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Abstract : The environmental impacts of 95% remediation of a total petroleum hydrocarbon-contaminated soil were evaluated using
life cycle assessment (LCA). LCA of two remediation systems, soil vapor extraction (SVE) and biopile, were conducted by using
imput materials and energy listed in a remedial system standardization report. Life cycle impact assessment (LCIA) results showed
that the environmental impacts of SVE were all higher than those of biopile. Prominent four environmental impacts, human
toxicity via soil, aquatic ecotoxicity, human toxicity via surface water and human toxicity via air, were apparently found from the
LCIA results of the both remedial systems. Human toxicity via soil was the prominent impact of SVE, while aquatic ecotoxicity
was the prominent impact of biopile. This study also showed that the operation stage and the activated carbon replacement stage
contributed 60% and 36% of the environmental impacts of SVE system, respectively. The major input affecting the environmental
impact of SVE was electricity. The operation stage of biopile resulted in the highest contribution to the entire environmental
impact. The key input affecting the environmental impact of biopile was also electricity. This study suggested that electricity
reduction strategies would be tried in the contaminated-soil remediation sites for archieving less environmental impacts. Remediation
of contaminated soil normally takes long time and thus requires a great deal of material and energy. More extensive life cycle
researches on remedial systems are required to meet recent national challenges toward carbon dioxide reduction and green growth.
Furthermore, systematic information on electricity use of remedial systems should be collected for the reliable assessment of
environmental impacts and carbon dioxide emissions during soil remediation.
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o] EFe/|ES TS AoR Urhton zugs
o] gJFEE-L Total petroleum hydrocarbons (TPH) % Ben-
zene, Toluene, Ethybenzenes, Xylenes (BTEX)o|tt.” 2000~
20067 =5 Bk A3E fd) A8H VeS A
B Eok27])3Z&H(soil vapor extraction: SVE)©| 29.6% 2
7V wron] chee Al E % ¥(Bioventing) o] 21ch

22 u)He Ao] AAE 778 superfund) 295
A Aol e o|A] B eSS agAow Y5t
of o]iteteta: 7k &S HAAl7]ALAl Sk Green Re-
mediation 7]j\go] oju] @xro] AEEHL glow, w2
Z(USEPA) = |- @A+9] 5242l =gof 7]Qlste] 7]&
Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA)2} National Oil and Hazardous Sub-
stances Pollution Contingency Plan (NCP) 7% 2 Az
o] Green Remediation 7]'\g-& W3tz AF&Ho g 23]
a1 9lct?

A3 H7HLife cycle assessment : LCA)E= =HA| E&3}
7]=*(International Standard Organization: ISO)o|A] EF+3
solon AE @ Aulse BFUTFE B et =
= 9 A8ED otk deld A = % At
2. HBkAlol dig ABARI A7 s Ay
o oglen WAATE ARAA Asblge] A4, A
M L ANAH 5 o) choFdh Hopol] g5 ek
FeuEtol A= ofA B B Askr 29 A3Egel o
g A AF AR R e At gl 2
dATe AW ESAI s 5 £ o] o Sl
© SVE®} Hlo] . u}(Biopile)7] &l thal LCAZ|HS &
goto] ZF Aa|so SH T ¢ oltste TS &

Hopa a5 apAle) dhef dsheiet

1o ret

2 oo TAE BHe 20039 B @R} B
AR FAAE AEDA vhIE AT AT "2 4FE

APy Vel A SVEA2E] 4l vto] embel Al wlo] Ft
3}4=4~(Total Petroleum Hydrocarbons: TPH) 10,000 mg/kg
2 999 1,000 m’9] §FARAE EFSHHAYA |

o
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o
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o 71291 500 mgkg7tA] Asle= AIHS
e BEYFS A8k

