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Abstract ; Cities in China are producing large amounts of municipal solid waste (MSW) ; however, they have limited MSW
treatment capacity, leading to serious environmental problems. MSW recycling systems, such as incineration with energy
recovery, landfill gas utilization, and composting, are promising ways to reduce environmental impacts and recover energy
and materials. To evaluate MSW recycling systems, we proposed a quantitative eco-efficiency analysis model by integrating
life cycle assessment (LCA) and life cycle costing ( LCC) analyses. With an effort on consistently combining LCA and
LCC, issues about system boundary, allocation, time, aggregation were discussed. Six environmental impact categories,
including global warming, ozone layer depletion, acidification, eutrophication, photochemical oxidation and human
toxicity, were evaluated and aggregated by LCA. Meanwhile, three cost impact categories, including capital cost,
operational cost and disposal costs, were evaluated and aggregated by LCC Environmental and economic impacts of LCA and
LCC were normalized and defined as eco-efficiency indicators. We applied the eco-efficiency analysis model to a case in
Tianjin, China. We compared three typical MSW recycling scenarios: incineration with energy recovery scenario, landfill
with landfill gas utilization scenario, and composting and landfill scenario. We also conducted a contribution analysis for
both LCA and LCC to identify critical processes and components leading to environmental impacts and economic costs.

Moreover, a sensitivity analysis was performed to investigate the impact of collection and transportation distance on the eco-
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efficiency indicators. The results show that the composting and landfill scenario is optimum for Tianjin, given the MSW
characteristics and technology levels in Tianjin. The LCA results show that the composting and landfill scenario has the
lowest environmental impacts, followed by the incineration with energy recovery scenario and landfill with landfill gas
utilization scenario. However, the LCC results show that the landfill with landfill gas utilization scenario has the lowest
economic impacts, followed by the composting and landfill scenario and incineration with energy recovery scenario. Key
components identified by the contribution analysis are global warming for total environmental impacts and capital cost for
total economic impacts. Furthermore, emissions of CO, from MSW incineration process and CH, from both landfill process
and composting process contribute the most to global warming. Photochemical oxidation and human toxicity from the
incineration with energy recovery scenario and acidification and eutrophication from both the landfill with landfill gas
utilization scenario and composting and landfill scenario contribute significantly to total environmental impact. The sensitivity
analysis of collection and transportation distance showed no impact on the rankings of the three scenarios, on the basis of
both environmental impacts and economic costs. However, the eco-efficiency indicators showed reversed changes over
collection and transportation distance. Considering the practical situation of Tianjin’'s MSW management, source separation
of wet/dry MSW components and composting represent high eco-efficiency and are hence recommended by this study. Given
the methodological differences between LLCA and L.CC, choices and assumptions about their system boundaries, allocation
methods, time issues, and aggregation methods should be carefully considered. The eco-efficiency analysis performed in this

study is a useful method for supporting MSW recycling systems and sustainable MSW management.

Key Words: municipal solid waste; eco-efficiency; life cycle assessment; life cycle costing; recycling
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Table 1 Composition of MSW in Tianjin ( annual average)

(éijnﬁposition M?\ssi}f:fin /?;fiif L AH w0 AN i S W) Ash
JEf 4% Kitchen waste 56.9 70 48 6.4 37.6 2.6 0.4 5
KA Gk Ash & brick 16.2 20 24.3 3 4 0.5 0.2 68
%)@ Metals 0.4 2 4.5 0.6 4.3 0.1 0 90.5
B I Glass 1.3 2 0.5 0.1 0.4 0.1 0 98.9
455K Paper 8.7 10.2 43.4 5.8 44.3 0.3 0.2 6
4 Rubber 12.1 1.2 60 7.2 22.8 0 0 10
LY Textile 2.5 10 48 6.4 40 2.2 0.2 3.2
1K Wood & bamboo 1.9 1.3 49.6 6 42.6 0.2 0.1 1.5
At/ FHIME Total/ Average 100 44.4 44.5 5.7 30.7 1.6 0.2 17.3
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http ; //www.ecologica.cn



4 A E = 36 &

AR RLIR

i 4 ! Y
i i
| o RS i
A i, COx SO
: LN : NO EERE......
i | i
: E v R v v :
i 4 o EE T o | A i
a3 sep s Y wrepn  [Cm| R :
i | = > BEA
i i
1.\ \_ //y

vt it f

AT B R AL B i AR
—> YN I— i T

E1 R&HR
Fig.1 System boundary

P SR L R T A T SR TR TR AR ) R AR MERE R RUBAE N, 25 B AR T 3 A
JEF A BB R, AR SCRE A e Je v A JROIL S0 K fEL 1) A JFOHE R N = b B 380 1y B AL R R I8 3 i 5t
(S1.,S2.S3) A7 o #r .

