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Abstract

With increasing complexity of soil contamination and more variety in remediation technologies, remediation alternatives
must be assessed thoroughly and urgently. Life cycle assessment (LCA) can be used to analyze the environmental impact of
a technical process and avoid the transfer of the environmental impact. LCA has been applied in soil remediation technology
from a single method to a combination of multiple methods, focusing on a few environmental impacts to approximately 20
types of environmental impacts. The life-cycle stage contributions and environmental impact characteristics of LCA are also
reviewed. The proposed optimization measures cover the life cycle stages, specific energies or substances, and technology
process nodes. The LCA methodology framework of remediation technology must be established by including functional
unit determination considering the remediation duration and environmental impact selection methods. Primary, secondary,
and tertiary impacts should be considered to reflect technical efficiency, process optimization of technology, and land reuse
after restoration. LCA application still needs to be improved in terms of technological processes to reveal the relationship
between technical parameters and environmental impacts. This study provides an insightful overview of the methodologi-
cal elements of LCA in soil remediation technology evaluation, such as the functional unit definition, the system boundary
determination, and the selection of impact categories, which can support the revolution of LCA methods applied in soil
remediation technology.

Introduction

Over the past few decades, soil contamination has become
an increasingly recognized global issue (Food and Agricul-
Ning Ding and Xianhao Meng contributed equally to the article and ture Organization of the United Nations 2021). In Europe,
were regarded as co-first authors. more than 2.5 million contaminated sites have been recog-
nized, of which 14% are expected to require remediation
(Hans Bruyninckx 2020). Over 450,000 brownfields (land
that is abandoned or underutilized due to pollution from
State Key Laboratory of Urban and Regional Ecology, industrial use) are estimated in the US (United States Envi-
Research Cente.r for Eco-Enviroan}fental Sc.iences, Chinese ronmental Protection Agency 2022). Currently, 16.1% of
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selected soil points in China is contaminated (ministry of
environmental protection of the people’s republic ofchina
2014). Various physical, chemical, and biological remedia-
tion technologies have emerged, with remediation projects
soaring from 800 to more than 3600 in China over the period
2017-2021 (Chinese Academy of Environmental Planning
2022), and more than 205,242 cleanups have been completed
in the US (United States Environmental Protection Agency
2022). The optimization and comparative selection of these
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technologies must be thoroughly assessed (Huysegoms et al.
2018; Chen et al. 2020).

Life cycle assessment (LCA) has been most popularly
used. LCA can analyze the environmental impact of the tech-
nical process by considering a variety of categories and avoid-
ing transfer (Onwubuya et al. 2009; Jin et al. 2021). LCA has
been applied to soil remediation since 1999. Hitherto, more
than 20 technologies have been evaluated and over 10 types of
contaminated sites have been remediated. LCA is a useful tool
for evaluating and screening remediation technologies and can
reduce carbon emissions by 30% via optimization measures
(Vocciante et al. 2021). LCA can support decision-making in
two ways, including: (1) selecting a remediation technology
with better environmental performance by comparing differ-
ent technologies in terms of energy, resource consumption,
and environmental emissions, and (2) providing optimiza-
tion measures on environmental performance by analyzing
the environmental impacts of remediation technology in its
life cycle stages (Visentin et al. 2019a; Kalsi et al. 2020).

The use of the technical elements of LCA is the basis
for effective assessment and drawing scientific conclu-
sions. Several reviews have been published on this topic
(see Table 1). Some challenges of LCA application have
been proposed, such as the time factor of functional unit,
system boundary determination, neglecting the appropriate
quantification of primary impacts associated with the exist-
ing contamination of the site and tertiary impacts associated
with the post-remediation usage of the land, and failing to
include all relevant secondary impacts due to remediation
activities (Morais and Delerue-Matos 2010; Owsianiak
et al. 2013). They also addressed some aspects that were
not or only partly covered, such as the monetary valuation of
remediation technology, impact assessment for human health
and ecotoxicity, and spatial and temporal differentiation of
non-global impact assessments (Morais and Delerue-Matos
2010; Cappuyns 2013a).

However, solving these issues demands systematically
analyzing the LCA elements applied in remediation technol-
ogy. Assessing the environmental sustainability of remedia-
tion technologies is challenging because of the details of LCA
application (Owsianiak et al. 2013). None of the current studies
have individually sorted the elements of the LCA framework
to explore how the basic LCA framework and method inno-
vation are applied. How the LCA method be applied to soil
remediation technology, how this field be better served, and the
characteristics of remediation technologies from the perspec-
tive of LCA remain unclear. These issues must be solved by
reviewing and summarizing the current literature. Therefore,

@ Springer

the objectives of this study are (1) to review existing LCA
papers to check how LCA has been implemented in soil reme-
diation technology; (2) to analyze the characteristics of various
remediation technologies according to the LCA results, such
as life cycle stages and environmental impacts of various tech-
nologies, comparison of technologies in different application
scenarios, and improvement schemes of technologies for envi-
ronmental performance; and (3) to reveal the shortcomings of
the LCA methodology applied in soil remediation technology
and explore solutions to existing issues. This review provides
solid support for applying LCA in technology evaluation.

Method
Literature Included

This study was one systematic research, aiming to broaden the
knowledge regarding publications related to LCA applied in
the remediation technology of contaminated soil. This method-
ology involved searching scientific databases for peer-reviewed
literature related to LCA and soil remediation technologies.
Only publications written in English with the full text avail-
able were included.

The LCA method included four steps: goal and scope
definition, life cycle inventory analysis, life cycle impact
assessment, and interpretation (ISO 2006). The LCA cases
in this study involved at least two steps. The framework and
procedural components of the LCA were determined accord-
ing to International Organization for Standardization (ISO)
14040-14043. The literature was divided into two categories
to achieve the goals of this study. One is a case study of the life
cycle assessment of remediation technologies and the other is
a study related to method application and innovation.

