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a b s t r a c t

The remediation of contaminated sites supports the goal of sustainable development but may also have
environmental impacts at a local, regional and global scale. Life cycle assessment (LCA) has increasingly
been used in order to support site remediation decision-making. This review article discusses existing
LCA methods and proposed models focusing on critical decisions and assumptions of the LCA application
to site remediation activities. It is concluded that LCA has limitations as an adequate holistic decision-
making tool since spatial and temporal differentiation of non-global impacts assessment is a major hurdle
ontaminated site
ite remediation
ife cycle assessment (LCA)
ife cycle impact assessment (LCIA)
isk assessment (RA)

in site remediation LCA. Moreover, a consequential LCA perspective should be adopted when the differ-
ent remediation services to be compared generate different site’s physical states, displacing alternative
post-remediation scenarios. The environmental effects of the post-remediation stage of the site is gen-
erally disregarded in the past site remediation LCA studies and such exclusion may produce misleading
conclusions and misdirected decision-making. In addition, clear guidance accepted by all stakeholders
on remediation capital equipment exclusion and on dealing with multifunctional processes should be

developed for site remediation LCA applications.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction tain infrastructures. The environmental impacts of brownfields can
In urban and industrial areas there are many sites used for indus-
rial purposes that are now underutilized or derelict. These sites,
enerally labeled as brownfields, are often contaminated or con-
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304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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be attributed to the site’s degraded physical state, which results in
potential risk to human health and ecosystem quality, and to the
fact that the sites are economically inactive, which results in the

loss of available land for development and hence increases devel-
opment pressure on peripheral land [1]. Site remediation activities
support the goal of sustainable development, however, such activ-
ities have their own economic, social, and environmental impacts.
For a remediation service to be truly considered “sustainable”

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:sacm@isep.ipp.pt
dx.doi.org/10.1016/j.jhazmat.2009.10.041
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ts impacts should not surpass the benefits of decontamination
1,2].

Life cycle assessment (LCA) is gaining widespread acceptance in
rder to support environmental decision-making. LCA enables the
nventory and quantification of environmental interventions and
elated impacts over the whole life cycle of a product, process or
ctivity. In the site remediation decision-making, LCA can help in
hoosing the best available technology to reduce the environmental
urden of the remediation service or to improve the environmental
erformance of a given technology. However, LCA remains a fairly
ew tool as the methodology is still under development and there-

ore LCA, though scientifically valid, still needs to depend on several
echnical assumptions.

In this paper, a critical review of challenges concerning the LCA
pplication to site remediation services is presented. This review
rticle discusses existing LCA methods and proposed models focus-
ng on critical decisions and assumptions of the LCA framework for
ite remediation activities.

. LCA framework

The structural and procedural components of LCA are deter-
ined by the international standard series ISO 14040–43 [3–6].

he mandatory initial steps include the definition of goal and
cope, functional unit and the system boundaries, which are cru-
ial to establish the context in which the evaluation is to be
ade [7]. The ensuing steps are inventory analysis, impact assess-
ent and interpretation. The life cycle inventory analysis (LCI)

xamines and compiles all relevant environmental interventions,
.e. land transformation and occupation and energy and mate-
ial inputs and outputs, of processes during the life cycle of a
ood or a service, hereafter called product. The life cycle impact
ssessment (LCIA) is carried out to translate the collected emis-
ions and consumptions into environmental and/or health effects
nd is commonly expressed by representative impact category
ndicators. Finally, within the interpretation phase, the results
f inventory analysis and impact assessment are discussed to
xtract the environmental hot spots and to derive recommenda-
ions.

Some of these steps relate to certain points within the LCA pro-
ess where either the LCA practitioner must make a decision about
ow to proceed or a choice must be made regarding methodologi-
al unknowns [8]. The former case relates to decisions where there
s no single correct way to proceed in a given LCA study. For exam-
le, to set the functional unit of a product system is essentially a
ecision point and clearly a matter of choice, although the following
tages of the LCA should be conducted in a consistent way with this
hoice. The second type of issue occurs where variations in current
ractice exist and the LCA community has not yet established a clear
uidance, such as the choice of impact category assessment models.
ften these variations in methodology are described as “assump-

ions” and are recognized to have a great impact on the study results
8,9].

In the present study a review of past LCA studies in site reme-
iation context is undertaken, focusing on critical decisions and
ssumptions of the LCA framework. The discussion is divided
mong the following four topics:

(a) Goal definition.

b) Functional unit.

(c) Scope and boundaries (cut-off rules and exclusions).
d) Taxonomy of impact categories and models.

In the next sections, it is discussed how these crucial LCA ele-
ents have been adopted in site remediation LCA literature.
zardous Materials 175 (2010) 12–22 13

3. Goal definition

The first step in an LCA is to clearly establish the goal of the
study. Once the goal is defined, the scope and boundaries for the
study can be drawn in a consistent manner with the goal. For exam-
ple, if the goal is to assess the regional impact of a site remediation
system service, then data should consider the regional average,
rather than the national average. Presently there is no detailed guid-
ance on how to match the goal with the study in LCA applications
[8].

At this point two very distinct categories of LCA goals
exist: the LCA practitioner can conduct an “attributional” or a
“consequential” study. Rebitzer et al. [10] proposes the term “attri-
butional LCA” to denote a description of a product life cycle
and the term “consequential LCA” to denote a description of the
expected consequences of a change in the product life cycle. The
distinction between these two types of LCA has important con-
sequences for the way the product system should be further
modeled.

