOTO TNV ENAANDELGT, GE TAOTIKN
KMULOKO, TOV TEWPOUOTIKOV ATOTEAEGUATMOV TOV LEAETOV TTOV £XOVV TPon YNl o€ OTL
aQopd v AV TeV aroppiupdtov. Evd to debtepo pépog g amockomel oty
EPYOCTNPLOKT TPOGOUOIMON TG TOPTG TOV OTOPPIUUATOV HETA TNV TAVOT Kol TNV
TOPAKOAOVON G TNG TOLOTNTAG TOV TOPAYOUEVOV SIUCTOANYUATMV.

Ta KAdopota OTEPED®V AMOPPIUUATOV TOL 0KOAOLOOVV, YpnouomombnKay TNV
TOPOVCH LEAET:

e  Ymolelppata opywod KOOKIWVIGHOTOG OTNV  OVOKUKA®OY  TAOCTIK®OV
(Undersieve, US)

o Tehwd vroAeippata depyosiog avakdkimong miactikdv (End of the Belt,
EB)

e  YmoAelppoto  unyavikng-Proroyikng  enefepyaciog  AOTIKOV — OTEPEDV
amoppupdtov (Mechanical-Biological Treatment, MBT)

e  YmoAelppoto kotatepayiopov avtokivitov (Automotive Shredder Residue,
ASR)

e YTOAEWWUOTIKTY TEPPO KOVOTG OCTIKMOV GTEPEDV omoppipupdtov (Bottom Ash,
BA)

Olo ta mopomdve KAAGHOTO OTOPPIUUAT®V TPOEMEEEPYACTNKAY HE TAVON Kol
tonofetOnkov oe mlaotikég (PVC) omieg yuoo mopakoiovOnon kot avdivon tov
TopayOUEVOV oTpayyliopdtov. To Hépog Tov TEPAIATOg e GTAAEG ElXE MG OKOTO TNV
TPOCOUOI®OT CUVONK®OV €VOC YMPOL VYEIOVOMIKNG TAPNG, VIO KAIaKO, Yo pio
axpiéotepn mpdPAEYN TOLOTNTOG TAPAYOUEVODV GTPaYYIoUAT®VY. Ot peAéTeg deiyvouv
TG o SLVOUIKT doKIUn oTpdyylong dwaAeimovtog épyov (leaching batch test) dev
mapayel oxpin] omoteAéopata  OcoV  a@opd TNV  TWPOPAEYN NG  TOLOTNTOG
GTPAYYICUATOV EVOG YDPOV TAPNG ATOPPIUUATOV.
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2. YAIKA KAI MEOOAOI

To mepapoticd oyeddypappo (Zmua 2.1) meptlopfavel to eXPUEPOVE GTASLO TOLV
EKTEAESTNKOV 0T TTAA{GLO TNG TTopovoag peAéts. To mpdTo Prpa ¢ dadtkaciog
AMOTEAOVGE O TOLOTIKOG YOPOKTNPIOUOS NG ovvBeong Tov deiyuatog, to 0moio
KOTATEUOLOTOV  OTNV  OUVEYEWL. XTO  KOTOTEUOYIOUEVO  OElypo mpv TNV
npoenelepyacio pe mAHON, TPAYUATOTOLOTOV QULGIKO-YNUKOS YOPUKTNPIOUOS TNG
ovotaong tov. H euoko-ymukn avaivon, eKtog T YNUIKNG CLGTOCTC TOV GTEPEOD
delypotog, meplAdpPove kol TNV EKTIUNOT  EKYOAIONG TOV  CNUOVIIKOTEP®V
OLOTATIK®OV TOV. LTI GUVEYELN, KOt £TELTO O TN TAVGT| TOL OTOPPIUUATOC, TO OETY AL
tonofeTidTaV 68 dVO GTNAES — GE aEPOPLeS Kat avoepOPieg cuvONKec.

Agiypo Agpdf
| oTnin
Mnyovikn
Xopoxkmpiouog Kotatepononos }SCEP?'M“PLES:LLO* H_Mm]
g obvBeong dmm . Lnf, _EPUC?U\_O- . 3 ‘K_g_
YMLUKNE CUGTUCNC Ls=35
t=6h
Avogpopia
oTAn
Aorn
eryiome Avdioan
0.1Kg oloTacN S TOL
L/s=10 detylotog
t=24h

Zyua 2.1, Zyediaypouuo tov welpopuaTtog.

2.1 Xopaktypiouos kai 606TocH TOV OEIYUATOS

XPNOHOTOUDVTOS TEGGEP JOPOPETIKA KOoKva, pe péyebog dakevav 100, 75, 50,
20 mm, 10 KAGOe Oelypa (EKTOC TOV VTOAEWUUATOV KOOONG) YOPIOTNKE OE TEVTE
KOoKKopeTpKA (granulometric) xkAdopato. Xt ovvéyeln, to KAOe KAAoUO TOV
delypotog Katnyopromomdnke otic axkdoiovbec eptd Kot yopieg: mAaoTiKd, EVA0 Kol
xopti, opyovikd kAdopo (vmoAsippoto kovlivag kot KAmov), HETOAAN, YLOAL Kot
adpavn, cLVOETIKA Kol TEAOG O0oTIKG emkivovva amdPAnta (Umatopieg, @appoKo
KAn.). H vmodeippatikny téppa (BA), amd v dAln, dmAbe oe kdokiva pe péyebog
drakéveov 20 kot 10mm, yuo va Stoympiotel To delypa amd o adpavi| Kot To, LETOALD.
Metd v molotikn avaAvon, ta. dstypota dtoympiotnKay and to HETOALN, TO 0OPOV
KOl TO EMKIVOLVO KAAGHO Kol KoTotepayiotnkov o€ péyeboc pkpdtepo 1 i6o tov
4mm vy vo akoAovOnoel €161 1 avdAvon TG QLUOIKO-YNUIKNG ovvOeong Ttov
delypoTog Kot 1 dtedkasio Tng TAVOTG TOL.
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H extipnon g puowo-ymukng ovvheong mepthapfévet Tnv oviAvoT TV TOPOKATM
TOPAUETPOV:

o  Olwd Xteped (TS) ko Atwpovpeva Zteped (VS)
o Aciktng Avanvong tov 7 nuepov (RI;)

o  OAwkog Opyavikog AvBpaxag (TOC)

e  Olo6 Kjeldahl Alwto (TKN)

o Mcétalra (As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Se, Zn)

Ot péBodot koM o £O0TAMGOC OV YPNCLUOTOONKE OTIC OVOADGELS TV OELYLATWV
TOV omoppippdTov cuvoyilovion otov [livaxa 2.2 (cer.34).

IMo vo ektipnoovpe ) TocOTNTO TOV SIAVTOV GUCTATIKOV TOV EUTEPIEXOVTAL GTO
oT1eped Oelyra, eKTEAEGTNKE Mo SUVOLUIKY JOKIU €KYVAoNG SloAeimoviog £pyov
(leaching batch test), copemva pe 1o UNI EN 12547-2. Xtnv cuvéyela, okoiovdnoe
eutpdpopa 0.45um yuo TV EKTIUNON TNG GLYKEVIPMOONG TOL SOAVTOD KAAGHOTOC
TV Bopéwv UETAA®V, TOV YAoplovywv, Tov 0Osukodv kot @Boplovymv, Tov
dwdvpévov opyavikov avBpaxka (DOC) 6mm¢ emiong kol TO0 YNUIKE OTOTOVUEVO
0&vyovo(COD) kot to olkd Kjeldahl dfwto (TKN). A&iler va onpeimdei 6t Ta0 d00
terevtTaio copmeptlapupdvovial 6Ttnv avaivon Adym g LEYAANS onuaciag Toug 6Gov
agopd T Otadikacior EKTIUNONG TNG OMOKOSOUNONG TOV OTOPPUUATOV KOl TNV
TOPOVGIO OPYAVIKAOV YNUKOV EVOGEDV GTO GTPOYYIGUATO EVOG XDPOL VYELOVOUIKTG

TAPNC.

2.2 IIiYon anoppiuudty o€ EPYOCTHPIOKY KAIUOKA

To mapov koppdtt dev TEPIAAUPAVETOL GTO TEPAUATIKO CYEOAYPOLLLA TG HEAETNG,
emeldn ot PéATIoTEG cLUVONKES (N avaAoyiol VYPOV-GTEPEOL KOt O YPOVOS ETOPNG TOVG)
Yo pUMYovikKy TAvon €xovv mpocdloplotel o mpoyevéotepeg peréteg (Cossu et
al.,2010) vy ta 4 and to 5 €idn amoppiupdteov. H mhdon o epyactnplokn KAipoKo
EKTEAEOTNKE HOVO OTO OElyHO VTOAEIUUOTOS KOVONG YO TOV TPOGOIOPIGUO TMV
BéATIoTOV GLVON KOV TAVGONG TOL.

"Eva avtirpocwnevtikd detypa téppag muduéva (0,5kg Enpd Papog) tomobetnke oe
éva doyelo 5 Altpov. Ztn ovvéxewn oto doyeio mpooténkav 2,5 kor 5 Altpa
AmoVIcHEVOL vePOD (Yl va emttevyBel avaroyio vypov-ctepeol 5 ko 10, avtiotoryo)
YL S1APOPES YPOVIKES oTiyués: 3, 6, 12, 24, 48 dpeg. Ta detypota avakwvnonkay pe
éva katakopveo avadevtipa Rotax 6.8 pe 20 otpopéc to Aentd doTe va emitevydet
TP avapEn vypov Kot GTEPEOD.
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2.3 IlAYon anoppiuudty € TAOTIKY KAIUAKO

Mo va emoAnbevtel M amddoon g mAVONG O o KAMpoKo UEYOADTEPT NG
EPYOOTNPLOKNG, TN TADON TPOyUOTOTOOnKe o€ [0 OLOKELT OVASEVLOMNG
OKLPOJEUATOC (concrete mixer). TNV GLGKELN TOTOOETHONKE Wid OVTITPOCOTEVTIKY
nocotto detypatog (mepimov 5 Kg) kar ot ovvéyeln mpootébnke pio avairoyn
mocdTNTO VEPOL Yo va emttevybel avaroyio vypov-ctepeo ion pe 5. H didpkeia g
mAong opiotnke va givol 6 dpec Kot 1 ToXOTNTO TNG GVOKELNG VTOAOYIOTNKE Vo
etvat 26 oTpoPég ava Aemtd. Metd tv TAOoN 1O oTEPED delypa daympioTnKe omd To
VYPO KAGopa, To omoio mEPace amd £va TOOTIKO GiIATpo (Ue TOpOoLg dapéTpov 25-
30um). To uktpapiouévo vypd anodnkedke 6tovg 5°C Y10 TEPAUTEP®D OVAADGELS.

2.4 Ilpooouoimweon covinkwy ywpov topnis

Metd v TAVON 6€ TAOTIKN KAILOKO KoL TOV d1a(®PIGHO TOV GTEPEOD JETYIOATOG QO
10 VYPI, 10 detypa tomobeOnKe oe TAaoTikéC (PVC) dtopaveig oTHAES LLE E0OTEPIKN
owapetpo 10cm ko vyog 104ecm (Ewova 2.14, cel. 39). Ot omAeg copayiotnKov
0EPOOTEYMG e €101KEG PAAvVTLeC. XTI v @AGvtieg tomoBetOnkav PaAPidec yia
TOPOYN VEPOL KO TTAPAKOAOVON O™ TOL EMTESOV TOV 0EVYOVOL EVMD 01 KAT® PAAVTLES
eComiiomkayv pe PBaAPideg yioo T cvAloyn otpayylopdtov. o v amoeuyn g
epaéng tov PaiPidov, 610 KAT® PEPOC TG Kabe GTHANG TomoBeTHONKAV GTPOGELS
amo yoAikt (péyebog yolkidv 20-40mm Kot Vyog yorkidv 10cm).

To xéBe delypo amopppupdtov, petd ™ mwAVor, tomobetnOnke oe dVo EeywPloTég
omieg pe kabiepopéveg aepofleg cuvinkeg ot pio kot avoepofleg otnv GAAN. Xe
OAEG TIC OTNAEC TPOOSTEOMKOY GOKOVAEG GLALOYNC Proaepiov yia v emPePaivon Twv
aepoPflov kot avaepdflov cuvOnkdv pe v efdopadiaion wopakorovdnon Twv
OLYKEVIPMOOEMV 0ELYOVOL Kal dtoEewiov Tov dvBpaka. Ot aepodfieg ocvvOrKeg yio
KkéOe oTNAN emTevyONKOV pe TNV ¥p1om avtiog aépa pEytotng tapoyng tov 4 Nl/h.

H npocopoiowon g Bpoyxdmntmong Eyve pe v Kabnuepvny tpocsbnkmn vepol oe kdbe
OTNAN Kol Yo Vo omo@evyBohv ol aKoOpeoTes (MVES KOl TPOTIUMUEVEG OLOOPOUES
kivnong vepo¥ (preferential pathways), tomofetifnke oe kGbe oTHAN éva oTpOUL
YOAMKL00 Thve ond ta amoppippota. To otpayyiopato cuiliéyovtay efdopadiaio Kot
ot avaloyieg vypov-otepeov 1, 2, 3, 5, 10, 15 ANednkav vroyn ya v EKTELEOT TOV
OYETIKMOV OVOADGEMV.
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3. AINNIOTEAEXMATA KAI XYZHTHXH

3.1 XvvOeon amopprupdrwy

H mocooctonio mowotikn ovvBeon Tov GLVOAKOL PApove T®V OEYHATOV OV

ypnoponomdnkoy oty perétn eaiveral oto Zynua 3.1.

YroAeippata KooKkwiopatog avakUkAWong
nAaoTiKwy

Enwivbuva
13%

Opyavikd 7.4%

luedikat .
abpavr 6.4%
MéaMa5.5%

=0Ro ke xaptl

|\t 40,0% 25%

YroAsipporro pnyavikrc-Broloyikig
enefepyaoiog

TeAkd urtoAsippora avakUKAWong
MAQOTIKWY

Tuei ko
abpavi 0,3%

TuvBetika 1%

Opyavik 0.5%
MétaMha 1%

KAdopa<20mm
1%
=00 kol xaptl
5.2%

Maotikd 91%

YroAsipLata KUTotePayLopol
QUTOKWVATWY

200 Kawxeptl7.5%
Maoka 13.3%
MéteMa1.5%

Naotya 6.1%
KAdopa <20mm

42.1% MAaotikd 13.0%

Tuahikat
abpavid 4%

Enuivbuva 0.2%

2uvBETIka0.5%

Yddopata kal
adporé€32.9%

K\éope <20mm
70.7%

Opyavikd 1.9% ZUAo kal aptl

0.8%

HAektpikd
kehwdio 2.8%

MétaAla 2.4%

YroAsippatiki tédpa

I étaa
2%

Aspavn

/-f*(_‘ 11%

Yymua 3.1. Iowotiky odvheon twv octyudrtwv

To Khdopa pikpdtepo tov 20 mm ToOL QAIvETOL GTO SLOYPAUUOTO TOV TOPATAVE®
oynuatog (10 mm om 7mepintwon TOV LIOAEWUATOV Kovomng), Oewpnbnke g
Eexmplotn Katnyopio AOY®M TOV HKPAOV SOGTAGEMY TOV VAIKOD Kot TNG aOLVOUIoG
Yo TEPAUTEP® Katnyoplomoinon tov. H cuykexpiuévn katnyopia (kKAdopa <20 mm)
AVTUTPOCMOTEVEL YEVIKA £val LEYOAO UEPOC TS chvBeong TV detypdtov Eattiog g
npoenelepyociog mov £xel eméABel to Kkabéva, exTOG amd TO TEAIKA VLTOAEippaTO
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avakvkioong miactik®v (EB), ta omola amd ™ ¢@Oon tovg omotehovvtol omd
LEYOADTEPO OVTIKEILEVA (TAACTIKEG GUKOVAES, TAACTIKE UTOVKAALL, KAT.).

To mhaoctikd Kvuplapyel 6t cbHvOESN TOV  VIOAEWUUATOV OVOKOKAMONG TAOCTIKMOV
(US ka1 EB) A0y®w g @Oong tov detypdtov. To yeyovog 0Tt T0 TEMKO LITOAELLLLO
(EB) omoteieitan katd 91% oamd To UN-0OVOKUKAMGIUMO TAACTIKG KOVEL TNV
ATOTEPPWOT), Y10 TO GLYKEKPIUEVO €100¢ amoppippartog, pio a&toonueiotn exthoyn. H
ToPOVGia Tov opyavikoy KAAGaToS (7.5%) Kot tov KAdopatog <20 mm (37%) eivon
Ol GMUOVTIKOTEPOL AOYOL Y10, TOVG O0TOioVG Ta LIoAEippotTo Kookviopoatog (US) dev
VEIOTOVTOL TEPOITEP® OVAKTNOY TANCTIK®OV Kol amoppintovtal. To petadiikd
KMaopa tov detypatog US (5.5%) amotereiton kuplog and kKaiddw kot Opvppato
niektpovikov eEomAicov evd tov delypatog EB (1%) amoteAdeitan amokAeiotnid amod
OLGKELOGIEG AAOV VIOV,

E@odcov, 1o mpoiév (1 10 mapampoidv) e punyoviknis-froloyikng enelepyaciog Oa
émpene vo powalel pe “yopa”, to yeyovog 0t 1o MBT katd 71% omotedeitor and
KAdopa pikpotepo tov 20 mm, sivor avapevopevo. H mepiektikdtra tov MBT o
mhaotikd (13%) opsihetanr wg enl to mAeliotov 6TIG UN-PLOOTOOOUNCLEG TAAGTIKES
GOKOVAEC TTOL YPTOUOTOLOVVTOL GTN GVAAOYN OTTOPPIUUATOV.

To detypa “car fluff” (ASR) avtintpoocwnedeton katd Pdon amd 10 KAdopa <20 mm
(42%), Loyo g mapovciog Tov Bpoppdtov, Kot and veoopa kot a@poAés (33%),
AOY® TG VYNANG TOGOTNTOG TOV [N AVOKVKADGIU®V VAIKOV YEUIONG KOOIoUATOV Kot
TAMETGAPLOV CVTOKIVITOV.

Mmnopet ta péroria (2.4%) kot to nAekTpikd kodmoln (2.8%) v avTimtpocOrenovY
Myo mapomdve omd to 5% TG oOvOEoNG TOV LTOAEWUUATOV KOTOTEUOYIGHLOV
avtokivitov (ASR), n mowidion avTod 10V KAAGHOTOS (J10POPETIKE €N LETAAA®V),
OT®G Kot N TOAVOTNTO EKYOMOTG TOVG OTOTEAOVV 1010UTEPO EVOLUPEPOV.

H amotéppmwon tov otepedv omopplupdtov gival yvooTn Yy TV amddoon Tng
AVOQOPIKA HE TNV HEI®OT TOL OYKOL T®V OMOPANTOV KOl TNV 0OpOVOTOINcN TWV
OPYOVIK®V CLOTOTIKOV TOLG. Ta  delypota TOv  VRTOAEIUUATOS KOOONG OV
eetdotnKoV amoTeEAOVVTOL KOTE HeyaAuTEPO HUEPOG amd 10 KAdopa <20 mm (87%),
AL Kot omd o pétadia (2%) kot ta adpovn (11%).

3.2 X¥oraon Amoppyuudrwy

3.2.1 Avdivon Pvoiko-Xnuikne Xvotocnc Astypdtov

To amoteAéGHOTO GYETIKA UE TN CVGTOCT TOV OEYHATOV avapépovion otov TTivaka
4.1 (c€e)r.50).

210 oUVOAO Ta delypata YopaKINPIGTNKAV amd YOUNAG TOGOGTA VYPUGTOG KOl EOIKE
T0 voAeippoto Stouympiopod mAactikov (EB) kot to vTroleippato KotaTeUay GO
avtokivitov (ASR). Ta vynAdtepa TOCOGTA VYPAGING GTO dElyHa TG TEPPOS TOV
mouéva e€nyovvion amd T dadikacio oféong (quenching procedure) tng téppag Kot
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amo TG mePPAALOVTIIKEG GLVONKES amofNKeELONG TG TEPPAG OTNV EYKOTAGTACN TNG
Oepukng eneepyaociog.

H vynAdtepn mepiektidtTor 68 0AKO opyaviko dvBpaxa (TOC, 75% Enpod Bapovg)
Bpébnke oto detypa tehkod voieippatog avakvkiwong tioctikev (EB). To delypa
“car fluff” (ASR) kot To vroleippata kookwicpotog (US) édei&ov tynéc TOC ioeg
pe 60% tov Enpov Papovg Tov VAIKOV. Onmc NToV AVOUEVOUEVO 1] YOUNAOTEPN TIUN
a@opa To vroreippata g anotEPpwong (3%).

H mapovsia aldtov oto amoppippato oQeileTon Kupimwg TNV EKTETAUEVN XPNON TOV
TAUGTIKOV ToAvovpedaviov otn Brounyavia (appoc LOVOGNS, CLOKEVAGIN, APPOLEE
KTA), OTIS OPYOVIKEG Ovoieg (TPMTEIVN) KOl OTIC YOLMIKEC OVLGIEC: 1M LYNAOTEPN
neplektikotnta oe TKN, avtiotoryel oe 2% tov Enpov Bdpovg, petpndnke ywo to
Oelypo VTOAEUUATOV KOTATEUOYIGHOD avTokviTOV (ASR), evd 1 younAlotepn Tiun
petpnOnke ywo to detypa Tov vroigiparog kavong (0,05% tov Enpov Papovg).

