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A B S T R A C T   

Nature-based solutions (NbS) are increasingly recognized as a sustainable alternative to conventional remedia-
tion for brownfield redevelopment. One of the key advantages of NbS is that they provide ecosystem services (ES) 
during and after remediation. However, traditional Life Cycle Assessment (LCA) does not fully account for the 
advantages of ES. To address this limitation, we propose a holistic sustainability assessment framework that 
integrates ES valuation and LCA for brownfield redevelopment planning. The framework is designed to support 
decision-making by providing a comprehensive environmental analysis of the impacts of different remediation 
scenarios. The proposed framework is applied to the London Olympic Park mega remediation project as a case 
study. Three considered scenarios are a business-as-usual scenario, a conventional remediation scenario, and an 
NbS scenario. The primary and secondary impacts of each scenario, the temporal efficacy of remediation, and the 
impact on ES are evaluated using the framework. The results suggest that the NbS scenario provides the best 
trade-off between mitigating contamination risks and economic costs within a reasonable timeframe due to the 
added benefits of ecosystem services. Overall, the proposed framework provides a comprehensive approach that 
considers the multiple aspects of environmental sustainability.   

1. Introduction 

Brownfield is any land or premises which has been previously 
developed and is not in full use currently because of its vacant, derelict, 
or contaminated condition (Alker et al., 2000; Tang and Nathanail, 
2012). Soil contamination also has adverse impacts on the soil quality 
and biodiversity therefore an intervention is needed to decrease the 
associated health risks and to restore the economic value of a brownfield 
site (Stolte et al., 2016). Brownfield redevelopment aims to restore land 
to a state-of-use and is attractive because brownfield sites are often 
located in urban regions with a high-density population (European 
Commission. Joint Research Centre, 2017) resulting in a drop in the 
value of the adjacent real estate (Woo and Lee, 2016). For example, in 
2018, there were about 18,000 registered brownfield sites in England 
with a total area of 26 thousand hectares which could provide space for 
around 1 million houses if remediated and redeveloped (Campagin to 

Protect Rural England 2018). Conventional brownfield remediation 
technologies are typically faster but more costly and energy-intensive 
than nature-based solutions (NbS) (Cundy et al., 2016). The Interna-
tional Union for Conservation of Nature (IUCN) define NbS as “actions to 
protect, sustainably manage and restore natural or modified ecosystems 
that address societal challenges effectively and adaptively, simulta-
neously providing human well-being and biodiversity benefits” (IUCN, 
International Union for Conservation of Nature, 2020). 

Soil functions provide many ecosystem services (ES) such as carbon 
sequestration, nutrient recycling and food provisioning (Adhikari and 
Hartemink, 2016; Potschin et al., 2016; Andrea et al., 2018). Similarly, 
urban soils were found to deliver important ES including flood mitiga-
tion, urban heat island reduction, air quality regulations (O’Riordan 
et al., 2021), and passive CO2 sequestration (Jorat et al., 2020). Hence, 
there are increasing calls to consider soil-related ES for responsible soil 
stewardship in general (Robinson et al., 2012) and relevant decision 
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frameworks have been proposed (Lilburne et al., 2020). It was found 
that soil contamination harms the delivery of ES in urban soils (Rate, 
2022), hence it is crucial to consider ES while comparing the sustain-
ability of different brownfield remediation scenarios (Volchko et al., 
2013). 

Brownfield remediation by NbS is an increasingly popular remedial 
strategy because not only it mitigates the risks of soil contamination but 
also provides additional benefits (Vangronsveld et al., 2019) such as 
bio-energy crop production (Lewandowski et al., 2006), edible crop 
production on slightly-contaminated soil (Zhang et al., 2021), and rec-
reational activities in redeveloped public parks (Cundy et al., 2013). 
There are existing sustainability assessment frameworks for remediation 
activities, such as the UK SURF (Annex 1, 2011), however, ES are not 
always explicitly accounted for in assessing conventional remediation 
alternatives and NbS (Onwubuya et al., 2009; Song et al., 2019). The life 
cycle impacts of NbS remediation systems are still poorly understood 
(Chandra et al., 2017). Including ES in the appraisal of NbS provides a 
holistic and objective assessment of NbS’s added-value benefits (Hou 
et al., 2020). 