& T=E3%t= Zlojth. LCA 7]5(func-
ton)& @ QWA SEFS Holsle Holn, /l%T
©](functional unit)= E°F 1,000 m’ Y] TPHE 95% A| 7|3}
= Zlojtt. 7|E5 E(reference flow)= L FH A2 HA3}
At
Fig. 13} 2= SVE$} Hio] 2w}l o] LCAH IS 4142
2 AR Zlojth SVE AlREAE A=) FAY olF
(transportation), F-Z]7]9F ZAJ(site foundation), 37J4d X](well
installation), SVE#HS}A|AE] ZF(system assembly), 2%
(operation), YAMA}EAE(granular activated carbon: GAC)
WA (GAC replacement) T@HA| 5 672 L&} vlo] 2
T AlFREEE Az FAYW o] F(transportation), Y
E ZZ}(excavation), F-A]F&H](site preparation), 2% (opera-
tion), GACIXA|(GAC replacement), &E(backfill) &4 %
oA = PRSI Bk T AL Tes)
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Aottt & Aol Aot LEsHA] ASith E
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Fig. 1. Life cycle assessment schematic of soil vapor extraction (SVE) remediation technology activities,
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Fig. 2. Life cycle assessment schematic of biopile remediation technology activities,
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a19ict” Table 10 A tjAF 9 & SF 2717 SVE & v} SVE?| et} #—gg%& A% dlole S st 11%
closhdel A WAUAS Belshan & BB 2 GAT B SVEALHOR A7 0 g
8 48T A3 AU Sade A0S BARAT. & Askohe 1502, of oswe] Anzige), aeln

SVE A4S 98] fRoanAR vy gl A4 @uAe] MAe 200 moR, v 7.98 mo sn%w. o

Elsle4 = Johnson 52| Weathered gasoline Z710]
utet 220 mg/L2” A3 5}01 o 7|A|AF S2& 4% (extraction
rate)= @A o] E] S gt 34 m/hrE ARty 17
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Table 1, Characteristics of soil contamination and soil vapor

extraction (SVE) & biopile remediation technologies vlo] e ulelo] TPH AEFEELE B A At ARz 7
[tems Description I FASE AR A AEE W 37 mg/kg/dayE -850
- TPH Contaminated soil volume 1,000 m® A3l 7HS ol =351k 1,000 m' 9 P EFS nlo] o utd
2
Soi | {area200m xdepth 5 m) = A45kstr] 91) 514 (141 yo] £aEE FOoR A
contarination |~ Contamination 10,000 mg TPH/kg o

- Remediation goal 500 mg TPH/kg =] A
- Porosity 0.4, Soil bulk density 1.6 kg/L® H Ao A ‘SVEA|AEP, ‘Hlo] o u}lUA|Ad) o] g}3e
- Weathered gasoline vapor concentration 220 g/m®” BRAY RE MEBEFZAHL L3 Ao F ./]5]—1‘,\1 ‘SVE
- Extraction flow rate 34 m*/hr® ) ASIA A O A L2229} BT} A R AR v 2] X
- TPH Extraction efficiency 11% . o1 Amll o Tolmoxbz =1
- Estimated remediation time 750 days (2.05 years) st ‘upo] e updSA AR 7w w A 2 ETES

Soil vapor |- 1 extraction well and 2 monitoring wells YA E XAt E=2 o)

extraction |- Already manufactured SVE commercial system (ex-
traction+oil and water separator+off gas treatment)

MOt E(L] i . KEA]
applied on the site 2.2. Mt™EZ E(Life cycle inventory: LCI) Ztd

- Off-gas treatment system using activated carbon SVEQ} Hlo] a8 o] &3t By = AQn=
adsorption _ z9 22 9 oY= Table 29} 30| z+z A5kt 2
- B|op||e TPH degr"ad’anorlw rate 37 mg/kg/day ZAo| 20F= AE 22 9 ozt o dZAVe) A A|
- Estimated remediation time 514 days (1.41 days) sLolo] b Al A q —_ "
(Treatment volume 500 m® x 2) ¥l SVES} wpoloupelo) 7y A\Ag] 144 Fhaste] 244
- Water, ammonium sulfate and potassium sulfate pro- Skt AT BEE22AL Q3] HA] oA AHEE E
Biople | 0% - - A g oyl s 24y wu} SVEA et 28) 3l
- Already manufactured biopile system (air supplier+ o1 sElo A = m N
water and nutrient supplier+leachate collector+off- fo] @ up g ehA| 2~ Joket A 22 HEEE
gas treatment system) 2 dkgdsr] okoru Bz Y /\]i‘%} ZYIAW 1H3A
- ng—gai. treatment system using activated carbon t} ATAEE 2L ecoinvent LCI data v.2.1 ©|o]E]H|
adsorption

o] AWl CMLCA software'?S A}&-3}T).
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Table 2. Material and energy required for soil vapor extraction
technology

Stages Processes and data used

Transportation |- All materials 99,8 ton, 30km round

- Office, storage, and SVE system foundation
Site foundation|- Gravel 9.6 m®, Concrete 19 m®, wire mesh 96 m?°
- Bakhoe diesel 21 L™

