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a  b  s  t  r  a  c  t

A  two-scale  evaluation  concept  of  remediation  technologies  for a  contaminated  site  was  expanded  by
introducing  life  cycle  costing  (LCC)  and  economic  input–output  life  cycle  assessment  (EIO-LCA).  The
expanded  evaluation  index,  the  rescue  number  for  soil  (RNSOIL)  with  LCC  and  EIO-LCA,  comprises  two
scales,  such  as  risk–cost,  risk–energy  consumption  or risk–CO2 emission  of  a remediation.  The  effective-
ness  of  RNSOIL with  LCC and  EIO-LCA  was  examined  in a  typical  contamination  and  remediation  scenario
in  which  dieldrin  contaminated  an agricultural  field.  Remediation  was  simulated  using  four  technologies:
disposal,  high  temperature  thermal  desorption,  biopile  and  landfarming.  Energy  consumption  and  CO2

emission  were  determined  from  a life  cycle  inventory  analysis  using  monetary-based  intensity  based  on
echnological evaluation
ontaminated soil
emediation
isk assessment

an  input–output  table.  The  values  of  RNSOIL based  on  risk–cost,  risk–energy  consumption  and  risk–CO2

emission  were  calculated,  and  then  rankings  of  the  candidates  were  compiled  according  to  RNSOIL values.
A comparison  between  three  rankings  showed  the  different  ranking  orders.  The  existence  of  differences
in  ranking  order  indicates  that  the  scales  would  not  have  reciprocal  compatibility  for  two-scale  evalua-
tion  and  that each  scale  should  be  used  independently.  The  RNSOIL with  LCA  will  be  helpful  in  selecting  a
technology,  provided  an  appropriate  scale  is determined.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

To facilitate decision making in selecting a remediation technol-
gy for a contaminated site, a comprehensive multiscale evaluation
ethod is required to rank the applicable alternatives accord-

ng to various factors with a trade-off relationship, such as risk
eduction, cost, environmental impact, resource consumption and
ther factors. We  have proposed a two-scale, risk–cost evalua-
ion method for remediation technologies – the so-called rescue
umber for soil (RNSOIL) [1]. The two scales are the residual con-
aminant risk and total remediation cost. The essence of this
onceptual method is to reveal the increase in economic cost,
nvironmental impact or resource depletion accompanied with
he reduction of contaminant risk (i.e., a difference between ini-
ial risk and residual risk) when a remediation is implemented,

nd to examine a balance with risk reduction. RNSOIL is calcu-
ated to determine the ranking of remediation technologies using
stimated indicators. Although the two-scale evaluation was devel-

∗ Corresponding author. Tel.: +81 52 7895858; fax: +81 52 7895857.
E-mail addresses: inoue@esi.nagoya-u.ac.jp (Y. Inoue),

-katayama@esi.nagoya-u.ac.jp (A. Katayama).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.06.029
oped conceptually, the appropriate estimation method of the
indicator was not sufficiently advanced to acquire a correct total
cost; rather, it enabled only a rough estimation based on the average
unit cost of remediation technologies, and it might lead to under-
or overestimation for newly developed technologies. The indicator
needs to be estimated prospectively and to indicate site-specific
characteristics.

In order to help stakeholders, especially residents or landown-
ers, to make a decision regarding the selection of an appropriate
option, rapid and simple methodology for estimating the indica-
tors is required. Life cycle costing (LCC) is one of the methods
that can be used to estimate total cost prospectively based on
all the remediation processes [2].  LCC will provide the total
cost estimated with higher accuracy than that based on mean
unit cost, reflecting site-specific characteristics of remediation.
In addition to the total cost, the energy consumption could be
a useful indicator for the trade-off with risk reduction. Further-
more, the environmental impact is also an important factor to
analyze in the trade-off with risk reduction. The amount of car-

bon dioxide (CO2), one of the major environmental burdens,
could be proportional to energy consumption because it is con-
sidered a good indicator of energy consumption from human
activity.

dx.doi.org/10.1016/j.jhazmat.2011.06.029
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:inoue@esi.nagoya-u.ac.jp
mailto:a-katayama@esi.nagoya-u.ac.jp
dx.doi.org/10.1016/j.jhazmat.2011.06.029
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Many researchers claim that life cycle assessment (LCA) plays an
mportant role in estimating the emissions and the environmental
mpact of various human activities. LCA has increasingly been used
o support site remediation decision making by estimating environ-

ental impact and resource consumption [3,4]. Researchers have
ompared contaminant risk with environmental impact associated
ith remedial activities using risk assessment and prospective LCA