(1) B ZHIER(S1) . WEEEHIIEE N 20 km, BTG B3R 23k A SR SEfTAb 3, 7= AR R U T
RHL, TR K% 2 S A

(2) PABM - B ASUR BIE R (S2) . WHEBHITE Ry 20 km A2 16 570 00 E A TUA: 7 047 A0 2R
IR P IR R e

(3) HEAE+IFOHNG 5% (S3) o ARTR IR Sk 20 25 AR A2 F R 255 30 km, AR S 3t AHERE ), LA 2 157
K MENR TR APy i% 2 B A
2.2 BERIE S A3 Re ik

3 Fiid T B AR IS SR IR A B AR A S B ik I8 an 3k 2 B . AR TS Sp 3OS as BB IR FLATRHAE
PR BBE AR T Ecoinvent £ "™

F2 EFRBIRARELF ARRER KRR IR

Table 2 General information and data sources of 3 typical MSW recycling technologies

g/
T 5 e Ak PR FEARKEE PRl LCA/LCC Bk
Scenario Type Amount Technical characters Net energy/ LCA/LCC data source

material recovery

WHEBE R B > 80% , B
JEIR [ W A Ak BE R 2 5K

Rt R B R A B A WL SRS GB

S1 e AL 1200t/d (TEFEMT 25 ) L BR W +35 1 1.23x10%kWh/a [14] e [5.15]
VR + 7 A4S B b 2 i I 18485—2014"4) ; Zhao %
20 4F
HDPE®Biji% , 18 U8 26 A fh b 3 FEET B I 3 T A B ) S %
s2 TR ) 1400t/d SERRIE HERL SR, 55% U AESE 3.12x107kWh/a  GB16889—20081'%); Zhao Z5[8:151, T
Pk a5 10 4 It
S3 bidiloymn 800t/d" PR , 3275 1 20 4F 9.72x10*t/a  Ecoinvent' '8! ; J& Ips#E &5 [19]

TGRS lf] S2
a. HDPE . S E % 4 High density polyethylene; b. LAJBf Xt it
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Table 3 Allocation factors in economic value allocation method
725 Product

HIEL AR Unit process

B AL P MSW* treatment i Electricity AEAL Compost
BEBE % HL Incineration 0.45 0.55 -
TSP - P A [0 Landfill-LFG utilization 0.56 0.44 —
HEAE Composting 0.62 — 0.38

a. MSW; =i k732 Municipal solid waste

2.3 AsiEIEANY
i) 1 AEBE A | T A SR - A I AT 3 A BT R A A LS B AR 4 R

F4 EFNERECAHNARTIRESEIFEL (LR 1t £FHIRIT)
Table 4 LCIs of each unit process for MSW recycling ( treating 1t of MSW)

WE" Hhi bk A SR HEALe
[tem Unit Incineration Landfill-LFG utilization Composting
REUR/ B e A R Diesel kg 0.23 0.12 0.78
Energy/Material inputs L Electricity kWh 61.60 2.45 3.44
RIK Water t 2.30 0.056 —
HDPE m? — 3.25x107° -
Eii; ?ﬁiﬁ recovery AL Electricity kWh 342.00 63.47 -
AERE Compost t — - 0.28
SARTE YL BRI CO, fossil kg 256.21 5.31 2.46
Direct air emissions NH,4 kg — 1.64x1073 0.09
Co kg 0.30 7.64x1073 0.04
S0, kg 0.12 3.34x1072 0.03
NO, kg 0.90 5.59x1072 0.13
CH, kg — 13.38 2.95
H,S kg — 0.70 0.15
HCL kg 0.06 — —
NMVOC! kg 0.18 2.73x107* —
Hg kg 2.00x107* — -
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WE b ¥ BEpeRH A S-SR M HEALC
ltem Unit Incineration  Landfill-LFG utilization Composting
Cd kg 2.00x107* — —
Pb kg 2.00x1073 — —
PCDD/DFs* kg 2.00E-10 — —
IR TS G E R CcoD kg — 1.75%x1072 —
Direct water emissions BOD kg — 5.25%x1073 -
NH;-N kg — 4.38x1073 —
T-N kg — 7.00x1073 —
T-P kg — 5.25x107* —
cd kg — 1.75%107° —
Pb kg - 1.75x107° -
Cr kg — 1.75%x107° —
Hg kg — 1.75x1077 —
oAl “KJK Fly ash kg 134.25 — —
Other outputs JEJK Bottom ash kg 37.76 — -

a. TN EGE G Z | L3S P HECR S 18 b T IRBR A R PRS0 B | i e 045 e BT A TR L SCHR[ 8,15] 5 . L)
BRI d. NMOVC: AEF B & P4 L Non—methane volatile organic compound; e. PCDD/DFs; —WEZFILKIE Polychlorinated dibenzo—p—

dioxins and dibenzofurans

SR Simapro #F#EFT LCA BHUHE, S2M1IPA R HT CML-IA AR 2 3232 2 pl 5 1 3 e R A
BRI R R AZFE TRAL 5 B IRl Ot RS U AATEIE 6 MHIREERZ R, F5
HEAL SR CML-TA th World 1995 Z25(H , AU KR 136 F 2 3 R 55 2 IR SE 45 1, & S BB T
lj‘b%‘:—{ 5 o