1.1. Literature review: Life cycle assessment & ecosystem services 

Life cycle assessment (LCA): LCA systematically analyses the envi-
ronmental performance of products/services from cradle to grave (i.e., 
from raw material acquisition to final disposal). The LCA framework 
consists of 4 phases namely 1) goal and scope definition; 2) life cycle 
inventory analysis(LCI); 3) life cycle impact assessment (LCIA) and 4) 
interpretation of results (ISO14044:2006). 

Although LCA was employed to assess the sustainability of remedial 
options as early as 1999 (Diamond et al., 1999), wider adoption did not 
occur for some time with only two studies published in 2007. By 2018 
the number of studies had increased to 12 studies (Visentin et al., 2019). 
LCA has mostly assessed the primary and secondary impacts of reme-
diation but often overlooked the tertiary impacts (Lesage et al., 2007; 
Lemming et al., 2010; Hou et al., 2018). Noting that the primary impacts 
of remediation pertain to the impacts of contamination on human health 
and ecosystem functions, the secondary impacts stem from efforts to 
remove the relevant risk (remediation activities) while the tertiary im-
pacts are the effects of reoccupying the treated land (future land uses) 
(Grifoni et al., 2022). Several remediation LCAs overlooked the tertiary 
impacts of NbS remediation (Witters et al., 2012) while some studies 
explicitly excluded the impacts of land use (Puccini et al., 2013; Vigil 
et al., 2015) and so although recent efforts attempted to account for the 
aforementioned impacts they are still lacking an encompassing view of 
NbS impacts (refer to section 1.3). 

Ecosystem services (ES): An ecosystem is a dynamic complex of plant, 
animal, and microorganism communities and the non-living environ-
ment. ES are the benefits people obtain from ecosystems (Costanza et al., 
1997). These include provisioning services such as food and water; 
regulating services such as flood and disease control; cultural services 
such as spiritual, recreational, and cultural benefits; and supporting 
services, such as nutrient cycling, that maintain the conditions for life on 
Earth (Costanza et al., 2017; Hassan et al., 2005). NbS remediation 
systems have been found to provide several ES such as carbon seques-
tration, improved human health, and recreational opportunities (Hou 
et al., 2023). 

Since many ES are driven by land-use change (Metzger et al., 2006) 
such as the land-use change due to brownfield redevelopment, ac-
counting of ES in brownfield remediation is attracting increased 
research in recent years (De Valck et al., 2019; Lin et al., 2021; Zhong 
et al., 2020a). The attention to ES in urban areas started early on in 1999 
(Bolund & Hunhammar, 1999), the 2000s (Tratalos et al., 2007), the 
2010s (Berghöfer et al., 2011; Elmqvist et al., 2015), in soil-related ES 
more recently (Minixhofer and Stangl, 2021), as well as in regional 
planning for brownfield redevelopment (Zhong et al., 2020b). Often the 
ES benefits of NbS remediation systems are based on economic 

assessments (Volchko et al., 2020), overlooking the life cycle impacts of 
NbS remediation systems (Song et al., 2019). 

As discussed above, LCA and ES have been used to assess the sus-
tainability of NbS remediation systems from different angles, a single 
approach assessment might likely miss some of the impacts/benefits of 
NbS systems. We argue that an integrated ES-LCA assessment could 
provide additional insights into the remediation planning and decision 
making of NbS systems. 

1.2. State-of-the-art: ES-LCA integration 

Given the similarities of system modelling approaches of both LCA 
and ES modelling in terms of the cause-chain model of impacts assess-
ment (Alejandre et al., 2019; VanderWilde and Newell, 2021) (refer to 
Fig B.1 & B.2), there have been several attempts to integrate ES 
modelling into LCA to develop a holistic sustainability approach (Oth-
oniel et al., 2019; Verones et al., 2017). Early attempts utilised soil 
organic carbon (SOC) as a proxy to reflect the impacts of land trans-
formation on land productivity (Milà i Canals et al., 2007). Whereas 
LANCA, used continental-level spatial data to characterise the impacts of 
land use on soil-related functions such as erosion resistance, mechanical 
and physicochemical filtration and transformation of pollutants, and 
groundwater replenishment (Beck et al., 2010); later modifications to 
LANCA regionalised (national scale) and monetised the CFs to investi-
gate the impacts on ES (Cao et al., 2015; Saad et al., 2011). 

