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Life Cycle Assessment of Municipal Solid Waste
Management Methods: Haifa Case Study

Seinn Lei Aye

Abstract

Eight solid waste management system scenarios were developed and
compared for the Municipal Solid Waste Management System of the city
of Haifa, Israel, by using the life cycle assessment (LeA) methodology.
The solid waste management methods considered in the scenarios were
the household participation of waste separation, the mixed and separate
collection ofdry recyclable waste and wet biowaste, recycling by material
banks (MB) and material recovery facility (MRF), composting,
biogasification, incineration, refuse derived fuel (RDF) production, and
IandfiUing. The goal of the study was to determine the most sustainable
'option of municipal solid waste management system for Haifa. The waste
management scenarios were compared using the LeA computer model
known as "Integrated Waste Management - IWM-Z". The inputs and
outputs of each management stage were defined and the inventory
analyses calculated by the model were presented as waste flows,
quantities of solid waste IandfiUed, the key emissions to 'air and water,
main contributions to climate change , fuel consumption andrecovery, and
economic cost. The impacts were then quantified with valuation method
to evaluate and compare their ilqIortanee. Sensitivity analysis has been
used to test household source separation rate used in the initial life cycle
model. The results showed that household participation ofkeeping the dry
recyclable waste clean is more effective than keeping the wet biowaste
clean; and introduction of the combination of MRF recycling and
biogasification is the most erivironmentally and economically feasible
option for Haifa.

Keywords: life cycle assessment, recycling, composting,
biogasification, incineration, londfilling

Introduction

What is the correct balance between environmental and economic
factors of one waste treatment system compared to another? What is the
correct mix of waste recycling, composting, and energy recovery options?
These are some of the key questions that should be addressed before
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C()CtlInalCCma>l of any waste rnanagcmcnI opcralion (Nibson-Djcr( and
M<Doupll. 2(00). The appIicatioo of life cycle ISXSSUXOI (leA) in 1Ix
..~ ft\IIII&ClllCOI sector bas ~nc a useful 1001 in compuinJ 1Ix
en\itonmcntal and cconomic cost of altemalive ..~ ~aunmt s)'1tcms
and idcntifyinll 1Ix most fmnblc one for s)'S\Cm pctformancc
improvement.

Israel Ministry of EmiroolDeutal Proccction has~ a wiele
ran~ of laws and rcsuJatioos 00 solid waste. However, municipal solid
..~ manascmcnt is still a COlIlinuous ehall~ in Israel. Since 2003. 1Ix
Central BureauofStatistics (CBS)of IsrllCl begancondUCIinll S\In'C)' on the
quantities of domestic. comm=ial and yard waste collected by local
aulhoritics. The information c:oIIected by 1Ix CBS and 1Ix MiniSll)' of the
EnvilOlUlXllt has improYCd the available waste data (CBS. 2006). Haifa is
the lafKCSt city io Northern brael and the thinl.lafKCSt cil)' in the coually.
with a pop"'a1iQn of about 267.700. Accordinll to the latest SU1\'CY
coaduetcd in 200S.the amount of'cotal waste llCflC1&lCd in Haifa is 160.736
tolVyr aod waste gcacntioo rate is 1.6S ks!capilllday (or) 601 ks!capita/)T.
The OtpIlic matcriaIs an: 1Ix maio compoocats of the _ SU'Cam. in
termsof wcig/lt. constituting3~~ of Haifa'ssolid waste, followcd by paper
2ao~ <J-pcr 22%, canIboard 6%) and pl&1lic 13". (film I2%, risid I%). The
rest arc sUss S%, textile 3".. diapers 3%, mctaI 2% (Fe W.. ~Fe 1%).
and miscellancous 8% (IsraelMin~ ofEnvironmcotal Proccctioa. 20(6).

LCA has a Ill( 10 ofTer in terms of sclcetioa and application of
suitable MSW manascmcnl IcchniqllCS, tcchnolOllics. and propms 10
achic\'C specifIC waste rnanagcmcat objcc1i\'CS aod~ Thus, SC\'CraI
studies in the literature used the leA as a 1001 for municipal solid ..~
manascmcnt (Soncsson et II.• 2000; Arena et II~ 2003; DaIlJbo et aI.• 2005;
A)'C aod Wtdjaya. 2006: Bovca aod Powell. 2006: Oz.eler et aI.. 2006:
Emery et II~ 2007: lee et aI.•20(7)

Theobjective ohhis study was 10 usc the LeA as a tool 10 compare
difTcmll solid waste DWl&&CIfICnI S)'1tcm opcions and detmninc the most
feasible s)'$lCm for Haif.. Israel. To this purpose, asht difTerent scenarios
of municipal solid waste manascmcnt (MSWM) S)'1tcmS that include
difTerent municipal solid waste proccssins and disposal methods wen:
clcvclopcd aDd, tbcn, compercd with respect to their environmcatal impeclJ
and costs by usinll the Iatqratcd WISlC Mana&cment - IWM·2 MocIcl
clcvclopcd by McDoupll et aI. (2001).
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Mftlaodolol)'

Scope ~n.ltlo.