Soil Remediation Technology Included

Most of the papers in this review are LCA research on reme-
diation technologies or technology solutions, and a few studies
have focused on remediation materials, such as nanomaterials
(Martins et al. 2017; Visentin et al. 2019b). The case studies
include single-technique analyses, comparative analyses of
several techniques, and comparative analyses of technology
solutions. Soil remediation technologies can be divided into
in situ, ex situ, biological, physical, and chemical remedia-
tion according to the location of the contaminated soil or the
principle of remediation (Qu et al. 2023a). Soil remediation
technologies used in this study are listed in Table 2.
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o LCA Application in Soil Remediation
s Technology

- S8

= 8= = Basic Application of LCA Method in Soil Remediation
P %8 & Technology

£E8 =

5 |3 =5 3
< g =2 3 By sequentially combining the technological elements of
~ © © = LCA, the special challenges identified in different proce-
& , G 3 dures are shown in Fig. 1.
£ g g g8
= | 2 323
= o S © .
E < T 53 Goal and Scope Definition
-
< | F g_ 27
kK SE 25
iR} 2 k3t 2 . . . T
&g § £ 5 g = g2 Functional Unit of Soil Remediation Technology
g=| g2 T8 S2S
M S| O 2] 17}

Defining functional units is the first step in LCA. Instead
of defining the product functional units as unit weight or
unit number, the functional units of the technology should
consider their purpose. Currently, the total amount of con-
taminated soil in the site that needs to be remedied or 1 t/
m?® of contaminated soil to be cleaned is generally consid-
ered. Moreover, the clean-up level met by removing the con-
taminated soil was also set. Achieving different remediation
levels or pollutant removal rates will result in substantial
differences in life-cycle resource inputs and environmental
impacts. A typical reference is the case study on the soil Pb
remediation at a school (Hou et al. 2017), where the func-
tional unit was defined as “the removal and treatment of Pb
contaminated soil to meet the nine cleanup levels used”.
Compared to the regulatory guidance value of 255 mg/
kg applicable at the time of project implementation, the

This technique can effectively control the sediment with relatively
less cost and ecological disruptions by using AC. It involves the
processes of site preparation, AC application, transportation of
material and equipment, and monitoring

Soil washing physically separates and removes contaminants from
soil through the washing process

In S/S, a reagent is mixed with contaminated soil to reduce the
leachability of contaminants, such as mercury, either through
physical binding (solidification) or chemical reactions (stabiliza-
tion). While S/S does not decrease the total contaminant content,
the treated material still needs to be disposed of in a landfill

,§ newly selected optimum clean-up level of 800 mg/kg could
-g increase the net environmental benefit (calculated by sub-
g tracting environmental costs from environmental benefits)
o B by 3% (Hou et al. 2017). Another problem with functional
< @ & units is that the treatment duration is not covered (Lemming
%“Eo g :i et al. 2010b). Generally, LCA studies of products do not
; _E ; Z _ consider duration factors. However, for remediation tech-
§ 2 Z = % 2 nology, different remediation times and efficiencies lead to
go g % S % g obvious differences in environmental impacts, as is elabo-
5 g g §) s= rated in “Methods Combined with the Characteristics of Soil
. Remediation Technology” Sect.
=& Ry System Boundary of Soil Remediation Technology
';’ g 5 g

- In a narrow sense, the system boundary of remediation tech-
) % nology ranges from cradle to grave, including raw material
E S and energy acquisition, equipment acquisition and usage,
g § transportation, construction, technology implementation,
= s and waste disposal. In addition to focusing on the tech-
% g g nology implementation itself, the energy consumption of
Kl 5 excavators and other equipment used on-site, transport of
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Fig. 1 LCA framework and
challenges
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Fig.2 System boundary of soil remediation technology

soil and equipment from and to the site, passenger transport
from and to the site, and the energy demand of remediation
installation were considered (Cappuyns 2013a). However,
parts of the life cycle stages are neglected because com-
plex processes and data are unavailable. All life cycle stages
are recommended to be considered to avoid environmental
impacts transferred. Transportation, for example, is a part of
all remediation technologies that is sometimes overlooked,
but contributes up to 90% toward the impact (Choi et al.
2016).

Broadly, the system boundary of remediation technol-
ogy can be summarized as preparation, operation, and
disposal (Fig. 2). All remediation activities related to the
three stages, like raw materials acquisition, transporta-
tion, and energy supply, should be covered. Preparation

Goal and * Functional unit
0: gn tiscope * Time factor
& Il o * System boundary
Inventory analysis
(IA)
Environment * The choice of LCIA
impact assessment * Comparison
Interpretation
System boundary
Preparation —
Elementary
Flows
............... >
Operation
Product
............... .
Disposal <+

stage involves works before the technology implementa-
tion, such as concrete layer removal and movable shed
construction in site preparation (Beames et al. 2015),
screening and blending processes of infrared high tem-
perature incineration technology and the crusher and pug
mill processes of base catalyzed decomposition technol-
ogy (Hu et al. 2011). Operation, the core stage of soil
remediation, involves all works during the technology
implementation, such as thermal treatment processes of
remediation technologies based on thermophysics (Jin
et al. 2021), cultivation in phytoremediation (Vocciante
et al. 2019), and soil aeration in bioremediation (Busset
et al. 2012). Disposal refers to works after the technol-
ogy implementation, involving disposal of contaminated
biomass harvested (Vocciante et al. 2019), offsite landfill

@ Springer



4 Page 8 of 24

Reviews of Environmental Contamination and Toxicology

(2024) 262:4

disposal (Yasutaka et al. 2016), and removal of sheet pile
wall and asphalting in ex situ remediation (Lemming et al.
2010b), etc.

A typology was proposed in which the primary impacts
are associated with changes in the environmental quality
of a site. Secondary impacts refer to the environmental
impacts of the life-cycle stages during the technology
implementation. Tertiary impacts include the environ-
mental impacts due to the subsequent development and
occupation of the remediated site and the affected life
cycles of other sites. Primary impacts are difficult to be
assessed using LCA because they are strictly site-specific
and not functionally determined. Secondary impacts have
always been evaluated using an LCA. Tertiary impacts
are both important and negative. Regarding reductions in
primary impacts associated with rehabilitation, tertiary
impacts may help offset and possibly annul secondary
impacts (Lesage et al. 2007b; Hou et al. 2014). Hitherto,
only fibe studies have included all three types of impacts
(Owsianiak et al. 2013).

Life Cycle Inventory Analysis

Life Cycle Inventory

In this step, a large amount of data was collected and pro-
cessed. Some studies provided raw data or life cycle inven-
tory (LCI). The data sources were site-specific. Some of
these were from laboratory experiments, project reports,
published scientific papers, and industrial consultants. For
background data, a public LCA database, such as Ecoinvent,
was the main source.

However, some data sources are unclear and their quality
is uncertain. A list of data is recommended to be provided
by category, such as input and output, energy consump-
tion, material consumption, primary impact data, second-
ary impact data, and tertiary impact data. Data sources and
quality analysis should be provided as required by the ISO.
This ensures the transparency of the data and traceability
and reliability of the results.

Inventory Analysis

A good LCA case study can be conducted if a high-quality
inventory analysis is available. An advantage of inventory
analysis is its ability to perform specific analysis of the sub-
stance of concern. Some of the studies in this review only
carried out inventory analysis, focusing on certain energy
sources, such as coal, oil, and natural gas, or emissions,
such as CO,, SO,, and NOy. A LCI analysis was carried out
to compare in situ stabilization/solidification and disposal
in landfills and they focused on several key emissions and

@ Springer

concluded that cement production accounts for the largest
proportions of CO, (91%), N,O (88%), NOx (90%), and SO,
(93%) (Harbottle et al. 2007).