Other approaches to integrate ES-LCA made use of several tech-
niques including emergy (Ingwersen, 2011; Park et al., 2016; Rugani 
and Benetto, 2012), exergy (Finnveden and Östlund, 1997; Y. Zhang 
et al., 2010), system dynamics modelling (Arbault et al., 2014), and 
cascade model (Othoniel et al., 2019). Yet the framework proposed by 
Rugani et al. (2019) arguably remains the most comprehensive attempt 
to operationalise ES-LCIA integration as demonstrated by the applica-
tion to rice farming systems (Liu et al., 2020). In Rugani et al.‘s 
approach, the ES-LCA framework consists of four steps to operationalise 
the proposed integration. The first step is the inventory step which in-
volves the data collection of the FU. The second step is the impacts on 
ecological processes and comprises two parts; the first pertains to ES 
change due to human pressures while the second, the LCA aspect, 
transforms the outputs of ES modelling to midpoint and endpoint impact 
indicators (i.e., CFs) to characterise the impacts of LCI. The third step 
(impacts on ecosystem services) investigates the impacts of the second 
step outputs to affect the ecosystem’s capacity to deliver ES (i.e., the 
impacts of land use change on the state of ES). Lastly, the fourth step, 
valuation, monetise the changes to ES due to human pressures. It should 
be noted that the second and third steps could overlap because of the 
multifunctionality of ES delivery as pointed out by Rugani et al. (2019) 
and evident in combining the two steps in Liu et al. (2020)’s approach. 
Though recent efforts attempted to account for the impact of remedia-
tion on soil quality using soil organic carbon (SOC) as a proxy of 
ecosystem quality (H.-P. Chen et al., 2021), such efforts do not 
completely capture the impacts of remediation on ES (Cappuyns, 2011) 
because several ES are not directly driven by the state of SOC such as 
abiotic filtration of nutrients and cultural ES (e.g. knowledge creation) 
(Potschin-Young et al., 2018). 

1.3. Objectives and novelty 

In this paper, we modify and tailor Rugani et al.‘s framework to the 
soil remediation and brownfield redevelopment context by defining an 
additional goal and scope step with the aim to capture the tertiary im-
pacts of remediation (post-remediation development) of conventional 
and NbS remediation. The novelty of this work lies in improved ac-
counting of NbS remediation benefits through integrating ES accounting 
into a life-cycle based sustainability framework, development of 
detailed representative urban land use LCI flow utilising high-resolution 
spatial data, and sensitivity and qualitative uncertainty assessment of 
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ES-LCA integration. To demonstrate the framework, we make use of an 
illustrative case study based on the London Olympic Park (LOP) as a 
proof-of-concept by analysing four ES: carbon storage and sequestration 
(CSS), water purification (WP), groundwater recharge (GR), and air 
filtration (AF). Current obstacles and recommendations to operation-
alise the ES-LCA framework are discussed with the goal of advancing the 
integration of ES-LCA in the remediation decision-making process. 

2. Refined ES-LCA framework 

The overall objective of the refined framework is to facilitate the 
integration of ES and LCA providing for a holistic sustainability assess-
ment approach to brownfield redevelopment. The refined framework 
expands on the work of Rugani et al. (2019) by introducing a goal and 
scope definition step (step I) to the four existing steps of Rugani et al.’s 
framework. 

Fig. 1 illustrates the structure of the refined framework and the 
necessary procedures for each step which are described in more detail in 

Fig. 1. Refined ES-LCA for the soil remediation context.  

K. Alshehri et al.                                                                                                                                                                                                                                



Journal of Cleaner Production 413 (2023) 137352

4

the following sections. The goal and scope, inventory, and valuation 
steps (steps I, II, & V) integrate LCA and ES. The impacts steps (steps III 
& IV) accommodate the inherent structures of LCA and ES separately 
and account for potential feedback loops. The refined framework pre-
sents a practical workflow to assess the sustainability of remedial al-
ternatives against a set of metrics (see Fig. 2). 

2.1. Goal and scope (step I) 

The goal and scope step involves defining the basis for comparison 
(or baseline), model boundaries, necessary assumptions, and data 
collection procedures. 