Eielll dilTCfalI ICcnarios of mllllicipal solid waslc nwuscmml
S)'Ilcm lhil include dilTetaIl solid ~c procCfoSinB and disposal mechods
were developedand compamI wi!h respect 10 lhrir mvironmcnlal impxu
andeconomk cost. The solid _ managcmcnl mclhods considered in !he
I«Nrios were !he howchold participalioo of waslc scpanlion. !he mixed
collection Of lhc IC'J*&IC collection ofcity rccycbb\c wasIC Of wet biowask.
recyclilll by IIWCrial banks (MB) Of material rccovuy faalily (MRF).
compostin80 biopsiflWion, incincntion. rct\ase derived fuel (RDF)
production, and landtilling. Environmcnlal impxts were cvalualed by
considering lhrir ~e now.. quantities of solid waslc landtilled. key
cmWions 10 air and walcr. COftlribubons 10 climate chan£C. fuel
CONUIllpcion andrceo,cr)'. andeconomics. The rcsuIlS lakeinlO account!he
u~ and clowns1ram cmiuloas and rcsoun:e COftSUIIlpcion auocialed
wi!h CtlCfIY rceo'CI')'. avoided usC of COftvmtionaJ fcrtilizcn. and !he
a"Oid>nce ofvirJin maIaialsduc10 rccyclinJ.

n .....ctloeal V.lead S1JCftD Boead.ria
The function oflho.)'Item IIIIdcr atudy is 10 tMrI&£C household solid

waslea in !hearca of ltUdy. The IIInction.1 unil selecled for thecomparison
of lho a1lcmalive accnarios i.lho managcmcnl of I lOMe of municipallOlid
wute. The S)'Ilcm bouDdaricsaclcelOd fOf lhc lifecycleof solidwute were
detined as lhc momcnI when materiaI_1O havevalue.becoming~e
and,.ilcn~e bce<lmcs incIt landtill material Of is COftvaled 10 air an4'or
wiler cmWions Of rcpins some value.

Wule M".£C__esenartos

There arccisht waslc management accnarios anaJyzed in lho scudy.

Full dcKripcion of lhc accnarios is giVUl in Figure I.
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LIft Cye le In"tnIOI')'

The data collection was mainly based on 'he projects conducted b)'
lsrael Mini'lry of Environmenu l Protection and ShJldag En\i ronmenlJl
Solutions lUld Management I.td, (1.....1 Minislf)' of Environmental
Protection, 2006/, CBS or Israel (CBS. 2(06) and the resources available
online :at the website or Israel Minis1ry of Environmental Protection,
hl1r:// \\\\ \ \ .:\\ i \ ;;t .\: t\ \ .il, Tbese data include population• .... aste generation
rate, waste chJrac,eristie, and compositien. ...:ute management appliealion,
USC$ of lransfer stalions and landfill sites, tbe cost ,,'eulations for lhe
altemstives and operational recommendations for ,he landfill site.

The Ufe Cycle Inventory (LCI) constitutes a detailed compilaticn of
.11 environmental inputs (ma,erial and energy) and outputs (air. waler and
solid emissions) during e..ch Slage ofthe life cycle of tbe waste. An LCIhas
been completed for . 11 the aetivities required 10 manage the waste from the
lime il leaves the household 10 its ultimate disposition: the household
participation of waste separation. the mixcd collection or ,he separale
eolleetion of r«: )'Clableldry waste or bio/wet wUle. the management of the
waste in a malerial bW. transfer sulion and/or in • material recovery
facilily. the recycling process of recovered fraclions. Ihe composting or
bioga., ific'lion process of the biowaste frac,ion.lhe incineralion process or
resource derived fuel production process. and the managernen, of \he wUle
in \he landfill. The savings from energy generation from electricity,
compost (avoiding fcrtili,.en) and recycled material (avoiding virgin
material) have also been includcd in the model.