®5 HEZMERHEA-—UBEEERNERTF

Table 5 Normalization and weighting factors for environmental impact categories

PRE 5 s 7 PRES IR ke PR L/ (kg/a) ESER
Environmental impact category Reference/kg Normalization baseline/ (kg/a) Weighting factor
AFRAEWE Global warming €O, 4.23x10" 0.83
RAAJZHFE Ozone layer depletion CFC-11 5.76x10% 2.70

i fk Acidification S0, 3.22x10" 0.73

& #+4k Eutrophication POY 135 10" 073
Hefb2E R4 A K Photochemical oxidation C,H, 9.59%101° 0.53
AT Human toxicity p-DCB 5.71x10" 1.9

FRUEALHY) LCA TEM 25 R 2 Fros . 3 FpAz i B 3 s IR A R e, ST IS i 2 ak AR g Ik IR 8552
Wel 755 T S2 1S3, S2 15 5 SLAATHFE DGk SRS U AR FEYERZ I 2 T S1 A S3,S3 1 S & E SR AL
T ST S2, WIS M SR | A I 17 3% 9% A0 ) P a8 ) 4 3R AR I8 A e A 85 R A K, FR U e fk
2 BRI TRl AT B SARZ R

it A AN RIS B FREE R W, 6 U — b 25 R AT IACTAS , 45 SR W&l 3 frzs . 3 i AR 3% 7 3% 9E U
FEFI G Se 0 B IR BT R HE T 0 S3 fetlt, S1 R H, S2 [ IRBERE m fe K . MR ) 28 70 IR 355 52 il 1) o3 ik 40 T 485
ST DA A 1 by A L R 1) 4 R AR R X S A 52 0] BT ke K, A S1—S3 I 52 451l i 65.6% . 72.8% Fil
71.6% A TG B AERE I FE = AR 1 CO, JEHURIEAC S A2 77 A2 () CH, 25 1 2 BRARRE () EZ RN, Sfber iR
AN S IE S B IREE S I DT RR ALK, N 18.1% , FEOR IR T Bt # ™= 4E i NMVOC, Mk FNE B F 1k
Xf S2 1E S A SRR S R BT AR A, A BIRIR TS rh NO R SO, SB IR W NH,-N (I HEi, N AAREPERR
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x5 EBEMRFFEAMARTIREEGEHAARE SR ( LULE 1t EiFNkiT)
Table 5 LCC inventory of each unit process for MSW recycling ( treating 1t of MSW)

Hoid e LikDs PBEIRA BATIRA Ak E IR
Unit process Unit Investment cost Operation cost Disposal cost
B2k L Incineration Jo/t 63.74 54.89 4.20
DA - B T Landfill-LFG utilization T/t 46.11 12.01 1.50
HEE Composting® JG/t 52.40 9.67 2.60

a. LUF AR BT

FR 4 2R 4810 B 5E S, R C LCC R B A5 AE A | (R e b A7 AN [R6 52 F A= o R AR 2 5 A% 84 8, 3
A IS B 3 VR A S B 10 LCC JHEEE R L 2012 4F KT GDP (1.29E+12 Ju/a) RIS TRR EAL | 25
Wi 4 Frs, WK 4 7T 165 ST A A I A B i3, T 5t S3 IRZ 3t S2 ik, 2 4B Xt 3 Fb
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B 5 A A A B T A b Table 6 Eco-efficiency (E/E,,) indicators for comparing scenarios

E/E q

SETF 3.1 LRI BOE 3 R BT WIS S B S 0 ) s - 53
LA - 30%—30% , H5E T R RIS 2 3 Br b si ” ” .
VEURALRITIHER I AR . 25 AW, 2l 0 00223 wa 02147
BB A, 3 AR R BB 0 A28 0 B W 3 e wa wa

AR U B E R AL T A I s e B 5 A S
RORFE bR R ) AR AR 3 T R TE T IS S 1 i e B X PR B 52 W) 1749 B iR/ T X 28 55 52 Tl 1) BT iR
3 &g

AN AR EAA , FET LCA 5 LCC ZE7 A BRCFRFEAL | 5 55 /005 e T 3 A iy A 15 57 3%
PR I 5 0 AR S BCRIE AR , U I B A SRR S DU R 458 .

1) 3 Fh LA A 15 B % B AL R RS 5t b, S3 1 S B W AE S AR SR, LA 545 W T RS2,
—J5 T S3 EA F/NABREER I, 55— 5 S S1 A LR L3, 5 S2 M He A fn R R A g/, % &
H AT AR 6 SR B S HRE A SR T TR 0, R et A B R ME AR | J& BAT 48 i A R ROCR I R
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