5–8]. Other researchers have estimated potential environmental
nd health impacts associated with remediation by conducting LCA
n order to show that effects of remediation extend to local, regional
nd global scales [9,10].  A few researchers have conducted only
ife cycle inventory (LCI) analysis to estimate some inventories
f emissions on remediation, and then interpreted them to com-
are remedial activities using standardized scores from emissions
uxes [11] or impact units from concentration limits [12]. Accord-

ng to these studies, prospective LCA would be useful to estimate
nvironmental impacts associated with the remediation of soil con-
amination, but much information would be required for an impact
ssessment. When life cycle costs have been obtained, economic
nput–output life cycle assessment (EIO-LCA) is available for the
apid estimation of inventories of emissions [13]. Some invento-
ies are readily estimated from the price of materials or services and
he emission intensities determined by the input–output analysis.

 combination of LCC and EIO-LCA would be useful for estimating
hree indicators – total cost, energy consumption and CO2 emission

 as used in RNSOIL.
The objective of this study is to expand the concept of the

wo-scale evaluation, RNSOIL, by introducing LCC and EIO-LCA, to
etermine indicators and to examine the feasibility of using RNSOIL
ith EIO-LCA for establishing technology for the screening of

evel ranking. A virtual scenario of contamination and applicable
emediation was used as an example, and LCC and LCI analyses
ere carried out to determine total costs, followed by a deter-
ination of energy consumption and CO2 emission, as one of

he two scales. Three definitions of RNSOIL with EIO-LCA were
etermined, and technologies were ranked according to their per-
ormance.

. Methods

.1. Two-scale evaluation method, RNSOIL

The RNSOIL is composed of two originally defined indices: figure
f treatment priority (FTP) representing priority of treatment, and
gure of unprocessibility for waste (FUW) representing difficulty
f treatment [14]. FTP, a numerical risk index, has been defined
s the number of people exposed to a contaminant in amounts
xceeding the acceptable daily intake (ADI) of the chemical con-
erned, considering the daily human health risk caused by chronic
oxicity of the contaminant in a specific area. FUW, a numeri-
al cost index, has been defined as the total cost of completing
he remediation technology. In this study, FUW was redefined as
ny one indicator among energy consumption or CO2 emission,
n addition to total cost. RNSOIL has been defined as the product
f the time integration of FTP and FUW, without any weighting,
s expressed by Eq. (1).  It represents the immaturity and com-
etitiveness of a remediation technology through a comparative
valuation:

NSOIL =
∫ tL

0

FTP(t)dt · FUW (1)

here tL is the period of exposure (e.g., lifetime) and FTP(t)

eans the time-varying FTP. Time integration of FTP(t) indicates

umulative residual risk and it can demonstrate the difference in
isk reduction and duration of remediation between technologies.
maller values of RNSOIL indicate a better technology. A comple-
us Materials 192 (2011) 1234– 1242 1235

mentary index indicating the effectiveness of remediation, rescue
index (RI), has been defined to support the selection. Reduced risk,
represented by the difference between time integration of FTP(t)
for implementation of remediation (FTPR(t)) and time integration
of FTP(t) for no remedial action (FTPO(t)), is used in the definition
of RI as follows:

RI =
∫ tL

0
{FTPO(t) − FTPR(t)}dt

FUW
(2)

where the subscripts O and R represent the implementation of
remediation and no remediation, respectively. RI indicates the effi-
ciency of technology – a larger RI value indicates higher efficiency
[1].

2.2. Scenarios of soil contamination and remediation

For the hypothetical scenario used in this simulation, we
assumed farmland contaminated with dieldrin – one of the per-
sistent organic pollutants. Dieldrin was  formerly widely used as a
pesticide, although since 1970 its production and use have been
prohibited in Japan because of its high toxicity and persistency
in the environment [15]. The pollutant was  buried in the ground
near agricultural fields and forests, and left there until an effi-
cient treatment technology was established. Recently, in Japan,
dieldrin has been detected in agricultural field soil and cucum-
bers grown there [16]. The requirement to treat buried dieldrin
and soil contaminated with dieldrin under the Stockholm Con-
vention on Persistent Organic Pollutants took effect in 2004 [15].
In our scenario, the farmland is located near an urban area. The
pollutant contaminated an area of 1000 m2 (approximately 31.6-
m2) to a depth of 0.5 m.  Uniform contaminant concentration was
assumed to be 1 mg/kg soil. The surrounding area and contami-
nated site had quite a large population density (4179.6 people/km2)
[17]. The period considered in the risk assessment was  70 years
from the start of remediation. The ADI was 0.0001 mg/kg/day
[18].

Four technologies – disposal, high temperature thermal desorp-
tion (HTTD), biopile and landfarming – were selected to achieve
the soil guideline level (0.001 mg/kg soil). Table 1 lists the pro-
cesses and properties of the technologies used for conducting the
LCI analysis.

Disposal and HTTD are off-site technologies that require trans-
port of the removed soil by dump trucks. In our scenario, the
quantity of soil excavated was  1000 m3: 500 m3 of contaminated
soil and 500 m3 of lower layer soil. The distance from the con-
taminated site to the disposal facility and the thermal treatment
plant was assumed to be 10 km.  Residual contaminated soil emit-
ted by the HTTD was dumped at the disposal facility. The distance
from the HTTD plant to the disposal facility was also assumed to be
10 km.