Life Cycle Impact Assessment

In the cases within the scope of this study, the life cycle
impact assessment (LCIA) methods used include EDIP,
ReCiPe, and Indicator 99, among which the most commonly
used method is ReCiPe. Different LCIA methods correspond
to different types of environmental impacts (Table 3). The
choice of impact categories is subjective, so no consensus
has been made on the impact categories to assess (Morais
and Delerue-Matos 2010). However, choosing an appropri-
ate environmental impact based on the characteristics of soil
pollution and remediation processes has not been thoroughly
explored by current research.

Environmental impacts should be chosen according to the
characteristics of remediation technology, goal of the study,
regional impacts, and life cycle stages. Currently, global
warming potential (GWP) is the focus of research on general
environmental impact. Not all technologies need to evaluate
greenhouse gas (GHG) emissions, and rules for selecting
environmental impacts need to be established according to
their characteristics. For example, if thermal remediation
is evaluated, more attention should be paid to the environ-
mental impacts of resources and energy consumption (Hou
et al. 2018). If the tertiary impacts of remediation technol-
ogy are discussed, resource utilization and land use should
be focused. The environmental impact characteristics of
remediation technology are elaborated in “Environmental
Impacts Characteristics” Sect.

Life Cycle Interpretation

Life cycle interpretation covers the following elements
(ISO 2006): (i) identification of significant issues accord-
ing to the results of LCI and LCIA, (ii) evaluation, includ-
ing consistency check, completeness check, and sensitivity
check, and (iii) conclusions, limitations, and recommenda-
tions. LCA practices on soil remediation technology focus
on the identification of significant issues, sensitivity check,
and conclusions. In general, contribution analysis is imple-
mented to identify hotspots, that is, life cycle stages whose
contribution to the impact category is greater than the even
distribution of that impact across the life cycle stages (Lau-
rent et al. 2020). For LCA research on soil remediation, the
contribution of three types of impacts (namely, primary,
secondary, and tertiary impact) to the total life cycle envi-
ronmental impacts can also be analyzed (Hou et al. 2018; Jin
et al. 2021). A sensitivity check is usually accomplished to
assess and enhance the robustness of LCA results. One-at-
a-time approach and scenario analysis are most frequently
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Table 3 (continued)

18

Page 10 of 24
on B @
LE S =
s '».Q g
SEET
88 g&
a8 =

6 o2 0 &

oo QS .8

= e B~ it

52 3~ ®

S5 &8

23 5.2

0o N =505

Hogt%

BSe 8 &

«::g P

s S E O

= Q.= —

S < X289

R:Omg

O ==

2 3 2 3
E 9 S .c

S 532 Q@

g:E‘Ug
3 o

5%%00“1

.S:Eogg

8 2 29

g=S 9055

570 =2 <

2 0 &8 Q

172 = = E

22 o= E

wEHE'O

S 5 .55

0=.235

8Tk 2

O B =3
LIEEZSE
S |l=.= g8 =22

SE @
S| s D
S aE g 2
Q|2 2T 5
= o S QO
< = RS ]
O ==

—

o

—

=)

I3

<

—

=)

Q

<

—

w | =
S 1s
=
5|2
ol K]
20 ==
P ROR

] 8

x8EZgE

82 %%85
s L o8

g3 8 3%

ST T 2]

ES25 8
- e

EwpsE

»!::"_-')B'O

I~

o= X @2 s

o 58 L2

£2c9g

oo g2

oL =.2

O‘;‘,Egc

ﬁdbog:"

SEZES

S8 ez

C= 503

SE=EE

=52%23

S5 E Q3

£§2355p53

<852 :2g

] > S 2

S 3 2 3 3

e85 c==

:~v~8w.—.

Z2EoLE
o LE 5

O = &, B

&0 = =

2885738

< 2= .20

w |l Q0 gL
L2195 00
= [} = o

o - . 8= .
|8 >2ET >
QlE w5 .=5 %
6& 6.23«:.2

—

N

—

o

Q

<

—

<

=

©

v |«
o | o
o |0
»n |M
Springer

ter ecotoxicity, agricultural land occupation, natural land

transformation, metal depletion, fossil depletion

tion, metal depletion, fossil depletion, land resource

Combined with the
RA, cost, etc.

Sustainable
evaluation

1
1
1
1
1
1

LCA framework
of remediation
technology

m 2006 2011 2016

Fig. 3 The revolution of method application

adopted to reveal the influence of specific parameters (e.g.,
transportation distance, electricity production, and effective
time of stabilization reagent) on LCA results in the field of
soil remediation (Lemming et al. 2010a, b; Jin et al. 2021;
Martins et al. 2017). After significant issues and sensi-
tive factors have been identified, conclusive results can be
drawn. Simultaneously, limitations and recommendations
of the LCA results should be provided to avoid misleading
the policy-making of soil remediation. At present, consist-
ency and completeness checks have been determined as key
steps in the interpretation (Laurent et al. 2020) but are still
overlooked in LCA practices of soil remediation, which will
reduce the reliability of LCA results.

Innovation Application of LCA

Since the establishment of the LCA framework for remedia-
tion technology in 1999 (Diamond et al. 1999), scholars have
conducted innovative research on LCA methods to better
apply LCA method to this field. It mainly focuses on two
aspects: (1) the application of hybrid LCA, Attributional
LCA (ALCA), Consequential LCA (CLCA), and other types
of LCA methods, and (2) the combination of LCA with other
methods (Fig. 3).

LCA Framework of Remediation Technology

In 1999, a simple LCA framework for soil remediation
technology was created, considering elements of the func-
tional unit and system boundary. In the follow-up studies, a
trend was observed toward establishing an LCA framework
according to the specific characteristics of the remediation
site. However, no unified framework was developed for
defining the application of LCA in the field of remediation
technology.
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A life cycle framework (LCF) was developed, including
a qualitative life cycle management approach (LCM) and
an adapting LCA. The LCA of a remediation technology
should include appropriate life cycle stages, a long-term
time horizon, a spatial boundary encompassing the contami-
nated site, and other affected locations, a process boundary,
and an impact assessment method that considers site- and
process-related metrics. Importantly, remediation activities
must consider the temporal boundary and the functional
unit should be related to the equivalent amount of treated
soil (Diamond et al. 1999; Page et al. 1999). Another LCA
framework suggests that the functional unit is an ensem-
ble of activities aimed at achieving a certain risk level after
remediation (Volkwein et al. 1999). These studies are the
first to explore LCA application with important elements
such as the setting of functional unit and system boundary.