Ot vyMAdTEPEG TOGHTNTEG LETAAA®V TTOL PPEONKAY GTO SEIYLOTO OVTIGTOLYOVV GTOV
yoAk6 (Cu) ko otov Yevddpyvpo (Zn). Ot GUYKEVTIPMGELS TOV TPOGOOPIGTNKOYV GTO
detypa tov “car fluff” (ASR), eivan mepimov 10574 mg/kgrs yorkov ko 3946 mg/kgrs
yevddpyvpov, mov avietoyyovy oto 1% kot oto 0,4% tov Enpov Pdapovs. To
TOPATAVED OQEIAETOL GTO YEYOVOG OTL O YOAKOS EUQOVICETOL GE NAEKTPIKA KAAMOOL
EVAD 0 YEVOAPYLPOG XPNOLOTTOLEITAL WG TPOGHETIKO 0E PePIKA 10N AAGTLXOV KOl GOV
YPWOOTIKN 0VGia € PAPEG. ZVYKEVIPDOOELS YOAKOD Kol YELOAPYLPOL TTOV LITEPPAivOLV
g Tipnég 6000 ko 4500 mg/kgrs, oavtiotoya, peTpHOnKav emiong ot TEEPO
mobpéva. BipAoypapucéc avapopég deiyvouv 0Tt 01 GLYKEVTIPMGELS TOV YEVSOPYDPOL
(Zn) xor Tov yoikov (Cu) oe vroAeippoto KaHONG TOWKIAAOVY CMUOVTIKA, KUPIMG
AMy®  Slpopdv 6T TOWOTIKY  oOVOESN TOV  OTEPEDOV  OMOPPIUUATOV  TOV
anoteppovovtor (Polletini and Pomi, 2004, Yamaguchi et al.,2004,Chimenow et
al.,1999). X10 deiypa tov vmoAeippatog punyoavikne-proroykng enelepyacioc (MBT)
HETPNONKOV ONUOVTIKESG CLYKEVIPMOELS HoAVBoov (281 mg/kgrs) kabmg emiong
YOAKOL Kou yevddpyvpov (mepimov 600 mg/kgrs). To yeyovdg avtd pmopei vo
opeiletal 6T TOPOVGia SNUOTIKOV omoPANTOV (VToAEippate Kobapiopol SpoOUmV)
T omoion  yopaktmpilovior amd VYNAEG oLYKEVTIPOOES PapiwV  HETAAA®V
(Charlesworth et al.,, 2003, Wei and Yang, 2009). Adyo 7tV youni®v
OLYKEVIPOOEMV TMV UETOAMKOV tyvootoyeiov (As, Hg, Se) ommv ovotoaon tov
derypatov (mpv v enelepyacio Pe TAVGN) Kol TNV YOUNAT TOVG OHAVTOTNTO GTO
VEPO AMOPUGIGTNKE VO LNV GUUTEPIANPOOVV OTIG TEPALTEP® OVOAVGELC.

Ot Tég mov apopovv to deiktn avamvong twv 7 nuepov (RI;) vrodeikvoouy yaunin
Bloroyikn dpactnpdmra yio 6o o VAkd. H vyniotepn Tt petpndnke yuo to
vroAgippato  unyovikng-proroyikng emeepyaciog (15mgOy/kgrs), to omoio Mrav
AVOUEVOUEVO EPOGOV TO Oetypa elxe cvALeyDel oV apyn TS Pdong opipavons, oty
omoio aKOpo VPIoTOTOL OYETIKA £VvTOVT BLOAOYIKY ATOdOUNGT).

INa vo exktyunBetl n Proamodounootnta mwov gpgovifovv to oteped detypato Tpv
KOl LETA TN TADGT], 0 OeIKTNG AVOTTVONG LITOAOYIGTNKE TPV Ko petd tnv enelepyacio.
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Ta oamotedéopata  vTOdEKVOOLY  OTL Ol  TEPOPIOTIKOL  TOPAYOVIECG YL TN
UIKPOPLOAOYIKT OpaoTnPLOTNTO GTO GTEPEA OElyLATO TOV 1] LYPAGIO KOl 1] TOPOVGin
™G opyoviknig VAng (n Bepupokpocion dev petafindnke katd tn SdpKEW TOV
nepdpartog). Metd ™ mAdon, N Katavilmon Tov 0Euydvov avERdnke 2 eopég yo ta
vroieippato Kookwicpatog (US) ko 4 @opég yia ta teAkd vmoleippato (EB),
8.1mgO,/kgrs kot 2.7mg0,/kgrs, avtictoyya, vrodeikvdoviog 6Tl 1 VYposio NTAV O
TEPLOPIOTIKOG TOPAYOVTAG Y10 aVTA Ta detypata. Amd v GAAn, tao MBT, ASR kot
ta BA detypata £deiov pikpn avénon (1 Ko TTdo™) oV KATovaAwoon o&uyodvou
HETA TN TAVOT, LWOSEIKVOOVTOG OTL 1 OPYOVIKY] OLGIO MTAV O TEPLOPIOTIKOG
mapayovtag yio TN pmikpofrokr dpactmpromra (13.5mgOy/kgrs, 1.6mgO,/kgrs kot
0.7mg0,/kgrs, avtiotorya). H mapomdve  mapatipnon ovadeikvoet dAlo éva
TAEOVEKTNUA TG TAVONG ¢ péBodo mpoemelepyasioc, advénon vypaciag TV
ATOPPIUUATOV PTopel Vo TPOKAAEGEL aDENCT TOV PLOU®OV BLoAoYIKNG 0TodOUNoNG.

3.2.2 AnoteAéopoto NS OOKIUNC EKYOALCNC

Ol oVYKEVTPMOOELS TOL UETPNONKAYV OTIG SOKIUEG EKYOMONG MOV EKTEAECTNKOV OTO
delypata amofintv Tptv v AV avagpépoviat otov [ivaxka 4.2 (cel.52).

Ot ovykevipwoelc DOC mov petprinkav ota ekAovouato, omd to Oeiypoto mov
peAetnOnkayv, extdg amd ™ téepa mubuéva, vrepPfaivovv N elvarl apkeTd KOVIH GTO
oplo. Tov BeomioTnkay yio TN S140€0M ATOPPUHATOV GE YDPOLS TOPNG EMKIVOLVEDV
armofAteov. [Mapora avtd, Ta US, EB ka1t MBT amoppippata Oempovvion dpota pe
TOL OOTIKG OTEPEA OMOPPIUUOTO KOl OC OMOTEAEGUO TO. VOROOeTIKA Oplo. dev
epapuOoviol TAVE® GE OVTA Kot OEV OTOLTEITOL TOLOTIKT AVOAVGT) TPV T TOQY).

O vymAdtepec Tinég COD petprinkoav oto ékiovoua omd to MBT (mepimov 1350
mgO,/1t) ko US (mepimov 1000 mgO,/1t) delyparta, evd 1 younAdtepn cvYKEVTPMOON
(mepimov 90 mgO,/1t) petpnOnke v to BA detypa.

H meprekticotta tov TKN fjrav vyniotepn oto MBT detypo (105 mgO,/1t), evd n
YopunAOTEPN ovykévipwon mapotmpndnke yu ta ASR kot BA exhovouparto (8.4
mgN/It kor 7.4 mgN/It avtictotya). Zuykpivovioag To TAPOTAVE OTOTEAEGLLOTA LE TOL
OTOTEAECUOTO TG CVOTACNG TWV CTEPEDV OEIYUATMOV TAPATNPOVUE OTL TO ALMTO TOV
Bpioketar oto detypa ASR eivar oyeddv tedeing aotpdyyioto, 1o omoio eényeite pe
TOPOVGio. TOV TAACTIK®V ToAvovpebaviov oto oOetypo. Avtifeta, to alwto mTOL
Bpédnke oto US, EB kot MBT nrtav apketd 010Avtd emeldn Ppiokdtav vnd popen
SAVTOV TPOTEIVAOV Kol YOVUIKOV 0vot®dV. Ot TIHES TG PUOIKO-YNIKNG GVGTAGNG
KOl TO OOTEAECUATO TNG OOKIUNG €KYOAMoNg mov petpndnkoav yuw 10 BA
VTOJEIKVOOLV TTOPOVGTR OPYOVIKNG VANG, 1 omoia dev glye adpavomombel teleing pe
™V anotéPpmaon. BipAoypapucés peréteg £xovv deilet mapdpota amoteréouato 0cmv
aQopd To OpYOVIKO KAACUO T®V VTOAEUPATOV Kovong amopplupdtov (Zhang et
al.,2004).

Oocwv agopd to METOAAD, Ol HEYOAVTEPES OCLYKEVIPMOELS Ppédnkav yo To
yevddpyvpo (2.28mg/lt oto éxhovopa amdé to ASR ko mepimov 1.5 mg/lt oto
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éxhovopa and to US kot MBT deiypa) kot 1o xaAko (0.46 mg/lt oto ékAovopa and
10 BA «at 034 mg/lt oto éxhovopa amd 1o MBT deiypa). Eniong, oto ékAovopa tov
delypatog MBT Bpébnkav cvykevipooelg vikediov kot ypopiov, 0.36 mg/lt ko
0.32mg/lt, avtioctoya. To éxkhovopo tov deiypotog ASR yapoktnpiotnke omnd
YOUNAEG GUYKEVIPOGELS LETAAL®Y, Ol OTOIEG GE YEVIKES YPAUUES Oev Eemepvodoay Ta
OploL TOPNG AOPAVAOV VAIKADV, EKTOC A0 TOV YELSAPYVLPO, 1| CLUYKEVTIPMOT] TOL OTTOI0L
OLmG dev £yl vtepPel Ta OPLOL VIO TV TAPT TOV U1 ETKIVOLVOV amofATOV.

Ot vymAdTEPEC OLYKEVIPMOELS TV YAwplovywv, 674 mg/lt wor 443 mg/lt
petpnOnkav oto ekAovopata towv MBT kot tov BA detypdtov avtictoyo.

Y10 ekhovouato tov deryudtov MBT kot BA petpnOnkav emiong ot vynAotepeg
OVYKEVIPMOELS YO TNV MAEKTPIKN oyoyoétnta pe tuée 4,2 ko 3,2 mS/cm,
avtiotorya. Ot vymAéc TWEG NG MAEKTPIKNAG OY®YWOTNTOS cLoyeTilovtal pe TIC
VYNAEG CLYKEVIPAOOELS 1OVIOV (OVIOVIOV Kol KOTIOVI®MV) OT®G €mMioNg Kol HE TN
TOPOVGIO TOV WOVICUEVEOV ampodpevev copatdiov (Prieto et al., 2000).

3.3 Amodoon ThS TAVONS ATOPPIUUATOV.

3.3.1 Aroteléopota TnNC SOKIUNC EKYVALONC LeTd TNV eneepyocio pe TAvoN

H anddoon g amopdkpuveng TV GUGTUTIKOV TOV ATOPPUUAT®V, ToL THovov va
wpokalovoay avénuéve eoptia ota otpayyiopota evoc XYTA, vmoloyiotnke
OLYKPIVOVTOG TIG OOKIUEG EKYVAIONG TPV Kol UETG TNV TADON G€ MAOTIKY KA{LOKO
(t=6 ®peg , vypd/oteped=5 lt/kgrs).

3.3.2 H amddoon tne mAdonc

To T0c00TE AMOUAKPVVONG TOV MO CNUOVIIKOV TUPOUETPOV OVOPEPOVTOL GTOV
[Tivaxa 4.4 (oeA.54).

Ta peyodvtepa mocootd amopdikpvvong yuo 1o TKN moapatnpodvton ota detypota US
kot EB, ot cuykevipdoelg g TopapéTpov 6to EKAOLGHO oo TN doKIU eKyOAoNG
pewwdnkav petd v emeEepyacio and ta SOmgN/It ko 25mgN/It avtictorya og
Myotepo amd 5 mgN/It kot yio Ta dvo deiypara.

Ta mocootd anopdkpovong tov DOC kvpaivovror amd 20% yia 1o BA péypt 92% y
10 EB. Emniong, rav a&loonueiowt n amwoddoon anopdkpovveng tov DOC oto delyua
US (86%). H amopdxpovon v to detypa ASR petpnnke va otévetr ta 63%, pe
peiwon g ovykévipmong 6to EkKAovopa arnd 95mgC/lt oe 35 mgC/lt petd ) mAdon.

Ta mocootd amopdkpovvong mov petprdnioy yio 1o COD eival cuoyeticyo pe avtd
tov DOC.
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Ocov apopd ta Poapéa péroddra oe Ola ta deiypato mov e€etdotnrav ot
GLYKEVIPAOGELS TOV YOAKOD, TOV VIKEAIOV KOl TOV YELOAPYVLPOL GTO. EKAOVGLOTO TOV
oKDV €KYOAONG UETA TN TADON MTAV ONUAVIIKO UIKPOTEPEG, 1 WHEIOON TOL
JAVTOH KAAGHOTOG OV TTapatnpOnKe NTov peyaivtepn tov 80% oyeddv oe O o Ta
detypata. To eminedo omopdkpuvong yio to VEOAOUTO HETOAAG TTOL OVOAVONKOV
oAV avaAoya He TO €100G TOV OmOPPILUATOS: TOPAdElYHATOS XAPLY, I ATOd0oT
amopdkpuveong Tov poivBoaiviov kopdvonke and 28% (US) uéypt 80%(EB).

AV KOl 01 GUYKEVTIPAOGELS TOV PHOPLOVLYMV OTIC SOKIUES EKYVAONG TOV OTOPPIUUATOV
dev Eemepdoave to Opla Yoo OGO vepd mov Oeomiotnkav amd v IMoykdopuo
Opydvoon Yyeiag (WHO, 1985) mapatnpridnke onuaviiki amopdkpouvon yio OAao To
detypata ko kopdvinke amd 33% péxpt 82% ( MBT kot EB avtictoya).

H peiwon g miektpucng ayoyodttog pmopet vo Oempndel o¢ yevikodg deiktng
ATOUAKPVVONG UETOAMKAOV 1OVI®V, OAGTOV Kol 10VIcUEVOV copotdiov. Ola ta
delypata  €3e1av  ONUOVTIKY OOd00T, OTNV  OTOUAKPVLVOT TG  MAEKTPIKNG
ayoyomrag, ard 54% péxpt 79% yia to ASR kot EB avrtictovya.

3.3.3. XapokTnpioLdc TV EKAOVGUAT®V TNC TAVGNC TOV ATOPPULUAT®OV

Ytov Ilivaxa 4.5 (ceh.55) mapovstdlovial Ol GUYKEVIPMOGOEIS TV CNUOVTIIKOTEP®V
TOPAUETPOV OV LETPNONKAV GTO EKAOVOUATO TNG dlepyaciog Tng TAVONG. AVTEG Ol
OLYKEVTIPMOOELS GLYKPIONKaV HE To Opla Yoo TNV amdppyn VYPOV ATOPAATOV GTO
00TIKO OiKTVO amoyETeELOMG OV BeoTioTnKE OO TOV 1TaALKS vouo 152/06.

>10 éxAovopo mAVONG  Ttov  delypotog  vmoAesippotog  kookiviopotog  (US)
wapatnpnOnKav to vYNAoTEPA TOG0oTA opyavikng VAng pe COD mave and 4700
mgO,/1t ,TKN 288 mgN/It kor TOC peyardtepo amo 1000 mgC/It ,to omoio eEnyeite
HE TN mopovcios AETTOV, €OKOAO ATOJOUNCILOV, GOUATIOWKOD KAAGHOTOS OTNV
ovvbeon tov deiypotoc. To vmorepa pnyavikng-proroykng eneéepyaciog (MBT)
KOl TO TEAIKO VTOAEUO ovaKOKA®oNG TAacTiKaV (EB) mapovsiocav youniotepeg
OAAG 0EI00MUEIDMTES GVYKEVIPDGELS OPYOVIKDOV DAIKMV.

Epocov ta pérodia dev ekpo@ovvtal EVKOAN GTIC cuvOnKeS Tov €ytve 1 Thdon (pH,
Oepuoxpacio, KTA), Ol CLYKEVIPMOELS TOV UETAAA®V OTO EKAOLGUATO OLOLPEPOVLV
onuavTiKd, armd Aryotepo tov 0.006mg/lt (yio 1o xdduo tov BA,ASR,MBT, US)
puéxpt v and Img/lt (Yo to yevdapyvpo tov US), avdroyo HE TIG CVYKEVIPOOELG
TOV GUYKEKPIUEVOV LETAAL®Y OTO GTEPED dETYLATA.

YUVOMKA, TO OMOTEAEGHOTO OVOOELKVOOVY TTMG OTN TEPIMTOON TNG EPOUPUOYNG NG
TAOONG OE TPOYUATIKY] KApOKo To €KAoOVoUATO TV TAVCE®V Oa €npeme va
eneepydlovtol TPV amd TNV amOPPLYT] TOVG GTO ATOYXETEVTIKO OIKTLO.
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3.4 Extiunon tHs HAKPOYpPOVIOS PUOTOVOHS Kol PIOGIUY TOPN OTOPPIUUATOV.
AToTeAéoUATA TS OOKIUNG HE OTNAES

H mboavn poaxpoypdvia. pomavorn evog yodpov taepns kabopiletor amd v mopovcio
OTO GTPUYYICHOTO VTOAEWUUATIKOV GUYKEVIPOGEDV SOPOP®Y OVCIMOV. ZOUPOVO UE
toug Butti kot Cossu (2010), ot o pokpoypdvieg emOPAGEIS 610 TEPPAALOV amd Eval
XYTA o@eidovion otn mopovcio appoviokod oldtov ota otpayyiopoto. AAEG
perétec €xovv Oeilet OTL Ta PHETAAAN amOKTOOV 160ppoTia e To TEPPAAioV, OnAadn
Ol GLYKEVIPMOOELS TOVS OTO OTPUYYICHOTO O&V TO HETAPUAAOVY ONUOVTIKE, UETO TO
TEPAGULO LEYAAWV YpoviKDV Tep1ddmV (Revans et al., 1999).

H mowdmta tov otpayyoudtov otig aegpdfieg kot avoaepdfieg othreg HeTd T
npoenetepyacio pe mAvon puropel va ektiunBei cuykpivovtog Ty ypovikn e£EMEN TV
GUYKEVIPMOE®Y TV paxkporapapétpov omwg tov COD, TOC xovt TKN. Ta
OVOAVTIKA OEGOUEVA TOV CLYKEVIPMOEMY TMOV TAPUUETPOV OVTOV GTO CTPOYYICLOTOL
TV 6TNA®V Tapovstalovrol oto [Tapdptnua B (cel. 72).

[MoaMotepec perétec Exovv deiEetl 6t1 o COD teivel va akoiovBetl Tig Tdoelg tov TOC,
KaOdG 1 pHelwon TS 0pYaVIKNG VANG EYEL GOV OMOTEAEGHLO TV UEIMOT TNG AmaiTnoNG
oe o&uyovo yuo v oéeldwon g (Stevens et al.,2005, Aziz and Tebbutt, 1979). H
TOPOTAVE® TOPATAPNOT EMAANOEVLETAL Kol amd TNV TOPOVCH UEAETN OTMG TPOKVTTEL
kot and ta Awypappota 4.6-4.7. Ot cvykevipooelg tov COD 6nmg emiong kot Tov
TOC (Awdypappa 4.7) éxovv po CNUOVTIKY TAOT HEI®ONS Yoo OA0 To dElyuOTO UE
EUQOVIG JLOLPOPEG avAUESO OTIC avaepoPieg Ko aepdflec omnhes. XTI aepoOPieg
oTHAEG o1 vyNAdTEPOL pvOuoi amodounone kot 1 o&eldmorn opyavikng VANG oe
O10&gid10 Tov GvBpaKa €YoV ooV ATOTELECUO T LIKPOTEPT] TAPOVGIN OPYAVIKAOV GTA
otpayyiopata. Avtifeta, ol avolikéc cuvOnKeg oTig avaepoPieg oTHAeG €xovv cav
ATOTEAECUO. VYNAOTEPO TEPLEYOUEVO GE OPYOVIKN VAN tKovhy vo o&edmbel kot
emopévemg vyniotepes Twég COD. T mapdderypo, To Ogiypo LTOAEIUpHOTOC
kookwviocpatog (US) omv avaepoPia othin £0eiée, katd ) didpkelo Tov TEPEpaToC,
peimon tov COD and tipég peyorvtepeg tov 3000mgO,/1t o Tuég pikpotepeg amd
200 mgO,/1t evdd otV agpoPia oTNAN akdpa Kot ot apykés Tipég tov COD ftav moAw
YOUNAOTEPEG KOl Tapovsiacay pio peimon amd 418 og 33 mgO-/It.

Ta otpayyiopata tov BA €deiav ™ younAotepn ocvykévipmon TOC (ko g €k
to0tov kol tov COD ) oe oyéon pe to GAAo KAdopato oamofAntov, to 0moio
AVAOEIKVVEL OTL KATA T OIPKELD TNG OMOTEPPMOTG TOV ACTIKOV OTOPPUUATOV TO
OPYOAVIKA GLOTOTIKG TOVG dev £x0VV TEAEimG adpavomomBel, aArd £va LIKPO TOGOGTO
nopopével otny vroleppatiky t€epa. Ta otpayyiocpato and v oepodPia oAy,
napd T youniés twéc TOC (Myotepo amd 60mgC/lt), €dei&av younAotepeg
OVYKEVIPMOELS OPYOVIKNG VANG Ady® TV vynAdtepmv puiudv amodounons otig
aepoPieg cuvOnkeg.

XoaunAég  ovykevipwoelg tov TKN ota exhodopota umopel vo opeidovior 610
YOUNAO TEPIEYOUEVO TMOV OTEPEMV OEYUATOV GE OOAVTO Al®TO Kol GTA LYNAL
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1060014 amopdkpvvong tov TKN pe m dwadikacio g mAvong. Qg amotélecpa g
AmodOUNONG TNG OPYOVIKNG VANG mov mepiéyel almto Omuovpyeitar n appovia
Omol0 LETATPEMETAL GE VITPIKA KO VITPMIN HECH TNG dlEPYaTiag NG ViTpomoinong o
aepoPleg ovvOnkeg. Amo 10 Sdypoppa oaivetor 6Tl HOVO TO GTPAYYIGHOTO OO TO
detypa EB édei&av yaumAdtepeg ovykevipmoelg TKN oe aepofiec otiAeg mapd oe
avaepdfieg evod 6Aa Ta voAowma deiyparto dev £dei&av kapia otabepn oyéon petasd
ovykevipooewv TKN kat cuvOnkdv mov enikpatodcay oTig 6THAEG. ATO TNV GAAN, O
ovykevipwoelg appovioag (IMapdpmua B) mov petprinkoav ypnowomoidvtag pio
OMEKTPOPMTOUETPIKY  HéED0dO  peyodvtepng okpifelag, €oei&av  younAdTEPES
OLYKEVTPMOOELS OUU®VIOG 0 aepOPieg GTNAEG TO 0010 NTAV AVAUEVOUEVO.