Biopile is an on-site technology, for which soil piles are required
to maintain the degrading ability by aeration and tillage. Land-
farming is also an on-site technology, for which excavation is not
required. For both biopile and landfarming, the half-life of dield-
rin in the soil was  assumed to be 180 days, as estimated from the
degradation rate of dieldrin-degradable white-rot fungus [19]. This
half-life was  used to determine the remediation period.

2.3. Quantification of FTP

Temporal changes of FTP for all scenarios were determined using
the method of Inoue and Katayama [1] as follows. FTP(t) was defined

as Eq. (3):

FTP(t) =
∫ +∞

ADI

f (E(t))dE × pA (3)
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Table  1
Properties and processes of the test technologies.

Technology Disposal High temperature thermal
desorption (HTTD)

Biopile Landfarming

Place  of treatment Off-site Off-site On-site (with excavation) On-site (without excavation)
Treatment rate 220 m3 soil/daya 3 metric tonnes soil/hb Half-life: 180 daysc Half-life: 180 daysc

Processes Temporary enclosure
Excavation
Dust reduction
Drainage treatment
Monitoring
Backfilling and recovery of
soil function
Transport of soil
Disposal

Temporary enclosure
Excavation
Dust reduction
Drainage treatment
Monitoring
Backfilling and recovery of
soil function
Transport of soil
Thermal desorption
(off-site)

Temporary enclosure
Excavation
Dust reduction
Drainage treatment
Backfilling and recovery of
soil function
Construction of piles
Maintenance
Monitoring

Incubation
Transport of culture
Spreading culture solution
Biodegradation
Agitation of soil
Monitoring

Period  of remediation 15 days 32 days 60 months 60 months
Unit  cost from published databasesd 48,000–81,300 yen/m3e 8,100–25,200 yen/m3 13,000–26,000 yen/m3 <10,000 yen/m3

a [19].
b [20].
c [21].
d [22]; costs in yen were calculated from original data in US dollars using 100 as the dollar–yen conversion rate.
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e Data were converted to values per cubic meter from original values per metric 

here f shows a probability density function of human exposure,
, p is population density and A is the local area. Only chronic toxi-
ity and noncarcinogenic effect on humans were considered; acute
oxicity to humans and ecological toxicity were not included. In
his hypothetical case study, the main exposure route to human
eings was ingestion of agricultural products. The probability den-
ity distributions of daily human exposure were calculated using
he multimedia fate, transport and exposure model CalTOX (DTSC,
alifornia EPA, USA), combined with the Crystal Ball (Kozo Keikaku
ngineering, Tokyo, Japan), for the Monte Carlo simulation, assum-
ng mean and standard deviation values of the model parameters

ith log-normal distribution. Almost all the parameters in the Cal-
OX model used default values. Area of site, depth of soil layer
surface, root zone, vadose zone and aquifer), annual average pre-
ipitation, land area fraction of surface water area, and reaction
alf-life in soil and groundwater were set corresponding to the
cenarios. Average body weight was taken as 50 kg. The probabili-
ies of daily exposure exceeding the ADI were calculated from the
robability density distribution of exposure. Temporal changes in
TP(t) were then obtained as the number of individuals by mul-
iplying the probability by the number of people who lived in
he area adjacent to the target area. FTP(t) was simply an index
o show differences in the contamination risk between remedia-
ion technologies clearly. All scenarios were examined under the
ollowing assumptions: the site continued to be used as an agricul-
ural field and people ingested the agricultural products from the
ite.

.4. Quantification of FUW

The functional unit of LCC and LCI analysis is “to reduce a con-
aminant concentration below the soil criterion for 1000 m3 soil
f agricultural field”. In some literature, the system used for LCC
nd LCI analysis was designed from soil surveillance as an ante-
ior temporal boundary to completion of remediation as a posterior
emporal boundary [9,10].  In the present study, because the aim of
he LCC and LCI was to compare the applicable technologies for

 specific site, a system boundary was determined from instal-
ation of a temporary enclosure to the recovery of soil fertility.

ence, the on-site process, the off-site process and the regeneration
f soil fertility after completion of remediation were included in
he system. Surveillance of contaminant distribution was  excluded
rom the system because this process was common to all alterna-
s, using 1.6 metric tonnes/m3 as bulk density.