An integrated LCA is required to make the LCA frame-
work more suitable for specific contaminated site. For
example, in a technology of building an LCA conceptual
framework for oil spill remediation, six steps were included
and the environmental, human health, and socioeconomic
impacts were covered (Ugwuoke and Oduoza 2019).

Methods Covering Primary, Secondary, and Tertiary
Impacts

Over half of the existing LCA studies did not include pri-
mary impacts and nearly all LCA studies systematically
excluded tertiary impacts. These three types of impacts
reflect the environmental impacts of soil pollution status,
remediation technology implementation, and land use of
post-remediation (Lesage et al. 2007a). To cover all three
types of impacts, some researchers have explored the
methodologies.

An LCA model, including all three types of impacts, was
presented based on CLCA rather than the more common
ALCA. ALCA assesses the burdens of the life cycle and
its subsystems, whereas CLCA aims to describe the tech-
nosphere-wide effects of changes within the life cycle (van
Zanten et al. 2018; Bamber et al. 2020). ALCA is commonly
used to evaluate secondary impacts. The scope of a CLCA
is far more complex than that of an ALCA, which includes
reoccupying land after restoration and the effects of other
site uses. For example, the tertiary impacts of brownfield
rehabilitation depend on the type, context, and location of
other sites affected by rehabilitation. The study included
vacant urban sites and suburban green fields (Lesage et al.
2007c¢). In addition, the hybrid LCA method was used to
evaluate tertiary impacts. Because the tertiary impact is
related to the land use after restoration, the input—output
LCA (IO-LCA) can better evaluate the tertiary impact under
social and economic operation. In the cases of the sediment
contamination at London Olympic Park, waterway transport

was dredged. Regarding the tertiary impact, the main ben-
eficial use of the waterways was barge transport, which may
avoid 3.5 million tonnes of transport for local construction
work (Hou et al. 2014a).

Methods for More Accurate Evaluation Results

The difference between process LCA (PLCA) and IO-LCA
has always been a popular topic in LCA research. One of
the differences is that IO-LCA can reduce truncation error
(Beylot et al. 2020). These errors were mainly attributed
to three components that were overlooked in the PLCA of
remediation technology: consulting and project management
services, mobilization/demobilization, and temporary usage
of capital equipment (Hou et al. 2014).

The hybrid LCA offers a more complete system bound-
ary than PLCA. A case study at the London Olympic Park
site found that the hybrid method could correct a significant
truncation error in PLCA: 32% of the secondary impact in
soil washing and 8% in landfilling. The hybrid LCA method
corrected these truncation errors by incorporating readily
available project cost data, offering an economical tool for
solving this problem in traditional LCA (Hou et al. 2014).

Methods Combined with the Characteristics of Soil
Remediation Technology

Balance of Eliminating Risk and Generation

The characteristics of the soil pollution and remediation
technologies should be considered when constructing an
LCA research. Soil remediation technology differs from
other products because it eliminates pollution, while creating
pollution during the implementation process. Traditionally,
remediation practitioners have used risk assessment (RA) as
an important decision-making tool for choosing cleanup lev-
els. Therefore, some studies combined RA with LCA (Hou
et al. 2017; Huysegoms et al. 2019a, b). Elaborate analysis
of contaminated soil is a component of RA. The standard-
ized RA procedure identifies threshold contaminant concen-
trations for adverse effects on ecosystems and human health
and examines the fate and transport of these contaminants
along source-to-receptor pathways. The LCA results are typ-
ically used to select and compare the “greenest” technology
for a given remedial objective. However, LCA has not been
used to select the “greenest” cleanup level.

A framework combination of RA and LCA was pro-
posed to identify the optimum cleanup level (Hou et al.
2017). Based on the possible clean-up level, the exposure
risk and health benefits were calculated using RA, and the
environmental impacts were calculated using LCA. After
completing these two parallel lines of tasks, the results
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were combined using an appropriate weighting strategy.
This combination provides a net environmental benefit
(NEB) for each clean-up level. Overall, the study con-
firmed that an optimum cleanup level exists when consid-
ering both environmental benefits and costs, and that the
appropriate cleanup level can be quantitatively determined
by calculating the NEBs (Hou et al. 2017).

Other risk factors combined with LCA from the per-
spective of residual risk were also introduced. Based on
the trade-off between risk reduction and increase in cost,
energy consumption, and CO,, the ranking of technolo-
gies was determined using RA and economic input—out-
put LCA (EIO-LCA). The expanded evaluation index, the
rescue number for soil with life cycle costing (LCC) and
EIO-LCA, comprises two scales: risk—cost, risk—energy
consumption, or risk—CO, emission of remediation (Inoue
and Katayama 2011). This study solved the monotony of
environmental impact by combining residual risk with
remediation cost and environmental impact, and the char-
acteristics of technology were more intuitively.

Time Efficiency

When LCA is applied to products, the time factor is sel-
dom considered, but soil remediation technology is sub-
stantially affected (Toffoletto et al. 2005). Hitherto, the
LCA of remediation technologies presents large variations
over time. The monitoring of natural attenuation, biopile
treatment, and soil bioventing were estimated to take 300,
four, and eight years, respectively. Biopile treatment has
a greater environmental impact than any other treatment
(Cadotte et al. 2007). Integrating the time factor, namely
technical efficiency, into the LCA is challenging.

A land-use impact method based on ReCiPe was used
to link the time factors and environmental impacts. Land
occupation runs over all life cycles and includes the dura-
tion of occupation. By comparing the two cases, ex situ
treatment of soil produces larger impacts in all energy-
related impact categories than in situ multiphase extrac-
tion, but has a lower land resource because of the shorter
remediation time (Beames et al. 2015).

Standard LCA methods do not consider land use as a
finite and increasingly scarce resource. Instead, land use
was accounted for in terms of ecosystem damage and
biodiversity loss (Beames et al. 2015). Valuing land use
throughout its lifecycle remains a challenge. However,
land use currently solves the time-to-repair problem,
allows time to be considered in functional units, and can
show differences in environmental impact.

@ Springer

Methods for More Comprehensive Evaluation

LCA can give more information about environmental
impact, such as the categories listed in Table 3. However,
LCA does not consider the social and economic aspects;
therefore, a broader approach is necessary. Typically, deci-
sion-makers or technology selectors pay more attention to
the economic aspect; therefore, many studies use LCC, mon-
etize LCA, and social and economic assessment method. By
2016, scholars begun to pay more attention to the sustainable
evaluation based on LCA, covering various factors such as
environment, economy, and society (Huang et al. 2016).

LCC can be used to estimate total cost prospectively
based on all remediation processes. The LCC estimates the
total cost with higher accuracy than that based on the mean
unit cost, reflecting the site-specific characteristics of reme-
diation. Inoue and Katayama (2011) estimated the total cost
of three types of technology using LCC. Disposal had the
highest total cost, followed by biopiles, land farming, and
high temperature thermal desorption (HTTD).