Ot ovykevripooelc tov TKN and ta otpayyicpata tov dstypdatov ASR kot BA dgv
ToPOLGLALOVTOL GTO SLOYPAIIATO AOY® TOV U AVIXVEVCIU®V GUYKEVIPMOGEMV (KAT®
amo 5 mgN/It).

H onupavtikdtepn odepyocio mov e€nyel yOUNAEG GULYKEVIPMOOEIS UETAAA®V OTO
otpayyiopata evog XYTA elvar mn poenon kot mn xotakpnuvion. To oteped
OTOPPILUATO TTEPLEYOVY DAMKA U010 [LE TO "YOUO Kol 0pyavikn VAN, Ta omoia £youvv
ONUOVTIKTY IKOVOTNTA POPNONG, 1O10UTEPA BTN TEPLOYT TOV OVOETEPOL KOl TOV VYNAOV
pH, 6mwg om mepintwon pog. EmmpodcOeta, n yopunAn dwivtdétta tov Heukdv
KOTOKPNUVICUATOV TOV Bapénv HETAAL®V avoyvopileTonl ¢ CNUOVTIKOS UNYoVIGHOG
(eKTOG OO TO YPAOULO) YO TN YOUNAT TOVG CLYKEVTPWOT ota. oTpayyicpota (Bilgili et
al.,2006). Ot ocvykevipdoelg Tov xoAkod (Adypappa 4.9) ota US, ASR kot BA
TOPEUEVOY  YOUNAOTEPES TOV OPi®V Yo TNV amoOPpYn OmOPANTOV GTO OCTIKO
ocvotnuo kaf’ OAn ™ Sudpkel TOv TEWPAROTOS (Ayotepo amd 0.4mg/lt), evd ot
ovykevipwoelg 6to dsiypa EB petpnnkav kéto and to mtapondve oplo petd amd 21
pépec Tov mEPAUaTog (VYPO/oTEPEOd=3). Ol GLYKEVTIPDGEIS GTO OETYILO VITOAEIIATOG
unyavikns-Proroykng enelepyaciog (MBT) mapépevay kKdto and ta dpro ektdg amd
Kamoleg kopveég ota Y/X1 kot Y/Z3 yio v agpdpro otiAn (0.53mg/It ko 0.65mg/lt,
avtiotorya). Ocov aeopd TG CLYKEVIPMGELS TOV YevudopyHpov (Adypoaupa 4.10),
OVTEG TOPEUEVAY KAT®O OO To Opla amdppyms 6to amoyetevTikd diktvo (1.0mg/lt)
v T1g mePLocotepes avaroyieg Y/Z tov US, EB (ext6g and ™ kopven oto Y/Z1 g
avaepofrag oming (2.1mg/lt), vmoAeippoata pnyavikng-proroyikng enefepyoaciog
(ext0G amd Kamoleg aonpavTeg KopLuPEG ota Y/ 1 kat 2). Ot yapunAég GUYKEVIPOGELS
YELOOPYOPOL GTA GTPAYYICUATO TNG VTOAEMUATIKNG TEQpag (BA) eEnyodvtarl amd
ToV oynuatiopd avipakikod wyevdapyvpov (Pasel, 2006), o¢ amotéiecua g
aepoPilag ko g avaepoPilag avOpakwong g téepoc tov mubuéva (Rendek et
al.,2006), To omoio givar ad1dALTO GTO VEPO.

To peyardtepo TOGOGTO TV YA®PLOVY®V ,0C OMOTEAEGLO TNG VYNANG S10ALTOTNTOG
TOVG, amopoKpLVONKE amd Vv depyacia mAvong. Ta yAwplovyo Tov TapEUEVOY GTA
oteped Ogiypoto petd tm mhvon dev €dei&av kapio afloonueimtn Owapopd o
SAVTOTNTO avApesa oTIG aepoPieg Kot avaepdfieg otireg (Awaypoppa 4.11), to
omoio amodewvoetol kot amd molodtepeg perétec (Ehrig and Scheelhaase, 1993). Ou
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VYNAOTEPES GLYKEVIPMGELS GTO. GTPAYYIGHOTO TOV OvOEPOPLOV GTNA®Y pmopel va
elvar amotélecpa TG OVOUOLOYEVELWNG TOV OELYUATOV TOV OTOPPUUATOV 1 TOV
VYNAOTEP®V PLOU®V amodOUNoNG OV ALEAVOLV TN SAVTOTNTA TOV YAWPLOVYWOV
oT1G aepdfieg otnAEC.
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4. XYMIIEPAXMATA

Me fdon 10 TEWPAUOTIKO OTOTEAEGUATO TOV  TEPLYPAPTNKAV TPONYOLUEVDS
GLUTEPAIVOVTOL TO TOPOKATO:

Aepyooio tng TAOONG

e Ta oamoteléopota TG TOPOLOOAG UEAETNG KOAVOVTIOG YPNON TG TAVONMG
ATOPPIUUATOV 6€ TAOTIKY KApaKo emPBePaidvouy To OmOTEAEGLOTO TMV
UEAETMV TTOV £Y0VV Yivel 6TO TAPEAOOV GE EpYOTTNPLOKT KAILOKAL.

e H amddoon amopdikpuvong tov dtaAvpévov opyavikov dvBpaxa (DOC), mov
VTOAOYIGTNKE CLYKPIVOVTOG TIG OOKIUES EKYVAIONG TPV Kol PETA TN TALON,
ntav tave ard 60% yio 6Aa ta detypata (to 20% mov vroAoyioTnke Yo TNV
vroiewppatik]  téepa. (BA) eényeitor Ady® NG YOUNMANG  OPYIKNG
GLYKEVTPMOOTG).

e H amddoon amoudkpvvoneg tov oikov Kjeldahl alwtov (TKN) xoudvOnke
and 38% péxpt mave and 90% ywo v vroispatiky €epa (BA) kot US,
avtiotolyo, TO omoio &lye evolPEPOV OOV aPOPd TIG HOKPOYPOVIEG
neplParroviikég emmntooelg evog XYTA, ol onoieg elvar cuoyeTIoUéEVES e
TNV TOPOLGIN TOV APUOVIOKOD aldTOV GTO GTPAYYicUATA.

e H oamdédoon omopdkpuvong petdAlwv, ToiKiAAe avaAioyo pe to Ogiypo
delyvovtag amddoon neptocotePo amd 50% katd péco 6po.

e Ta vypd amdéPfinta (exAovopata) e depyoaciog mAVoNG €0e1&av TIUES
UEPIKAOV TAPOUETPOV DYNAOTEPES TAOV OplV amdpPIYNS GTO OMOYETEVTIKO
diktvo. Avtd onuaivel 0Tt M gpapuoyn ™G TAVONG OMOPPIUUATOV OE
TPUYUOTIKY KAMpoka omattel emeepyacio TV ADUATOV TPV T AmOppLy).

o Metd v mpoemeepyacia pe mAdon, 1o dstypo ASR dev Bewpeiton mAéov
emkivouvo amofanto Adym peimong tov DOC (otig dokipég ekydiong and 95
og 35mgC/lt).

e To afwto g ynukng ocvvleong tov detypatog ASR( 2% tov Enpod Papovg)
elvar  oyedov telelwg aotpdyyloto, emewdn Ppioketor  vwd  popen
moAvovpebaviov, evd ota vrdrowma delypoata 10 ALOTO OmOTEAEL LEPOG TOV
SLAVTOL KAAOUATOS (TPOTEIVES, YOVUIKEG EVDGELS KTA).

Aoxiun| pe oTAEG
o Ou omleg pe oaegpdfieg ovvOnkes mopovoiacay LVYNAOTEPOLS PLOUOVG
amodounonNg o€ OAa T deiypato mov gixe ®G amoTéAecUa YOUNAOTEPES

GUYKEVTPAOGELS TV CNUAVTIKOTEP®V TOPAUETPOV GTO CTPOYYIGLOTA.
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o To pétarla dev €de1&av kapio cuoyETion PeTad TOV GUYKEVIPHOGE®V OTO.
oTpayyicpata Kol Twv cuvOINK®OV Asttovpyiog (aepoPieg kat avoepOPLeg).

Yvvoyiloviog To TOPOMAVE GUUTEPACUOTO €lval TPOPAVEG T®G 1 TAVON
ATOPPIUUATOV ©¢ UEB0SOG Tpoemesepyaciog TPV TNV TAPT TOVS AVTITPOCMTEVEL L0
amodoTIK Olepyacion pe moAAG mAeovektnuota. To Oedtepo UEPOC TIC MEAETNG
anédelte emiong mog yperdloviar ovvOeteg ADGEIC Y00 TO TOAVTAOKO TPOPAN L
duiBeong otepedv amoppiupdtov. H npoemeepyacia pe mAvon gival éva akdpo frpa
v TNV emitevén PLOSIUNG EG0QIKNG TOPTG OTOPPLUUATOV.
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INTRODUCTION

Waste landfilling, being one of the simplest waste management techniques, has been known to
people for more than 5000 years. In fact, back in 3000 B.C. in the Cretan capital, Knossos, the first
recorded landfill sites were created where waste was placed in large pits and covered with earth at
various levels. But times changed, population growth and centralization brought new issues to be
dealt with. Landfills evolved from open dumps to sanitary landfills but equilibrium with the
environment is still to be reached.

Attempts to reduce environmental impacts of a landfill were made by its operation as a dry tomb,
by introducing an impermeable top cover which would divert natural precipitation from contacting
solid waste, reducing so the amounts of leachate produced, and bottom cover which would prevent
leachate release. Although such landfill shows short-term improvements in the pollution levels,
long-term perspectives are not so bright as the insufficient moisture content would result in waste
mummification and/or the impermeable lining would eventually fail, releasing leachate into the
environment.

Latest trend in landfilling is the sustainable landfill concept. Although no conventional definition of
sustainable landfill has been established, there is general consensus throughout the scientific
community that a landfill can be considered sustainable if emissions do not significantly modify the
quality of the surrounding environmental compartments: air, water and soil (Hjelmar and Hansen,
2005; Stegmann et al., 2003). To produce a synergistic effect in reducing the uncontrolled diffusion
of leachate and biogas into the environment the multibarrier concept was introduced (Cossu, 1995).
According to which, there are three barriers on the way of achieving sustainable landfilling:

= quantity and quality of waste (a decrease in waste quantities and the pre-treatment of
landfilled waste);

= landfill design and operation (final covering of the landfill and its ability to regulate
leaching of wastes as well as he drainage and lining systems employed in a landfill);

= quality of the site (control of biological degradation of deposited waste).

Seeking the best available techniques to overcome each one of the barriers presented above is what
scientists involved in solid waste management should be concentrated on. Pre-treatment (physical
treatment, thermal treatment, mechanical-biological, etc.) of waste as well as in situ treatment
(aerobic landfill, flushing, etc.) is of particular interest in frames of this study. Knowing that the
major impact produced by landfills is represented by the emission of leachate, washing of waste as
a pre-treatment prior landfilling can be a considerable option (Cossu, 2009; Higuchi, 2001; etc.).
Pilot scale washing and monitoring of waste leaching, in aerobic and anaerobic conditions, were
performed, in this study, on following waste fractions:

= End of plastic separation process (EB). Residues produced following the separation of
recyclable plastic packaging from other material through separate collection of plastics;

= Under-sieve plastic separation (US). Residues produced by a sieve before the separation of
recyclable plastic packaging from other material through separate collection of plastics;

= Mechanical-Biological Treatment (MBT). Residues resulting from mechanical-biological
pre-treatment;

= Automotive Shredder Residue (ASR). Residues from the shredding of vehicles;

= Bottom Ash (BA). Residue of a municipal waste incineration plant.
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First three from the above fractions (EB, US, MBT) were chosen as they represent common
municipal solid waste fractions, already pre-treated (mechanically, biologically etc.), which are
being landfilled nowadays. The ASR fraction, although being considered special waste, has been
chosen for this study because of the inability of its incineration due to the potentially toxic gases
production. BA, on the other hand, could be re-used as construction material but still is sent to a
landfill, due to the heavy metals leaching possibility. Although the effect of washing on the last
waste fraction (BA) has been studies extensively (Hoshikawa et al., 2004, Yamaguchi et al., 2004,
Higuchi and Hanashima, 1999), it is included in this study because of the considerable difference in
incineration residues composition from country to country, which depends mostly on the
composition of waste being incinerated.

Reduction of soluble fraction by washing was examined in order to reduce the long-term impact of
the landfill containing the above waste. Long-term behaviour prediction was simulated in column
tests conducted in two different conditions (aerobic and anaerobic) by analysing the leachate
produced.



PROBLEMS AND STRATEGIES FOR LANDFILL SUSTAINABILITY

1.1 Environmental impacts of a landfill

A landfill represents a giant scale reactor in which substances in solid, liquid and gas phases are in
reaction with each other in order to produce liquid (leachate) and gas (biogas) products (Cossu.,
2005). The quantity of products produced is regulated by the quantity of organic substance,
available for degradation, in solid waste landfilled.

Leachate and biogas, which carry organic and inorganic substances after escaping from a landfill,
are responsible for the most of the environmental impacts of a landfill, causing air and water
pollution.

Generally the impacts of a landfill could be divided into macro and micro scale impacts. On the
macro scale landfills biogas is responsible for the contribution to the greenhouse effect (methane
and carbon dioxide emissions) and to the ozone depletion process, commonly referred to as “ozone
hole”. On the micro scale impacts of a landfill can be seen for as far as few kilometres from the site
(toxic VOCs, changes in the landscape and visual discomfort, noises, unpleasant odours, increased
population of insects, birds, and rodents, etc.).

Figure 1 illustrates the impacts of a conventional landfill on the environment regarding the distance
from the site.

100 10 1 0,1 km

Greenhouse effect

Ozone depletion

Toxic VOC
Odours

Noise

Insects,rodents,birds
Dust

Fires, explosions

Landfill

Vegetation impacts
Soil pollution —umggy Ground

Surface water poll. | ——=m T
Ground water poll. ey \Vater

100 10 1 0,1 km

Figure 1.1. Extension of a landfill impacts on the environment (Cossu et al., 2004).

Using time-based criteria for dividing the impacts of a landfill though its lifetime following
categories would occur: short-term impacts (noises, dust etc.) related to the operation phase of a
landfill, mid-term impacts (within 30 years after landfill closure) related to biogas emissions and
long-term impacts (hundred years and more) related to leachate release.
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Considerable quantities of biogas are produced only in the first 30 years after closure of a landfill.
During this period flux gas production can range from 2 to 4 Nl/m”/year (Rettemberger et al.,
1992). Biogas emission and quality can be controlled by adopting compost as top cover material of
a landfill. This biocover can reduce the unpleasant odours and can also oxidise methane to carbon
dioxide reducing the contribution of a landfill to the greenhouse effect as methane’s contribution is
21 times greater than carbon’s (Abichou et al., 2009).

On the other hand, even after the period of 30 years quality of the landfill emissions remains higher
than the limits for safe discharge into the environment (Finnveden and Nielsen, 1999).

By reducing the potential concentration of pollutants in leachate (by pre-treatment of waste)
equilibrium with the environment can be reached in shorter period of time, making one more barrier
to fall on the way of achieving sustainable landfilling.

1.2 Sustainable landfilling

1.2.1 Landfilling evolution

Sustainable landfill represents the most advanced stage in landfilling solid waste residues (Butti and
Cossu, 2010). In Figure 1.2 evolution of landfill concept, as well as the corresponding techniques
implied for emission control (leachate and biogas) and waste stabilization and control, are shown.
The oldest landfill concepts, described as “open dump” (being even now the most common way of
waste management in developing countries) and “controlled disposal”, have been substituted by
first “sanitary landfills” in the early eighties which introduced impermeable membranes and
drainage systems, making possible collection and treatment of the leachate and biogas produced.
The above concept has been changed with the change of the century. New European directives
(Official Journal, 2008), in an attempt to divert the municipal solid waste from being landfilled and
to recover and recycle as big fraction of waste as possible, introduced new policies towards the
waste sent to landfills. Following the directive, waste, could not be landfilled without being pre-
treated and reusable/recyclable fraction removed. Organic fraction of municipal waste would also
have to be pre-treated as to decrease of degradable fraction. Only residues of these (pre-treatment)
processes are allowed to be landfilled.

Although “residual landfill” concept introduced monitoring and post-closure control of a site, it sets
no qualitative targets in order to compile with the environmental sustainability as the only limit that
indicates the end point of the post-closure monitoring period is time-based (thirty years), regardless
whether the final storage quality has been reached or not. Moreover by forbidding, indirectly, the
recirculation of leachate through the landfill body, the new directive extends the period through
which the leachate and biogas is produced and by that postpones the reach of equilibrium between
landfill and environment.
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Figure 1.2. Landfill evolution and corresponding techniques implied (Butti and Cossu, 2010).

The directive provides no criteria (e.g. as to the parameters analyzed which could indicate the state
of biological degradability) in order to reach the sustainability of a landfill in the post-closure
period.

Having as reference point all the positive effects accomplished by the previous landfilling concepts
and the results obtained in the newest researches, the concept of a “sustainable landfill” has been
introduced, showing new strategies for sustainable control of the long-term emissions from a
landfill. The objective of the sustainable landfill concept is to accomplish reduction of landfill
impacts on air, soil and groundwater quality to the levels no more significant to the surrounding
environment and when the related risk can be considered negligible. All this has to be achieved in a
generation time (30-35 years).

1.2.2 Final Storage Quality (FSQ)

The concept of Final Storage Quality is strictly linked to the concept of landfill sustainability. The
term “final storage” was coined in the middle eighties, by Baccini, Hensler and others from the
Swiss working group on landfills (Belevi and Baccini, 1989). It refers to the quality reached by
emissions and waste, at a certain point in time, when all active control measures can be safely
removed. This equilibrium point has to be reached within the period of one generation, commonly
taken to be approximately 30 years, in order to not “compromise the ability of future generations to
meet their own needs” (WECD, 1987).

Current European landfill legislation (European Landfill Directive, 1999/31/CE) dictates that
aftercare should continue for at least 30 years after closure of a landfill; during this period
monitoring and maintenance activities are guaranteed by the waste fee.
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There is increasing recognition that the legislation approach, which could be defined as a time-
based, is not an appropriate tool for use in assessing the endpoint of landfill aftercare. Indeed, the
stabilization degree of landfilled waste does not depend only on time but also on waste
characteristics, operation techniques and site-specific conditions. In order to achieve FSQ over a
sustainable period of time, it should be established what kind and amount of landfill emissions can
be deemed acceptable for the environment (Cossu et al., 2007).

How to put this principle into practice represents one of the main research issues to be faced by
those involved in the field of landfilling. Several approaches have been proposed: the first provides
for the application of table reference values for biogas, leachate and residual waste, whilst the
second takes into account the specific site conditions of each landfill through the application of risk
analyses.

An approach based on a combination of minimum set target values to be met, together with specific
target values respecting the local site conditions, may also prove suitable. A schematic
representation of the procedure for assessing the Final Storage Quality of a landfill, as described by
Cossu et al. (2007), is shown in Figure 1.3.
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Figure 1.3. Scheme of the procedure proposed for assessing the Final Storage Quality of a landfill.
LTV — Legislation Threshold Value (Cossu et al., 2007).

1.2.3 Principles of mass balance in landfilling

A useful tool for approaching the sustainable landfill concept and for organizing the information
needed for supporting policy the mass balance model. With this model it is possible to determine
the effects of different alternatives for waste and landfill management, on the reductions of the
emissions within a given time frame (Cossu et al., 2004).

The mass balance usually considers the fate of substances entering and leaving a system in various
ways.
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Figure 1.4. The landfill mass flow scheme (Cossu et al., 2004).

The modeling approach to the mass balance tries to simplify the system with a Continuous Stirred
Tank Reactor (CSTR). CSTRs are also useful to describe more complex systems for which the
assumption of a single CSTR is not acceptable. Such a system can be described by a distributed
parameters model using a network of CSTRs with possible feedback. This is the case of a landfill
with some sectors managed in different ways.

The basic assumption is that the concentration of a given substance in the volume V of the landfill
is always uniformly distributed in the space. If a change in time of the concentration occurs
instantaneously the new concentration is distributed all over the system.

Considering the landfill as a reactor (Figure 1.4) where reactions and mass accumulation occur the
input and output of the component of interest (carbon, nitrogen), associated to the waste and to the
emissions (leachate, biogas) the mass balance equation can be summarized as follows:

accumulation = input — output * reaction (1)
Input in equation (1) represents the mass entering the volume from a variety of sources and
different ways. If “n” streams of “i” waste components are considered with mass Qi (t/year), each

one with a different concentration in the solid phase (xs; in mg/kg waste), the mathematical
expression is:

Input = ZQi ‘Xg; ()
i=1

Output in equation (1) is the mass leaving the landfill through biogas (¢, m’/y) and leachate (qy,
1/y). If the concentrations of the contaminant in the biogas and in the leachate are respectively xg
(mg/l) and x; (mg/m), the expression is:

Output =X, -q; +X;-qg 3)
In order to distinguish between the fraction of leachate and biogas that are collected (g and gg;)

and the fraction that migrates in a uncontrolled way through the barrier of the system (g4 and gca)
the following can be written:

qr =91+ 96 =96 T 9aq “4)

The accumulation term, which represents the increase of mass (m) in the landfill system over time
(¢) is expressed as:



Accumulation = dm/dt (5)

The accumulated mass in the landfill can undergo chemical-physical transformations and will either
be mobilized and transferred into the liquid phase by means of natural lixiviation (mmob), or
transformed into stable non extractable compounds (mix): the mobile accumulated fraction should
be contained in order not to spread in an uncontrolled way into the environment.

Reaction term in equation (1) is a way of leaving the system for the mass by chemical
transformation into other substances. The simplest way for this process is a zero or first order
kinetic (r in mg/m’y):

Reaction =1V (6)

Reaction can either occur in an anaerobic environment (with the generation of the typical landfill
gas) or under aerobic conditions with air inflow and oxydized gas generation.