In site remediation LCA literature the impacts related to the
site’s physical state are labeled “primary impacts”, and the impacts
associated to the remediation service are labeled “secondary
impacts”. Recently, Lesage et al. [1] proposed the label “tertiary
impacts” to define the environmental impacts associated with the
effects of the post-rehabilitation fate of the site. The purpose of an
attributional LCA is to provide information concerning the environ-
mental properties of an investigated life cycle and of its subsystems.
For example, the LCA of a remediation service system may consider
only the primary and secondary impacts, not including the effects of
the remediation on other stages of the site’s life cycle. On the other
hand, the joint quantitative assessment of primary, secondary and
tertiary impacts are interrelated in a consequential manner. Lesage
et al. [1] identifies three interrelated decisions in the scope of site
remediation:

a) The choice of objectives regarding the physical state of the site
(e.g., the clean-up target).

b) The choice of objectives regarding the fate of the site (e.g., if and
how it will be redeveloped).

(c) The choice of means to meet these objectives (e.g., the choice
of remediation technology).

In LCA goal definition careful attention must be paid to these inter-
related choices. For example, the clean-up target determines the
fate of the site, which displace alternative site management options
(e.g., housing). That is, the residual contamination may lead to the
indefinite mothballing of the site with minimized exposure, or may
allow the site’s residential development. In this case, the LCA should
provide information on the environmental consequences, i.e. ter-
tiary impacts, of the remediation service system. The processes
where the most important consequences occur should therefore be
included in the LCA system’s boundary. Moreover, changes in the
physical state of the site may affect indirectly the use of a wide vari-
ety of sites since rehabilitated brownfields compete directly with
suburban greenfields. The LCA practitioner must decide whether to
include or not on the scope of the study the environmental assess-
ment of such consequences.

The great majority of past LCA studies in the field can be
described as attributional LCA’s. The scope of those studies is
usually based on the environmental comparison between alter-
native remediation technologies towards a clean-up target or an

exposure threshold. Tertiary impacts have been systematically
excluded even when the compared remediation technologies gen-
erate different physical states of the site (e.g., soil sealing versus
decontamination) that subsequently may lead to different uses of
the site [7,11–20]. The inclusion of tertiary impacts would intro-
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uce a greater complexity on the LCA models, but the potential
ignificance of those impacts was not assessed in the referred stud-
es.

The work of Lesage et al. [1] is a first attempt to develop a
onsequential LCA methodology. The methodology is limited to
he case where a contaminated urban site resulting from indus-
rial occupation is rehabilitated for residential redevelopment.
his consequential LCA approach was further compared with an
ttributional approach in terms of conclusions directed to decision-
aking [21]. The site rehabilitation for residential redevelopment

cenario involved excavation and landfill, infrastructure material
ecycling and site backfilling. This scenario was compared with an
exposure minimization” consisting in covering the site with clean
oil and subsequently idling the site. The attributional LCA results
howed no clear preference for either option because of trade-offs
etween the benefits of decontamination and the impacts of the
ehabilitation system service. On the other hand, the consequential
CA supported rehabilitation if it is followed by residential reuse,
s long as development of suburban sites is avoided, because ter-
iary environmental benefits dominated other types of impacts. The
uthors conclude that when site intervention decisions can affect
he fate of the site, the scope of the study should be expanded to
nclude tertiary impacts.

The methodology is limited to residential redevelopment of
rownfields; other contexts of redevelopment still need to be
et up. In addition, the tertiary impacts of brownfield rehabili-
ation depend on the type, context and location of other sites
hat are affected by the rehabilitation [1]. The methodology was
implified in considering only vacant urban sites and suburban
reenfields. Moreover, the evaluation of tertiary impacts is sub-
ected to a high data uncertainty. The authors note that (i) the
dentification of which type of sites can be marginally affected is
nherently region-specific; (ii) it is difficult to determine the types
f houses and public infrastructures that are situated at these sites;
iii) the data on price elasticity of housing services is quite uncer-
ain.

In terms of the decision-making system, the joint assessment
f these three types of impacts translates in a decision support
here a wide range of stakeholders are involved, each with their

wn and potentially conflicting perspectives and objectives [22].
he different stakeholders and decision-making contexts will place
different importance on each of the aforementioned types of

mpacts. A framework for comparing brownfield management
ptions was proposed by Lesage et al. [22] in regard to these types
f environmental impacts and for interpreting the results from dif-
erent perspectives.

. Functional unit

The definition of the functional unit is a critical step in
CA because it determines the reference flows and dictates the
pstream and downstream process alternatives to be included in
he study [8]. Presently there is not clear guidance on how to spec-
fy a system’s functional unit. The ISO standards only require that
he functional unit is dependent on the goal and scope of the study
nd that it is clearly defined and measurable.