In addition, environmental impact results of LCA can
be monetized using different techniques (Huysegoms et al.
2018; Oa and Park 2019). Huysegoms et al. (2018) used the
monetization method: Stepwise 2006 and Ecovalue 08 for
excavation and off-site cleaning. When expressing the envi-
ronmental impact in monetary terms, the mid-point environ-
mental impact is aggregated by applying economic weight-
ing factors to express a monetary value. The results were
then compared using social cost—benefit analysis (CBA). In
such a social CBA, all impacts on society are included, and
the net present value (NPV) is calculated for a case study
or policy scenario that includes direct and indirect financial
costs and benefits, health and environmental benefits, and
other relevant impacts.

In this field, sustainability assessment has attracted
increasing attention in recent years and is used to evaluate
the performance of remediation technology in three or more
dimensions: the environment, economy, and society. Such
studies generally establish sustainability criteria or indica-
tors in which LCA is used to evaluate environmental impacts
(Harbottle et al. 2007; Song et al. 2018; O’Connor et al.
2019; Li et al. 2022).

In conclusions, the integration of LCA with other tools,
such as social CBA and LCC, enables a comprehensive
assessment of soil remediation technologies across multiple
dimensions such as technical, environmental, economic, and
social aspects. The results obtained from these methods can
be compared individually or integrated into a single value
through weighting, enabling support for technological deci-
sion-making (Zanghelini et al. 2018). This provides more
comprehensive and informed recommendations for decision-
making in soil remediation technologies, which is crucial
for the sustainable development of the soil remediation
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industry. Therefore, further exploration and application of
LCA should be undertaken in future research.

Assessment Software for Remediation Technology

The major software packages, like SimaPro and GaBi, have
been emphasized and some other software packages, like
Open LCA and Umberto, were also used. These software
tools can help conduct the LCA model and link it to the data-
base. Different software tools provide varying values, but it
can be modeled and compared using unified software tools.

Many researchers and institutions have established assess-
ment software platforms based on LCA as technology evalu-
ation and selection tools (Yasutaka et al. 2016). The evalu-
ation platform mentioned within the scope of this study are
listed in Table 4. Some green sustainability assessment tools
do not integrate the LCA method but also evaluate environ-
mental factors, such as energy and pollutant emissions.

Volkwein et al. (1999) first introduced software for tech-
nical evaluation in 1999, when an LCA calculation model of
soil remediation technology was established. The LCI lists
40 datasets including nine types of environmental impacts.
Not only is this preliminary application of LCA in the field
of soil remediation technology, but it is also a typical LCA
evaluation tool that can be used for other technologies. Sub-
sequently, some tools integrate other stakeholder concerns
such as economic and social factors.

Further development and improvement of LCA software
is recommended, considering not only the new development
of soil remediation technology but also the availability of
data, easy interpretation, and usefulness of the outcome
of the calculations. Another problem with existing impact
assessment models is that different countries require differ-
ent evaluation models and basic databases, owing to differ-
ent country-based LCA data.

Data quality is important for LCA. The elementary data
in software should be transparent and traceable. The tem-
poral representativeness, geographical representativeness,
technological representativeness, completeness, and reliabil-
ity of the data should be clarified (Cooper and Kahn 2012).

Characteristics of Remediation Technologies
Based on LCA

Evolution of Remediation Technology Evaluated

Current research mainly focuses on evaluating a single tech-
nology, comparing two or more technologies, and techni-
cal solutions. Few studies have focused on a single type of
soil pollution, such as mercury or polychlorinated biphe-
nyls (Hu et al. 2011). However, actual soil pollution is often
compound, requiring a combination or coupling of multiple

remediation technologies. A single remediation technology
does not result in thorough remediation (Huysegoms et al.
2019a, b). Since 2018, technology combinations closer to
restoration projects have been evaluated. For example, 10-
LCA was conducted on technology combinations and the
advantages and disadvantages of different technology com-
bination options were analyzed (Chen et al. 2020).

Characteristics of Life Cycle Stages

The life cycle stages should be clearly defined, and the main
soil remediation activities should be included. It can not
only avoid the omission and duplication of technical repair
activities and prevent the transfer of environmental emis-
sions, but also analyze the contribution of each life cycle
stage to determine the potential for energy conservation and
emission reduction.

The life cycle of remediation technologies typically con-
sists of three main stages: raw material and energy acqui-
sition, site processing, and post-site processing. Substages
may exist in any life cycle, including waste management,
monitoring, and transportation (Page et al. 1999). The prin-
ciples used to determine the life cycle are similar, whereas
the energy consumption activities and emissions involved in
life cycle stages are substantially different due to the obvious
differences in the remedial process of different technolo-
gies. This article summarizes the specific life-cycle stages
of different types of remediation technologies, as is shown in
Tables 5 and 6. Based on this, the life cycle characteristics of
different soil remediation technologies were analyzed.

In Situ Remediation Technology

Bioremediation Technology

Bioremediation technologies are mainly applicable to
organic, petroleum, and heavy metal pollution. Table 5 pre-
sents the four major in situ bioremediation technologies:
bioventing, enhanced reductive dechlorination, land farm-
ing, and phytoremediation. The life cycle stages of these
technologies are primarily determined based on the actual
processes. For instance, the life cycle stages of enhanced
reductive dichlorination considered as a microbial remedia-
tion include monitoring well installation, pumping and injec-
tion of bio culture, monitoring, and transportation of mate-
rials, equipment, and personnel (Lemming et al. 2010b).
Phytoremediation technology follows different life cycle
stages, including site preparation, system operation, and dis-
posal (Vocciante et al. 2019). Planting and related activities,
including the cultivation and disposal of plants, are the main
elements in system operation and disposal phase and are the
largest contributors to environmental impact.
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Table 6 Life cycle stages of ex situ soil remediation technologies

Category References

Technology

Contaminants

Life cycle stages

Bio Blanc et al. (2004)

Cadotte et al. (2007)

Busset et al. (2012)

Lim et al. (2016)

Physical ~ Page et al. (1999)

Inoue and Katayama (2011)

Choi et al. (2016)

Yasutaka et al. (2016)

Pranjic et al. (2018)

Chen et al. (2020)

Chemical Hou et al. (2016)

Oa and Park (2019)

Excavation and bio-leaching

Excavation and biopiles treat-
ment

Bioremediation with mechanical
aeration

Landfarming process

Excavation and disposal

High temperature thermal
desorption

Dredge-and-fill

Excavation and offsite reuse of
contaminated soil for cement

Incineration

ex situ thermal desorption

Stabilization/solidification

Soil washing

Sulfur

Diesel

Polychlorobiphenyl

Petroleum

Lead

Dieldrin

Hydrophobic organic contami-
nants

Arsenic-contaminated

The old zinc-works

VOCS, SVOCS, mercury

Mercury

TPH

Scraping and deep ploughing of
the soil, building of bio-leaching
cells, aeration, humidification,
processing of acid streams, dis-
posal of treatment waste, dewa-
tering, disposal to landfill by
truck, putting the soil back into
place, disposal of geotextiles