Val.aUoD

Theenvironmental imp eu resulted from the model were quantified
and converted into monetary units by valuation method, The externalities
for global warming pocential and air emissions wen: eslimatcd from lhe
findings of \he work ofEshel ee al.. 200S.

SrDlIUvltyADalysls

Sensilivily anaIysi. has been used to test \he assumption used in \he
initial lire cycle model by varying household parlicipationlsoorce sepantion
me, The effeet of ehanging \he percentage of SOU1CC separation tate of
waste from gO";. to 60% has been studied.
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-Recycled M terials: collected recycl les + marketable products from
RDF. com in b"opsific ion. This caD be also named O\-erall
I I erial R«o\

include: RDF fuel lost due dlyin and pell i "ng:
"rlC&tion process lost due 10 moi ture 10 and

---landfill: te sent (or Imdlillina without ptC'"trabncnt + residuesafter
:lJ\Ytrearment processes

T le 2 presents the amounts of wasu: bcin sent (or disposal to
bndfill lakin into t a MJj(e cycle pcnpcctivc" - i.e, considering also
upstream and do nstream l'CCfuctions. or inaeasc.s. in wastes going 0

landfill associ ted with the production ofcompost.the generationofenergy.
and the voidance ofcxtrxting virginmaterials due to recycling.



v."u . ie, a-dl J<uooI2009. Vol 2, No. $ 4)$

Table 2 Net a",onnll originating rr- waste mmagancnt opcntioc>a a.>d
final solid waslC destined fOf 1aDd1i1l (ID_>

• Landfill DiversIon Rate

Olmate CIIaJ1&e

The "G~ Wanning Polential" (GWP) is expressed in CO:
equivalents md calculated fOf CO:. Clio md N:O using the following
rd.uioawp: I <:0> -21 CH. -310N:O.

Table 3 EfTed ()Q the climateclw1gc, rcOeded II Global Warming POIcnlial
(in tOMCS ofco, equivalenll

Sc<mrio ~
~

nu-J l.-I6:I
Rrq<J.

Total LOR'
col ....

1 · · · I(,(),III . I(,(),III 0%

2 · · · 1)0.190 ·27,731 102.460 J6 .J%

3 · 5$,I~ · 75 ·27.731 27.502 n.~

4 · · 2$.~1 (,() ·27,731 .2,070 101.3%

5 II,.J6S 30.959 · II ')90650 906SS " .0%

6 II,.J6S )Om · II ·39.630 1.967 " .4%

7 J6,2OS 4,232 l.n3 96 -4.499 37,719 76.6%

• J6,2OS 3.717 l ,n3 96 -4.499 37,2GC 76.~

·

:>«ftI. : ....,. " 101Oo
.

~.. O....'P
rio Pul (, ~.....)(.....,,1
1 . · · · 170.417. . 170.427 10$9

2 236 · · · 126,2n 2.764 129,2n 10&

3 2J6 · 1,110 · 10,395 1.157 1),667 15

4 236 · · 106,513 55 2.764 109,631 611

5 169 615 1,504 · 24,975 . 14,651 12.611 79

6 169 615 " ,352 · 24.975 ·14,007 7.469 44

7 374 1.012 770 ·37, 165 24.9)1 .7.79 1 . 17,127 . 111
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A!rE...."
The raul here like iDIo ICCOUD! both the direct air ani ions
~ with Ibo... m ........ pncbccI. • Ibosc aYOidcd
d 10 coqIOSfi.... ~ficIIioa.CDa8)' SCDCIIIioa.IDd~ •

TIbIc .. prceaa Iir eminjons. ICCOIdiDa 10 &be lCClllli0n5. II is
wonIa DOCiD& dU ysia was carried oat in &enDs or ocher
emil..... e.a. for dioxiDllfar-., . ..... _ IDd 1DCmIr)'. buI
the raulted impecta were rcIIriYdyncPaibIc or zero. beDce DOt pi clCdecl

Table.. AiremiaioDI.ccordin &0 1be ICCIIIric»

f t 'n r~) B. ; '. 01'___<..-)
ScaMo

PM NO. so. AI-* .... N*d

1 ....91. 15.937 .D.10t · .. "'190

Z 1.1)9 1s.6S6 .76,Z01 · -316 .1,416

) 11,471 ,,- ~I · 660 MZ6
4 .26.439 -6l.26' -221,710 C7 -4..4SI .Ja.m
5 -964 -45,3)0 .19,393 -2S6.719 2OZ.57I ·1.276

6 .7.517 -SS.tQJ "'.6)1 ·2$6.719 ZOIJII 0&.690
7 ~.6I1 ....11 -214.317 · 2.t99 ·S)....