The total balance for the system is represented under, according to the different external and
internal terms as described earlier.

dm/dt = ZQiXSi - (XLqL + XGqG)_ v (7)

Rearranging the equation in order to bring into the first half of the equation the terms expressing the
uncontrolled emissions of leachate and gas it is clear, from the mathematical view point, what an
engineer should aim in designing a sustainable landfill and how to achieve it: minimize the
uncontrolled emissions (x;qrq and Xgqgq),, 1.€. minimize the positive terms in the second half of the
mass balance equation and maximize the negative ones.

X T X664 = ZQiXSi =X, q;, —Xgqg —dm/dt, —dm/dt; —rV 3

This means the following: minimization of the amount of mass component introduced in the landfill

(Z:QixSi ), either controlling the flow (Q,) either controlling the quality (xs;) maximization of the

amount of the mass component associated to the collected biogas and leachate (xpqrr and Xgqar),
again either controlling the quality and the quality maximization of the containment of the mobile
accumulated fraction (dm/dt.») and of the stabilization (fixation) processes (dm/dt;,) maximization
the reaction rate of the degradable compounds. This is favored by aerobic conditions.

It is worth to highlight, contrary to the prevailing regulation which aim to minimize the leachate
production, the relevance in the mass balance equation of the input of water in the waste mass,
either as a reactant for the biodegradation (influence on the reaction rate) either as a mean for
favouring the mass transport (flushing).

Minimize the leachate production by prescribing heavy sealing top cover (as in the the Italian
Landfill Regulation) can result in a sort of waste mummification which can prolong for a very long
time the emission potential of a landfill (centuries, according to Kruempelbeck and Ehrig, 1999), in
contrast with any sustainability concept.

1.2.4 Long-term impacts of different landfill concepts

Several studies proved that emissions from traditional contained anaerobic landfilling can last for
very long time, particularly for the ammoniac nitrogen (Price et al., 2003).
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Therefore for a traditional landfill the mass accumulation vs time of a generic component
considered for the mass balance (carbon or nitrogen, for example) follows the trend depicted in
Figure 1.5.

The maximum of accumulation is reached during the operation phase and then decreases slowly
during the aftercare phase. The aftercare phase can be divided in two part: an active and passive
ones. During the active aftercare financial provision is provided by the landfill manager, the landfill
is controlled and the environmental and legal liability stay with the landfill manager. When the
active aftercare phase reaches the end point, according to the Authority evaluation (how and when
is still a very controversial and open point) the passive aftercare starts when the control will be
absent and the equilibrium between the landfill and the environment will be asymptotically reached.

Accumulated mass, ton
Traditional landfill
—— — = Sustainable landfill

------------ SAC (Short term After-Care)
landfill

: »
o t 30 Time, years

“OPERATION AFTERCARE

L

“WASTE MANAGEMENT | CONTAMINATED SOIL
(fee) (social money)

Figure 1.5. Qualitative trend of the accumulation of the mass of carbon or nitrogen along the
landfill lifetime for different kinds of landfill (Cossu, 2005).

Nowadays with the traditional landfill technology after the financial provision time (30 years for the
European landfill Directive) the accumulated mass of Carbon and Nitrogen (M3) is well above the
environmental acceptable mass accumulation (M,).

This means that after the financial provision time the landfill should be regarded as a contaminated
site.

On the contrary by the time covered with the financial provision, the sustainable landfill should
present a mass accumulation below the environmental acceptable one (M,) as defined with
appropriate tools (Table values, risk assessment or other) to be planned when designing the landfill
system. If the provision time is 30 years this means that the landfill manager is committed to reach
the targeted environmental equilibrium within 30 years. Some economical incentive may promote
design and operation of landfill even with shorter aftercare time.

These aspects look even more critical when considering the uncontrolled emissions patterns for
different kind of landfills (Figure 1.6). The uncontrolled emissions patterns of the contained
landfills, infact, differently from the old landfills are such to postpone the environmental hazards in
a way that the aftercare impacts may be very severe. When the physical barriers fail due to the
normal aging (the lifetime of geomembranes and traditional mineral liner do not exceed the
generation time; Cossu, 2005) the emissions release should be below the environmental acceptable
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(ea) level in order to avoid problems. This means that the accumulation trend should be influenced
by influencing the individual terms of the mass balance, described earlier.

Uncontrolled

emissions, tfy — . — Open dump

Dry tomb landfill
— === Contained landfill

Sustainable landfill

c Time, years

OPERATION AFTERCARE

Figure 1.6. Uncontrolled emissions of leachate and gas as they can occur from different kinds of
landfill according to the quality and duration of the adopted barriers (Cossu, 2005).

1.3 Strategies for achieving sustainable landfilling

The sustainable landfilling should guarantee that the emissions after closure of a landfill (e;) are
lower than the environmentally acceptable ones (e,), in other words Final Storage Quality has to be
reached within a generation time period (approximately 30 years).

To achieve the abovementioned objective first step would be reducing the quantity of waste being
landfilled: it can be done by introducing, applying and following the waste management hierarchy
(reduce, reuse, recycle, recover) by effective political administration.

The second step for achieving the goal, being of fundamental importance for the quality of the
waste landfilled, is the pre-treatment before landfilling and reduction of the biodegradable organic
fraction present in the waste.

If the above steps were not able to insure reaching the Final Storage Quality in acceptable period of
time, in situ treatment methods can be used during the operation and after-care periods.
Pre-treatment, in situ treatment, and post-treatment in the aftercare phase should be considered in an
integrated way, looking for the performance of the system and being prescriptive only for the final
result: reach of the sustainable targets. Some of the possible integrated approaches are shown in the
Figure 1.7.
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Figure 1.7. Different possible combination of operational alternatives for influencing the landfill.

1.3.1 Pre-treatments

The treatment methods applied most frequently on waste before landfilling can be summarized into
following major categories:

= mechanical pre-treatment;
= Dbiological pre-treatment;
= thermal pre-treatment.

In general mechanical pre-treatment is designed to separate the fraction of waste containing mostly
organic substances, which is later sent to biological treatment, and the fraction with high calorific
values, which is later sent to thermal energy recovery facility.

Biological treatment can refer to aerobic as well as anaerobic treatment. Anaerobic digestion breaks
down the biodegradable component of the waste to produce biogas and soil improver. The biogas
can be used to generate electricity and heat. Aerobic treatment aims to decompose organic matter
present in waste into soil amendment (compost) and carbon dioxide (poorly implied composting
can also emit side-products, such as methane and nitrous oxide). There is no energy produced by
systems employing only composting treatment for the biodegradable waste. Some systems
incorporate both anaerobic digestion and composting. This may either take the form of a full
anaerobic digestion phase, followed by the maturation (composting) of the digestate. Alternatively a
partial anaerobic digestion phase can be induced on water that is percolated through the raw waste,
dissolving the readily available carbohydrates (sugars), with the remaining material being sent to a
composting facility.

Studies made on biologically pre-treated waste indicate lower biogas production potential as well as
reduction in leachate quality up to 90% (Stegmann, 2005). On the other hand, four months period
required for compost maturation increases the cost of the pre-treatment. Moreover the product of
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aerobic treatment process (compost), in most cases, cannot be used for agricultural needs because of
heavy metals content (Pinamonti et al., 1997).

Thermal pre-treatment of waste involves combustion of solid waste at high temperatures resulting
in reduction of waste’s volume (up to 90%) and weight (up to 70%) as well as the best available
reduction of organic substances. The application of this method, though, has its challenges as the
initial investments are very high and secondary products produced (flying and bottom ashes) may
be harmful to the environment. The inorganic nature of these residues makes the release of their
emissions more influenced by chemical parameters equilibrium (pH, redox etc.) rather than by
biological processes. Even in the case of these residues, they cannot be characterized as inert due to
leachability of heavy metals and other parameters.

1.3.2 In situ treatments

In situ treatment implies technical solutions aim to increase degradation rates of the organic
substances and/or leachability of the soluble substances in a landfill body. Those solutions are
generally believed to be an alternative to typical anaerobic landfill site, being developed in order to
achieve sustainable landfilling.

The major categories of the in situ treatment techniques are the following:

= forced aeration,;
* natural aeration (semi-aerobic landfilling);
= flushing.

Forced aeration is conducted through a pipe system (vertical or horizontal) inside the landfill body
and compression station producing compressed air for aeration. Aerated landfills have shown ten
times faster degradation rates than conventional landfills. During the aeration process the organic
substance is gasified and released from the landfill in form of the carbon dioxide, preventing in this
way the enrichment of the leachate with organic compounds.

Natural aeration has been discovered in the attempt of proving feasibility of aerated landfilling. The
main idea of natural aeration is that the heat generated by microorganism activity in a landfill
causes the temperature inside the landfill to rise. If the end of leachate collection pipes are always
open to air, convection current generated by the temperature difference between the landfill and the
outside air make it possible for air (oxygen) to naturally enter the waste layers through the leachate
collection pipes. Data on leachate quality and biogas production processed in Fukuoka University,
Japan indicate that there are many advantages of a semi-aerobic landfill comparing to an anaerobic
landfill (Hanashima, 1999).

Flushing is a technique of passing water through landfill body in order to faster the degradation
rates (by adding moisture needed by microorganisms) and/or the removal of soluble waste fraction.
Usually during the flushing procedure of a landfill great quantities of water are introduces, 2-3
times the annual precipitation level of the area: Walker et al., (1997) has estimated that water
quantity of 5 to 7.5 m’/t can remove the greater part of soluble fraction of waste. Water is
introduced from the top part of a landfill trough the drainage system, and then leachate is collected
and treated. Another possible option of flushing is leachate recirculation: this practice allows
reintroduction of nutrients to the landfill causing faster degradation of organic substances.
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The effects of some treatment techniques on the different variables from the mass balance equation
(Paragraph 1.2.3) are summarized in the Table 1.1.

Table 1.1. Influence of different technologies and operation alternatives on the terms of the landfill
mass balance.

Option X Q. % [ Xg Qe | dm/dt | dm/dt | 1V
fix | mob

Mechanical prefreatment + + + +
Biological pretreatment +
Thermal pretreatment ++ ++
Waste minimization +
Leachate recirculation + +
Open landfill/flushing ++ +
In situ aeration + ++ ++
Anaerobic landfill + + + +

1.4 Previous studies on waste washing

The WOW (Wash-Out Waste) system is a project that has been developed at Fukuoka University
(Japan) from 1997 and has received a lot of attention from industrial representatives around Japan.
The object of the project was to estimate the application possibility and to develop best techniques
of washing of solid waste before landfilling. This pre-treatment would make it possible to reduce
the after-care period of a landfill, as in Japan a landfill can be put into disuse two years after
leachate quality has reduced below that of treated leachate after completion of landfilling (Higuchi
and Hanashima, 1999).

Most of the experiments conducted till now were using washing as a pre-treatment for waste
incineration residues (bottom and fly ashes), mainly because most of the solid waste in Japan is
incinerated and use of pre-treated ashes as construction material would be an option.

Four washing methods have been developed:

* mechanical washing (laboratory scale);
= submerged washing (laboratory scale);
= spiral washing (pilot scale);

= ejector washing (pilot scale).

1.4.1 Mechanical washing

Tests were conducted by putting ashes and tap water into a drum with capacity of 160 litres and a
speed of 16 rounds per minute (rpm). Test conditions were as follows: liquid to solid ratio (L/S) was
100 liter to 10 kg, 100 L to 20 kg, 100 L to 25 kg, 100 L to 30 kg and 100 L to 520 kg (Higuchi et
al., 2001). Washing time was 5 and 30 minutes. Figure 1.8 shows the schematic view of the test
equipment.
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Figure 1.8. Schematic view of washing drum for mechanical washing (Higuchi et al., 2001)

1.4.2 Submerged washing

Ashes and tap water were put into a 400 mm in diameter washing column having a height of 2 m to
conduct a test under following conditions: L/S = 100 liter to 10 kg, 100 liter to 20 kg and washing
time was 5 and 30 minutes. Washing was conducted by introducing compressed air from the bottom
of the column at the speed of 1 and 2 m/min (Higuchi et al., 2001). Figure 1.9 shows the schematic
view of the test equipment.

Tap water Ash

T

FLATATE H.]

o

Figure 1.9. Schematic view of washing column for submerged washing (Higuchi et al., 2001)

1.4.3 Spiral washing

At Fukuoka University a pilot plant was built (Figure 1.10) to test spiral washing technique at the
rate of 50 kg/h. The flow is consisted of three step washing process. Raw ash is supplied to a
trommel by a belt conveyor. For primary washing, a trommel is installed and 10 mm or greater
coarse substances are washed and separated by sprinkling washing water by sprays from above.
Raw wastes smaller than 10 mm are introduced into a spiral type washing apparatus, secondary
washing step, together with washing water.

Material waste is secondary-washed by stirring and classified in a spiral type washing apparatus.
Fine particles separated in the spiral washing apparatus from raw waste overflow together with
washing wastewater. Washed material are scraped out by a bucket and feed to the dewatering
apparatus.
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Figure 1.10. Scheme of the treatment flow of spiral washing facility (Tanioka et al., 2003)

For the final stage, wastes are tertiary-washed out by rinsing water supplied at the bucket and then
dewatered by vibrating screen with 0.25 - 0.75-mm openings at 3,600 cpm oscillation frequency

(Tanioka et al., 2003).

1.4.4 Ejector washing

Figure 1.11 indicates the outline of injector type washing system. Objects to be washed are sucked
by negative pressure (A) generated by high pressure washing water injected from the nozzle, and so
sucked objects are contacted with high-pressure water without fail, and consequently, high washing
effect is expected. As we can see from Figure 1.12 the washing (liquid-solid contact) is happening
all the way from injector to solid-liquid separation tank. Also washing water can be recycled as

many times as necessary or/and be sent to water treatment plant.

High-pressure

A

washing water

I
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Figure 1.11. Schematic view of injector washing (Hoshikawa et al., 2004)
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Figure 1.12. Scheme of the treatment flow of injector washing facility (Hoshikawa et al., 2004)

1.4.5 Other studies

The previously described waste washing techniques were all carried out using bottom or/and flying
ashes from municipal solid waste incinerator as studying material which comes as no surprise since
approximately 75% of municipal solid waste is incinerated in Japan where all the above methods
were developed. In recent years, though, studies were made using waste residues different from
incineration residues, conducted by University of Padova, Italy (Cossu et al., 2010, Cossu et al.,
2008). These studies were focused on washing as a pre-treatment method for residues of plastic
separation process, mechanical-biological pretreatment residues and automotive shredder residues.
Washings were committed only in laboratory scale studying the behavior of waste sample using
different operation conditions (liquid-solid ratios, duration of washing etc.).

These studies showed considerable efficiency, regarding reduction of the most important
parameters, of washing solid waste samples but further studies had to be done according to authors.

1.4.6 Significant results of the previous studies

As was mentioned before all the studies made in frames of the WOW system project were made on
the solid waste incinerator residues (bottom and flying ashes).

The first waste washing tests were made using mechanical and submerged washing techniques
conducted upon incineration fly ashes of the fluidized bed incinerator and incineration residues of
the stoker furnace. Different contact times and liquid-solid ratios were taken into account (Higuchi
et al., 2001). The results of this study are the following:

= in order to establish the optimal conditions of the washing electric conductivity was
measured in the liquid after each washing

» mechanical washing showed higher efficiency of washing comparing to submerged
washing

= for mechanical washing of the stoker furnace incineration residues the optimal L/S ratio was
established to be 4-5 1/kg, considering 4 or 5 consequence washings of 5 minutes each
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= optimal mechanical washing L/S ratio for incineration fly ashes of the fluidized bed
incinerator was established to be 10 1/kg for 3 consequence washings of 5 minutes each

Spiral washing technique upon the stoker furnace residue was the next one to be studied (Tanioka et
al., 2003). The results of this study are the following:

= optimal L/S ratio was established to be 8 1/kg

= preferable rotation speed of the cochlea was set to be 5 rpm

= 3 to 7% of the initial waste were removed from the facility in form of the suspended solids
in the washing eluate

* high removal efficiency was observed for chlorides (80-90%)

= significant removal of Cd and Cr was also observed (20-30%)

= almost 50% of the dioxins present in a sample were removed by the washing

Study made by Hoshikawa et al. (2004) using high pressure washing technique called ejector
washing showed the following results:

= optimal L/S ratio was considered to be 5 I/kg

= the percentage of removal of the heavy metals (As, Cd, Cr, Hg, Pb and Zn) notably varied,
showing values from 25 to 75%

= washing method showed reduction of chlorides at nearly 90%

= removal of dioxins was also significant (approximately 50%)

Studies were made not only on the effects of washing of the incineration residues but also on the
leachability of the washed waste in order to understand the long term behaviour of the pre-treated
waste. Specifically Hanashima et al. (2004) conducted an experiment in the frames of the WOW
system project, packing in lysimeters unwashed incineration residues and washed by spiral and
injector washing residues comparing afterwards the quality of leachate collected from three
different lysimeters. The results of this experiment are the following:

= values for BOD and COD were found lower in the leachate from spiral washing pretreated
residues

= values for Total Kjeldahl Nitrogen were found to show no reduction trend and differ from
time to time. Authors proposed conducting further researches in order to be able to explain
the instability of nitrogen

= the concentrations of chlorides and lead were found much lower in the pre-treated residues
leachate

In order to have a compete image of the WOW system environmental sustainability studies were
done on the treatment of the wastewater of washing processes. Kawabata et al. (2004) has proposed
the following sequence of biological and chemical-physical treatments of the residual liquid phase
from injector washing:

= coagulation sedimentation (with controlled pH) for Ca removal
= sand filtration
= decomposition of dioxins by the advanced oxidation process
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= activated sludge membrane for biodegradation of the organic substance
= activated carbon treatment

= desalination by reverse osmosis and electrodialysis

= salts recovery by evaporation for further use in industrial processes

This experiment showed the following results:

= reduction of organic substance, salts and heavy metals, present in the washing wastewater,
more than 90%

= more than 99.99% of dioxins contained in the wastewater were removed during the sand
filtration process. The advanced oxidation process was confirmed to have sufficient effect
on the decomposition of low-chlorinated dioxins

= the treated water could easily be re-used as washing liquid phase or discharged according to
the limits

Apart from the municipal solid waste incineration residues and WOW system studies had to be
made on other waste fractions. Particularly Cossu et al. (2010) made the study on four different
fractions of waste being landfilled, and those are the results of the study:

= optimal conditions for mechanical washing were established to be: L/S ratio 5 I/kgrs and 6
hours the duration of treatment

= great variety of DOC removal (from 25 to 85%) due to the differences between waste
fractions studied

= considerable removal of TKN for three out of four samples (from 50 to 75%)

= high removal of Copper and Zink (approximately 90%)

Having analysed all the above results for the pre-treatment by washing, as for incineration residues
but also for other residues sent to a landfill, this study was decided to be done. Having as objective
continuing the work done by Cossu et al., (2010) and doing washing on bigger scale, than done
before, also try to simulate landfill conditions (some of them) in order to predict the long-term
behaviour of the washed waste (comparing aerobic and anaerobic conditions) and verify the
method’s applicability.
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MATERIALS AND METHODS

2.1 Waste samples

Pilot scale washing of solid waste was decided to be performed on the following kinds of waste:

= End of plastic separation process (EB);

= Under-sieve plastic separation (US);

= Mechanical-Biological Treatment (MBT);
= Automotive Shredder Residue (ASR);

= Bottom Ash (BA).

The waste samples, which are analytically described in paragraphs 2.1.1-2.1.4, after being taken

from specific solid waste management facilities (Veneto region) undergone physical
characterization followed by analysis of physical-chemical characteristics.

2.1.1 Residues from plastics separation processes

The fraction of under-sieve and end of separation belt are two main residues derived from a
municipal solid waste plastic separation plant, which handles separation of recyclable fraction of
plastics. In particular area municipal solid waste is collected separately and so only plastic fraction
is being sent to the plastic separation plant.

The scheme of a typical plastic separation plant and the quantities (% w) of different kinds of
materials separated are shown in the 2.1.

Plastics, collected separately, are brought to the plant by trucks and stored in designated space
provided which is kept closed in order to avoid the dispersion of odours. Mechanical orange-peel
bucket is provided for loading the plastics accumulated to the loading hopper. From the hopper
plastics are being transported, with a conveyor belt, to the manual separation part of the facility
where non compatible fraction (bulky objects, boxes, etc.) is eliminated. Following the ballistic
sieve plastic flow is separated into three fractions:

= fraction of plastics smaller in dimension than sieve spaces, called under-sieve

= heavy fraction, in which heavy plastic packaging can be found (cleaning products' bottles
made of HDPE)

= light fraction, in which packaging and bottles can be found made of colourless, blue or
coloured PET as well as non recyclable light fraction (plasmix) and aluminium cans and
containers

= Under-sieve is being disposed in the specific area waiting to be collected and landfilled,
whereas the other two fractions are being transported by a conveyor belt for further
separation.

The light fraction passes through a magnetic separator in order to have metals separated and reaches
an optic separator where PET packaging is separated from the rest of the flow (plasmix and

aluminium). Plasmix, after separation from aluminium by an Eddy current separator, is being
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compressed for further transportation and utilization. PET packaging, on the other hand, passes
through manual separation in order to have colourless, blue and coloured fractions separated.

The heavy fraction, after being separated from metallic objects by magnetic separator, is
accumulated in dedicated area. When enough material is accumulated manual separation starts in
order to separate cleaning products' bottles (HDPE) from the rest of the fraction. This latest
fraction, which cannot be separated into different fractions any more, is then called end of plastic
separation process (“‘end of the belt”).

In the end of the plastic separation process all plastics recovered are being compressed and stored in
pallets waiting to be transported. The PET containers (coloured, blue, colourless) as well as HDPE
bottles are being sent to the recycling facilities, plasmix is being sent either to incineration plant to
be incinerated and produce energy or being smashed in order to add it to structural material
(concrete), the “end of the belt” fraction is incinerated or, less frequently, sent to a landfill.

As we can see from the Figure, the quantity of under-sieve and “end of the belt” fractions cannot be
disregarded as they represent almost 22% and 15% of the initial weight of the plastics waste
brought to the separation plant.