tives. Raw materials and energy acquisition, monitoring and waste
management were included in each process. The entire process
was  divided into several subprocesses, and the materials, equip-
ment, fuel and labor required in each process were quantified in
detail. Quantities and unit prices were obtained from technical doc-
uments [20–22].  Based on items in the entire process, LCC was
conducted to estimate cumulative cost by integrating the costs
for all items and subprocesses. The cumulative cost from LCC was
defined as total cost (C). The unit prices of materials, fuel, water
and labor were determined from the actual market prices [23].
Properties of the thermal desorption process in the HTTD, such as
treatment rate, quantities of materials and specifications of equip-
ment, were obtained from technical data [24]. For biopile, the
cost-estimating program of NAVFAC ESC [25] was used. For nondis-
posable and repeatedly used equipment and machinery, including
trucks, backhoes and pumps, the cost of usage was estimated by a
depreciation cost over the remediation period, using a list of depre-
ciation cost calculations for construction machinery [26]. The fuel
consumption rate of heavy machinery and the number of workers
were determined based on the public work estimation standards
[20,22]. Labor cost was  estimated using a standard unit price for
labor [27].

For prospective LCI analysis, we  used the spreadsheet
“Embodied Energy and Emission Intensity Data for Japan using
Input–Output Tables” (3EID), which is very useful for estimating
energy consumption and CO2 emission based on the producer
price of materials or processes [28]. CO2 emission as an indica-
tor included only CO2, and energy consumption included both
fossil energy and renewable energy. In brief, if we have an inven-
tory of cost, then an inventory of energy consumption and of CO2
emission can be readily estimated using this worksheet. Embodied
environmental intensity in 1995, taking import products into con-
sideration, was  applied. The most likely sector in the input–output
table was selected for each item used for descriptive purposes. For
example, as shown in Table 2, “metal products for construction”
were selected from the categories in 3EID for temporary-use mate-
rials for site enclosure. The representative energy consumption and
CO2 emission intensity used are listed in Table 2. The CO2 emission
intensity for diesel oil and electricity was obtained from Japan Soci-

ety of Civil Engineers [29]. For machinery, multiplying the emission
intensity by the depreciation price for the in-service period gave
the CO2 emission [30]. Energy consumption and CO2 emission from
labor were estimated by applying the method proposed by Kusuda



Y. Inoue, A. Katayama / Journal of Hazardous Materials 192 (2011) 1234– 1242 1237

Table  2
Energy consumption intensity and CO2 emission intensity (partial).

Item Energy consumption
intensity (TOE/million yen)

CO2 emission intensity (metric
tonnes CO2/million yen)

Categories in 3EIDa

Temporary use materials,
iron sheets and pipes

1.843a 6.550a Metal products for construction

Backhoe and bulldozer 1.188a 3.933a Mining, civil engineering and
construction machinery

Dump  truck 0.9698a 2.843a Trucks, buses and other cars
Sheets and pipes 1.802a 4.747a Plastic products
Turbidity water treatment 1.238a 4.134a Pumps and compressors
Generator 1.149a 3.753a Engines
Analysis 0.7028a 1.762a Research and development

(intra-enterprise)
Soil  disposal 0.6654a 7.542a Waste disposal services (industrial)
Labor  0.001073b 0.01338c –
Diesel oil 0.9126a 0.0779d Diesel oil
Electricity 86a 0.129d Electricity

TOE, metric tonnes oil equivalent (1 TOE = 107 kcal).
Labor had a unit in terms of TOE/person/day, diesel oil: TOE/kL, electricity: TOE/106 kWh.
Labor had a unit in metric tonnes CO2/person/day, diesel oil: kg C/L, electricity: kg C/kWh.

a [29]; 3EID represents “Embodied Energy and Emission Intensity Data for Japan using Input–Output Tables”.
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consumption. Although energy consumption and CO2 emission
were estimated based on total cost results, they were not pro-
portional to the total cost. The reason why  HTTD had lower CO2
b Calculated from the energy consumption in the residential sector in Japan [33].
c Estimated using the method of Kusuda [31].
d [32].

31]. Based on the yearly CO2 emissions from a domestic source
32], the Japanese population [33] and daily working time (8 h), the
ourly CO2 emission per person was calculated. Finally, LCI analysis
ielded the total cost (C), energy consumption and CO2 emission
or four remediation scenarios. In order to examine the accuracy
f total cost (C), total cost (U) was defined as total cost calculated
rom the actual performance unit cost and calculated using maxi-

um  values in the range of unit costs from a published database,
s shown in Table 1. The unit costs based on American prices were
ssumed to be applicable to the same remediation technologies
mplemented under Japanese conditions. The differences in unit
osts between technologies were also assumed to be the same as
nder Japanese conditions. The economic loss due to inoperative
eriods of the site was not included in the remediation cost.