When an LCA is used to compare alternative products the basis
f comparison must be equivalent use. That is, each system should
e defined so that an equal amount of product or equivalent service

s delivered. For example, beverage containers may be delivered in
variety of sizes having different life cycle characteristics. Subse-

uently, a comparative assertion LCA study might consider 1000 l
f beverage as an equivalent use basis. Thus, in order to measure
he environmental interventions of a product, the inventory data
or a system must be mathematically normalized to a functional
nit, which has to be set a priori and is not a decision variable.
zardous Materials 175 (2010) 12–22

In site remediation LCA, Diamond et al. [23] recommend that
“the functional unit should relate to the production of an amount
of treated soil”. The majority of the site remediation LCA studies
consider, as the functional unit, the treatment of an amount of
soil or groundwater towards a site-related impact metrics, usually
a given regulatory criterion [7,11,13,14,18,20–22]. Accordingly, a
typical function unit in site remediation LCA studies would be “the
legal legacy contamination of 1 ha of treated soil”. The estimation
of final mass or volume of remediated soil may be a point subjected
to uncertainties, because accurate estimates would be obtained for
options involving soil excavation, but these values are likely to be
uncertain for in situ treatment or containment options, or for the
no-intervention scenario [12].

Moreover, the functional unit results in a relative comparison, so
that LCA provides no estimate of the absolute mass of releases. The
absolute magnitude of the service delivered is generally considered
irrelevant because the system is assumed to exhibit linear behav-
ior [24–26]. That is, the relative differences in LCA are assumed not
to change per product unit when calculated for 1000, 10,000, or
100,000 product units. However, primary impacts (e.g., ecotoxicity
and human toxicity) are non-linearly dependent from the pollu-
tants mass load and simply relate them to a functional unit of
the remediation system service may produce flawed results for
different scale factors. In this trend, some authors, who included
the assessment of primary impacts in their studies, defined as the
functional unit the total amount of treated site toward a regulatory
criterion or some other contamination level [7,12,19], although the
non-linear dependency from pollutants mass load was only consid-
ered when risk assessment (RA) models were applied to evaluate
primary impacts [12,19].

The choice of the time horizon is very important when compar-
ing remediation system services. For example, thermal treatment
has a short but intense impact while alternative options may have
milder but longer impacts (e.g., landfilled soil) [27]. Some authors
included the time horizon in the functional unit, disregarding even-
tual potential environmental impacts beyond the defined time
period [7,17]. This issue is further discussed in Section 5.2.

5. Scope and boundaries (cut-off rules and exclusions)

The scope definition establishes the main characteristics of an
intended LCA study, covering issues such as the temporal, geo-
graphical and technology coverage, the mode of the analysis, and
the overall level of sophistication of the study [28]. The scope of
a product system can be limited to include only processes that
make relevant contributions to the environmental flows. The fur-
ther inclusion of processes that are inputs to other processes (i.e.,
background processes) may not be considered if their contribu-
tion is found to be insignificant. However, determining significance
can be an arbitrary procedure. To ensure that such exclusions do
not affect the accuracy or the application of the results, one must
quantify the input or output in question in order to determine its
relevance [8].

The level of detail of the inventory analysis depends on the pur-
pose of the study and on the size of the systems. Large systems that
include several industries may exclude specific details found not to
be significant, e.g., computer use in consultancy services. Moreover,
the lack of inventory data may be a consideration in defining the
product system, although such constraints should not compromise
the scientific basis of the study [8].
5.1. Spatial coverage

The geographic boundary is central to the original intent of using
the LCA methodology for the environmental assessment of site
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emediation. This is because activities associated with the reme-
iation do not take place only on the site but also may take place

n the region (e.g., extraction of backfill from a quarry) or in the
orld (e.g., crude oil extraction for the production of diesel to fuel

he heavy machinery used during remediation) [22]. Moreover, the
nvironmental impacts that are relevant can be of a local scope
e.g., ecotoxicity impacts due to the site’s residual contamination),
f a regional scope (e.g., acidification associated with NOx emis-
ions from heavy machinery) or global (e.g., climate change due to
reenhouse gas emissions). In short, LCA allows for consideration of
ctivities at and beyond the contaminated site itself and addresses
nvironmental impacts that can occur at a global, regional, and local
evel.

Generally, in life cycle inventories, emissions are summed up per
ollutant regardless of their geographical place of occurrence, and
herefore the inventory outcome lacks any retrievable relation with
particular region [29]. Consequently, the local and regional scales
re not used in the calculation of pollutant characterization fac-
ors. It is recognized that the lack of spatial dimensions in inventory
ata is a point of uncertainties relatively to impact results [3,30].
his concern is especially relevant in primary impacts assessment
ince they are inherently site-specific. Impact assessment mod-
ls of non-global cumulative impact categories may therefore take
ccount of geographic differences in fate factors, background lev-
ls and sensitivity of the pollutant-supplying or pollutant-receiving
nvironment. This issue is further discussed in Section 6.

.2. Temporal coverage

The goal of LCA is to aggregate and assess environmental
nterventions independent of when and where they occur. A the-
retically complete life cycle system would start with all raw
aterials and energy sources in the earth and end with all materi-

ls back in the earth or at least somewhere in the environment but
ot part of the system [31]. Defining a different system boundary
epresents a decision to limit the product system in some way. Con-
traints on cost, time, or other factors may argue in favor of a more
imited boundary, but a too limited boundary may exclude con-
equential activities or elements (see Section 4). Main guidelines
llow limitations in the time frame that is applied for emissions
3], but the LCA community maintains that life cycle assessment is
tool for sustainability assessment and therefore must incorporate

he principle of temporal justice.
In site remediation consequential LCAs the environmental inter-

entions of site’s fate are a function of time. According to Lesage et
l. [1] time should ideally reflect the total life-expectancy of the
ew houses (in case of the site’s residential development). Lesage
t al. [21,22] assumed 40 years of residential occupation of the reha-
ilitated site. However, the choice of this type of value is quite
rbitrary, and hardly has a real relation to the life-expectancy of
ouse services [1,32].