Site preparation, excavation, soil
heaping, treatment, backfilling,
site dismantling, asphalt recy-
cling (process-based)

Excavation, soil transportation,
soil installation in anaerobic
conditions, soil aeration, disas-
sembly, landfill

Site preparation, installation,
system operation, and system
dismantling/waste disposal

Raw materials acquisition, site
processing, waste management,
transportation

Temporary enclosure, excavation,
dust reduction, drainage treat-
ment, monitoring, backfilling
and recovery of soil function,
transport of soil, thermal des-
orption

Site preparation (dewatering),
transportation (sediment),
mechanical dredging, backfill,
disposal, monitoring

Site preparation, soil retention
structure, excavation, refilling,
monitoring

Excavation, hazardous waste
incineration, metal recovery
from bottom ash, disposal of
incineration residues, refill

Soil excavation and transportation,
wastewater treatment, ex situ
thermal desorption

Excavation/backfill, stabilization,
landfilling

Information on contaminated soil,
earthwork and transportation,
facility installation, selection
of solvents, soil remediation,
demolition

In general, bioremediation can be summarized into
three stages: site preparation (monitoring well produc-
tion and installation, transportation, and plant cultivation),
site processing (remediation activities like monitoring and
bio culture injection), and site disposal (biomass disposal
and dismantling of monitoring wells). Notably, in situ

@ Springer

bioremediation usually lasts for a long time and environ-
mental impacts of personnel, equipment, sample transporta-
tion, and monitoring are not negligible (Cadotte et al. 2007;

Lemming et al. 2010b).
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Chemical Remediation Technology

Chemical remediation technology has been widely applied
in soil remediation due to its high efficiency and cost-effec-
tiveness (Song et al. 2022; Qu et al. 2023b). However, very
limited information exists in the literature for environmental
impact assessment of chemical remediation technologies.
The work by Choi et al. (2016) is the only study on in situ
chemical remediation technology available in the literature
(Table 5). The life cycle stages of in situ chemical remedia-
tion technology for activated carbon amendment include site
preparation, activated carbon application, transportation of
material and equipment, and monitoring (Choi et al. 2016).
For chemical remediation, the amendment or oxidizing rea-
gent production stages are important to the whole life. For
instance, nano-remediation methods have gained substan-
tial attention due to their exceptional features, like sensitiv-
ity and enhanced catalytic features, and have been docu-
mented in many cleanup sites (Fei et al. 2022). However,
the production stage of nanomaterials used in remediation
always causes undesirable impacts on human health and the
environment (Martins et al. 2017; Visentin et al. 2019a).
Therefore, more efforts should be focused on the material
production stage to identify significant issues in the LCA of
chemical remediation technologies.

Physical Remediation Technology

In situ physical remediation technologies are more widely
used, and LCA research is more widely used than biore-
mediation and chemical remediation. Different remedial
approaches, such as heat treatment, electrokinetic remedia-
tion, and on-site containment, have been considered. In the
heat treatment method, the life cycle stages mainly include
heating and extraction system production (such as heater,
extraction well), transportation, and heat treatment stage.
In contrast to heat treatment, electrokinetic remediation
technology has stricter constraints in practical applications
where sampling inspection and pretreatment of the site are
required. Therefore, remedial investigations and remedial
action construction are generally included in the life cycle
stages of the electrokinetic remediation technology (Kim
et al. 2014; Vocciante et al. 2016). Containment, capping
and disposal methods occupy the mainstream position in
contaminated site risk management measures because
of their operability and other advantages. The life cycle
stages of the capping method mainly include site prepara-
tion, transportation of materials, mechanical backfill, and
monitoring (Table 5).

Considering environmental impacts, heat treatment and
electrokinetic consume substantial electricity and steam, and
are thereby major contributors to environmental impacts
(Lemming et al. 2013). In the capping approach listed in this

article, the transportation stage contributes the most to the
majority of the environmental impacts. However, the pro-
portion of the total environmental impacts mainly depends
on the transportation distance between the site and capping
material supply place.

Ex Situ Remediation Technologies

Referring to Table 6, characteristics of life cycle stages on
ex situ remediation technologies are analyzed. Compared to
in situ remediation technology, soil excavation is an essential
life-cycle stage of ex situ remediation technology.

Bioremediation Technology

LCA research on ex situ bioremediation technologies involve
phytoremediation, land-farming methods, biopiles, and
bioleaching (Table 6).

The life cycle stages of different ex situ microbial reme-
diation approaches can be divided into four stages: site prep-
aration, soil treatment, backfilling, and waste management.
Site preparation includes unit processes of soil excavation
and transportation, and installation of facilities used in soil
remediation, such as the installation of aeration systems,
site walls, and monitoring systems. The soil remediation
stage mainly involves actual remediation processes of dif-
ferent remedial means and other related activities, such as
piles construction and plants cultivation. The contribution
of environmental impacts is quite different for ex situ biore-
mediation technologies because different specific activities
are considered in the remedial process.

Chemical Remediation Technology

The LCA practices of ex situ chemical remediation technolo-
gies mainly focus on soil washing and solidification/stabi-
lization (Table 6). The life cycle stages of these two types
of remediation technologies are different. Soil washing can
be described as soil excavation, transportation, soil wash-
ing, and wastewater treatment. Some studies considered the
installation and dismantling of devices (Oa and Park 2019).
Owing to the short processing time, monitoring was not
included in the scope of the life cycle phase. Among all life
cycle stages, the soil washing stage had the most significant
environmental impacts. Excavation/backfill, stabilization,
and landfilling are the major stages of solidification/stabi-
lization technology. As described in “In Situ Remediation
Technology” Sect., the production process of the materials
required for solidification also has the greatest contribution
on the overall environment impacts (Hou et al. 2016).

@ Springer
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Physical Remediation Technology

Excavation and disposal and heat treatment are the com-
monly used ex situ remediation. Heat treatment methods
include incineration, ex situ thermal desorption, and co-
processing in cement kiln.

The life cycle is considered to have four stages when
applying LCA to asses excavation and disposal: contami-
nated soil excavation, transportation, off-site landfill dis-
posal, and clean soil backfilling. In addition, site wall instal-
lation and demolition, soil dewatering, and dust removal
can be included in the life cycle as pretreatment and waste
management stages. Generally, transportation consumes a
large quantity of fuel, making it the highest contributor to
all environmental impacts. However, when specific impact
categories are considered, the contributions of other stages
may be the most important. For example, the waste disposal
stage and site wall material consumption contributed the
most when the solid waste burden and toxic-type impacts
were considered.