Once being separated, under-sieve is landfilled whereas “end of the belt” is usually sent to an
incineration plant due to its calorific potential.

Collected Plastics
100%

> PETblue
Manual

Loading Manual Femous metals # | separation > PET colowrless 4%
Hopper “|  separation ‘ f > PET coloured 12%
Light
fraction Mazneti '
i gnetic i Optic | Eddy cument : .
| Balistic sieve | separatar > separator > separater > Plasmix 20%
Heavy
fraction ‘ > Alumnmm 1.3%
Magneti Manual
3&22111;;5 > selection > Endof the separation belt
13%
Undersieve Ferrous metals Cleamng
21.5% car products’bottles
21.3%
14%

Figure 2.1. Scheme of typical plastic separation process.

The latest fractions consist mainly of non recyclable plastics and so of stable carbon, the landfilling
of these fractions would divert the carbon from being released as CO; into the atmosphere and
landfill would play the role of geologic carbon sink. Apart from stable part these fractions also
consist of soluble part which has to be removed by pre-treatment before landfilling in order to
prevent further leaching (and so pollution), this is why washing of waste as a pre-treatment option
has been carried out on this fractions.

2.1.2 Mechanical-Biological Treatment residue

Mechanical-Biological Treatment (MBT) is a generic term for an integration of several processes
commonly found in other waste management technologies such as Materials Recovery Facilities
(MRFs), sorting and composting or anaerobic digestion plant. MBT plant can incorporate a number
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of different processes in a variety of combinations. Additionally, MBT plant can be built for a range
of purposes.
MBT is a residual waste treatment process that involves both mechanical and biological treatment
processes. The first MBT plants were developed with the aim of reducing the environmental impact
of landfilling residual waste. MBT therefore compliments, but does not replace, other waste
management technologies such as recycling and composting as part of an integrated waste
management system.
A key advantage of MBT is that it can be configured to achieve several different aims. In line with
the EU Landfill Directive and national recycling targets, some typical aims of MBT plants include
the:

= Pre-treatment of waste going to landfill;

= Diversion of non-biodegradable and biodegradable MSW going to landfill through the

mechanical sorting of MSW into materials for recycling and/or energy recovery as refuse
derived fuel (RDF);
= Diversion of biodegradable MSW going to landfill by:
o Reducing the dry mass of BMW prior to landfill;
o Reducing the biodegradability of BMW prior to landfill.

= Stabilization into a compost-like output (CLO) for use on land;

= Conversion into a combustible biogas for energy recovery; and/or

* Drying materials to produce a high calorific organic rich fraction for use as RDF.

MBT plants may be configured in a variety of ways to achieve the required recycling, recovery and
biodegradable municipal waste (BMW) diversion performance. Figure 2.2 illustrates the general
mass balance for a typical MBT process.

Water Vapour Partially stabilised residue for
& COg further biological treatment or
~200 - 250Ky thermal treatment or co-
incineration or landfill ~ 500 kg
Tonne
Input .
Material ME‘? “Iha’!'“"::' Recyclable
(Dlack — pe— 1ofogica ——  materials 35 —
bag Treatment System 245 kg
residual
waste) / \
Wastewater - Reject fraction to
to sewer Landfill 100 — 200 kg

Figure 2.2. Mass balance diagram for Mechanical-Biological Treatment System.

Residual waste requires preparation before biological treatment or sorting of materials can be
achieved. Initial waste preparation may take the form of simple removal of large objects, such as
mattresses, carpets or other bulky wastes, which could cause problems with processing equipment
downstream.
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Further mechanical waste preparation techniques may be used which aim to prepare the materials
for subsequent separation stages. The objective of these techniques may be to split open refuse
bags, thereby liberating the materials inside; or to shred and homogenize the waste into smaller
particle sizes suitable for a variety of separation processes, or subsequent biological treatment
depending on the MBT process employed.

A summary of the different techniques used for waste preparation is provided in Table 2.1.

Table 2.1. Waste preparation techniques (Department for Environment, Food & Rural Affairs, UK,
2007)

Technique Principle Key Concerns

Wear on Hammers, pulverising and
‘loss” of glass / aggregates,
exclusion of pressurised containers

Material significantly reduced in size by

Hammer Mill L.
swinging steel hammers

Rotating knives or hooks rotate at a slow Large, strong objects can physically
Shredder speed with high torque. The shearing action damage, exclusion of pressurised
tears or cuts most materials containers

Material is lifted up the sides of a rotating
drum and then dropped back into the centre.
Uses gravity to tumble, mix, and homogenize
the wastes. Dense, abrasive items such as Gentle action — high moisture of

Rotating D .
oldling L glass or metal will help break down the softer feedstock can be a problem
materials, resulting in considerable size
reduction of paper and other biodegradable
materials
Ball Mill Rotating drum using heavy balls to break up Wear on balls, pulverising and

or pulverise the waste ‘loss’ of glass / aggregates

Wet Rotating Waste is wetted, forming heavy lumps which ~ Relatively low size reduction.
Drum with break against the knives when tumbled in the  Potential for damage from large
Knives drum contraries

A more gentle shredder used to split plastic
Bag Splitter bags whilst leaving the majority of the waste
intact

Not size reduction, may be
damaged by large strong objects

A common aspect of many MBT plant used for MSW management is the sorting of mixed waste
into different fractions using mechanical means. The sorting of material may be achieved before or
after biological treatment. No sorting is required if the objective of the MBT process is to pre-treat
all the residual MSW to produce a stabilized output for disposal to landfill.

Sorting the waste allows an MBT process to separate different materials which are suitable for
different end uses. Potential end uses include material recycling, biological treatment, energy
recovery through the production of RDF, and landfill. A variety of different techniques can be
employed, and most MBT facilities use a series of several different techniques in combination to
achieve specific end use requirements for different materials. Separation technologies exploit
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varying properties of the different materials in the waste. These properties include the size and
shape of different objects, their density, weight, magnetism, and electrical conductivity.

The biological element of an MBT process can take place prior to or after mechanical sorting of the
waste. In some processes all the residual MSW is biologically treated to produce a stabilized output
for disposal to landfill and no sorting is required. The biological processes used are either:

= Aecrobic bio-drying;
= Acrobic in-vessel composting;
= Anaerobic digestion.

During anaerobic digestion biodegradable components of the waste are degraded to produce soil
improver and biogas. The biogas can be used to generate electricity and heat.

Biological can also refer to a composting stage. Here the organic component is treated with aerobic
microorganisms. They break down the waste into carbon dioxide and compost. There is no green
energy produced by systems employing only composting treatment for the biodegradable waste.

In the case of biodrying, the waste material undergoes a period of rapid heating through the action
of aerobic microbes. During this partial composting stage the heat generated by the microbes result
in rapid drying of the waste. These systems are often configured to produce a refuse-derived fuel
where a dry, light material is advantageous for later transportation and combustion.

Some systems incorporate both anaerobic digestion and composting. This may either take the form
of a full anaerobic digestion phase, followed by the maturation (composting) of the digestate.
Alternatively a partial anaerobic digestion phase can be induced on water that is percolated through
the raw waste, dissolving the readily available sugars, with the remaining material being sent to a
windrow composting facility.

Sample used in this study came from a plant processing only MBT residues by bio-oxidation (4
weeks) and maturation (6 weeks) in order to reduce the content of organic fraction before sending it
to landfill to be used as covering material. Sampling was performed in the end of the bio-oxidation
period (Department for Environment, Food & Rural Affairs, UK, 2007).

2.1.3 Automotive Shredder Residue (ASR)

Taking into consideration the fact that vehicles production in the past 30 years has doubled
worldwide (Figure 2.3) and will continue to grow as new markets are being developed (China, India
etc.) utilization of used vehicles is a great concern.
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Figure 2.3. Vehicles production trend (Department of energy, US).

Growing concern towards environmental impact of the end of life vehicles (ELV) along with the
lack of primary raw materials focused the attention towards the development of new recycling
strategies occurring to the valorisation of secondary raw materials.

Currently, about 75% of ELV (expressed as total weight) is recycled in EU countries while the
remaining 25%-30% is called auto shredder residue (ASR) or car fluff. This waste is made up of
plastic, rubber and tissue, metals, glass and other rubbles.

Due to its highly heterogeneous and variable composition car fluff can be classified as “special
waste” or as “hazardous waste” depending on the presence of hazardous substances (Decisions
2000/532/EC, 2001/18/EC2, 2001/119/EC3 and 2001/573/EC4 of Council).

Guideline 2000/53/EC established that after January 2015 the reuse and recovery of all ELV shall
be increased to a minimum of 95% and the recovery and recycling of all ELV shall be increased to a
minimum of 85%.

Conventional route for recovery of end of life vehicle include includes pre-treatment or depollution
(e.g. removal of tires, the battery and fuel), shredding and sorting of the vehicle to recover valuable
metals (75%) which can be recycled in iron and steelmaking processes.

Car fluff generated from this process, after shredding of the ELV, can be used for energy recovery in
a cement kiln, for feedstock in a blast furnace and for syngas due to a high heat of combustion of
this waste.

Car fluff is the fraction which is obtained from the process of shredding cars, after recovery of iron
and steel by magnetic separation. In a typical plant (Figure 2.4), car wrecks are shredded by special
mill and then cleaned from light materials such as paper, rubber, etc, by counter-current air flow.
After this cleaning a separation between ferrous metals and non ferrous metals is performed by
cochlea extractor and a separation by four sieves into four granulometric fraction is done. At last,
after magnetic separation and after electroconductive separation, car fluff investigated in this work
is obtained (Granata, 2009).
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Figure 2.4. Typical car fluff production line (Granata, 2009)

The quantities of shredder fluff are likely to increase in the coming years due to the growing
number of cars being scrapped and to the increase in the amount of plastics used in car production.
Nowadays about 2 Mt of car fluff are generated annually in EU and 3 Mt of car fluff per year are
generated in North America.

Nevertheless car fluff is generally disposed of in a landfill, despite its high calorific values (18.000-
20.000 kJ/kg), as incineration of car fluff bring many problems which are still to be solved (toxic
gases of incineration, utilization of contaminated ashes, etc.).

2.1.4 Municipal Solid Waste Incinerator Bottom Ash (MSWI-BA)

Incineration is a thermal treatment technology used to reduce the volume of waste requiring final
disposal. Incineration can typically reduce the waste volume by over 90% and it is one of the
widely used technologies for treating municipal solid waste prior to disposal at landfills. Most
modern incineration plants incorporate heat recovery as well as power generation facilities to
recover the heat energy in the waste.

To ensure that the gas emissions meet the stringent standards imposed by regulatory bodies (e.g. EU
Waste Incineration Directive) for public health and environmental protection, modern incineration
plants adopt a number of advanced design and process controls as well as exhaust gas cleaning
measures.
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Figure 2.5. Typical incineration flow chart (Environmental Protection Department, Hong Kong)
Typical incineration facility includes the following (Figure 2.5):

Combustion - Waste is continuously fed into the furnace by an overhead crane. The waste is

combusted in the specially designed furnace at high temperature of > 850°C for more than 2 second
with sufficient supply of air (parameters like temperature, contact time, air quantity used for waste
incineration differ according to the type of the incinerator) so as to ensure complete burning of the
waste and to prevent the formation of dioxins and carbon monoxide.

Boiler/ steam turbine - The heat from the combustion is used to generate steam in the boiler. The
steam then drives the turbine which is coupled to the electricity generator. The excess heat
generated can also be used for other purposes, e.g. heat for swimming pool.

Exhaust gas cleaning - The exhaust gas from the boiler is typically cleaned by the following
advanced pollution control systems to ensure compliance with the stringent environmental
standards:

Dry or Wet scrubbers — to spray lime powder or fine atomized slurry into the hot exhaust gas to
neutralize and remove the polluted acidic gases (sulphur oxides, hydrogen chloride)

Activated Carbon Injection — to adsorb and remove any heavy metal and organic pollutants (e.g.
dioxins) in the exhaust gas

Bag house filter - to filter and remove dust and fine particulates

Selective Non-Catalytic Reduction - to remove nitrogen oxides (which are the cause of urban smog)
by reacting them with ammonia or urea.
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Ash residues handling - The ash residues from incineration generally include bottom ash from the
furnace and fly ash from the exhaust gas cleaning units. The bottom ash is either reused as
construction material or disposed of at landfills. Fly ash is typically stabilized and solidified by
reagents (e.g. cement) and disposed of at dedicated landfill with continuous environmental
monitoring. Ash melting that use the heat energy in the incinerator to melt the ash residues at a high
temperature is a technology used in some place. The melted products are inert and contain no
hazardous materials so that they may be re-used (e.g. as construction material). Comparatively ash
melting is more expensive but it has the advantages of further volume reduction and fixation of any
hazardous materials in the fly ash.

As the previously mentioned technologies of further treatment are quite expensive and in order use
bottom ash as construction material it has to satisfy strict regulations of its leachability, bottom ash
mostly has been sent to landfill. As no organic matter can be found in it due to the high
temperatures of incineration, leaching of metals, sulphates, chlorides and fluorides from bottom ash
is of the main concern.

2.2 Description of the experimental process

The experimental set-up included the composition analysis of waste samples followed by the
shredding of these residues. Before washing treatment a physical-chemical characterization was
carried out in order to define the solid composition and the leachable fraction of the different
parameters. After washing, for each sample, column test were performed both in aerobic and
anaerobic conditions. The scheme of the pre-treatment is depicted in Figure 2.6.

Waste
Aerobic

sample
column
Mechanical
. . , Physical- washing
Phy 51Ica.1 . Shredding chemical 5Kg
characterization 4mm . .
characterization Ls=35
t=6h

Anaerobic
column

Solid waste
leaching test Solid waste
01Kg composition
L's=10 analvsis
t=24h

Figure 2.6. Scheme of the pre-treatment process.

2.2.1 Sampling procedure

Due to the heterogeneity of waste making samples of waste fractions was considered one of the
most important parts of the experiment. Sample had to be representative of whole waste fraction as
the analyses that followed were made on the sample only and had to characterize the waste fraction
analysed.
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Samples of the five waste fractions, were taken from different plants subjected on separation or/and
pre-treatment of municipal solid waste.

The quartering procedure would give a representative sample of each waste fraction for further
analyses. Quartering procedure, as shown in Figure 2.7, consists of the following steps:

= place the material on the ground in form of a round “pie”;
= divide the pie in four equal parts;

= remove the two opposite quarters from the “pie”;

= reposition the remaining quarters in a new “pie”;

= repeat the process till the desirable quantity of sample.

Figure 2.7. Procedure scheme for sample quartering.

2.2.2 Composition analysis of the samples

Representative sample of the materials studied underwent composition analysis, and different
fractions were classified and represented as percentage of total weight of the sample. Reference
method for physical characterization is described by the IRSA, CNR, Norm CII — UNI 9246 of the
Italian law D.M. at 3™ of August 2005 which refers to characterization of municipal solid waste.

In the present study was decided to use the modification of previously mentioned method made by
the Department of Maritime, Environment and Geotechnologies of the University of Padova. This
modified method makes it possible to obtain also granulometric classification data of the waste
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samples studied. According to this method series of sieves with different dimensions of pores (100,
75, 50, 20 mm) were used, placed in order from the biggest to the smallest pores. For Bottom Ash
samples using all range of sieves was considered unnecessary, due to small dimension of consisting
particles, and so only 20 and 10 mm sieves were used.

The composition fractions were considered differently according to the particular waste fraction, if
a material did not considerably represented a waste fraction it was not included in composition
characterization of this fraction.

Waste composition analysis was performed according to the method suggested by IMAGE
department of the University of Padova (Cossu et al., 2008). The method consisted of separation of
six granulometric fractions using 5 different sieves with aperture size of 100, 75, 50, 20, 10 mm
followed by the classification of waste into several categories, number and kind of categories are
different for each kind of waste due to their heterogeneity (plastics, wood and paper, glass and inert
materials, composites, organic waste, municipal hazardous waste etc). Characterization of bottom
ash consisted only of sieving of sample with 20 and 10 mm sieve, to remove steel scrap as well as
large pieces that were not well incinerated, followed by classification into 3 categories: metals, inert
and under-sieve lees than 10 mm.

2.2.3 Laboratory sample preparation

After waste composition analysis representative sample of each fraction was taken for analysis and
the following preparations were performed upon it:

= manual separation of non-shreddable fraction (metals, inerts, hazardous )

= manual shredding of bulky objects to up to 6 cm in size

= mechanical shredding of waste to up to 4 mm in size with SM 2000 RETSCH mechanical
shredder (Figure 2.8)

Figure 2.8. Mechanical shredder SM 2000 RETSCH
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2.2.4 Waste characterization

To characterize the solid waste samples following physical-chemical analyses were performed:

= Total Solids (TS) and Volatile Solids (VS)

= Respirometric index of 7 days (RI;)

= Total Organic Carbon (TOC)

= Total Kjeldhal Nitrogen (TKN)

=  Metals (As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Se, Zn)

The reference methods are presented in Table 2.2.

Batch leaching tests, results of which are usually used as criteria of admission for waste being
landfilled, were performed in order to determine the soluble fraction of components presented in
each particular waste. The results of these tests are of the most importance giving the fact that the
release of the soluble compounds, when in contact with water, is the most important mechanism of
transferring contaminants from waste fractions landfilled to the environment.

Batch tests were performed according to the UNI EN 12547-2 norm (“Conformity test for leaching
of solid waste and soil”’). The norm describes leaching test in single step, in which the ratio between
leaching reagent (distilled water) and mass of dry sample being analysed has to be 10 I/kgrs. Norm
states that the quantity of sample analysed should be 0.090 kg + 0.005 kg of dry mass. In 1 litre
high density polyethylene (HDPE) vessel, the quantity of sample mentioned before was kept in
contact with 0.9 1 of distilled water and agitated with an overhead mixer Rotax 6.8 (Figure 2.9) for
24 hours. Leaching from waste is influenced by several factors, apart from contact time the main
factor is pH; during batch tests pH was not affected by the analyser.

Figure 2.9. Rotax 6.8 overhead agitating machine used for leaching test

For each waste sample following analyses were carried out on the eluate after 0.45um filtration
(Figure):

= Total Kjeldhal Nitrogen (TKN)

=  Chemical Oxygen Demand (COD)

= Dissolved Organic Carbon (DOC)

=  Metals (As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Se, Zn)
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= Chloride (CI")

*  Fluoride (F)
= Sulphate (SO4%)
] pH

The reference methods are presented in Table 2.2.

Figure 2.10. Liquid-solid separation by vacuum filtration with a 0.45un filter

Before initiating pilot scale washing test, batch leaching test as well as physical-chemical
characterization had to be done. Physical-chemical analyses of solid samples included the
following:

= Total Solids (TS), Volatile Solids (VS)

= Respirometric index of 7 days (RI)

= Total Organic Carbon (TOC)

= Total Kjeldhal Nitrogen (TKN)

= Metals (As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Se, Zn)

Batch leaching test was performed for all samples according to norm UNI EN 12547-2. Eluate from
leaching test was filtrated with 0.45 um filter for liquid-solid separation and following parameters
were analysed: DOC, metals (As, Cd, Cr, Cu, Hg, Mo, Ni, Pb, Se, Zn), chloride, fluoride, sulphate
and electric conductivity (EC). Concentrations measured were compared with limits for the waste
being sent for landfilling indicated by Italian law (D.M. August 3™ 2005). Also concentrations of
COD and TKN, being among the parameters of fundamental importance in analysis of leachate
from waste being landfilled, were measured in the eluate.
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The methodology adopted for different analysis conducted during the experimentation is reported in
the Table 2.2.

PARAMETER SAMPLE REFERENCE METHOD/ EQUIPMENT

TS solid IRSA CNR Q.64/85 vol.2 n°2

liquid IRSA CNR 29/03 vol.1 n°2090 A
VS solid IRSA CNR Q.64/85 vol.2 n°2
IR; solid Sapromat and VoithSulzer Respiromat
TKN solid IRSA CNR Q.64/85 vol.3 n°6

liquid IRSA CNR 29/03 vol.2 n°5030 A
N-NH; liquid IRSA-CNR 29/03 vol. 2 n. 4030 A2
TOC solid Shimadzu TOC-VCSN Analyzer
DOC liquid IRSA CNR 29/03 vol.2 n°5040
COD liquid IRSA CNR 29/03 vol.2 n°5130
As solid EPA 1996 n° 7061

liquid IRSA CNR 29/03 vol.1 n°3010°+3080A
Cd, Cr, Cu, solid EPA 1996 n° 6010
Mo,Ni, Pb, Zn liquid IRSA CNR 29/03 vol.1 n°3010°+3020
Hg solid EPA 1996 n°7471

liquid IRSA CNR 29/03 vol.1 n°3010A+3200 A2
Se solid EPA 1996 n°7741

liquid IRSA CNR 29/03 vol.1 n°3010A+3260 A
Cr solid IRSA CNR Q.64/85 vol.3 n°13

liquid IRSA CNR 29/03 vol.2 n°4090
E solid IRSA CNR Q.64/85 vol.3 n°14

liquid IRSA CNR 29/03 vol.2 n°4100B
S0,> solid IRSA CNR Q.64/85 vol.3

liquid IRSA CNR 29/03 vol.2 n°4140A
pH liquid IRSA CNR 29/03 vol.1 n°2060
EC liquid IRSA CNR 29/03 vol.1 n°2030

2.4 Desorption model

Desorption is a surface process that leads to release of a molecule from solid surface to a fluid bulk.
This can occur because of physical forces or by breaking chemical bonds between a molecule and
adsorbent. Usually it is a reversible process (called adsorption), then it is responsible for
transferring molecules from fluid to solid surface. Desorption can be described by the equations
used in adsorption with some modifications. In most of the cases, the desorption and adsorption
processes are described at the equilibrium by means of some equations that quantify the amount of
substance attached on the surface given the concentration in the fluid (the reverse for desorption).
These equations are called isotherms (the most famous are the Langmuir and the Freundlich
equations, Figure 2.11) because of the dependence of their parameters on the temperature, which is
one of the most important environmental factors affecting adsorption — desorption phenomenon.