• ·54,4IS ...... ·DUJO · 1.641 .S9.26t

W..... E......

Table S prelCftlithe water emissioaa &om a lifo C)'Cle penpcct,ve
Cltimaaed usina Ihe (WM·2 model. II is worth DOCina Ihal foremiJlions 10
WIICI' Ibe1DIl)'lil was carried out DOt oaty in ICIIDI or BODICOD. TOe.
lUll' coded IOIids. ebIoride. DicnIe. IU""", baa abo e.a. fordiox~
pbcooIs. DIDOIlium. II'ICDic. barium. cadmium. dRmium. copper.
C)'Iftide.. fluoride. iroa.lead.lDCl'CUlylDd.....e However. abe relUltlnl
cmiMioal were citbcr rdIIiYcIy aeati&ible 00IIIpIIQl1O IboIc reponed or
were zero. beaccDOt prOClllCd
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TableS Wateremissions ac:cording 10the scawiOl

437

Sccaa· fmjMioN (blopunI)

rio DOD COD roc ss a NO; so.~

I 10.019 9.991 ·331 ·310 .10.156 ·SI -21.770

2 11.411 -1.112.6tO 69.239 71.120 310.416 19.701 176.977

J l7.m -1.109.092 69.sa n.601 m.4" 19.161 199.710

4 11.011 -1.120.023 69.W n.013 377~ 19.741 193"O1l

5 14,913 .733.3S4 46.130 11.027 221.370 13.115 120.141

6 10,231 -731,.212 46.723 16,217 1".460 13.lM6 93.602

7 5.687 I.S69 ·159 ·1,061 7.IOS -12 -12.910

8 2,463 5.m -4SO ·2,355 -11.4IS 061 .3a.a86

Flatt
Table6 prcsenls thetoIaI fUel fioma lifec)'tle peaspc:clive estimated

usinglhc IWM-2 model. Theresults of this analysis take into account both
Ihcamountof fuel used associated with the WIlleIftIRIICInCnl pnctices. as
\\'ellas thoseavoided due CO gencnIins cneIJ)'. and n:c)'tling.

Table6 Tocal fuel. considerins a lifecyclepaspec1ive

Toca1 Fucl
Scna- CoQ. Son- BioIo- na- l.aDIS- Recrcl- F\lcl

(MJI
rio cetioa m, Iical ..I fiU (lo'oJJ

yr) ton)

I - - - - -86 - -86 -S34

2 4 - - - 062 -472 -S2I -3276

3 4 . 41 - -S -472 -432 -2666

4 .4 . - -749 I -472 -1,216 .7541

S 3 IS 3~ - -IS .911 -9S2 .S87S

6 3 IS JT1 . ·IS -911 -1.082 -6616

7 6 24 17 -171 -IS -zss -1.143 06799

8 6 24 -76 -171 .15 ·ns -1.217 -73.71
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E~onomlc Cost

Table 7 presents the direct economic cost for waste management
scenarios from a life cycle perspective estimated using the JWM·2 model.
The values used for the revenue of dry reeyclables were (paper ­
S28.5/Ionne. glass- S7.5ItOMC. ferrous metal • S294.5Itonnc, plaslie •
S4301tonne). .

Table 7 Economic cost of waste management alternatives in Haifa

5«. Coliee- Son· Biok>- 1b<r. Land· Rcqo<:. Total COSl Cosu
( IO~' (Siloo

nario bO<l llll: aieal mal fill 1~8 )'tal) DC)

l- I · · 10,045 · 10,045 62. ·
2 . 1,$67 · · · 8,m 224 6,8l4 ) 9

) . 1) 67 · 3,726 · 30582 · 522 5,2 19 3)

4 · 1) 67 · · 2.763 2.194 ·522 2,868 19

5 4,369 " ,1)6 2,919 · 3,149 ·2.936 2,665 17

6 4,369 ".136 2,050 · 3,149 ·2.999 1,733 11

7 5,107 811 91S .2.9l) J,052 · 6,902 43

8 5,107 a ll 840 .2.9l) J,052 · 6,827 42

Enviroamenlal Cosl

Table 8 shows the environmental cost for !he pollutants of global
wannine potential and air emissions caused by wastc managanent
operations of esch scenario. The unit values used were (CQz- SO.0238/kg.
~ - SO.6242/kg. N20 - S6.334/kg. Particulate Malter..: S36,1S6Ikg, NO.
- S6.81041kg. SO. - S5.383/kg. Hcavy metals • S293/kg), following Eshel
eI aI., 2005. .
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entral Dbc1Inloa