.5. Calculation of RNSOIL and RI, and illustration of a risk–cost
iagram

The evaluation indices RNSOIL and RI were calculated from the
stimated FTP(t) and FUW values using Eqs. (1) and (2).  All FTP(t)
alues of the remediation technologies were integrated over a
eriod of 70 years, independent of the remediation period. In the
ase of no remedial action, FTPO(t) was calculated and integrated
o obtain RI.  Corresponding to the different definitions of FUW as
otal cost, energy consumption and CO2 emission, three different
ets of evaluation indices were calculated. Diagrams for risk–cost,
isk–energy consumption and risk–CO2 emission, with one axis for
he cumulative residual risk index (integral FTP(t)) and the other
xis for the cost index (FUW), were used to characterize the reme-
iation technologies. With the aim of supporting the selection of
he most appropriate remediation technologies, the relative supe-
iority between pairs of technologies was determined, based on
he risk–cost diagram [1].  Four remediation scenarios were plot-
ed and their orders of rank for the three different FUWs were
etermined.

. Results and discussion
.1. FUW

The type of contaminant makes little difference for physic-
chemical treatments, but biological technologies are heavily
dependent on the bioavailability of the contaminant. The rate of
decrease of dieldrin in the biodegradation would be much lower
than that of hydrocarbons, because the bioavailability of dield-
rin is fairly low [34]. Therefore, for dieldrin-targeted remediation
technologies, the actual performance data of mean price leads
to an underestimation of total cost, and the total cost (C) by
LCI analysis is correctly evaluated by considering the length of
the remediation period. Fig. 1 shows the total cost (C) of four
remediation technologies. Disposal had the highest total cost (C),
followed by biopile, landfarming and HTTD. Under the scenario
in this study, LCI analysis can provide a better estimation of
total cost as total cost (C) through LCC, because the total cost
(C) of biopile and landfarming was significantly larger than the
total cost (U) calculated from the mean unit cost of technol-
ogy.

Figs. 2 and 3 show the energy consumption and the CO2 emission
of the remediation scenarios, respectively. In terms of energy con-
sumption, HTTD had the largest consumption, followed by disposal,
biopile and landfarming. In addition, in terms of CO2 emission,
disposal had the largest emission, followed by HTTD, biopile and
landfarming. The difference between the biological and physico-
chemical technologies was greater for CO2 emission than for energy
Fig. 1. Total cost (C) of technologies calculated from inventory data. Total cost (U)
of technologies from unit cost based on actual performance data is also indicated.
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Fig. 2. Energy consumption of technologies calculated from inventory data.

mission than disposal, in spite of the highest energy consump-
ion, is the high CO2 intensity and high cost due to extra disposal
ees. The CO2 intensity was significantly larger (7.542 metric tonnes
O2/million yen) than that of the other items, as listed in Table 2.

n order to prevent the risk of pollution, most disposal facilities in
apan tend to avoid the dumping of contaminated soils into their
isposal facilities. Extra fees are required for the disposal of contam-

nated soil, thus the disposal costs of contaminated soil are usually
ery high in Japan.

Energy consumption per cost unit was 0.604, 0.635, 2.50 and
.760 TOE/106 yen and CO2 emissions per cost unit were 1.57,
.80, 8.71 and 7.13 metric tonnes CO2/106 yen for landfarming,
iopile, HTTD and disposal, respectively. The data indicate that
iological technologies had an advantage over physicochemical
echnologies in terms of CO2 emission. There was  about a twofold
ifference in the total cost between disposal (highest) and HTTD
lowest). On the other hand, there was about a ninefold difference
n the CO2 emission between disposal (highest) and landfarming
lowest), and about a 2.7-fold difference in energy consumption
etween HTTD (highest) and landfarming (lowest). This indicated
hat these three scales do not have reciprocal compatibility, and
hould be used as independent factors for a technological rank-
ng.

For the purpose of highlighting the technological characteristics,
UWs were divided into four areas: energy consumption, machin-
ry used, materials consumed and labor. Energy consumption
ncludes all energy used during the remediation process. Machin-
ry only includes the production of materials; it does not include
irect energy use in the process. HTTD had higher direct energy

onsumption than the other technologies on all scales because of
igh fuel (heavy fuel oil) consumption in the thermal desorption
rocess. Direct energy consumption of HTTD comprised 78% of the

Fig. 3. . CO2 emission of technologies calculated from inventory data.
us Materials 192 (2011) 1234– 1242

total consumption, and was more than the total energy consump-
tion of the other technologies. Machinery used in disposal was >80%
on all scales because of its high cost (value was determined from
actual maximum price; 35,000 yen/m3 soil) and quite a large emis-
sion intensity (7.542 tonnes CO2/million yen) in the soil disposal
process, as shown in Table 2. The transportation process occu-
pied less than 10% in the total of every FUW. The long distances to
thermal plants and landfill sites resulted in increased FUWs (total
cost, energy consumption and CO2 emission). A 10-times greater
distance than a standard scenario (10 km)  would increase every
FUW by at most 10%. Disposal resulted in at least twice as much
CO2 emission as from HTTD, and seven times as much as for bio-
logical technologies. Biopile had the largest amount of materials
consumed on all scales because of the requirement for piles con-
structed on-site. Machinery used in landfarming occupied a great
portion of the total on all scales because of scheduled soil agitation
for long periods. The labor costs of biopile and landfarming were
higher than those of the physicochemical technologies because of
the longer remediation periods and the requirement for much more
manpower for scheduled maintenance and monitoring of chemi-
cals. However, labor contributed little to energy consumption and
CO2 emission in all scenarios. This resulted in the large differ-
ence between the biological and physicochemical technologies in
terms of energy consumption and CO2 emission. In these scenar-
ios, technological characteristics were reflected appropriately in
the inventories.