In the past attributional LCA studies the time horizon is usu-
lly equal to the rehabilitation time, which may vary widely. For
xample, rehabilitation by “excavation and landfill” is usually much
horter than one involving in situ bioremediation [1]. In this trend
ll the environmental interventions identified in the inventory
nalysis for the rehabilitation time are normalized to the func-
ional unit. For example, Toffoletto et al. [17] defined a 2-year period
f biopile treatment of a diesel-contaminated site towards a reg-
latory criterion. Cadotte et al. [19] assessed four rehabilitation
cenarios for a diesel-contaminated site using an evolutive LCA, in

hich the environmental assessment was performed on a yearly

asis ending in the longest rehabilitation time scenario (300 years
or natural attenuation).

The leaching of contaminants of landfilled soil or of the reha-
ilitated site itself, due to residual contamination, can endure for
zardous Materials 175 (2010) 12–22 15

thousands of years if toxic metals or highly persistent organic
compounds are present. In site remediation LCA literature, the
long-term emissions of contaminants that were not degraded or
contained are disregarded, which may be unacceptable to many
stakeholders considering the quantities of toxic substances that can
be present. Lesage et al. [21] assumed a time horizon of 44 years
in assessing an excavation and landfill treatment scenario of a con-
taminated site with metals, petroleum hydrocarbons (PHCs), and
polycyclic aromatic hydrocarbons (PAHs). The authors state that
this time horizon is too short for long-term emissions from land-
fills to be significant, enhancing the environmental benefits of the
remediation system service. Diamond et al. [23] developed a life
cycle framework to address burdens associated with contaminated
sites and issuing from remediation activities, suggesting 25 years
of time horizon. Page et al. [12] examined a lead-contaminated
site remediated by excavation and landfill and also used 25 years
although the authors state that was a too short time horizon. Bender
et al. [11] and Godin et al. [7] used 50 years.

The basis in which the time horizon is defined in the above-
mentioned studies seems quite subjective. It is recognized in the
literature that the exclusion of long-term emissions may have a
relevant influence on the outcome of an LCA study [33–36]. Fur-
thermore, Finnveden and Nielsen [33] go so far to state that the time
horizon should be possibly extended to the hypothetical infinite.

The assessment of long-term emissions in LCA is problematic
since such processes are unsteady-state (i.e., vary with time). Thus,
non-linear methods to project inputs, outputs and impacts should
be used at the expense of increasing the impact assessment com-
plexity. Moreover, the uncertainties in predicting those emissions
in the distant future are very large [37]. In order to make LCA size-
able and manageable various approaches of temporal cut-off rules
to be applied in life cycle inventory of long-term emissions are
reported in the literature:

a) One approach is to introduce a separation between near-term
emissions and long-term to infinite emissions. The short-term
period is often referred to as the surveyable period, set at
100 years or similar, usually interpreted as the follow-up or
operating time of a deposit or landfill site [36]. The LCA prac-
titioner may choose to neglect emissions beyond this stage
[38,39], although this approach will often be unacceptable to
many stakeholders since only a very small fraction of the toxic
substances in, for example, a landfill may be emitted in the fore-
seeable time horizon, and the largest potential for toxic releases
escapes the assessment [33]. Alternatively, the LCA practitioner
may have the emissions aggregated and interpreted separately
[40–42]. In this trend, Hauschild et al. [37] state that the uncer-
tainties in modeling long-term impacts are so large that it is
meaningless to apply some average situation and try to model
long-term emissions. Instead, the authors propose a new impact
category called ‘stored toxicity’ by using the same characteri-
zation factors as for the conventional ecotoxicity and human
toxicity impact categories.

b) Another approach is to assess long-term release potentials
which may be based on mass or time. In the former case, the
total mass of the residual contaminant or the total mass ini-
tially placed in the landfill is presented as a midpoint impact
category [43]. If they are based on time, all releases may be
neglected if they occur after, for example, the expected time of
the next ice-age [44], or, alternatively, a critical time period may
be introduced at which all significant effects are considered to

be completed [45]. Another time-based approach is to base the
cut-off for long-term releases on the resulting exposure con-
centrations. That is, by assuming the continuously decreasing
leachate concentrations, releases occurring after a set threshold
leachate concentration, which may be based on inert waste cri-
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teria, background concentrations or effect-based thresholds, are
then excluded from the emissions inventory [36]. This approach
requires knowledge of the leaching kinetics which is presently
not available for many of the toxic metals and persistent organic
compounds, particularly under the changing conditions of a
distant future [37].

c) A third approach is to use discount rates to reduce the signifi-
cance of long-term impacts by introducing a weighting between
future and present impacts. This approach contradicts funda-
mental ethical values by imposing environmental damages to
future generations based on pure time preference [35].

he relevance of long-term emissions on an LCA output depends
n the scope of the study, but simply to exclude them per se, as
itherto observed in site remediation LCA literature, is quite an
rbitrary procedure. However, no common approach has emerged
et on how to address long-term emissions and even such schemes
re inherently based on subjective valuations of future potential
nvironmental impacts. In short, the definition of the temporal cov-
rage is problematic since the exclusion of long-term emissions
ay represent relevant uncertainties in the outcome of a LCA study

or scenarios entailing actions with long-term emissions. In addi-
ion, the choice of a scheme to address such emissions is still a
ubjective assumption.