2.1.1. LCA 

1. Goal: In this step, the goal of the study is stated. In the soil reme-
diation or brownfield redevelopment context, the goal would typi-
cally be to remediate and recover the functionality of a parcel of 
land. The choice of an appropriate functional unit (FU) would 
depend on the goal of the study (European Commission, 2010a) 
although typically for remediation activities the FU would be to 
remediate 1 m3 of soil as per applicable standards (Hou et al., 2014). 
If the scope of the study goes beyond the remediation activity and 
includes site redevelopment (i.e., tertiary impacts), then the proper 
FU would be surface area-based (Allacker et al., 2014). In such cases, 
the FU would be the redevelopment of 1 m2 of contaminated land. 
Both, remediation alternatives (e.g., soil washing) and redevelop-
ment scenarios (i.e., planned future land uses) would also need to be 
defined.  

2. Scope: The scope of the analysis is governed by the study objective 
and specifically what remediation impacts would be evaluated 
(primary, secondary, and/or tertiary impacts) (Amponsah et al., 
2018). For a remediation system, the components of the system 
boundary should be clearly defined to ensure the consistency of the 
analysis as follows (adapted from Favara et al., 2011):  
a. Geographical boundary defines the spatial scale of impacts to be 

assessed. Examples of boundary categories include: on-site (e.g., 

energy use due to earthworks), local (e.g., health impacts due to 
particulate matter formation), regional (e.g., regional water 
scarcity), and global (e.g., greenhouse gas emissions)  

b. Temporal boundary denotes the time frame of the analysis. For 
instance, the time period for the site redevelopment or the time 
horizon for the impact assessment incurred during and after 
remediation.  

c. Technological boundary defines the remediation system in use as 
well as technological maturity level (i.e., range/average of tech-
nology, best available technology, and/or emerging 
technologies). 

2.1.2. ES 
The geographical and temporal boundaries of LCA describe the 

ecosystem serviceshed of each remediation scenario. Firstly, the serv-
iceshed is defined as the net land area that delivers a service consumed 
or enjoyed by a particular end user, be it a town or a tree (Bakshi et al., 
2015). Selecting the proper serviceshed scale is crucial to identify the 
appropriate spatial scale for modelling the selected ES (Liu et al., 2018). 
Secondly, the relevant ES to the stakeholders will be identified in the 
remediation planning phase and defined in line with the LCA goal and 
scope. Thirdly, based on the goal and scope definition, current and 
future land uses should be identified to further improve the ES model-
ling. Fourthly, the choice of a proper reference state is crucial because it 
significantly influences the characterisation factors (Efroymson et al., 
2004; Koellner et al., 2013b). For instance, Potential Natural Vegetation 
(PNV), is the vegetation cover in equilibrium with the climate, uncon-
strained by anthropogenic activities (Hengl et al., 2018). A PNV-based 
reference state would be more appropriate for biodiversity assessment 
while current mix use would be more appropriate for assessing alter-
native scenarios to the status quo (Koellner et al., 2013b):  

a. Historic reference state:  
i. Current land use mix  

ii. Potential Natural Vegetation (PNV)  
iii. A Mix of Regional Biome (MRB) (i.e., a mix of vegetated land 

cover) 

Fig. 2. Case study site in the Greater London area (Land use credit: Morton et al., 2014).  
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b. Future reference state (desired state): 

The current land use mix might be a practical choice to compare 
remediation alternatives within one site (Cervelli et al., 2016; Holder 
et al., 2019). However, a common reference state such as PNV or MRB 
will be required when comparing different locations (e.g., screening a 
list of contaminated sites to determine the remediation priority). 

2.2. Inventory step (Step II) 

To enable impact assessment modelling of steps III & IV, collection of 
the necessary data is required with emphasis on relevant land use data of 
each remediation scenario. 

2.2.1. LCA 
Firstly, the LCI of remediation alternatives should be collected from 

primary sources (e.g., project documents) or secondary sources (e.g., the 
literature). LCA terminology distinguishes between foreground and 
background systems. Foreground systems include processes that are 
under the control of the system designer/decision-maker. On the other 
hand, background systems consist of processes which are not directly 
influenced or under the control of the decision maker (Frischknecht, 
1998). In the remediation context, the foreground systems would be the 
remediation technologies and supporting enabling activities such as 
earthworks and on-site material transportation. The background sys-
tems would refer to the off-site systems such as the off-site trans-
portation and energy generation and transportation systems. 