The IWM·2 model indialed 1Iw s«nario 114 seems to be lbc best
alttmalives whenconsidering lbc~t ofwaste going to lhc landfill and
fuel But thiss«nario has a~ ntgative cnvirol'llDallal impacts 0Cl global
warming pocentiaJ. Again, socnario ItSalso seems to be lhc best alternative
when considering envirol'llDallal impacts on gIobaJ warming potential. air
.missions and wattt e.l1inl<ms for IOlid wute lrealmenL NcvCltbcJcss. lhc
opcnting cou fOt this r.eru.-:o is very high. Scawio 116 is !be best cboicc:
1Iw cou I=, in all lhc scawios, and it still involvcs CD,iloilmtolll
improvements. Therefore, if lbc budget is light and lbc cnvirol'llDallal
silUalion dcm.ulds improvcmc lis, sccrwio 116 could be a right choice. The
model also showed 1Iw biopsiflC&lioo is more attractive l/un c:omposting
in lhc casc of biologjal bca'Ii<llt'methods. Bert~ to oIhcr waste
ltealmCDl mcIhods. compolting s«nario 'S is still an inlcrcsti:lg option
..1Uch cou lhc second IusI aIlct s«nario lJ6 and it also has low ntplive
CIlviroamcnUl impacu.

In order to clearly dcflftC lhc most £n'OClnble a1lemalivc, lbc
environmcnUl impactS resulted /'rom lhc modcI were converted into
monetary IIIlits by using lbc values cstimalOd from the previous=h.
By involving these values, we can eontlude 1Iw scenario 116 is lbc most
cnvironmcnUlly and economically feasible option for Haifa. Scawio 'S
and lIS arc second fa\'OW'ab1c options and socnario 114 is lbc third one. We
can also concluded 1Iw household partici~oo of keeping lbc dry
r<C)'elable waste clC211 (Sccrwio /IS and 1/6) is more efTcdive lh.1n keeping
lbc wei biowaste elC2ll (Scawio 111 and lIS).

F.xpmding lbc studieds~ by changinglhc sourcescpnIion rate
made lbc R$lllts more comprcbcnsive compared to lhc original case: study.
Thesensitivity analysis indicaled 1Iw IOIIrCC scpnIion rate would play an
important faCIOt ifoocof lhc intensivem:ycling scmarios ('S Ot /16), wbcrc
lhc dry waste is kcpC clem, is~ to lhc city. Bul.,source scpnIion
rate would not sipliflCmlly afTOCI lhc system if ooc of lhc intensive
biologjcal lrealmcnts (111 or lIS). where lbc wet is Iccpt clean. is inlroduccd
to HaifL
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Coae/asloa

Management options vary in tams of preference whenconsidering a
loc.al perspective of e.g, landfi ll reductions versus the potential for more
glotal environmental benefits achieved through recycling, compost
production. and energyrcoovciy. Life cycle assessment hclps quantify these
pOlential benefits and trade-offs. In this study. eight alternative scenarios to
the existing waste management system have been studied in order 10 find
out the most environmentally and economically fa\'Orable Wastc
management systemfor Haifa.

The lwcline scenario #1 stands for modern landfill. with gas and
lexhale collection and energy recovered liom landfill gas. Scenario ~ is
introduction of material banks fot PET bottles and 1'CC)'Clable papen.
Scenarios #3 and lU pr<:scnt maleriaJ bank 1'CC)'Cling followed by
composting and incinenlion. Scenarios liS and 116 arc introduction of MRF
for dry l'CCyclables and followed by composting and biogasifiulion.
Scenario 1/7 and 1/ g stand fot eomposting and biogasification which arc
followed by RDF prodlietion.

The lmIlts showed that household participation of keeping the dry
l'CCyclable waste clean is more effective than keeping the wet biowaste
clean; and introduction of the combination of MRF recycling and
biogasification is the most environmentally and economically feasible
option for Haifa. Even though the case study is Haifa, the results can be
copied 10 other cities characlerized with same waste generation rate and
waslecomposition.

AckDow~&Cmeal

lbo .-~ bU 10 __ ..... llwlb 10 Dr A"", A""I M... Rc<1oI,
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e<>op<nlioa. llw>b arc abo &>e 10 mlESCO ...s Isnd e.-ciI orH~ Edoc&tioD for

, crUIiDI me til<t-lu>aI~ 10any 0Ul Ws rnw<h.
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