.3. Capital equipment and infrastructure exclusions

The inclusion, or exclusion, of capital equipment has been a
ubject of debate among the LCA community. Capital equipment
ncludes the buildings and machinery that are needed to produce
he product under analysis. The common practice is to exclude cap-
tal equipment in an LCA [8]. Generally it is assumed that an item,
uch as heavy equipment or a building, has such a long lifespan
hat its contribution to the LCA would be insignificant after being
pportioned by its years of use or by the number of products it
roduced.

In site remediation LCA literature the capital equipment
nd infrastructure was systematically excluded from the system
oundaries. The main pointed reason is that the remediation
quipment (e.g., a bulldozer) can be reused on other product sys-
ems so its significance is assumed to be negligible (e.g., [19]).
owever, Frischknecht et al. [46] studied the environmental rel-
vance of capital equipment in LCA of goods and services. The
ndings of their study shows, for example, that major or sig-
ificant contributions of capital equipment and infrastructure to

mpact categories, such as mineral resources, land use or terrestrial
cotoxicity, were observed in processes such as residual mate-
ial landfill, construction materials, and waste incineration. The
onstruction of materials can be relevant, for example, in stabiliza-
ion/solidification remediation techniques, and waste incineration
an be a significant process in thermal treatment techniques. Of
ourse, this potential relevance depends on the relative importance
f those foreground processes to the overall product system. Nev-
rtheless, the work of Frischknecht et al. [46] suggests that capital
quipment and infrastructure cannot be excluded per se without
olid proof. Heijungs et al. [47] proposes an initial indicator of the
elative importance of capital equipment and infrastructure based
n the cost of its maintenance and depreciation. If these costs are
substantial part of the good or service price, the environmen-

al impacts of capital equipment and infrastructure should not be
xcluded a priori.
.4. System expansion and allocation in open-loop recycling

As discussed in Section 4, the product system should be
xpanded if the remediation system service imposes a consequen-
zardous Materials 175 (2010) 12–22

tial environmental pressure outside the initial system boundary. To
limit the system boundary in order to not include the consequences
of remediation system service may produce misleading conclusions
and misdirected decision-making.

The system expansion can also be applied when a process within
the product system is multifunctional, that is, it delivers more than
one good or service as exported functions. The boundaries are
expanded to include the alternative production of a co-product.
Therefore, a necessary requirement of system expansion is the
existence of an alternative way to produce that co-product. For
example, if a given material is removed from the site and recy-
cled back into the economy, such as cement, metals, or even
treated soil as a material for downstream products (e.g., construc-
tion materials), the product system may include an alternative
way of producing that material as an avoided burden. In short, the
main-product ‘A’ generates a credit equal to the credit saved by
not producing the material that the co-product ‘B’ is most likely to
displace.

The recycling of materials into other product systems is usually
out of the scope of the most of LCAs in site remediation, but at least
one exception exists. Lesage et al. [21,22] assumed that the recovery
and recycling of cement and bituminous concrete of a site reme-
diation service displaces an equivalent amount of crushed gravel
production, and consequently the authors further expanded the
system to include such process as an avoided burden. The major dif-
ficulties is that not only does system expansion require more data
to be collected but also it can be difficult to find exact substitutes
to co-products. Moreover, the LCA practitioner can face multiple
choices for co-products replacement, which can provide an arbi-
trary range of credits to be assigned to the primary product. It is
clear that this choice may significantly influence the final results.

The LCA practitioner may face the dilemma of avoiding sys-
tem expansion by applying an allocation method when dealing
with multifunctional processes. Allocation can be defined as the
partitioning or assignment of material inputs and environmental
releases of a system to the functions of that system in proportion-
ate shares. The choice between an allocation method and system
expansion may be arbitrary since the LCA community has not
reached a consensus on how to deal with multifunctional processes
[48]. Such an arbitrary choice in an LCA study may significantly
influence or determine the final results [49].

In attributional LCA applications another allocation problem
arises, whereas the burdens of remediation must be allocated to
the “legacy contamination” function and “land production” func-
tion. The exported land production function has been excluded in
the past LCA attributional studies. Lesage et al. [1] observed that
this allocation could be based on the economic value of the two
functions of the rehabilitation.

6. Taxonomy of impact categories and models

The selection of impact categories and models is one of the major
sensitive issues in LCA studies. A number of impact assessment
methodologies are available to the LCA practitioner which includes
a model for each impact category. LCIA methods include traditional
impact categories at global level, such as global warming, and at
regional and local levels, such as acidification and ecotoxicity. It is
recognized that different goals and scopes require different impact
categories, data sets, and impact assessment models [3,8,50]. The
choice of impact categories is a subjective issue and therefore there

might not be a consensus on impact categories to assess. Guide-
lines on how to match the goal and scope with the choice of impact
categories are available in the literature [28,51].

In site remediation service systems, primary impacts occur
mainly on a local level while secondary and tertiary impacts can



l of Ha

o
m
t
p
a
[
s

6

e
d
r
d
d
t
r
i
l
a
d
a
H
b

c
I
L
t
s

a
t
p
W
r

6

i
b
t
i
t
D
r
[

s
o
t
e
o
s
r
a
e

i
e
a
c
o
c

S.A. Morais, C. Delerue-Matos / Journa

ccur at different levels. There is a general consensus on how to
odel the global level impacts (climate change and ozone deple-

ion), but impact models that occur at a regional level (acidification,
hotochemical formation, aquatic and terrestrial eutrophication)
nd at a local level (human toxicity and ecotoxicity) vary greatly
8,52]. Table 1 shows the impact categories and models applied in
ite remediation LCA literature.