-3 wells

- PVC 45 kg'¥

Well installation|- Sand 0.3 m®, Bentonite 211 kg”
- Mortar 2,291 kg”

- drilling equipment diesel 11 L'

- Flexible polyurethane hose 340 m®
- Sand 4 m®, Concrete 5 m® ¥
- Welding, gas 100 m"

SVE system
assembly

SVE operation |- Electricity 148,748 kwh*®

GAC

_ b,16)
replacement® 18,000 kg

@ Estimated for one SVE system operation for 2.05 years, based on
electricity data of three SVE system operation for 2.0 years

® Estimated from Freundlich isothermal data of gaseous benzene

°LCI of the GAC production unit process was modeled by the Bayer
et al,, method

Table 3, Material and energy required for biopile remediation
technology

Stages Processes and data used

Transportation |- All materials 117 ton, 30 km round

- Excavator (0.7 m®, 27.4 hr) diesel 288 L'

Bxcavation | mp truck (10.5 ton, 27 4 h) diesel 515 L™

- Tire roller (15 ton, 2 hr) diesel 16 L'
Site - Gravel 7.8 m®, sand 60 m®, THP tube 58 m, HDPE

preparation | sheet (t=2 mm) 600 m?, polypropylene textile 600 m? ?
- Welding, gas 100 m'®
- Water 67.4 ton”
- Ammonium sulphate 2,708 kgs)
Operation |- Potassium sulphate 558 kgs)
- Micro-organism 4,777 L
- Electricity 63,700 kwh®
GAC - Activated carbon 1,368 kg*'®
replacement
B 3 ' 19)
Backiiling Excavator (0.7 m”, 27 .4 hr) diesel 288 L

- Dump truck (10,5 ton, 27.4 hr) diesel 515 L'

@ Estimated for biopile system operation for 1,000 m3, based on elec-
tricity data of biopile system operation for 875 m®
® Estimated from Freundlich isothermal data of gaseous benzene

O]-5(transportation) A<= SVEQ} Hlo]eutd # 8o &
2 29 BAUR ewsly] 918 gHo® B9 A
A FAE Hofstla Ael= 30 kmz 7Hg5ko] thm T
2 =5 ecoinvent?] transport LCI H|o|E & o83} t)

SVE9] 7|HFzA(site foundation)THA| oA FX] U] 21|,
2l 9 SVEASIA|AH] 7|8 5 37|45 246k Ao
Aol A2, 3L, sfolo] WAl T2 2 AEA
of wtth ZNt2AdS Qs Mo 2417 & Al 20 FE
Art AL FAEZEAOIS “DHEAY DS sl

At

T 2] (well installation) Ao 4] 17] =224 9 27] &
=4, & 319 B9 HAAsk= b 2ad PVCRR B
Z A % 3.021 kg/m'2 AHA S T me, WEL o]
E, REEE2E AdFA Fo ot AFsA H3A
Z|(drilling equipment) ARg-ol whel A= Ame A4
Al wskct.

SVEASIA| A~E] 2 (system assembly) Ao A SVEA 5}
A2EE o 29, Adshe Ao AaEE FEA
B3, B, 2AYEE LA wetch 839 A9
ALEZEAL Zaste] 7|2 9]l 100 m=E 3}l ecoinvent
tlo] e Ho] 22] welding, gas Tlo]EHo]AE 2851 ch

SVEA|A~Hl] 2% (operation) & A3 A7|4HF2 29
FAloll AAlE vzt glo] AspatE el AAE AgnE vt
gog Ay ARleH7aFd®xYe FF kwhig 63
A ALt A7|avgFE ASsHoct WiE7taA e E
Al dasgh v L AFA | A=A Fol 57
3t P E] WA Freudlich 2891 0.152 glgs
A-gste] &3tk ecoinventd| o] ElH| o] o] 2t
LCIg|o]El7} g1 & Bayer &' o] A|AIgF BAHA = &
ol wet F7H o R LCIE F55te] o] &3ttt

vho] @ utl o] 7} FAw SVESL np/pA & < e fFAl E
AAFA ] AAE Am U ARG R A ERES
skt =27], 4xEE, golojgy 5 9 Ha
g ARAEel A, me, ZIEE= ALFAl AAHE