When considering improvements to the technologies, LCI anal-
ysis will be useful to show which process will be the most effective
for reducing the FUW. Landfarming and biopile had a high ratio
of labor in the total cost, but these processes would be ineffec-
tive for reducing energy consumption and CO2 emission. A longer
remediation period leads to an increase in not only labor cost but
also in machinery used (in landfarming) and in materials con-
sumed (in biopile). The machinery in landfarming was mainly used
in soil agitation, and the materials in biopile were consumed for
maintenance and monitoring. Reducing these indicators would
require a reduction in the remediation period, that is, an enhance-
ment of the degradation rate. By contrast, HTTD had a high ratio
of direct energy consumption and disposal had a high ratio of
machinery. Direct energy consumption in HTTD was dominated
by the operation of thermal desorption equipment, that is, fuel
consumption in a heating furnace. Greater effectiveness in ther-
mal  desorption is required to reduce the fuel consumption. CO2
emission from machinery was  dominated by the machinery used
in the soil disposal process. The reduction of a large amount of
soil to be disposed is required for achieving an improvement in
disposal.

3.2. Two-scale comprehensive evaluation index, RNSOIL

For the four remediation technologies, Figs. 4–6 show the rela-
tionship between the cumulative residual risk and the total cost
(Fig. 4), the energy consumption (Fig. 5) and the CO2 emission
(Fig. 6) in the scenario applied in this study. Disposal, HTTD and
biopile, which all involve a soil excavation process, had a relatively
low level of cumulative residual risk, and there were no great differ-
ences between them in this respect. This is because the excavated
soil was transported or piled, and contaminants were managed to
prevent volatilization into the air or infiltration into the ground. By
contrast, the cumulative residual risk of landfarming was >40 times
that of the other remediation technologies. This is because land-
farming involves no soil excavation or removal and contaminants

persisted in the site.

In the figures, constant RNSOIL can be drawn as a straight line
with a minus one slope. Disposal was assumed to be the benchmark
technology, and the line indicating the constant RNSOIL of disposal
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as drawn to aid the comparison with the other technologies. The
echnology plotted below this straight line is evaluated as being
igher than the benchmark, whereas the technology plotted above
his line is evaluated as being lower than the benchmark. From
hese three figures, it was found that the rankings differed from
ach other. Based on total cost, the highest ranking technology was
TTD, followed by biopile, disposal and landfarming (Fig. 4). Biopile
ad the highest ranking in the RNSOIL based on energy consumption,

ollowed by disposal, HTTD and then landfarming (Fig. 5). Biopile
ad also the highest ranking in the RNSOIL based on CO2 emission,

ollowed by HTTD, disposal and then landfarming (Fig. 6). Land-
arming had a great cumulative residual risk, which led to it being
he lowest ranked. This suggested that the superiority of landfarm-
ng in terms of energy consumption and CO2 emission (Figs 2 and

) did not compensate for its inferiority in terms of cumulative
esidual risk.

100

1000

10000

10 100 1000

C
um

ul
at

iv
e 

re
si

du
al

 r
is

k
(N

um
be

r 
of

 p
eo

pl
e)

Energy consumption (TOE)

Disposal
HTTD
Biopile
Landfarming

ig. 5. Relationship between residual risk and energy consumption of technologies.
he  solid line and dotted line show the constant values of RNSOIL and RI for disposal
s  the benchmark, respectively.
solid line and dotted line show the constant values of RNSOIL and RI for disposal as
the  benchmark, respectively.

Table 3 shows the values of RNSOIL and RI based on total cost
(C), energy consumption and CO2 emission. The ratios of test tech-
nologies in the RNSOIL and RI to the benchmark as a technological
difference are also shown in this table. In the case of RNSOIL, the
degree of difference between technologies varied greatly from scale
to scale. Total cost (C) had the largest difference and CO2 emission
had the smallest difference between benchmark and landfarming
(worst). The order of ranking in the RI was  different from that of the
RNSOIL. There were trends that biological technologies had higher
ranking in the RI, for example, landfarming had the highest (energy
consumption and CO2 emission) or second highest ranking (total
cost). Two  evaluating indices, RNSOIL and RI, will make the techno-
logical ranking more definite.