In this study, though, the dynamics of desorption are of greater importance. The assumption and
methodology to derive the dynamic law for adsorption is similar to the theory of the two films used
for absorption: in this case only one film is considered to separate the bulk of solution where
adsorbate is uniformly diluted due to eddy diffusion, and the film near the surface of adsorbent,
where only molecular diffusion occurs (Figure 2.12).

-34 -



D '
©  —Langmuir —-Freundlich - -- BET

C,z

Figure 2.11. Isotherms of Langmuir (solid line), Freundlich (dashed) and BET (dotted). They
describe the amount of adsorbate expressed in term of mass fraction q (or fraction of sites occupied
0 for BET) depending on its concentration C.

Mass transfer in the fluid film is described by the following equation:

oC

E:kf-a-(Ci—C) 9)
where:

C = concentration at the liquid bulk at given time t (mg/I)

Gi = concentration at the interface at given time t (mg/1)

kg = mass transfer coefficient in the fluid film (m/s)

o = ratio between area and volume of adsorbent (m™)
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Figure 2.12. Conceptual model used to derive the equation of the dynamics of adsorption -
desorption: a stagnant liquid (or gaseous) film, where only molecular diffusion occurs, surrounds a
particle of porous adsorbent immersed in a liquid (or gaseous) bulk where concentration of solute is
constant due to eddy diffusion (Artioli, 2008).

To simplify the solution of the system of the two mass transfer equations, the assumption can be
made that also the solid particle behaves like if a solid film was present and so the following
equation would also be true:

aq
5 koor@-a) (10)
where:
q = concentration of adsorbate in the solid volume at given time t (mg/m°)
qi = concentration at the interface at given time t (mg/m3)
ks = mass transfer coefficient in the solid (m/s)
c = ratio between area and volume of adsorbent (m™)

At the interface adsorbate in fluid and solid are at the equilibrium that for simplicity and with the
constraint already mentioned is assumed linear, i.e.

q; =m-C (11)

Equalizing mass transfer fluxes (no accumulation is permitted at the interface), it is possible to
describe the flux of adsorbate that is released from the surface with the following equation:
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Given the assumed linear equilibrium, the equations can be rewritten as:

-1
L, 1) (e -c) (13)
o |k, km

where C is the concentration in liquid at the equilibrium (mg/1).

The solution to the above equation, given the fact that physical — chemical parameters of the system
(temperature, pH, redox etc.) are constant, is the following:

c=C"-(1-e™) (14)
where,
-1
K{i+LJn (15)
k, km

2.5 Laboratory scale washing test

Once chemical-physical characterization of the waste samples was finished the results were
compared to the studies made before (described in chapter 1). As the results of the characterization
were similar to previously made studies were decided to adopt the optimal parameters (L/S ratio
and contact time) for mechanical washing on pilot scale for all samples except for bottom ash for
which lab scale washing test had to be done. Lab scale washing was performed by adding a
representative quantity of sample (0.5 kgTS) in high density polyethylene (HDPE) bottles of 5 litres
with 2.5 or 5 litres of distilled water added in order to have liquid-solid ratio of 5 and 10 1/kgTS
respectively. Afterwards bottles were placed in agitation machine (Rotax 6.8) and left for agitation
for 3, 6, 12, 24 and 48 hours at 20 rpm. After each washing was over the washed material was
filtrated with a qualitative paper filter and analysis were made to establish the optimal L/S ratio and
contact time. Measurement of DOC, pH and Electric Conductivity (EC) came out to be insufficient
and so concentration of metals was also measured.

2.6 Pilot scale washing test

To verify the effect of washing on pilot scale, washing was done in a concrete mixing machine
(Figure 2.13) in which a considerable quantity of sample was put (approximately 5 kg) followed by
adding respective quantity of water to achieve L/S ratio of 5. Time of washing and rotation speed
were 6 hours and 26 rpm, respectively. Optimal conditions of washing test (time and L/S ratio) were
established by previous studies (Cossu et al., 2010, Cossu et al., 2008). After washing solid sample
was separated from liquid fraction (eluate) which was filtrated by a qualitative filter paper (with a
pore diameter of 25-30 pum), then filtrate would be stored at 6°C for further analysis.
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Figure 2.13. Concrete mixing machine used for pilot scale washing procedure

Washings were done in an outside facility at ambient temperature (15-20°C) using distilled water,
as liquid phase, without altering the pH.
After washing following parameters were analysed on the eluate:

= Total Organic Carbon (TOC);

= Total Kjeldahl Nitrogen (TKN);

= Ammonia (NH3-N);

= Chemical Oxygen Demand (COD);

= Metals (As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Se, Zn) ;
= Chlorides (CI);

= Fluorides (F);

=  Sulphates (SO4%);

= Electric conductivity (EC) and pH.

2.6 Column test

After being washed and separated from liquid fraction of the washing, sample would be packed in
PVC transparent columns with an internal diameter of 10 cm and a height of 104 cm (Figure 2.14).
The columns were closed with flanges sealed with an O-ring, and the flanges were kept together
with stainless steel nuts and bolts. In upper flanges valves were installed to provide columns with
water and to monitor the gas production. Down flanges were also equipped with valves for leachate
collection. In order to avoid the obstruction of the valve for leachate collection a gravel filter
(gravel size 20-40 mm; height 10 cm) was disposed in each column.
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In order to provide simulation of a real landfill conditions, columns were placed in a thermostatic
chamber with temperature being kept at 30°C.

For each sample were provided two separate columns with established aerobic condition in one and
anaerobic in another. Aerobic condition for each column was made by inflection of air by air pump
(max. delivery capacity 4 N1/h) in order to guarantee a concentration of oxygen more than 5%. Air
bags were attached to each column in order to verify the aerobic and anaerobic condition by
monitoring concentrations of oxygen and carbon dioxide on weekly basis.

Simulation of rainfall was made by adding water on daily basis to each column, to avoid formation
of unsaturated zones and preferential pathways, a gravel layer was disposed above wastes and water
was distributed through openings in the tubes placed in the top part of the columns. The leachate
where collected weekly and for the analysis the L/S ratios of 1, 2, 3, 5, 10, 15 were taken into

consideration.

ABRATED

-y SRR T e

Figure 2.14. Four out of the ten columns used in the study.

After the specific L/S ratio was reached leachate was collected in plastic HDPE vessels of 1 litre
and stored at 5°C for further analyses. Analyses performed on the eluate of pilot scale washing
(Paragraph 2.4) were also performed on the column leachate collected.
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ANALYTICAL METHODS

The analyses carried out on the waste samples used in this study were carried out in the LISA
(Laboratorio di Ingegneria Sanitaria Ambientale/Laboratory of Environmental Sanitary
Engineering) of the Department of Maritime, Environment and Geotechnologies of the University
of Padova, Italy.

3.1 Total solids (TS), Volatile solids (VS) and moisture

The total solids content of a sample is the amount of material remained after drying of the raw
sample at 105°C to constant weight. Before taking a sample, weight of the ceramic weighting dish
(Wo) was measured with precise analytical balance. After balances were tared, actual weight of a
mixed, homogenised sample was measured (W;). Afterwards samples were placed in a convection
oven for at least 12 hours. Being dried to constant weight samples were placed in a desiccator to
cool down to ambient temperature. Then the oven-dried samples were weighted (Wq; ). Total solids
were calculated using the following formula:

W, —W,
TS(%)=%'IOO (16)

The content of water in the sample (moisture) is:
U(%) =100-TS (17)

Volatile solids is a fraction of total solids, mainly of organic nature, that is transformed to gas form
being heated from 105 to 550°C. In order to calculate volatile solids in a sample, the same sample
that was used for total solids calculations was put in an oven at 550°C for approximately 3 hours.
After that, sample was placed in a desiccator and weighted (Wg,). Volatile solids were calculated,
expressed as a percentage of total solids, by the following formula:

VS(%TS) = war = Waz

Waz 100 (18)
Wdl WO

3.2 Respirometric Index (RI)

Respirometric Index (RI), determined after 4 or/and 7 days, is expressed as mgO,/kgrs, and
estimates the quantity of oxygen consumed by micro-organisms in order to degrade the organic
substances available in a solid sample. This parameter has been proposed as standard method for
estimation of biological stability of a waste. Biological stability indicates the condition in which,
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providing that optimal conditions are established for microbiological activity to carry on in aerobic
conditions, biodegradation processes are rather slowed down.

In the present study respirometric index of solid waste samples was determined using Sapromat
apparatus model E. Static type method was used to obtain the index.

Representative quantity of sample (about 30g) was placed in a closed glass bottle connected to
oxygen generator, having two electrodes of copper and platinum submerged in copper sulphate
solution in the top part of the bottle. The oxygen generator is connected to a manometer: the
negative pressure produced because of consumption of oxygen by micro-organisms present in solid
sample causes raise of the manometer's meniscus which in its turn closes the electric contact which
starts the oxygen generator. The oxygen generator keeps producing oxygen till the initial conditions
of pressure are established.

To absorb carbon dioxide, produced by micro-organisms as respiration product, sodium hydroxide
tablets were placed in each bottle in specific place under the tap. The quantity of oxygen produced
and consumed is registered by a personal computer. Figure 3.1 shows the function scheme of
Sapromat apparatus.

waterbath

reaction oxygen
vessel generator

Figure 3.1. Principle set up of the Sapromat for the determination of Respirometric Index (RI).

3.3 Total Organic Carbon (TOC) and Dissolved Organic Carbon (DOC)

Total Organic Carbon (TOC) represents the total quantity of organic carbon available in a solid or
liquid sample.
The determination of organic carbon was done according to the UNI EN 1484 method using a
carbon analyser. The procedure includes reaction of a sample with air, or oxygen, in presence of a
catalyst in a combustion tube followed by measure of carbon products with an infrared detector.
Solid samples, before being analysed, had to be dried in an oven at 105°C. Upon liquid samples, on
the other hand, filtration with a qualitative paper filter had to be done in order to remove suspended
particles which could block the combustion tube.
The same mechanism can be used to determine the Dissolved Organic Carbon (DOC) available in a
liquid sample: by definition DOC represents the organic fraction in a sample which has been
filtrated through a 0.45pum membrane (Figure 3.2).
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In case of solid sample, TOC is expressed as percentage of carbon in dry substance; TOC as well as
DOC, on the other hand, are expressed as concentration (mgC/1).

Total Carbon (TC)

Inorganic Carbon (1C) Organic Carbon (TOC)
Particulate Dissolved Purgeable Non-Purgeable
Organic Carbon Organic Carbon
(POC) (NPOC)
Particulate Dissolved (DOC)

Figure 3.2. Scheme of relationship between carbon components

3.4 Chemical Oxygen Demand (COD)

COD parameter represents the quantity of oxygen needed for chemical oxidation of substances
contained in a liquid.

Method used for determination of COD in this study includes usage of potassium dichromate
(K>Cr,07) as a strong oxidizing agent for organic and inorganic substances presented in the liquid
sample, and acidic conditions needed are provided by sulphuric acid (H,SO4) in presence of silver
sulphate (Ag,SO,) as a catalyst for the oxidation of short, straight chain organics and alcohols.
Some samples may contain high levels of oxidizable inorganic materials which may interfere with
the determination of COD. Because of its possible high concentration in most samples, chloride is
often the most serious source of interference. Its reaction with potassium dichromate follows the
equation:

6CI" + Cr,02 + 14H" — 3Cl, + 2CP" + 7H,0

Without adding any reagents the chloride ions would form chlorine compounds in the strong acid
media used in the procedure. These chlorine compounds would oxidize the organic matter in the
sample, resulting in a COD value lower than the actual value. This interference, for concentrations
of chlorine lower than 1000 mg/l, can be eliminated by adding mercuric sulphate (HgSOy).

Because COD measures the oxygen demand of organic compounds in a sample of water, it is
important that no outside organic material be accidentally added to the sample to be measured. To
control for this, a so-called blank sample is required in the determination of COD. A blank sample
is created by adding all reagents (e.g. acid and oxidizing agent) to a volume of distilled water. COD
is measured for both the water and blank samples, and the two are compared. The oxygen demand
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in the blank sample is subtracted from the COD for the original sample to ensure a true
measurement of organic matter.

For all organic matter to be completely oxidized, an excess amount of potassium dichromate must
be present. Once oxidation is complete, the amount of excess potassium dichromate must be

3+

measured to ensure that the amount of Cr°" can be determined with accuracy. To do so, the excess

potassium dichromate is titrated with ferrous ammonium sulphate Fe(NHy ), -(SO4), (known as

Mohr's salt) until all of the excess oxidizing agent has been reduced to Cr3*. Indicator Ferroin is
added during this titration step as well. Once all the excess dichromate has been reduced, the
Ferroin indicator changes colour from blue-green to reddish-brown. The amount of ferrous
ammonium sulphate added is equivalent to the amount of excess potassium dichromate added to the
original sample.

In a flask 20 ml of sample was added (if high value of COD was expected, sample would be
diluted) followed by adding tip of spatula of mercuric and silver sulphate and 30 ml of sulphuric
acid. Acceleration of oxidation process was made by heating the sample at 105°C for 2 hours. When
samples were cooled down to ambient temperature few drops of Forroin were added and titration of
dichromate excess was performed using Mohr's salt also in the blank sample.

The calculation of COD, expressed as mgO; /1, was made using the following equation:

(A-B)-N-8-1000

COD = v (19)
where:

A = volume of Mohr's salt used in the blank sample (ml)

B = volume of Mohr's salt used in the original sample (ml)

N = normality of Mohr's salt's solution (eq/l)

8 = oxygen's atomic weight (g/eq)

VvV = sample volume (ml)

3.5 Total Kjeldahl Nitrogen (TKN)

TKN represents the sum of organic nitrogen compounds and ammonia nitrogen (NH3-N) in a
sample.

The titration method, to determine TKN, used in this study includes initial digestion at about 370°C
of a representative quantity of a sample to which concentrated sulphuric acid (20-30 ml) was
previously added. After being cooled down and diluted with distilled water, the digested sample was
brought to alkaline pH by adding soda; the ammonia is distilled from an alkaline medium and
absorbed in boric acid in presence of indicators mixture (methyl red and methylene blue at ratio of
2:1). The concentration of ammonia was then determined by titration with sulphuric acid solution
(0.02 N or 0.1 N): the end of the titration procedure was considered when the colour of sample
changed from typical after distillation — green to purple.

For a liquid sample concentration of nitrogen, expressed as mgN/l, is calculated using the following
equation:
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A-N-14-1000

TKN = v (20)
where:

A = volume of sulphuric acid used for titration of sample (ml)

N = normality of sulphuric acid used for titration (eq/l)

14 = nitrogen atomic weight (gr/eq)

A% = volume of sample used (ml)

For a solid sample concentration of nitrogen, expressed as mgN/kgrs, is calculated using the
following equation:

TKN:M Q1)

where P indicates the dry weight of sample used (grs).

3.6 Metals

In order to measure metals’ concentration in solid and liquid samples they had to be transformed in
an acidic solution in which all the measured metals would be completely dissolved.
The preparation of a sample was different dependently on the kind of the sample:

in case of a liquid sample, representative quantity of a sample (generally 50 or 100 ml) was put into
a flask to which a small quantity of concentrated sulphuric acid was added. Then flask was put into
a digestion unit for 2 hours, followed by paper filter filtration and adding of distilled water to reach
the initial volume of the sample.

in case of a solid sample, in contrary, a small amount of sample (generally 2 or 3 g) was taken to
which was added some distilled water as well as acqua regia (/at. royal water), consisting of one
part of nitric acid and three parts of hydrochloric acid. Again the flask with prepared sample was
put into a digestion unit for 2 hours, followed by paper filter filtration and adding of distilled water
to reach the volume needed (50 or 100 ml).

To determine most of the metals’ concentration on the acidic digested samples an inductively
coupled plasma optical emission spectrophotometer (ICP-OES) was used. On the other hand for
trace metals (As, Hg, Se) atomic absorption spectrophotometer (ASS) was used.

The results for solid samples obtained from the spectrophotometers were expressed as mg/kg,s and
interpreted using the following equation:

C . =

met

oV
& 22

where:
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o = reading of the spectrophotometer (ppm)

v = volume reached after digestion (ml)
P = weight of the sample analysed expressed in total solids (grs)
3.7 Chlorides

For measuring chlorides the titration method is used, which is based on precipitation of chloride
ions (CI), available in a liquid sample, with silver nitrate solution in presence of potassium
chromate as indicator. After adding the titration reagent we observe the precipitation of chlorides in
silver chloride form: the process can be considered finished when the solution stops being
transparent and obtains red colour as the result of precipitation of silver chloride.

The procedure includes adding to a 250 ml flask a representative quantity of sample (usually 50ml)
followed by adding 1 ml of potassium chromate and titration by the silver nitrate solution 0.1 N
with continuing agitation of the sample.

The concentration of chloride, expressed in mg/l, can be calculated using the following equation:

A-N-35.457-1000

Cll= 23
[CI] v (23)
where:

A = volume of silver nitrate used for titration (ml)
N = normality of silver nitrate solution (eq/l)
35.457 = chloride atomic weight (g/eq)

A% = volume of the sample (ml)

3.8 Fluorides

Fluorides were measured in the samples using potentiometric method: using a fluoride ion

selective membrane electrode (ISE). A Nernst-like relationship established between the fluoride ion
concentration [F-] and the potential of the ISE. This relationship, which was established via
calibration, makes it possible to determine the desired fluoride fon concentration from the measured
potential of the ISE.

For each 10 ml of the sample 5 ml of the TISAB (Total Ionic Strength Buffer) was added in order to
regulate the pH of the solution (method is sensitive for low and high pH levels). After adding the
TISAB solution both electrodes (ISE and reference electrode) were submerged into the sample and
the fluorides concentration was measured.
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3.9 Sulphates

The sulphates’ measuring is based on turbidimetric method: sulphate ion is precipitating in acidic
environment with barium chloride (BaCl,).

The procedure includes placing a sample, as it is or diluted, into a flask then adding 10 ml of the
solution of glycerine and sodium chloride (at 2:1 ratio) followed by adding 5 ml of barium chloride.

Prepared samples then analysed using spectrophotometer at 420 nm wave length. Finally absorption
2.
values are interpreted into concentration of sulphates (mgSO, /1) through the calibration curve.

3.10 pH

Measuring of pH was carried out using a pH-meter. Before each cycle of analysis calibration, with
solutions of known pH values, of the instrument had to be done (usually solutions of pH 4 and 7
were used for calibration).
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RESULTS AND DISCUSSION

4.1 Composition characterization

Results of the composition characterization for the five waste samples analysed are presented in the
Figures 4.1-4.5. Analytical data on composition of each sample is included in the appendix (A).

Undersieve of plastic separation

Glass and Hazardous 1.3% _Organic7.4%
Inert 6.4%

> Fraction<20mm
37.0%
Metal 5.5%

Wood and paper

Plastic 40,0% 2.5%

Figure 4.1. Composition characterization of the under-sieve of plastic separation sample,
expressed as percentage of weight.

End of the belt of plastic separation

Glass and Inert

Composites 1%
0,3% P ’

Organic0.5%
Metal 1%
Fraction

<20mm 1%

Wood and
paper 5.2 %

Plastic 91%

Figure 4.2. Composition characterization of the end of the belt of plastic separation sample,
expressed as percentage of weight.
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Mechanical-biological treatment residue
Wood and Paper

7.5%

Plastic13.3%

Metal 1.5%
Inert 4.4%

Hazardous 0.2%

Composites 0.5%

Fraction <20mm Organic1.9%

70.7%

Figure 4.3. Composition characterization of the mechanical-biological treatment residue sample,
expressed as percentage of weight.

Automotive shredder residue

Rubber 6.1%

Fraction<20mm
42.1%

Plastic 13.0%

Textile and
Stuffing 32.9%

Wood and
paper 0.8%

Electrical cabes
2.8%

Metals 2.4%

Figure 4.4. Composition characterization of the automotive shredder residue sample, expressed as
percentage of weight.

metals 2% inert 11%

—e

fraction <10
mm 87%
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Figure 4.5. Composition characterization of the bottom ash sample, expressed as percentage of
weight.

Fraction less than 20 mm (10 mm in case of bottom ash) is considered as a separate category due to
small dimension of material and inability of additional classification. This category, generally,
represents a large part of a waste sample due to waste pre-treatment, except for end of the belt of
plastic separation, which nature implies presence of bulky material rather than fine fraction.

Plastic dominates in US and EB composition due to the nature of the samples, EBs 91% of non-
recyclable plastics make incineration, for this fraction, a considerable option. Presence of organic
fraction (7.5%) and fine fraction (37%) is the main reason why US does not undergo further plastic
separation and is being rejected. Metals in US (5.5%) are mostly represented by cables and smashed
electronic equipment, whereas in EB (1%) it is only aluminium packaging.

As mechanical-biological treatment product (or a by-product) should have a soil-like properties,
MBTs >70% of fine fraction was expected. Plastic content of MBT (13%) is mostly due to the non-
biodegradable plastic bags used for waste collection.

ASR sample is represented mostly by the fine fraction (42%), due to the shredding, and the textiles
and stuffing fraction (33%), due to the high quantities of non-recyclable car seat filling and cover.
Although metals (2.4%) and electric cables (2.8%) make just a little more than 5% of the
composition, the variety of these fractions (different kinds of metals) as well as their leachability
are of a particular concern.

Although incineration of solid waste is well known for converting waste to ashes and BA is
represented almost entirely by the fine fraction (87%), non-combustible materials, such as metals
(2%) and inert materials (11%), are also present.
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4.2 Waste characterization

4.2.1 Physical-chemical characterisation of raw waste samples

The results related to the characterization of raw waste sample are reported in Table 4.1.

Table 4.1. Chemical-physical characterisation of raw waste samples: undersieve material from
separation of plastics plant (US), residues obtained at the end of the plastic separation plant (EB),
residues from mechanical-biological treatment plant (MBT), automotive shredder residues (ASR),
bottom ash from waste incineration plant (BA).