.1. Regional impacts assessment

The variation on assessment models of regional impact cat-
gories relates mainly to their capability to deal with spatial
imensions. Emissions can be simply aggregated per pollutant
egardless of their geographical place of occurrence, or site-
ependent pollutant characterization factors obtained by more
etailed models may be used. The former case results in an inven-
ory outcome that lacks any retrievable relation with a particular
egion and consequently, the local and regional scales are not used
n the calculation of fate factors [29]. As referred in Section 5.1, the
ack of spatial dimensions in the inventory data used for impact
ssessment introduces uncertainty in impact results. In site reme-
iation LCA studies the assessment of regional impacts with only
quantification of emissions was applied by Blanc et al. [15] and
arbottle et al. [18]. Generic characterization factors were applied
y Volkwein et al. [13] and Bayer and Finkel [16].

Most of the site-dependent LCIA models are related to spe-
ific geographical contexts, such as Western Europe (e.g., EDIP97,
MPACT2002+), United States (e.g., US EPA TRACI), or Japan (e.g.,
IME). This limitation led to the application of site-specific factors
hat are not completely appropriate to the geographical context of
ome site remediation LCA studies [7,17,19,21,22].

There is currently a trend towards making regional impact
ssessment models on acidification, eutrophication (aquatic and
errestrial), and photochemical oxidation, more site-dependent,
roviding pollutant characterization factors for other regions than
estern European countries or the United States, or even for

egions within these countries (e.g., [53–59]).

.2. Local impacts assessment

The assessment of ecotoxicity and human toxicity impacts
s particularly problematic in site remediation service systems
ecause they are inherently site-specific. The site-specific condi-
ions have a dominant influence on the behavior of contaminants
n the subsurface, and the understanding of this behavior is essen-
ial for the assessment of ecotoxicity and human toxicity impacts.
epending on the application, the lack of site-specific data could

esult in misleading conclusions and misdirected decision-making
7].

The scope of primary impacts is essentially local and their inclu-
ion within the LCA depends on the goal of study. For a comparison
f different remediation system services towards a regulatory cri-
erion, the usual practice in site remediation LCA literature is the
xclusion of primary impacts assessment (Table 1). The assessment
f a no-intervention scenario is out of the scope of the referred
tudies and, therefore, the potential environmental benefits of
emediation services are not evaluated. Moreover, the impacts
ssociated with the residual contamination have been generally
xcluded leading to an incomplete assessment.

The traditional approach in LCIA of ecotoxicity and human tox-
city is to sum up the emissions per pollutant regardless of the

nvironmental receptors media and the exposure pathways. This
ggregation carries a fundamental assumption that these emissions
an be combined into a single effect and one overall, simultane-
us exposure, or based on simplified assumptions regarding the
ontaminants transport and fate among environmental receptors
zardous Materials 175 (2010) 12–22 17

and exposure pathways [14,17,19–22]. Owens [24] reported that
the combination of no threshold, linear dose response, simultane-
ous exposure, and additivity assumptions extend the assessment
beyond a worst case scenario to an impossible scenario. This point
has been a long controversial issue in LCA (e.g., [60]).

A more simplistic approach is the case when the choice of tar-
get values is part of the decision process regarding the remediation
service. The residual contamination is simply estimated and the
target values presented as a midpoint impact category. In this per-
spective, some studies compared the residual concentration with
the national target or limit values [11,13].

It was early recommended that the complete assessment of
ecotoxicity and human toxicity impacts should be based on risk
assessment or even to integrate RA in the LCA process [24,26,61,62].
The speciation of pollutants among environmental receptors is dif-
ficult to model in LCA since detailed information is required about
spatial parameters, such as infiltration rate, macropore flow, pH
value, content of organic material, and distance to the groundwa-
ter. This information is not available without an elaborate analysis
of the soil, which is generally beyond the scope of a LCA but it is a
component of RA. The standardized RA procedure identifies thresh-
old contaminant concentrations for adverse effects on ecosystems
and human health, and examines the fate and transport of those
contaminants along source-to-receptor pathways. A review of RA
models applied to contaminated sites was undertaken by Bardos
et al. [2]. Even though LCIA can use the models and the method-
ologies developed for RA, LCA is designed to compare different
products and systems and not to predict the maximal risks associ-
ated with single substances [63]. However, some authors applied
RA in order to assess primary impacts in site remediation LCA
studies. Page et al. [12] used the Mackay Level III multimedia RA
model [64–66] in order to assess the toxicity burden of a contam-
inated site with lead after an excavation and landfill treatment.
Godin et al. [7] applied LCA to evaluate alternative remediation
options of a spot lining landfill. The EDIP LCIA model was used
to assess local impacts and, in order to technically improve the
assessment, the procedure included the conceptual modeling of
groundwater flow and contaminant transport (cyanide, fluoride,
iron, and aluminium), typically a component of RA. Both studies
relied on intense site-specific investigations and data. In addition,
since RA is oriented toward the absolute mass releases while LCA is
a function-oriented tool that assesses impacts for a selected process
unit, both studies defined the total volume of the remediated soil as
the basis to which the inventory data was collected and the further
LCIA of secondary impacts was performed. Although these efforts,
an integrated RA/LCA framework is yet to be developed for site
remediation system services. The SETEMIP-Environment [67] has
highlighted discrepancies between RA and LCA at the conceptual
level and has draw general recommendations for the development
of a decision support tool combining the complementary analyses
of RA and LCA for contaminated site management.