These results indicate that the performance of landfarming
needs to be improved if it is to compete with the other technolo-
gies. Values of indices would be useful as targets for technological
improvement, and a method for achieving target values in land-
farming will be discussed below. Here we  examine landfarming in
terms of total cost (C) as an example of the interpretation of the
results. To achieve competitiveness with the benchmark technol-
ogy (disposal) based on total cost (C), the RNSOIL for landfarming
has to be reduced to 1/19 of its current value to reach the same
value as the benchmark (Table 3). An effective way  to reduce
the RNSOIL is to apply an extra process, decreasing the cumulative
residual risk of landfarming. One of the extra processes, namely,
tight migration control of dieldrin, can be introduced by insulat-
ing the site from the surrounding environment with a temporary
structure and using treatment equipment for an exhaust gas and
water containing dieldrin. Tight migration control was  estimated
to be able to reduce the cumulative residual risk by up to 1/40 of
the current value. On the contrary, total cost (C) was estimated
to increase to 105 million yen by adding at least 60 million yen
for the construction of a temporary structure and the operation
of treatment equipment. Improved landfarming only appeared to
approach the benchmark; it would be difficult to exceed it (as
plotted in Fig. 4). Only once the migration control of dieldrin
was  successfully introduced as an additional process, at a cost of
95 million yen (within increase of 50 million yen above original

total cost), would landfarming become competitive to the bench-
mark.

For the other scales, such as energy consumption and CO2 emis-
sion, a similar examination can be carried out to improve test
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Table  3
Comparison of RNSOIL values for total cost, energy consumption and CO2 emission.

Indices Scales for FUW Disposal (benchmark) HTTD Biopile Landfarming

RNSOIL

Total cost (C) (×1010)a 1.15 (1.0) 0.474 (0.41) 0.803 (0.70) 21.7 (19)
Energy consumption (×104)b 0.871 (1.0) 1.18 (1.4) 0.509 (0.58) 13.1 (15)
CO2 emission (×104)c 8.17 (1.0) 4.13 (0.51) 1.44 (0.18) 34.1 (4.2)

RI
Total  cost (C) (×10–4)d 3.65 (1.0) 8.83 (2.4) 5.52 (1.5) 6.79 (1.9)
Energy consumption (×102)e 4.80 (1.0) 3.53 (0.74) 8.69 (1.8) 11.2 (2.3)
CO2 emission (×102)f 0.512 (1.0) 1.01 (2.0) 3.07 (6.0) 4.33 (8.5)

Values in parentheses refer to the ratio to the benchmark (disposal).
a Unit for RNSOIL (cost) is number of people × yen.
b Unit for RNSOIL (energy) is number of people × TOE.
c Unit for RNSOIL (CO2) is number of people × metric tonnes.
d Unit for RI (cost) is number of people/yen.
e Unit for RI (energy) is number of people/TOE.
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f Unit for RI (CO2) is number of people/metric tonnes.

echnologies. Competitiveness must be evaluated from a multiscale
onsideration of the trade-off relationship. To consider a decrease
n the RNSOIL to the same value as the benchmark, we  need to exam-
ne whether a degree of decrease in the cumulative residual risk
alls below a degree of increase in the total cost, energy consump-
ion or CO2 emission.

.3. Usefulness of the RNSOIL based on EIO-LCA

Technological ranking using the RNSOIL values was determined
y means of risk assessment and EIO-LCA, based on the concept
f a trade-off relationship between risk reduction and increases of
he indicators (total cost, energy consumption and CO2 emission).
IO-LCA is an inexpensive method, which uses publicly available
ata and enables rapid analysis. It is appropriate for screening level
nalysis [35]. Therefore, RNSOIL based on EIO-LCA offers a great
dvantage in that less effort, time and money are required. In the
ecision making at the first screening level, with limited informa-
ion on remediation technologies, the RNSOIL based on EIO-LCA will
rovide a ranking of remediation technologies. Because residents
r local government usually do not have sufficient and adequately
etailed information on remediation technologies, EIO-LCA would
e the preferred methodology for estimating indicators, rather than
rocess-based LCA.

Although EIO-LCA offers several advantages, as discussed above,
 significant extent of uncertainty remains regarding the RNSOIL
alue. Mainly two types of uncertainty in data existed: uncer-
ainty in intensities from the EIO-LCA model and uncertainty in
echnological characteristics. The uncertainty in intensities affects
ndicators (energy consumption and CO2 emission for each process)
n EIO-LCA. Uncertainty in the EIO-LCA model is derived from old
ata, uncertainty inherent in the original data, incomplete origi-
al data, aggregated original data, aggregation of sectors and other

actors [12]. Thus, uncertainty of emission intensities causes the
ndicators (energy consumption and CO2) and the RNSOIL values to
e significantly uncertain.