In contrast to in situ thermal remediation, soil excava-
tion, transportation, and backfilling are important life cycle
phases in ex situ heat-based remedial approaches. Further-
more, incineration methods include the disposal of incin-
eration residues. The stage influence on the total impacts is
similar to that of the in situ thermal treatment approach; that
is, the soil remediation process contributes the most.

Environmental Impacts Characteristics
Chosen Environmental Impacts Categories

The LCIA methods can be divided into two types: mid-point
type and end-point type (Table 3). In the same LCIA meth-
ods, midpoint impacts can be transformed into endpoint
impacts by revealing the damage pathways between them
(Huijbregts et al. 2017) (Fig. 4). The mid-point method is
typically used to evaluate the environmental burden of a
single technology (Kim et al. 2013; Lim et al. 2016). When
performing technical comparisons, the endpoint method,
which evaluates the environmental burden using a single
score, can display the comparison results more intuitively
(Cadotte et al. 2007; Suer and Andersson-Skold 2011; Jin
et al. 2021).

Different LCIA methods have different calculation mod-
els and proportions for environmental impacts categories.
Similar to increasing the number of environmental types,
the end point method requires more data and calculations
and has typical regional characteristics. When combined
methods were used to evaluate the same technology, the
uncertainty of the results is larger compared with that of an
independent method.

@ Springer

Regarding the selection of environmental impact catego-
ries, GHG emissions have become one of the most important
research hotspots in environmental science; thus, they are
mandatory environmental impacts in LCA research. Other
global environmental or non-toxic impacts, such as ozone
depletion, acidification, eutrophication, and photochemical
smog, are also focal points in soil remediation LCA stud-
ies (Harbottle et al. 2007; Suer and Andersson-Skold 2011)
(Table 3).

Considering regional-scale impacts, researchers have fre-
quently focused on the toxic effects of remediation activities
on local water, humans, and soil. More attention should be
paid to such environmental impacts when comprehensively
evaluating whether soil remediation can reduce overall
environmental load. Scholars will determine some specific
environmental types, such as solid waste formation, Cd and
Pb accumulation, to analyze the key environmental impacts
(Blanc et al. 2004; Cappuyns 2013b).

Categories of environmental impacts have gradually
developed from focusing on a few specific types to more
impact categories (Lemming et al. 2010a). Recently, the
number of environmental impacts has exceeded 10, cover-
ing a wider range and facilitating a comprehensive analysis
of the environmental contributions of different remediation
technologies.

Environmental Impacts of Different Remediation
Technology

Due to the different LCIA methods chosen in these cases,
summarizing the environmental impact characteristics
of each remediation technology is difficult. Generally,
a comparison of the environmental impacts of different
technologies is used; for example, bioremediation with
mechanical aeration, bioremediation with electric aeration,
and incineration; bioremediation with mechanical aera-
tion has a larger GWP and incineration has a larger ozone
layer depletion (Cappuyns 2013b). When the environmen-
tal impacts are standardized or an endpoint approach is
used, the environmental impacts can be compared. Excava-
tions and biopiles have the greatest ecotoxicity, followed
by eutrophication. Soil washing, landfilling, thermal des-
orption, and soil stabilization/solidification have a greater
impact on human health than resources and ecosystems
(Kim et al. 2014; Oa and Park 2019).

The key issue is that there are no specific categories of
environmental impacts for different remediation technolo-
gies. Environmental impacts should reflect material/energy
requirements, emissions, type of soil pollution, and the
purpose of restoration. The methods for selecting environ-
mental impact categories require further research.
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Fig.4 Overview of the midpoint and endpoint impacts covered in ReCiPe 2016

Improvement Options for Remediation Technologies

The environmental impact based on LCA is difficult to
interpret on its own, but can be useful for comparing reme-
diation alternatives. However, the most important implica-
tion is that users can deduce the most relevant factors that
cause the highest environmental impact and take specific
measures to decrease the environmental impact. Identify-
ing the life cycle stages, energy sources, raw materials,
processes, and environmental impact categories of tech-
nologies with high environmental impacts to make rec-
ommendations for environmental impact mitigation is the
object of this LCA study. Currently, the technical improve-
ments proposed in LCA include the following:

Improvement Options Related to Life Cycle Stages

A full LCA can identify specific life cycle stages of
technology that contribute the most to the environmen-
tal impact. Different technologies have different envi-
ronmental characteristics during their life cycle. For
example, in the ex situ bioremediation of diesel-contam-
inated soil, 49.6% of the total impact is generated by site
preparation (enclosure and shelter installation, biopile
containment, asphalt paving, and clay spreading). Many
studies of life cycle stage of transportation indicate the
importance of this stage. For dredge-and-fill and cap-
ping options, transportation was the largest contributor
to secondary impacts for most environmental categories.
Transportation accounted for approximately 60% and
90% of the total GHG emissions from dredge-and-fill
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and capping processes, respectively (Choi et al. 2016).
Transportation is also a major contributor to S/S alter-
natives, primarily attributed to off-haul landfills (Hou
et al. 2016).

Improvement Options Related To Energy and Material Use

The LCA traces the materials and energy used in the pro-
cess and identifies the energy and materials that contribute
the most to the environmental impact, including the mate-
rials used in infrastructure, such as cement and steel, and
the auxiliary materials used in technology implementation.
For example, cement production is a notable contributor
to stabilization and solidification alternatives. Coal-based
powdered activated carbon was the largest contributor to the
stabilization/solidification of coal. For both types of thermal
desorption, electricity was the most important contributor to
the overall impact: 54% for acid-facilitated low-temperature
desorption and 72% for high-temperature desorption. The
use of green cement is recommended to reduce electricity
consumption and utilize renewable energy sources (Hu et al.
2011; Hou et al. 2016).

Improvement Options Related to Technique Process

An important purpose of LCA is to analyze the technologi-
cal process and provide suggestions for technical improve-
ment and green design. Some studies have put forward
suggestions for technology optimization, but overall, the
technical processes must be analyzed further. For example,
for steam-enhanced extraction, four improvement options
have been proposed: the use of a condensing steam boiler,
concrete sandwich vapor cap, bio-based activated carbon,
and fiberglass injection wells. Each of the four identified
improvement options contributed almost equally to reducing
the environmental impact, whereas the use of a condens-
ing boiler had the highest improvement potential (50%) for
reducing resource depletion.