LCIA models are still in development and do not yet take
all important contaminant-specific properties and processes into
account. They can be improved to provide a more meaningful
result in human toxicity and ecotoxicity assessment by critically
adopting and adapting advanced knowledge and models from RA
[63]. Recently, the increasing complexity of LCIA models, such as
EDIP2003 [68] and USES-LCA 2.0 [29,69], led to the inclusion of
characterization factors considering the fate of pollutants by apply-
ing multimedia and multiple pathway exposure models. These
impact assessment models address environmental receptors such

as freshwater, marine, and terrestrial but they fail to address emis-
sions to deep soil layers and the groundwater. These environmental
media are therefore still neglected in LCA applications [34].

Hellweg et al. [70] proposed a procedure for estimating heavy
metal transport in soil taking into account the most relevant
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Table 1
Impact categories and models applied in site remediation LCA literature.

LCA study Remediation services Contaminant Impact assessment

Primary Model Secondary Model Tertiary Model

Bender et al. [11]

• Groundwater extraction

Petrol

Area balance
(housing and
ensuring)

LCI data Fossil resources Nordic guidelines on
LCA

• Vapor extraction Water LCI data
• Groundwater extraction,
activated carbon and air
stripping combined with in
situ bioremediation

Land use LCI data

Global warming IPCC 1995
Acidification Nordic guidelines on

LCA
Toxicity Prüfwerte

Baden-Württemberg
Photochemical
oxidation

CML 1992

Odour Odour threshold
values

Noise LCI data

Page et al. [12]

• Excavation and landfill

Lead

Land use (balance) LCI data Global warming IPCC 1995
Residual toxicity
burden

MacKay Level III Solid waste burden LCI data

Gross energy
requirement

LCI data

Toxicity MacKay Level III

Volkwein et al. [13]

• Onsite insuring

PAHs

Area balance
(housing and
ensuring)

LCI data Fossil resources Nordic guidelines on
LCA

• Surface sealing with asphalt Water LCI data
• Decontamination
(excavation and soil washing,
microbiological treatment
and thermal treatment)

Land use LCI data

Global warming IPCC 1995
Acidification Nordic guidelines on

LCA
Toxicity Prüfwerte

Baden-Württemberg
Photochemical
oxidation

CML 1992

Odour Odour threshold
values

Noise LCI data

Ribbenhed et al. [14]

• Ex situ thermal treatment
Organic
substances,
mercury and
cadmium

Human toxicity USES-LCA Global warming IPCC 1995
• Ex situ bioslurry Marine, freshwater,

sediment, and
terrestrial
ecotoxicity

USES-LCA Ozone depletion Nordic guidelines on
LCA
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• Ex situ soil washing Acidification Nordic guidelines on
LCA

• In situ electrodialysis Human toxicity USES-LCA
Marine, freshwater,
sediment, and
terrestrial
ecotoxicity

USES-LCA

Aquatic
eutrophication

Nordic guidelines on
LCA

Blanc et al. [15]

• Offsite landfill

Sulfur

Air emissions (CO2,
CH4, NOx , SOx , Cd,
Pb)

LCI data

• Onsite containment Raw materials
consumption

LCI data

• Liming Energy
consumption

LCI data

• Liming and embankment Water emissions LCI data
• Bio-leaching Waste production LCI data

Godin et al. [7]

• No-intervention

Spent pot lining

Chronic and acute
water ecotoxicity

EDIP97 with a
conceptual model
of contaminant
transport

Global warming EDIP97

• Excavation and treatment Air, water and soil
human toxicity

EDIP97 with a
conceptual model
of contaminant
transport

Ozone depletion EDIP97

• Excavation and onsite
disposal

Acidification EDIP97

• Excavation and incineration Photochemical
oxidation

EDIP97

Chronic and acute
water ecotoxicity

EDIP97

Air, water and soil
human ecotoxicity

EDIP97

Bulk waste EDIP97

Bayer and Finkel [16]

• Pump-and-treat (activated
carbon)

Acenaphthene

Global warming UBA
Umweltbundesamt

• Funnel-and-gate (activated
carbon)

Photochemical
oxidation

UBA
Umweltbundesamt

Acidification UBA
Umweltbundesamt

Aquatic and
terrestrial
eutrophication

UBA
Umweltbundesamt

Human toxicity UBA
Umweltbundesamt

Depletion of
Energy Resources

UBA
Umweltbundesamt
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Table 1 (Continued )

LCA study Remediation services Contaminant Impact assessment

Primary Model Secondary Model Tertiary Model

Toffoletto et al. [17]

• Bioremediation: single-use
treatment facility in situ

Diesel

Chronic and acute
water ecotoxicity

EDIP97 Climate change EDIP97

• Bioremediation: permanent
treatment center ex situ

Air, water and soil
human toxicity

EDIP97 Ozone depletion EDIP97

Acidification EDIP97
Photochemical
oxidation

EDIP97

Bulk waste LCI data
Eutrophication EDIP97
Chronic and acute
water ecotoxicity

EDIP97

Air, water and soil
human ecotoxicity

EDIP97

Harbottle et al. [18]
• In situ
stabilization/solidification

Human toxicity CLEA Global warming IPPC 1995

• Disposal to landfill Ecotoxicity ORNL RAIS Gaseous emissions LCI data
Raw materials LCI data