The uncertainty in technological characteristics affects the
etermination of total cost via LCC. Some properties expressing
emediation technology, such as treatment rate and transporta-
ion distance, affect a remediation period, resulting in a change in
otal cost. The excavation rate in excavation disposal and HTTD was
etermined by a Japanese governmental organization for estimat-

ng public work costs; hence, there should be a relatively small
ncertainty here. The treatment rate of thermal desorption on

TTD would be affected by the size of rotary kiln as the thermal

urnace and the water content in the soil. The uncertainty would
e smallest compared with other technologies; hence, the pro-
ess was fully implemented under controlled conditions. Because
the quantity of soil to be treated was  not great, the uncertainty
of the treatment rate would little affect the necessary periods
of excavation disposal and HTTD. In contrast, no performance
data for biotechnologies, biopile and landfarming for dieldrin con-
tamination were available. These technologies were completely
hypothetical scenarios. Treatment rates of biodegradation were
determined from one experimental result in the literature [21].
Literature relating to the dieldrin degradation rate reveals that it
has a wide distribution (or half-life of dieldrin) under various con-
ditions, including laboratory and field experiments (at least one
order of spread in the half-life). Treatment rates of biodegrada-
tion had relatively large uncertainties. Biopile was implemented
under controlled conditions on-site, so the uncertainty would be
smaller compared with landfarming. Much longer remediation
periods of biopile and landfarming would make uncertainties in
the indicators and RNSOIL larger. The periods of remediation were
within the range 15 days to 60 months. The economic loss due
to these inoperative periods of the site would affect the selec-
tion of technology. On-site biological technology will be strongly
affected, and lead to a lower evaluation in terms of technolog-
ical ranking. Eventually, uncertainties of treatment rate would
affect the order of the RNSOIL values, especially in landfarm-
ing.

Because EIO-LCA leads to unavoidable uncertainty, as discussed
above, EIO-LCA is unsuitable for a close investigation. Develop-
ers or consultants who have detailed technological information
can however conduct process-based LCA to obtain indicator val-
ues (emission inventories). Process-based LCA will be suitable to
compare their own technology with that of other companies and
to improve it by process analysis. However, because process-based
LCA is data intensive and requires comprehensive analysis [36,37],
determination of the RNSOIL with process-based LCA is time con-
suming and expensive to conduct. Selection of LCA methodology
should be based on who uses the index and/or for what purpose.

The most appropriate indicator used in RNSOIL should be selected
to correspond to a difference in values or interests of each stake-
holder. The RNSOIL based on total cost will be valuable for the person
who  is liable for the cost of remediation or for the general public as
taxpayers (in the case of the use of public funds). The RNSOIL based
on CO2 emission or energy consumption will be useful for the per-
son or group who has strong environmental awareness, especially
groups that are harmed by specific impacts due to the emission.
The difference in the order of ranking according to the indicators,
as found in this study, shows that the selection of an indicator to be

compared with risk reduction is important. A detailed discussion of
the difference in LCA methodology should be investigated based on
comparison of the results of EIO-LCA with results of process-based
LCA.
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. Conclusions

The concept of RNSOIL for remediation technology was success-
ully expanded by introducing LCC and EIO-LCA. The concept of
NSOIL with EIO-LCA shows the relative competitiveness of several
lternative remediation technologies, and it can be used to rank
hem roughly, but rapidly, for the purpose of decision making by
onexperts (residents, land owners or local government) in the
creening stage. Multiple-scale estimation based on LCC and LCI
nalysis led to a clear indication of the differences between tech-
ologies in terms of different characteristics. The ranking of the
echnologies differed on each scale. The overall suggested rankings
re as follows. Technology without soil excavation and transport
landfarming) is inferior to the other technologies in the RNSOIL
ecause of the greater exposure. Biological technology (biopile)

s superior in the RNSOIL based on both the energy consumption
cale and the CO2 emission scale. Degradation or separation tech-
ologies (biopile or HTTD) are superior in the RNSOIL based on
he cost scale. Technology with high direct energy consumption
HTTD) is inferior in the RNSOIL based on the energy consumption
cale.

Factors contributing to different rankings were the higher inten-
ity of direct energy consumption and lower intensity of labor, in
omparison to the other inventory items, on both the energy con-
umption and the CO2 emission scales. The greater CO2 emission
ntensity of the soil disposal process also contributed to the differ-
nce in ranking. Because this ranking was for rough screening, some
xtent of uncertainty in estimated indicators (energy consumption
nd CO2 emission) was acceptable.

The existence of differences in the order of ranking for each scale
ndicates that these scales will not have reciprocal compatibility for
wo-scale evaluation. A priority scale will first have to be decided
pon and an appropriate scale selected as the FUW indicator. A tech-
ological improvement was examined, based on the technological
ankings and the differences of indicators between technologies.
ecause the proposed method is used only for the screening level of
onexperts in the initial stage of risk communication, if the RNSOIL is
stablished by conducting a process-based LCA and following envi-
onmental impact assessment, it will contribute to optimization, by
ighlighting an effective point that needs improvement, as a devel-
per support tool. Further case studies on an actual remedial site
re required to verify the evaluation.
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