Improvement Options Related to Environmental Impacts

The LCIA method can normalize different environmental
impact categories, compare the relative values of different
environmental impacts, and identify the largest environmen-
tal impact or pollutant emissions. Many studies use ReCiPe
to calculate the environmental impact and finally summarize
human health, ecosystems, and resources into impact points
to compare the magnitude of these three kinds of mid-point
environmental impacts. For example, S/S-coal and S/S-bio-
char have a greater impact on human health than the other
two types of biochar (Hou et al. 2016).

@ Springer

Comparative Analysis

LCA results of remediation technology are sensitive to site-
specific conditions. Directly transferring the LCA results
from one case study at one site to another is difficult, and
therefore, the most environmentally friendly technology can-
not be specified conclusively.

Comparison of Different Technologies in the Same
Contaminated Site

Most LCA studies have focused on specific contamination
sites. For the same contaminated site under the same func-
tional units and boundary systems, LCA can provide an
effective analysis and support for technology comparison
and selection. For example, by comparing soil washing with
landfilling at sediment-contaminated sites, soil washing was
found to be superior to landfilling in terms of environmental
impact (Hou et al. 2014). Thermal desorption has a better
GHG emission performance than S/S for mercury-contam-
inated sites (Hou et al. 2016). According to both evalua-
tion methods, biofuel remediation followed by traditional
excavation-and-refill remediation caused less damage to the
environment (Suer and Andersson-Skold 2011).

Comparison of the Same Technology in Different
Contaminated Sites

Same Technology Used in Sites with the Same Pollution
But DifferentVolumes When the same technology is applied
to the same polluted site but with different pollution capaci-
ties, the environmental impact does not increase with the
capacity. LCA research involves the use of equipment and
energy efficiency among other issues. The results showed
that when the treated soil volume at a large site was almost
10 times larger than that at a small site, the environmental
impacts and resource consumption were only approximately
five times larger (Lemming et al. 2013). Thus, the results
indicate that in situ thermal remediation is more environ-
mentally efficient at larger sites which is not only because
of a relatively larger heat loss for the small site compared to
the large site, but also because of a relatively greater number
of installations placed more closely together at a smaller site
(Lemming et al. 2013).

Comparison of Same Technology in Different Types of Pollu-
tion Sites Comparing the impact of the same technology
applied to different contaminated sites is difficult, even if
the implementation process is consistent. Taking the soil
washing used for sediment pollution and Pb contamination
as an example, the LCA method (hybrid LCA and PLCA),
LCIA method (ReCiPe and energy consumption), and sys-
tem boundaries were all varied (Kim et al. 2013; Hou et al.
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2014). The differences were significant when they were
compared. For in situ thermal desorption (ISTD), conven-
tional high-temperature desorption was estimated to pro-
duce 357 kg CO,-eq of GHG emissions. In two other stud-
ies, 150 and 180 kg CO,-eq were determined (Hou et al.
2016). Variability in LCA studies is due to different rea-
sons. These can be attributed to a variety of reasons, such
as the geographical and technological scope of modelling,
functional unit and comparability, assumptions made on
upstream impact, energy consumption, the LCA database,
and software used. When the aforementioned conditions are
the same, the type of contaminated site that the technology
is suitable for remediation can be identified by comparing
LCA results.

Conclusions and Recommendations
Conclusions

The status characteristics of the LCA methodology applied
in soil remediation technology are revealed by reviewing the
existing literature. The review showed that most case stud-
ies are conducted on the specific polluted site for evaluating
individual technology or comparing multiple technologies.
The unit process that contributes significantly and the envi-
ronmental hotspots can also be identified according to the
quantity results of environmental impacts on soil remedia-
tion technologies. However, the LCA methodology is usually
adjusted to adapt the evaluation of the specific soil remedia-
tion technology, causing the LCA results considerably differ-
ent. Therefore, to promote the standardized implementation
of the LCA methodology to better comparable conclusions, a
unified LCA framework of soil remediation technology con-
sidering the following technical issues should be established:

(1) The functional unit must consider quantity and quality,
that is, the amount, cleanup level, and duration time
of contaminated soil to be cleaned. The time factor,
measured by land occupation and transformation, can
distinguish the efficiencies of different technologies.

(2) The system boundary can be determined according to
the life cycle of the soil remediation technologies, that
is, the preparation, operation, and disposal stages. And
all remediation activities related to these three stages
should be covered as possible.

(3) The selection of impact categories necessarily consid-
ers the types of soil pollution and the typical character-
istics of the technology because different pollutants and
technologies can lead to distinct environmental appli-
cations. The primary, secondary, and tertiary impacts
are suggested to be covered to reveal the technology’s
efficiency, identify the optimization opportunities of

the technology itself, and provide guidance for land use
after restoration, respectively. Simultaneously, regional
factors, like geographical zone and the industrial sector,
should be considered to reveal the regional or global
environmental impacts.

(4) Life cycle interpretation should cover the following ele-
ments: identification of significant issues, evaluation,
and conclusions, limitations, and recommendations.
The environmental hotspots of soil remediation tech-
nologies, like the contribution of primary, secondary,
and tertiary impacts to the total environmental impacts,
should be clearly identified. A sensitivity check should
also be implemented to enhance the reliability of LCA
results.

Recommendations

LCA has a few limitations such that it cannot fully consider
the characteristics of soil remediation, such as risk assess-
ment and land-use issues. Therefore, a combination of LCA
and other methods could more comprehensively evaluate
soil remediation technologies. (1) Multi-dimensional eval-
uation. The sustainability assessment of soil remediation
technologies is one of the main development directions.
To provide more holistic decision support, LCA should be
combined with other methods, such as cost-benefit analysis
and multi-criteria decision analysis, to make trade-offs in
multiple dimensions or indicators (like cost efficiency, envi-
ronmental friendliness, and energy efficiency) and assess the
comprehensive performance of remediation technology. (2)
More innovative methods. Soil plays an important role in
ecosystem service. Considering the characteristics of pol-
luted soil, types of pollutants, and environmental pollution
mechanisms, the integration of LCA and ecosystem service
evaluation can simultaneously help reveal the influence of
remediation activities on the environment and ecosystem
services.

To better support the technology optimization and selec-
tion, LCA should be applied thoroughly during the tech-
nology implementation process to explore the mechanism
that technical parameters influence environmental impacts.
For example, exploration on the variation of environmental
impacts caused by the variation of the thermal desorption
temperature can help optimize the environmental perfor-
mance of the specific process. Simultaneously, the exist-
ing evaluation tools are also recommended to be further
developed and improved, which should not only consider
the newest development in soil remediation technologies
but also the operability of the tool itself in data availability,
interpretability, and usefulness of the evaluated results. It
will aid the evaluation and screening of technology solutions
for actual soil remediation projects. Moreover, LCA studies
are recommended to be more transparent in disclosing the
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assumptions, methods, and system boundaries, which will
definitely improve the quality of the life cycle inventory,
results comparability, and confidence of LCA practitioners.
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