Cadotte et al. [19]

• Oil removal, natural
attenuation and
pump-and-treat

Diesel

Ecotoxicity US EPA TRACI Global warming US EPA TRACI

• Bioslurping, bioventing and
biosparging

Human health
cancer effects

US EPA TRACI Ozone depletion US EPA TRACI

• Bioslurping, bioventing and
chemical oxidation

Human health non
cancer effects

US EPA TRACI Acidification US EPA TRACI

• Bioslurping, ex situ
treatment using biopiles and
natural attenuation

Human health
criteria

US EPA TRACI Eutrophication US EPA TRACI

Photochemical
oxidation

US EPA TRACI

Ecotoxicity US EPA TRACI
Human health
cancer and non
cancer effects

US EPA TRACI

Human health
criteria

US EPA TRACI

Lesage et al. [21,22]

• Excavation and landfill
PHCs, metals and
PAHs

Human health IMPACT2002+ Human health IMPACT2002+ Human health IMPACT2002+
• Exposure minimization with
clean soil covering

Ecosystem quality IMPACT2002+ Ecosystem quality IMPACT2002+ Ecosystem
quality

IMPACT2002+

Climate change IMPACT2002+ Climate change IMPACT2002+
Resources IMPACT2002+ Resources IMPACT2002+

Payet and Gambazzi [20]

• No-intervention
Cadmium, copper,
lead and zinc

Human health IMPACT2002+ Human health IMPACT2002+
• Phytoremediation Impacts on Water IMPACT2002+ Impacts on water IMPACT2002+
• Excavation and incineration Climate change IMPACT2002+

Resources IMPACT2002+
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rocesses (sorption, precipitation/dissolution, and surface com-
lexation) in order to derive time and site-dependent ecotoxicity
nd human toxicity impact characterization factors for heavy met-
ls. The proposed generic procedure serves to classify the mobility
f heavy metal cations in a given soil enabling a site-dependent
ssessment of heavy metal emissions to the groundwater, although
number of simplifications were considered. The mineral compo-

ition of the soil and the speciation of metals have only roughly
een considered, the influence of temperature has been neglected,
nd the spatial parameters were assumed to be constant over time.
oreover, the general spatial characteristics of soils were set to

wiss landfill sites and, therefore, default values for other coun-
ries, other substances, and other applications than landfills still
eed to be set up. Nevertheless, the procedure can be adapted to
ake it compatible to existing LCIA methods.

. Conclusions

This paper deals with selected issues and challenges regarding
ite remediation LCA. However, there are other points concern-
ng LCA in general that have not been discussed here, such as
he lack of readily available inventory data sources, the lack of
ata which can be used to assess the potential impacts of the

nventory data, the partitioning of inventory data across impact
ategories in the classification step, and issues regarding inter-
retation and weighting schemes (normalization, valuation, and
ncertainty analysis).

The spatial and temporal differentiation of non-global impacts is
major hurdle in site remediation LCA. It becomes difficult to make
judgment whether or not a given threshold is exceeded, partic-
larly in primary impacts assessment, since LCIA methods make
nly limited use of spatial and temporal information and therefore
he prediction of toxicity effects becomes inherently problematic
n LCA. Consequently, the credibility of LCA as an adequate site
emediation holistic decision-making tool is affected, considering
he relevance that local impacts may have on the outcome of the
ecision-making process. In order to compare the environmental
urdens of different site’s physical state scenarios (contaminated
ersus rehabilitated) it is highly recommended to direct the efforts
n developing an integrated RA/LCA framework, although the two

ethodologies are conceptually different since LCA is designed to
ompare different products and systems, in which impact results
re presented as a relative comparison, while RA predicts the max-
mal risks associated with single substances. The time-scale of
ssessment may be problematic in scenarios entailing actions with
ong-term emissions, since LCIA models are based on the underly-
ng assumption of steady state modeling. The integration over time
f the concentration suggests an exposure to constant concentra-
ion of chemicals, and therefore, depending on the application, the
evelopment of dynamic modeling in LCIA may be required if the
xisting schemes to address long-term emissions produces unsatis-
ying results in terms of uncertainty. However, LCA is an adequate
ool for decision-makers wanting to evaluate the environmental
mpacts only attributable to remediation activities towards a given
egacy contamination.

The assessment of tertiary impacts is also problematic, espe-
ially if the further brownfield management option is yet to be
pecified by the decision-maker, which may depend on the LCA
utcome or on other environmental management tools. A number
f brownfield management service scenarios (house, commercial,
ndustrial, public infrastructures, or recreation services) should be

et, which are associated with important sources of uncertainty.
uch scenarios are abstract concepts difficult to measure in real-
ty to which depend the regional specificity of which types of
ites are marginally affected and how by the site redevelopment.
oreover, the effort of such a scenario analysis and modeling

[

[
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work would be quite high. A simpler and manageable approach
would be the development of generic land use occupation and
transformation inventory databases for different brownfield man-
agement scenarios. Uncertainty analysis of results may reveal if
more regional-specific detail is required and further modeling
work is necessary to support the decision at the hand. In addition,
clear guidance accepted by all stakeholders on remediation capital
equipment exclusion and on multifunctional processes should be
developed for site remediation LCA applications.
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