2.4. MutHHSkH 7lLife cycle impact assessment :
LCIA) HitH

AAEBEZZA A= Environmental Design of Indus-
trial Products (EDIP) 2003 ®W'H-& Z8-3}o] 97 YHE9| &t
A9 Gk FrpiREe A4 MESEAE),
A EA(EY), AF21d3H1004), AH=AH 7)), A=
AR ED), JASH(EY), LEHZ(YUAD, FFU43 5ol
t}. LCI A1}= EDIP2003 ' Hof 93l HEF3Kclassification),
E A3 characterization) 2! % 1fSHnormalization)A|# Z} ZF
A9He v Brsrge

3.1. SVEQ} HO| 2uty HMub™E

oo

=
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Table 4= SVES} vpolembel syl Aigy 3.2 Z4 ME3EY Moty et
FF7r AaE ARt Aol A FIFE e SE9et Fig. 4(a)= 7+ sA s =y A3} 2k Uerd Ao]

Hiteh Ankg 2ol AASAT. Fig. 3& SVES] A#HY o opa o]y

Aug d= SVEHOHﬂ o] 7}&F = JFFL u]
g7t BAstaate] divls] Holemtd 543 AaE % A SEHFE 2 3
A

AA=H(ED IS dASHED) B

= AR Slolnk SVEZE 97l SR ggFol A B Hhe] o) py9as Armm W 29 thA (operation) ] Fto] 174 PE
Qutof HlE| 2> =25 UERTE Table 40 AJAS 2 A 7rel 54%2 24x|5hH, GACILA THA(GAC replace-
uRel o] 97 s gk S Aqteaat, SVE= ElA| ment) Z+-S 143 PERA A 44%Z A8, T A7}
o 23t QA=A (Human toxicity-soil) ko] 324 PE (per- 719] 99%E 2 x|5FAT) T2 FAGFHZAE LTt
son equivalent)] o] 2= 7P = IS R velemd e GacaARA} 2ash: BAGTFol fRES AR
2 A=A (Ecotoxicity-water) oA 71 2 59 PE s 9
ZHS Uebyi gt SVES) Hlol e utel, = sk 335 B Fig. 4(b)«= SVE®] 67| AlF-57d%] F-AW o]-&(transport),
P2 A=/ (Human toxicity-soil), <= Elf5d(Ecotoxicity- A 2~8) 718k 2 A (site foundation), 741 %] (well installation),
water), A2 AA|=4J(Human toxicity-surface water), SVE#A 8}A| 28] 22 (system assembly), -2 (operation), GAC
717 = A =/d(Human toxicity-air) 5 47}2] 273 G3F W A(GAC replacement) @A ¥ 37 FeF AAE A5
WA AiEoR =2 7hE HthFig. 4(@)<t 5(a)). t}. St o A7l 9 Zre wE 386 PEo]n] GACIL
AHA Q] ZFS 233 PERA T 7 AlFgA o]  ZA o H]
Table 4, Characterized and normalized environmental impacts 3 A&l 95 AR5}l QUrh
of SVE and biopile (EDIP2003 method applied) Fig. 5(a)= Hloloulel Aupyolgksz=y A3l Axl gt
Environmental Characterized impact i:%:;?l(i;ga 2 A5t vlojeuldo] A 2 SRS u| x| = 3
impact category SVE Biopile Unit SVE Biopile HEs Pl A e ke Al
Acidification  |3.39E+04 486E+03  m? | 1541 221 TS AHER FYHAVE 27 PE (46% o). =T
Ecotoxicity (water) |6.09E+07 2.06E+07 m’ water |173.01 58,52 o SETAVE US| 12 PERA] 2} 2t 19%4) AR5}
Ecotoxicity (sol) |2.80E+05 897E+04 m°soll | 029 009 ol A= 6 PERA 9%S AA|5Hgitt.
GWP100a  |5.75E+08 4.32E+03 kg COs-eq| 066 050 Fig. 5(b):= wto] 2wkl Al5-57g<¢l 54 W o]-&(transport),
Human toxicity (aif) |1 14E+11 1556410 m3air |37.25 507 L HE =2Kexcavation), F-A|£/d(site preparation), -2-%(opera-
Human toxcity |5 » 1e 05 101406  m® water | 62.07 19.35 tior,l)’ F}ACE_iﬂ(GAC replac,emem)’ %ﬂbaokﬁumﬁ] 44
(surface water) T3} FFFALE st BAS T *dTEAY] A
Human toxicity (soil|4.11E+04 6.73E+03 m®soil (323,62 52,99 F3tdgF 7S 80 PEO|H GACIHATHA Q] Zho| tfeoz
Ozone formation 925 15.9 Person. | goc 4 5g 18 PEo|¢t). 221t BEohA 7t 2+ 2+ 17 PEE Egc) &
(human) ppm.h