Parameter Unit uUsS EB MBT ASR BA

TS g1s/Eg10 0.89 0.98 0.75 0.87 0.74
VS 2vs/grs 0.67 0.97 0.44 0.67 0.04
TOC gc/grs 0.60 0.75 0.32 0.59 0.03
TKN an/kgrs 6.5 1.4 10.9 19.8 0.5

As mg/kgrs 0.40 0.05 0.30 <0.04 0.63
Ba " 25.7 23.6 130 1363 1473
Cd " 2.10 0.28 0.51 3.63 0.78
Cr " 9.35 4.60 177 88 413

Cu " 200 16.4 604 10574 6029
Hg " 0.33 0.18 2.06 0.39 0.76
Mo " 0.85 3.03 7.84 15.9 50.5
Ni " 7.25 1.35 79.9 72.6 337

Pb " 14.2 7.92 281 1332 1115
Se " 0.07 0.01 0.05 0.10 <0.01
Zn " 166 19.7 606 3946 4516

The samples were characterized by low moisture levels in particular the residues of plastics and the
automotive shredder residues, the higher content of moisture was found for the mechanical
biological treated waste, the high value of water content in bottom ash sample is due to the
quenching process and the storage environmental conditions in the thermal treatment plant, low
Volatile Solids content (Table 4.1) indicates that water present in the sample was rather external
humidity than samples moisture.

The highest Total Organic Carbon (TOC) content (75% of dry weight) was for the sample collected
at the end of the plastic separation process. The screened material, ASR and under sieve of plastic
separation process featured TOC values equal to 60% in weight of dry matter. The lowest value, as
expected, was referred to bottom ash (0.03%).

Values revealed for seven day respirometric index (RI;) indicated low biological activity for all
materials. The highest value was 15 mgO,/kgTS related to MBT which was also expected as the
sample, collected from the plant at the beginning of the maturation phase, was still undergoing
biological degradation.

The presence of nitrogen in wastes was mainly due to the widespread use of polyurethane plastics
in industrial manufacturing (insulating foams, fillings, packaging, etc), to protein material and to
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humic substances: the highest TKN content, corresponding to about 2% of dry weight, was obtained
for the ASR sample, whilst the lowest value was observed in BA sample (0.05% of dry weight).

The highest quantities of metals were obtained for copper and zinc. Concentrations determined in
ASR sample were approx. 10574 mg/kgrs and 3946 mg/kgrs, respectively, corresponding to
approximately 1% and 0.4% dry weight: this was due to the fact that copper is present in electric
wires whilst zinc is used as an additive in several types of rubber and as a pigment in paints. Copper
and zinc concentrations exceeding 6000 and 4500 mg/kgrs were also obtained in the bottom ash,
bibliography review showed that Zn and Cu concentrations in bottom ashes vary greatly mainly due
to composition differences in the solid waste incinerated (Polettini and Pomi, 2004, Yamaguchi et
al., 2004, Chimenos et al., 1999). In MBT residue were obtained a significant concentration of lead
(281 mg/kgrs) and as well as copper and zinc (about 600 mg/kgrs). This could be caused by the
presence wastes collected from urban road dust, characterised by a significant heavy metal content
(Charlesworth et al., 2003; Wei and Yang, 2009). Giving the low concentration of trace metals (As,
Hg, Se) in the raw waste composition and their low solubility in water, decision was made not to
include these metals in further study analyses.

In order to examine the degradation processes occurring in solid waste samples before and after
washing respirometric indexes (7 days) were calculated on raw and washed samples. Results
indicate that the inhibiting factors for microbiological activity in solid samples were moisture and
organic substance content (temperature was not altered during the experiment). After washing,
consumption of oxygen increased two and four times for US and EB, 8.1 mgO,/kgrs and
2.7mg0y/kgrs respectively, indicating that the moisture was the limiting factor for these samples.
On the other hand, MBT, ASR and BA samples showed a slight decrease of oxygen consumption
after washing indicating the organic substance content as the limiting factor of the microbiological
activity (13.5 mgO,/kgrs, 1.6 mgO,/kgrs and 0.7 mgO,/kgrs, respectively). This observation can
reflect another positive aspect of washing as a pre-treatment method, as some washed samples
packed in the columns would have higher degradation rates due to the increase of moisture.

4.2.2 Results of leaching batch test

The concentrations obtained for parameters measured in batch leaching tests carried out on the
waste samples studied are reported in Table 4.2.

DOC concentrations obtained in eluates from all wastes studied exceeded or are close to limits
established for disposal in hazardous waste landfills except for bottom ash. However, under sieve
and end of the belt of plastic separation process and mechanical biological pre-treated waste are
considered likened to municipal solid waste and as a consequence are not subject to legislation
limits and no analytical characterisation is required before landfilling.

The highest COD values were obtained in eluate from the MBT (approx. 1350 mgO,/l) and US
(approx. 1000 mgO,/1) samples, whilst the lowest concentrations, approx. 90 mgO,/l, were obtained
for BA residues.

TKN content was higher in eluates from MBT residues (105 mgN/l), whilst lower concentrations
were observed in ASR and BA eluate, 8.4 mgN/l and 7.8 mgN/l, respectively. On comparing the
results obtained with those pertaining to solid content, it can be seen that nitrogen detected in the
ASR sample was almost completely unleachable, being largely present as a component of
polyurethane plastics. On the contrary, nitrogen present in US, EB and MBT was increasingly
leachable, being present as largely soluble proteins or humic substances. Values obtained for BA of
physical-chemical characterization, as well as of leaching test, indicate presence of organic matter
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which has not been totally mineralized by incineration, previous studies have shown similar results
(Zhang et al., 2004).

With regard to metals, the highest concentrations were detected for zinc (2.28 mg/l in eluate from
ASR and about 1.5 mg/l in eluate from US and MBT residues) and copper (0.46 mg/1 in eluate from
BA and 0.34 mg/l in eluate from MBT residues). In eluates from MBT nickel concentrations of 0.36
and a chromium concentration of 0.32 mg/l were also obtained. Metal concentrations measured in
ASR eluate were generally low and complied with limits established for landfill disposal of inert
wastes except for zinc, this metal however was under the limit for non hazardous waste.

The highest concentrations of chlorides, 674 mg/l and 443 mg/l, were detected in eluate from MBT
and BA residues, respectively.

Highest electric conductivity (EC) values were measured for MBT and BA, 4.2 and 3.2 mS/cm,
respectively. High values of EC can be correlated with the high concentration of chlorides, metal
ions as well as with presence of ionized suspended particles (Prieto et al., 2000).

Table 4.2. Results of leaching batch test of raw waste samples compared to limits established by
Italian law for landfilling of wastes.

LANDFILLING LIMITS
Non-
Parameter Unit US  EB  MBT ASR  BA PO | oardous Hazardous
Waste Waste
Waste
DOC mge/l 578 261 623 946 306 50 80 100
COD megoy/l 977 480 1342 231 89 ] _ )
TKN mgy/l 50 25 105 8.4 78 ] _ ;
NH;-N "985 67 243 17 1.6 ; _ ;
Ba " 008 009 014 027  0.14 2 10 30
cd " <0003 <0.003 <0.003 <0.003 <0.003 0.004  0.02 02
Cr 002 002 032 <002 007 005 1 7
Cu " 017 018 034 019 046 02 5 10
Mo <002 002 007 004 017  0.05 1 3
Ni " 020 <004 036 010 <004 0.04 | 4
Pb " <006 <0.06 0.12 <006 <006 0.05 1 5
Zn " 151 051 146 228 038 04 5 20
Cr " 195 124 674 94 443 80 1500 2500
F " 018 017 012 019  0.12 1 15 50
SO> " 429 3 114 43 28 100 2000 5000
EC mS/cm 2 0.9 42 0.5 32 i _ -
pH ] 76 75 76 78 114 ; _ ;
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4.3 Waste washing efficiency

4.3.1 Results of leaching batch test after washing treatment

The removal efficacy obtained following application of pilot scale washing test (t = 6 hours, L/S =5
1/kgTS) of waste examined was calculated by comparing concentrations detected in eluates from
batch leaching tests carried out on both raw and treated wastes (Table 4.2 and Table 4.3).

Table 4.3. Results of leaching batch test of washed waste samples compared to limits established by

[talian law for landfilling of wastes.

LANDFILLING LIMITS
Non-

Parameter Unit UsS EB MBT  ASR BA Inert hazardous Hazardous

Waste Waste

Waste

DOC mgc/1 114 22 215 35 24 50 80 100
COD mgoy/l 139 58 563 101 36 - - -
TKN mgn/1 <5 <5 27 <5 <5 - - -
NH;-N " 1.6 0.8 5.0 1.4 <0.2 - - -
Ba mg/l 0.07 0.04 0.06 0.21 0.18 2 10 30
Cd " <0.003 <0.003 <0.003 <0.003 <0.003 0.004 0.02 0.2
Cr " 0.01 <0.01 0.11 <0.01 0.02 0.05 1 7
Cu " 0.03 0.01 0.15 0.04 0.22 0.2 5 10
Mo " <0.01 <0.01 0.02 0.02 0.06 0.05 1 3
Ni " 0.04 <0.02 0.14 0.02 <0.02 0.04 1 4
Pb " <0.03 <0.03 0.10 <0.03 0.08 0.05 1 5
Zn " 0.14 0.06 0.84 0.43 0.04 0.4 5 20
Cr " 78 71 301 47 121 80 1500 2500
F " 0.04 0.03 0.08 0.08 0.07 1 15 50
SO.* " 44.5 0.4 61.5 11.8 10.6 100 2000 5000
EC mS/cm 0.6 0.2 1.4 0.2 0.9 - - -
pH - 8.2 7.5 8.2 7.5 114 - - -

4.3.2 Removal efficiency of washing in leachable fraction

Removal percentages obtained for the more significant parameters analysed are illustrated in Table

4.4.

Removal efficacy for TKN was particularly significant: for the under-sieve and the end of belt
samples from the plastic separation process the concentration of this parameter present in eluates
from batch leaching tests was decreased following treatment, from a value of 50 mgN/l and 25
mgN/1, respectively to a value of <5 mgN/I.
DOC removal efficacy ranged from 20% for BA and 92% for end of the belt from plastic
separation. DOC leachable fraction removal was also considerable for under-sieve sample (86%).
DOC removal revealed for ASR waste reached 63%, with a decrease of concentration in eluates
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from batch leaching tests from about 95 mg/l to 35 mg/I after washing. A similar decrease would be
sufficient to allow the disposal of ASR in a landfill for inert wastes.

Removal percentages obtained for COD are comparable to those obtained for DOC.

With regard to the heavy metal content, in all samples investigated copper, nickel and zinc
concentrations in eluates obtained from batch leaching tests following washing were significantly
lower, the decrease of leachable fraction was more than 80% in almost all sample. Removal
percentages for other metals analysed varied according to type of waste: e.g. the removal efficacy
for lead ranged from 16% (MBT residues) and 100% (under-sieve and end of the process of plastic
separation).

Although concentration of fluorides in leaching test on raw waste samples did not exceed quality
standards for drinking water set by World Health Organization (WHO, 1985) considerable removal
was observed for all samples ranging from 33% to 82% (corresponding to MBT and EB,
respectively).

Efficiency of electric conductivity decrease can be considered a relative indicator of liquid
purification, as its decrease means removal of metallic ions, salts and ionized particulate matter. All
the waste samples showed considerable efficiency of EC removal from 54% to 79% for ASR and
EB, respectively.

Table 4.4. Percentage of removal for the more significant parameters analysed obtained by
comparison from leaching tests batch of raw and washed waste.

Parameter US EB MBT ASR BA

TKN >90% >80% 75% >38% >38%
NH3-N 94% 88% 79% 18% >87%
COD 86% 88% 58% 56% 60%
DOC 86% 92% 65% 63% 20%
Ba 14% 60% 56% 24% n.c.

Cd 96% n.c n.c. 79% n.c.

Cr 36% 95% 65% 71% 67%
Cu 83% 93% 57% 80% 52%
Mo 28% 80% 71% 54% 64%
Ni 80% 80% 61% 77% n.c.

Pb n.c. n.c. 16% 50% n.c.

Zn 91% 88% 43% 81% 88%
Cr 60% 64% 55% 50% 73%
F 78% 82% 33% 58% 42%
SO,* 90% 89% 46% 72% 62%
EC 71% 79% 66% 54% 72%

n.c.: non-calculable value.

4.4 Waste washing eluate characterization

Table 4.5 shows concentrations obtained for the various parameters analysed in eluates originating
from washing tests. These concentrations were compared with limits for emission into sewerage
systems established by Italian Law 152/06.
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US has the highest organic substance emission into the washing eluate, COD more than 4700
mgO2/1, TKN 288 mgN/l and TOC higher than 1000 mgC/l which can be explained by presence of
fine, readily degradable, particulate fraction in the waste fraction composition. MBT has lower, but
still significant, levels of TKN, TOC and COD emissions (231 mgN/l, 838 mgC/l and 4174
mgO2/1, respectively). BODs values for US and MBT (359 mgO,/1 and 1000 mgO,/1) indicate than
the biggest part of oxidizable material in these fractions are non-biodegradable.

As metals are not greatly desorbed at the conditions provided for washing test (temperature,
pressure, pH), concentrations in the eluates varied greatly depending also on the concentration of
particular metal in the solid matrix. From less than 0.006 mg/l (for Cd of BA, ASR, MBT, US) to
9.07 mg/I (for Zn of US).

The results obtained indicate how, in the case of full-scale application, eluates obtained from the
washing of wastes should be treated prior to release into the sewerage network.

Table 4.5. Concentrations of parameters analysed in eluates obtained from washing tests (t=6 hours,
L/S=5 I/kgTS), compared with limit values established by Law 152/06 for emission into the
municipal sewerage system. Values exceeding the above limits are reported in light grey.

Parameter Unit US EB MBT ASR  BA Limits for
€missSion
TKN mgN/l 288 118 231 11.8 12.0 <30 (as
ammoniac N)
NH;-N " 21.8 13.4 53.7 5.10 <30 -
COD mgO»/1 4741 4573 4174 ol 191 <500
TOC mgC/l 1073 506 838 191 96 _
BODs mgO,/1 359 90 1000 30 - <250
As mg/l 0.016  <0.01 <0.01 <0.01 <0.01 <0.5
Ba " 0.13 0.59 0.76 0.39 0.07 -
cd " <0.003  0.007  <0.003 <0.003 <0.003 <0.02
Cr " 0.05 1.60 0.50 <0.02  0.05 <4
Cu " 0.37 0.65 1.16 0.19 0.80 <0.4
Hg " 0.012  0.007 0.005  0.006 0.098 <0.005
Mo " 0.02 0.03 0.10 0.06 0.17 -
Ni " 0.28 0.08 0.48 0.15 <0.02 <4
Pb " 0.09 0.28 0.49 0.35 0.06 <03
Se " <0.01  <0.01 <0.01 <0.01 <0.01 <0.03
Zn " 9.06 4.12 1.83 4.08 0.18 <1.0
Cr " 301 266 1206 95 745 -
F " 0.22 0.53 0.20 0.25  <0.05 <12
SO,* " 833 9 1190 112 19 <1000
EC mS/cm 33 1.6 6.7 0.7 4.5 -
pH - 5.9 6.2 7.5 6.9 11.7 5.5-9.5
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4.5 Columns test

The long-term pollution potential of a landfill is determined by the residual concentrations of
compounds present in leachate. The longest lasting environmental impacts of a landfill are caused
by the presence of ammoniac nitrogen in leachate (Butti & Cossu, 2010); on the contrary, several
studies have demonstrated that metals reach environmentally sustainable concentrations in leachate
over long periods (Revans et al., 1999).

The quality of leachate in aerated and not aerated column after washing pre-treatment may be
evaluated by comparing the time trends obtained for macro parameters as COD, TOC and TKN
concentrations (Figure 4-6). Analytical data on parameters concentration in the column leachate is
presented in Appendix B (Table 6-10).

Although there is no linear relationship between TOC and COD, experimental experience show that
COD tends to follow the TOC trend for some, but not all, wastewaters (Stevens et al., 2005, Aziz
and Tebbutt, 1979) as the reduction of organic matter results in lowering the oxygen consumption
for oxidation. As can be seen from Figures 4-5 the above statement is verified by the present study.
COD as well as TOC (Figure 5) show significant reduction trend for all samples with emphasised
difference between aerobic and anaerobic columns. Higher degradation rates and oxidation of
organic matter, as carbon dioxide, in aerobic columns have as the result lower presence of organic
substances in the leachate. On the other hand, anoxic conditions in anaerobic columns result in
higher content of oxidizable organic matter in leachate and so in higher COD values. US, for
example, for anaerobic column showed reduction of COD from more than 3000 mgO2 /1 to less
than 200 mgO2/1 through the experimentation period, whereas for aerobic column even the initial
COD values were much lower and showed reduction from 418 mgO2/1 to 33 mgO2/1.

BA leachate showed the lowest, but still considerable, concentration regarding TOC (and COD
subsequently) among the other waste fractions, which indicates that during the incineration of
MSW the organic components are not completely mineralised, and small proportion remains in
bottom ash. Even having such a low TOC values (less than 60 mgC/1) leachate from aerobic column
showed lower concentrations in organic matter due to higher degradation rates in aerobic
conditions.

a) b)

3500 3000

3000 A 2500 -
= 2°00 7 — 2000 -
~ 2000 ~
S S, 1500 -
£ 1500 - g
3 1000 - 5 1000 -
“ 500 - “ 500 -

0 - 0 -
L/S=1 L/S=2 L/S=3 L/S=5 L/S=10L/5=15 L/S=1 L/S=2 L/S=3 L/S=5 L/S=10L/5=15
EAN HA EAN HA

-56 -



7000 600
6000 - 500
_ 5000 - 400 -
‘;g 4000 - }g
300 -
£ 3000 - g
. ‘=200 -
O i O
S 2000 S
1000 - 100
0 - 0 -
L/S=1 L/S=2 L/S=3 L/S=5 L/S=10L/5=15 L/S=1 L/S=2 L/S=3 L/S=5 L/S=10L/5=15
mAN HA mAN HA
e)
70
60 -
50 -
N 40 -
o
£ 30 -
O i
8 20
o
10 -
0 i

L/S=1 L/S=2 L/S=3 L/S=5 L/S=10 L/S=15

AN mA

Figure 4.6. COD concentration in column leachate (A-Aerobic, AN-Anaerobic): undersieve
material from separation of plastics plant (a), residues obtained at the end of the plastic separation
plant (b), residues from mechanical-biological treatment plant (c), automotive shredder residues (d),
bottom ash from waste incineration plant (e).
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Figure 4.7. TOC concentration in column leachate (A-Aerobic, AN-Anaerobic): undersieve material
from separation of plastics plant (a), residues obtained at the end of the plastic separation plant (b),
residues from mechanical-biological treatment plant (c), automotive shredder residues (d), bottom
ash from waste incineration plant (e).

The TKN concentrations in general were found quite low in the leachate, mainly due to the low
concentration of leachable fraction containing nitrogen in the waste fractions and due to the high
efficiency in TKN removal by washing pre-treatment. As a result of decomposition of organic
matter containing nitrogen, NHj3 is produced, which is converted into nitrates and nitrites through
nitrification process occurring in aerobic conditions. From the figures 5-8 can be seen that only EB
column leachate showed lower TKN in aerobic column, supporting the previous statement, whereas
the rest of the waste fractions showed no constant correlation between aerobic and anaerobic
columns. On the other hand, ammonia concentrations (Appendix B) measured using more precise
spectrophotometric method, clearly showed lower concentrations of ammonia in aerobic column
leachate.

The graphs obtained for ASR and BA are not illustrated as TKN concentrations measured in eluates
from column leaching tests were below detection limit (< Smg/1).
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Figure 4.8. TKN concentration in column leachate (A-Aerobic, AN-Anaerobic): undersieve material
from separation of plastics plant (a), residues obtained at the end of the plastic separation plant (b),
residues from mechanical-biological treatment plant (c).

The main processes which explain the low metal concentrations in landfill leachate are sorption and
precipitation. Solid waste contains soil and organic matter which have a significant sorptive
capacity, especially at neutral to high pH, which was the case for all column leachates. Additionally,
low solubility of sulphide precipitation of heavy metals has been cited as the main reason (except
for Cr) for their low concentration in the leachate (Bilgili et al., 2006).

As can be seen from the tables (Appendix B), concentration for the most of the heavy metals in the
leachate (except for Ba, Cu and Zn) were generally lower than the detection limits. For the metals
that were measured above the detection limits, no relation was found between aerobic and
anaerobic conditions. As there were no considerable change in pH levels between liquid-solid
ratios, concentration variations were mostly influenced by presence of colloidal matter and presence
metallic objects (ASR). Concentrations for copper (Figure 7) in US, ASR and BA, during the
experiment, remained lower than established limits for emission into municipal sewage system
(<0.4 mg/l), whereas EB was determined below the limit after 21 days of experiment (L/S = 3) and
MBT remained below the limit except for some peaks at L/S 1 and L/S 3 for aerobic column
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leachate (0.53 mg/l and 0.65 mg/l, respectively). Regarding zinc concentrations (Figure 8), they
remained below the limits for emission into municipal sewage system (<1.0 mg/l) for the most of
the liquid-solid ratios for US, EB (except for the peak at L/S 1 of anaerobic column, 2.1 mg/l),
MBT (except for some insignificants peaks at L/S 1 and 2). BA low Zinc concentrations in leachate
are explained by the zinc carbonate formation (Pasel, 2006), as the result of bottom ash aerobic and
anaerobic carbonation (Rendek et al., 2006), which is insoluble in water.
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Figure 4.9. Copper concentration in column leachate (A-Aerobic, AN-Anaerobic): undersieve
material from separation of plastics plant (a), residues obtained at the end of the plastic separation
plant (b), residues from mechanical-biological treatment plant (c), automotive shredder residues (d),
bottom ash from waste incineration plant (e).
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Figure 4.10. Zinc concentration in column leachate (A-Aerobic, AN-Anaerobic): undersieve
material from separation of plastics plant (a), residues obtained at the end of the plastic separation
plant (b), residues from mechanical-biological treatment plant (c), automotive shredder residues (d),
bottom ash from waste incineration plant (e).