Q3} GACLA A7} 74 93k R ES A FH SVE
o= g Hpo|2ubel 2 oG GACHAHA o]9] =2 &
E 9 olgaAel 12 9FE A= AR yETh

100 -
90 -
80
70 -
60 -
50 |
40
30 -
20 -
10 -

0 - T T T T T T T T

Eutrophication |1 .09E+03 183 kgNOs-eq| 1879 3.16
® Person equivalent

Relative impact (%)

Acidification Ecotoxicity Ecotoxicity GWP100a Human Human Human Ozone Eutrophication
(water) (soil) toxicity (air) toxicity toxicity (seil) formation
(surface (human)

water
m SVE 1 Biopile

Fig. 3. Relative impacts of biopile compared with SVE. Impact results were normalized by the value of SVE in each environ-
mental category.
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% 100 1 | / insatallation
£ 51 7 | =Site
S 50 4— mwmy — foundation
0 ‘ et . u Transport
Ecotoxicity =~ Human Human Human 0 s s E— T T ——
(water) toxicity (air) toxicity  toxicity (soil) Acidification  Ecotoxicity GWP 100a Ozone Eutrophication
(surface (soil) formation
water) (human)
450 (b) % Eutrophication
~ 400
E Ozone form.
= 350 (human)
© == =Human tox (soil)
o 300 =
g' 250 = #Human tox (surf.
- == water)
g 200 % Human tox (air)
N
T 150 //% NGWP 100a
£
° 100 m Ecotox (soil)
Z 5 m,
# Ecotox (water)
0 T T T T g e
Transport Site Well System Operation GAC ® Acidification
foundation insatallation assembly replacement
Fig. 4. (@) Normalized impacts in person equivalents (PE) for each stages of SVE remediation technology ; (b) The contribution of
different stages of SVE remediation technology to each environmental category.
70 35
(a) 7 Backfill
60 3 —
m) % , GAC
% 50 - //% | 25 \\\ replacement
: . SN \ o
g \ 15 - \ ''''''''' \ u Site .
8 \ \\ N \ preparation
g 7//////< N 1 -—\ \ \— « Excavation
4
& 0.5 —\ . \
e u Transport
Ecotoxicity Human Human Human 0 -+ — - T L T .
(water) toxicity (air) toxicity toxicity (soil) Acidification  Ecotoxicity GWP 100a Ozone Eutrophication
(surface (soil) formation
water) (human)
90 (b) = Eutrophication
80
m Ozone form.
a 70 (human)
~ =Human tox (soil)
S 60
g 50 7Human tox (surface
E \Iilvater) (air
- 40 %: uman tox (air
[0}
% 30 ///% N GWP 100a
g 20 m Ecotox (soil)
Z 10 = = Ecotox (water)
0 T T et T T , Acidificati
Transport  Excavation Site Operation GAC Backfill ® Acidification
preparation replacement
Fig. 5. (@) Normalized impacts in person equivalents (PE) for each stages of biopile remediation technology ; (b) The contribution of

different stages of biopile remediation technology to each environmental category.
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3.3. Zufsli A

SVE®} Hfoleu}el BE -t oA zs= 2 Y
ol 7P w2 Aoz yewth FTA Y AlRE 4
8= Table 29} 3o Urebd BiRe} o] 7]Am]gFolt).
2] Al AAIA QD AdolARt o 285
= A= A7t T ALH R FFE oo stER 2
FFol 7HE A ek 4= Atk & AFtellA =tk SVE
A28 o] A7) Av| 2L 2,058 59 148,748 kwh2 A A7k
72,560 kwh/yro|w], Hio] @ m}d-2 1.41d F<F 63,700 kwh
24 d7r 45,177 kwhiyro]t},

H]=9] SVE AAH 1d &) 285 7] 232,148
kwhiyr™of] vshd & Aol A AEEE QJeighe oo 2t
2ol A AR 72560 kwhiyr 714 10 hp
vacuum blower?] 1 %A] L3t A7|4Au|F 71,775
kwh/yr3} G-AFSICE SVEA] AELS vacuum blower ©] %] HJ

R ERES R E S LSRR M EEN T
e gerachd gjREo] SVER A A7|ange 2
Ao A AFESE grHETE =8
o) e veos of2a A7l Lv ol et HIAE
£E Ao mth a3 SVEHHo| uto] 2.telupy
Hls) Autdo s el aA debd 4 98 oA
I shelgt 4 gl
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