Being highly soluble, most of the chlorides were removed by the washing pre-treatment. Any
chlorides that remained in the waste samples showed no remarkable difference in solubility between
aerobic and anaerobic columns (Figure 9), the same suggestion has been expressed by Ehrig and
Scheelhaase (1993). Higher concentration in the leachate from aerobic columns, in some cases,
might be the result of difference between concentrations in columns containing the same waste
(aerobic and anaerobic) or the result of higher decomposition rates that increase the solubility of

chlorides.
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Figure 4.11. Chloride concentration in column leachate (A-Aerobic, AN-Anaerobic): undersieve
material from separation of plastics plant (a), residues obtained at the end of the plastic separation

plant (b), residues from mechanical-biological treatment plant (c), automotive shredder residues (d),
bottom ash from waste incineration plant (e).
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CONCLUSIONS

Based upon the experimental results obtained during the experimental study, the following
conclusions are provided:

Washing test

= Results of pilot scale washing pre-treatment, conducted in this study, confirm previously
made studies on laboratory scale.

= DOC (Dissolved Organic Carbon) removal efficiency, calculated from leaching tests before
and after washing, was higher than 60% for all samples (20% for BA due to low initial
concentration).

= Removal efficiency of TKN (Total Kjeldahl Nitrogen) varied from more than 38% to more
than 90% for bottom ash and undersieve, respectively; being of particular interest
considering the fact that most of the long-term environmental impacts of a landfill are
related to the presence of the ammoniacal nitrogen in leachate.

= Metal removal efficiency varied greatly among waste samples, showing more than 50%
removal efficiency on average.

=  Washing eluates showed concentrations greater than the limits for emission into municipal
sewage system, which means potential need of waste waster treatment before descharging.

= After being pre-treated with washing ASR is no longer considered hazardous waste
providing the reduction of DOC in leaching test from 95 to 35 mgC/I.

= Nitrogen present in ASR sample (2% of dry weight) is a part of unleachable polyurethane
material, whereas in the rest of the samples nitrogen present in water soluble fraction
(protein, humic substances etc.).

Column test

= Aerobic conditions were in favour of faster degradation rates in all waste fractions, resulting
in lower concentrations of the most important parameters in column leachate.
= Metals showed no relations between operation conditions and concentrations in leachate.

Taking into consideration the above presented conclusions we can see that washing of waste as a
pre-treatment before landfilling represents an effective way of reduction the leachable fraction of
waste, which results in decrease of landfills emissions in future and, consequently, achieving
environmental sustainability of a landfill in shorter time periods.
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APPENDIX A

Table A.1. Analytic composition analyses of the undersieve of plastic separation process (US)

Over-sieve (g)

Category Subcategory ~100mm  >75mm  >50mm  >20mm  Sum %Category  %Total
newspapers
and 0 0 0 0 0 0.0 0.0
magazines
carton 0 0 0 0 0 0.0 0.0
Wood and  paper towels 0 111 192 0 303 60.0 1.5
paper textile 0 25 15 17 57 11.3 0.3
wood 0 21 55 57 133 26.3 0.1
different 0 0 0 13 13 2.6 0.1
papers
Total of the category: 506 100.0 2.5
plastic 0 0 0 0 0 0.0 0.0
containers
plastic bags
and 369 135 413 760 1677 20.7 8.3
Plastics g:;:tgyﬁ
(PS) 0 15 42 265 322 3.9 1.3
different 214 273 1480 4134 6101 75.4 30.1
plastics
Total of the category: 8100 100.0 40.0
Organic - 0 15 0 1475 1490 100.0 7.4
Total of the category: 1490 100.0 7.4
iron 0 0 50 0 50 4.5 0.3
aluminum 0 0 0 37 37 33 0.2
copper
Metals threads 0 0 0 0 0 0.0 00
different 0 190 83 745 1018 92.2 5.0
metals
Total of the category: 1105 100.0 5.5
glass 0 0 0 1060 1060 82.2 53
Gl?szrind inert 0 0 0 229 229 17.8 1.1
Total of the category: 1289 100.0 6.4
batteries 0 0 0 70 70 26.4 0.3
Hazardous medicines 0 0 93 102 195 73.6 1.0
Total of the category: 265 100.0 1.3
diapers 0 0 0 0 0 0.0 0.0
Composites tetrapack 0 0 0 0 0 0.0 0.0
Total of the category: 0 0.0 0.0
Under-sieve - 0 0 0 0 7490 100.0 37.0
<20mm
Total of the category: 7490 100.0 37.0
TOTAL 20245 100.0 100.0
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Table A.2. Analytic composition analyses of the end of the belt of plastic separation process (EB)

Over-sieve (g)

Category Subcategory ~100mm  >75mm >50mm  >20mm  Sum %Category  %Total
newspapers
and 0 0 0 0 0 0.0 0.0
magazines
carton 0 0 0 0 0 0.0 0.0
Wood and  paper towels 0 0 0 0 0 0.0 0.0
paper textile 314 12 0 0 326 29.2 1.5
wood 0 0 0 0 0 0.0 0.0
different
604 55 73 57 789 70.8 3.7
papers
Total of the category: 1115 100.0 5.2
plastic 1099 0 0 0 1099 5.6 5.2
containers
plastic bags
and 4001 501 212 0 4714 24.2 22.2
Plastics packaging
polystyrol 1612 236 371 72 2291 11.8 10.8
(PS)
different 7191 2204 1674 270 11339 583 534
plastics
Total of the category: 19443 100.0 91.5
Organic - 0 97 0 0 97 100.0 0.5
Total of the category: 97 100.0 0.5
iron 0 0 23 0 23 11.6 0.1
aluminum 0 53 67 56 176 88.4 0.9
copper
Metals threads 0 0 0 0 0 0.0 0.0
different 0 0 0 0 0 0.0 0.0
metals
Total of the category: 199 100.0 1.0
glass 0 0 0 72 72 100.0 0.3
Gl?ﬁ:;nd inert 0 0 0 0 0 0.0 0.0
Total of the category: 72 100.0 0.3
batteries 0 0 0 0 0 0.0 0.0
Hazardous medicines 0 0 0 0 0 0.0 0.0
Total of the category: 0 0.0 0.0
diapers 0 0 53 0 53 24.5 0.2
Composites tetrapack 136 7 20 0 163 75.5 0.8
Total of the category: 216 100.0 1.0
Under-sieve - 0 0 0 0 195 100.0 1.0
<20mm
Total of the category: 195 100.0 1.0
TOTAL 21240 100.0 100.0
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Table A.3. Analytic composition analyses of the mechanical-biological treatment residue (MBT)

Over-sieve (g)

Category Subcategory ~100mm  >75mm >50mm >20mm  Sum %Category  %Total
newspapers
and 0 0 0 0 0 0.0 0.0
magazines
carton 0 0 0 0 0 0.0 0.0
Woodand  paper towels 0 0 0 0 0 0.0 0.0
paper textile 59 143 243 129 574 27.4 2.1
wood 0 10 184 313 507 24.2 1.8
different 2 36 458 517 1013 48.4 3.6
papers
Total of the category: 2094 100.0 7.5
plastic 0 0 0 0 0 0 0.0
containers
plastic bags
and 218 170 327 922 1637 442 5.9
Plastics gzﬁ;gyligl
(PS) 0 0 178 258 436 11.8 1.6
different 5 209 792 624 1630 44.0 5.8
plastics
Total of the category: 3703 100.0 13.3
Organic - 0 0 51 489 540 100.0 1.9
Total of the category: 540 100.0 1.9
iron 0 0 90 0 90 20.9 0.3
aluminum 0 0 9 0 9 2.1 0.0
copper
Metals threads 0 0 0 0 0 0.0 0.0
different 3 0 0 31 331 77.0 1.2
metals
Total of the category: 430 100.0 1.5
glass 0 0 11 415 426 35.0 1.5
Gl?zzznd inert 0 0 229 562 791 65.0 2.8
Total of the category: 1217 100.0 4.4
batteries 0 0 0 0 0 0.0 0.0
Hazardous medicines 0 0 3 49 52 100.0 0.2
Total of the category: 52 100.0 0.2
diapers 0 0 79 0 79 56.8 0.3
Composites tetrapack 0 20 40 0 60 43.2 0.2
Total of the category: 139 100.0 0.5
Under-sieve - 0 0 0 0 19735  100.0 70.7
<20mm
Total of the category: 21400 100.0 70.7
TOTAL 27910 100.0 100.0
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Table A.4. Analytic composition analyses of the automotive shredder residue (ASR)

Over-sieve (g)

Category >100mm >75mm >50mm >20mm Sum VoTotal
Rubber 991 678 958 3234 6.1
Plastics 1552 1609 3101 6930 13.0
Textile and
stuffing 3701 3794 8107 17565 32.9
Electric
cables 617 304 289 1474 2.8
Metals 355 298 477 1281 2.4
Wood and
paper 87 59 149 429 0.8
Under-sieve
<20 mm 0 0 0 0 42.1
TOTAL 30913 100

Table A.5. Analytic composition analyses of the incentiration bottom ash sample (BA)

Over-sieve (g)

Category >10mm  Sum eTotal
Metals 78 301 21
Inert 992 1510 10.5
Undersieve 12589 874
<10mm

TOTAL 14400 100.0




APPENDIX B

Table B.1. Concentrations of parameters analysed in column leachate of the under-sieve of plastic

separation (US) for aerobic (A) and anaerobic (AN) columns.

PARAMETER  Units L/S 1 LS 2 L/S 3 L/Ss L/S 10 L/S 15
A AN A AN A AN A AN A AN A AN

TKN mgN/1 [ 13 29 21 13 16 10 7 11 <5 8 <5 11
NH;-N " 3.0 | 203 3 6.9 2.8 39 | <02 | 72 | <02 | 16 [ <02 | 50
COD mgOy/l | 418 | 3281 | 472 | 3035 | 526 | 1452 | 165 | 838 46 | 267 33 822
TOC mgC/A | 227 | 1513 | 210 | 1226 | 193 | 705 84 516 | 49 71 36 327
Ba mgl | 014 [ 055 | 060 | 038 | 034 | 031 | 024 | 026 | 016 | 009 | 009 | 026
cd " [<0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006
Cr " [7<002 | 009 | <002 [ 005 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 [ 0.02 | <0.02 | <0.02
Cu " 037 | 030 | 034 [ 023 | 017 | 027 | 016 | 0.1 | 016 | 0.08 | 0.08 | 0.5
Mo " 0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02
Ni " 0.10 | 034 | 015 [ 023 | 006 | 036 | 0.06 | 021 | 0.06 | 008 | <0.04 | 031
Pb " [7<006 | 0.07 | 007 [ <0.06 | <0.06 | <0.06 | <0.06 | <0.06 | <0.06 | <0.06 | <0.06 | <0.06
Zn " 0.66 | 086 | 085 | 064 | 1.05 | 051 | 066 | 038 | 050 | 038 | 036 | 128
cr " 124 | 124 | 124 | 106 | 106 89 71 71 36 24 24 32
F " 010 | 006 | 010 | 007 | 013 | 008 | 011 | 008 | 008 | 007 | 007 | 0.07
o " 297 | <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 =
EC mS/em [ 1.0 34 | 20 | 27 0.5 1.7 0.4 1.0 0.4 0.3 0.3 0.9
pH - 6.9 6 6.5 6.1 7 5.6 6.7 5.8 6.7 6.3 6.7 5.5

Table B.2. Concentrations of parameters analysed in column leachate of the end of the belt of

plastic separation (EB) for aerobic (A) and anaerobic (AN) columns.

PARAMETER  Units L/S1 L/S2 L/S3 L/S5 L/S 10 L/S 15
A AN A AN A AN A AN A AN A AN
TKN mgN/1 10 22 5 20 6.2 16 5 <5 <5 10 <5 8
NH;3-N " 3.6 12.9 5.1 5.1 0.7 2.6 <0.2 24 0.8 0.9 <0.2 0.6
COD mgO,/1 366 2664 291 2007 215 1281 286 842 46 248 28 221
TOC mgC/1 185 992 139 734 92 597 &9 306 53 144 29 78
Ba mg/l 0.13 0.80 0.51 0.59 0.15 0.64 0.18 0.60 0.14 0.52 0.12 0.14
Cd " <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006
Cr " 0.29 0.69 0.31 0.61 0.21 0.46 0.26 0.24 0.08 0.16 <0.02 0.09
Cu " 0.66 0.31 0.42 0.25 0.34 0.24 0.27 0.18 0.08 0.15 0.07 0.08
Mo " 0.03 <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02
Ni " 0.04 0.16 0.04 0.12 <0.04 0.08 <0.04 0.08 <0.04 0.22 <0.04 0.17
Pb " <0.06 0.06 <0.06 | <0.06 | <0.06 | <0.06 | <0.06 | <0.06 | <0.06 | <0.06 | <0.06 | <0.06
Zn " 0.82 2.12 0.68 0.62 0.37 0.34 0.44 0.53 0.24 0.50 0.08 0.40
Cr mg/l 118 83 83 59 71 47 59 35 50 25 36 36
F " 0.43 0.18 0.12 0.25 0.08 0.25 0.07 0.17 0.05 0.11 <0.05 | <0.05
SO~ " 36.1 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3
EC mS/cm 0.8 2.3 1.3 1.9 0.5 1.5 0.4 0.9 0.4 0.4 0.3 0.4
pH - 7.1 6.2 7.4 6.7 6.7 5.8 6.4 5.4 7.6 6.2 7.1 6.3
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Table B.3. Concentrations of parameters analysed in column leachate of the mechanical — biological
treatment residue (MBT) for aerobic (A) and anaerobic (AN) columns.

PARAMETER  Units L/S1 L/S2 L/S3 L/S5 L/S 10 L/S 15
A AN A AN A AN A AN A AN A AN
TKN mgN/1 97 69 39 48 32 27 37 20 16 15 6 15
NH;-N " 14.5 21.8 3.9 12.5 2.4 11 1.9 10.7 1.7 3.5 1.4 5.0
COD mgO,/1 | 3969 6288 1930 3582 968 3120 907 661 194 861 116 320
TOC mgC/1 1553 2744 946 1474 426 1182 631 400 97 399 71 197
Ba mg/l 0.41 0.74 0.32 0.75 0.26 0.38 0.45 0.20 0.13 0.21 0.14 1.08
Cd " <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006
Cr " 0.36 0.22 0.15 0.14 0.10 0.07 0.05 0.06 <0.02 0.02 <0.02 0.02
Cu " 0.53 0.27 0.28 0.16 0.65 0.14 0.14 0.13 0.20 0.16 0.11 0.15
Mo " <0.02 | <0.02 | <0.02 | <0.02 0.03 <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02
Ni " 0.57 0.28 0.27 0.31 0.15 0.10 0.15 0.08 0.11 <0.04 0.16 <0.04
Pb " 0.31 0.17 0.13 0.10 0.34 0.08 0.08 0.10 0.10 0.15 <0.06 0.15
Zn " 1.29 0.79 0.44 1.38 0.66 0.43 0.26 0.27 0.30 0.38 0.23 0.33
Cr mg/l 886 567 603 355 177 177 106 142 59 83 36 36
F " 0.07 0.06 0.09 0.05 0.16 0.10 0.17 0.14 0.20 0.14 0.26 0.15
SO~ " 255 <3 8.5 <3 <3 <3 <3 <3 <3 <3 <3 <3
EC mS/cm 54 5.1 33 3.3 1.4 2.5 1.6 1.2 0.5 1.2 0.5 0.8
pH - 6.6 6 6.3 5.9 6.7 6.1 6.7 6.6 6.9 6.1 6.3 6.3

Table B.4. Concentrations of parameters analysed in column leachate of automotive shredder

residue (ASR) for aerobic (A) and anaerobic (AN) columns.

PARAMETER  Units L/S1 L/S2 L/S3 L/SS L/S 10 L/S 15
A AN A AN A AN A AN A AN A AN
TKN mgN/1 5.6 15 5.0 7 <5 6 <5 <5 <5 <5 <5 <5
NH;-N " 23 4.1 1.1 2.7 0.9 1.6 0.2 <0.2 0.8 0.4 <0.2 1.0
COD mgO,/1 320 478 268 298 136 300 102 357 79 205 18 75
TOC mgC/1 171 309 109 106 74 87 64 151 86 115 74 56
Ba mg/1 0.55 1.08 0.26 1.08 0.26 1.49 0.47 2.90 1.42 4.08 1.29 2.68
Cd " <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006
Cr " <0.02 0.03 <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02
Cu " 0.15 0.23 0.11 0.13 0.12 0.20 0.14 0.12 0.13 0.07 0.09 0.11
Mo " 0.10 0.07 0.10 0.05 0.10 0.04 0.07 0.02 0.04 <0.02 0.03 <0.02
Ni " 0.14 0.29 0.10 0.32 0.08 0.30 0.09 0.49 0.61 0.41 0.37 0.28
Pb " 0.12 0.27 <0.06 0.13 <0.06 0.13 0.08 0.08 0.09 0.08 <0.06 | <0.06
Zn " 0.93 6.20 0.64 7.90 0.60 7.70 0.93 10.30 13.94 10.52 12.86 11.00
Cr mg/l 99 284 78 35 64 35 50 57 50 47 36 36
F " 0.56 028 0.57 0.28 0.6 0.32 0.43 0.32 0.17 0.17 0.15 0.18
SO” " 61.8 33 535 <3 36.2 <3 4.9 <3 <3 <3 <3 <3
EC mS/ecm 0.9 0.5 0.6 0.7 0.5 0.6 0.4 0.6 0.8 0.7 0.5 0.6
pH - 7.5 7.6 7.7 7.3 7.7 6.6 7.1 6.8 7.3 6.8 7.7 6.6
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Table B.5. Concentrations of parameters analysed in column leachate of the bottom ash (BA) for
aerobic (A) and anaerobic (AN) columns.

PARAMETER  Units L/S1 L/S2 L/S3 L/Ss L/S 10 L/S 15
A AN A AN A AN A AN A AN A AN
TKN mgN/1 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 - <5
NH;-N " <0.2 3.9 1.5 1.6 3.1 2.7 2.0 1.8 2.2 1.9 - 1.6
COD mgO,/1 48 63 38 48 23 32 9 31 13 22 - 13
TOC mgC/1 39 56 27 31 17 18 6 11 5 30 - 5
Ba mg/1 0.41 0.57 0.97 0.81 2.84 0.53 0.26 0.46 3.88 0.31 - 0.30
Cd " <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | <0.006 | - | <0.006
Cr " <0.02 | <0.02 | <0.02 0.02 0.03 <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | - | <0.02
Cu " 0.22 0.32 0.17 0.21 0.29 0.19 0.11 0.18 0.15 0.13 - 0.13
Mo " <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | - | <0.02
Ni " <0.04 | <0.04 | <0.04 | <0.04 | <0.04 | <0.04 | <0.04 | <0.04 | <0.04 | <0.04 | - | <0.04
Pb " 0.15 0.28 0.25 0.29 0.68 0.64 0.16 0.65 0.51 0.58 - 0.64
Zn " 0.15 0.14 0.12 0.11 0.24 0.15 0.09 0.11 0.21 0.12 - 0.13
Cr mg/l 295 366 213 201 201 260 135 189 199 130 - 130
F " <0.05 | <0.05 | <0.05 | <0.05 | <0.05 | <0.05 | <0.05 | <0.05 | <0.05 | <0.05 | - | <0.05
SO* " <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 - <3
EC mS/cm 2.1 2.5 2.0 1.8 1.7 2.2 1.3 1.9 1.6 1.7 - 1.6
pH - 11.9 123 12.4 12.1 12.2 12.2 11.4 11.6 10.7 11.1 - 10.5
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APPENDIX C

Determination of the best washing conditions for bottom ash sample.

Washings on laboratory scale were performed using different L/S ratios (L/S 5 and L/S 10) and
different contact time (3, 6, 12, 24 and 48 hours). After being filtrated with a qualitative filter,
eluates of washing were analyzed as to DOC and chlorides concentrations. The results of the
analyses are summarized in the Table C.1.

Table C.1. Results of laboratory scale washings.

DOC clorides

mg/kg mg Cl/kg
3h 2479 1436
v | 6h 223.1 1688
& | 12h 221.8 | 1837
= [ 24h 283.6 1986
48h 248.6 1659
3h 232.6 1808
= |6h 284.9 1986
T [ 12n 3973 | 2283
2 [24h 2775 | 2369
48h 300.6 | 2120

Following graphs (figure C.1-C.4) represent the application of desorption model (paragraph 2.4) on
the laboratory scale data.

Bottom ash washing (L/S=5)
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Figure C.1. Application of the desorption model on the chlorides values measured in the eluates of
laboratory scale washings at liquid-solid ratio 5.
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Bottom ash washing (L/$=5)
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Figure C.2. Application of the desorption model on the dissolved organic carbon (DOC) values
measured in the eluates of laboratory scale washings at liquid-solid ratio 5.
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Figure C.3. Application of the desorption model on the chlorides values measured in the eluates of
laboratory scale washings at liquid-solid ratio 10.
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Bottom ash washing (L/S=10)
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Figure C.4. Application of the desorption model on the dissolved organic carbon (DOC) values
measured in the eluates of laboratory scale washings at liquid-solid ratio 10.

To evaluate the effectiveness of the model application on the data obtained, the Mean Absolute
Percent Error (MAPE), which represents the differences in measured and calculated values, was
calculated for the two liquid-solid ratios (Table C.2). As we can see from the last column of the
table by doubling the amount of waster added (L/S 10) we obtain only 13% and 17% of increase in
concentrations of chlorides and DOC, respectively.

Table C.2. Values of the parameters given by the application of the desorption model regarding the
chlorides and dissovled organic carbon (DOC) concentrations. MAPE represents the mean absolute
percent error.

L/S L/S optimal
L/S=5 L/S=10 optimal | %
K C*s MAPE | K C*y9 MAPE | C*5/C*y | C*5/C*y
(h™" (mgC/kgTS) | - (") | (mgC/kgTS) - - -
chlorides | 0.5086197 | 1835.000007 |4.5% | 0.66 |2100 5.3% 0.87 87%
DOC 2.9760692 | 247.9328717 | 7.4% | 0.50 | 300 6.6% 0.83 83%
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Figure C.5. Apllication of the desorption model on the values of dissolved organic carbon (DOC)
and chlorides measured in the washing eluates at L/S 5. The vertical line indicates treatment
duration of 6 hours used in the present study.
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