Secondly, in order to inventorise the current and alternative (future) 
land uses, identified in the goal and scope step, they are modelled as 
elementary land resource flows based on the consensus-led UNEP- 
SETAC land inventory principles (Koellner et al., 2013a). Depending on 
the LCA spatial scope, land occupation and transformation flows may 
need to also be inventoried. The regionalised land use flows should be 
numbered according to the level of available details as recommended by 
the UNEP-SETAC guidance (Koellner et al., 2013a) (see Table B.1). If a 
remediation alternative is area and time-intensive, (e.g., phytor-
emediation), then a level-3 or level-4 land occupation flow and its 
associated ES should be modelled. 

2.2.2. ES  

1. Spatially-explicit accounting of ES: 

Firstly, current and alternative land cover maps (reflecting the 
reference scenario and alternative remediation scenarios) should be 
obtained, each scaled to the spatial resolution of the finest available 
spatial input, to retain all available information. For example, if there is 
a land cover map of 25m grid size and a soil group map of 100m grid 
size, then the soil group map’s grid size should be transformed to 25m 
grid size using a GIS platform (Mutel et al., 2019). Generally, a spatial 
resolution of less than 200m is recommended as coarser resolutions 
might negatively affect the accuracy of ES modelling (Redhead et al., 
2018) while finer resolutions will enable ES accounting for smaller areas 
(Larondelle and Lauf, 2016). The spatial data representing the reference 
and alternative scenarios are then fed into a spatially-explicit model for 
ES accounting (e.g., InVEST models, refer to section 3.4) to spatially 
quantify the ES at the chosen spatial scale (e.g., site, city, regional, or 
national level). The results should be validated with on-site data where 
feasible. The result of ES accounting is then normalised and attributed to 
the LCI land flows. The choice of normalisation approach, mean or 
median, depends on the spatial distribution of ES and relative distance to 
project boundary.  

2. Statistical/survey-based accounting of ES: 

We recommend the use of spatially-explicit ES accounting methods 

where possible to ensure that all selected ES are accounted for at the 
same spatial scale. In case of the absence of spatially-explicit ES ac-
counting models for a particular ecosystem service or lack of relevant 
spatial data, alternative ES accounting methods such as TESSA (Peh 
et al., 2013) or similar survey-based approaches can be used. Care 
should be taken to ensure the survey-based accounting results represent 
the chosen spatial scale. In the case of cultural ES, although some cul-
tural ES might be transboundary such as educational opportunities 
(Hutcheson et al., 2018), they are mostly generated onsite (Schirpke 
et al., 2021). Since it is sometimes challenging to model cultural ES at a 
larger scale (Brown and Fagerholm, 2015), we recommend limiting the 
accounting of cultural ES to within the project boundary. Survey-based 
accounting is particularly useful for provisioning and cultural ES which 
are often provided on-site. However survey-based accounting is 
impractical for measuring ES at the serviceshed level due to the time and 
effort required (Lankia et al., 2020). 

2.3. Impact step (Step III) 

In this step, an amended life cycle impact assessment of remediation 
alternatives is adopted to characterise the potential life cycle impacts of 
foreground and background processes (i.e., associated elementary 
flows) of the remediation activities.  

1. Standard LCIA modelling: 

Standard life cycle impact assessment of background systems can be 
modelled based on generic CFs from available impact assessment 
methods such as ReCiPe2016 (Huijbregts et al., 2017) or TRACI (Bare, 
2011). Since land remediation is a localised problem (H.-P. Chen et al., 
2021), preference should be given to regionalised impact methods such 
as AWARE (Boulay et al., 2018) and IMPACT World+ (Bulle et al., 2019) 
where feasible.  

2. LCIA modelling of land use of background processes: 

It should be noted that the land use impact characterisation of 
background processes could be achieved using existing land use impact 
methods. However, the land flows of foreground systems are a proxy for 
ecological modelling (i.e., ES accounting) therefore they must be 
excluded in this step to avoid double counting.  

3. Land competition impact modelling measured in urban land 
occupation: 

The application of the Urban Land Occupation (ULO) proposed by 
Beames et al. is adopted to account for the temporal efficiency of urban 
land use by each remediation alternative (2015). ULO will be later (see 
section 2.5.1) monetised to reflect the cost of the land being out of use 
due to remediation. 

ULO=LR × CULO (1)  

LR=A × t ×
1
R

(2)  

where LR is the land resource and CULO is the monetary cost per unit 
area. A is the area (in m2), t is the time of land occupation in days/years), 
and R is the total land area subtracting the protected areas within the 
specified boundary (e.g., city limits, regional, or national) over the 
population of the area. 

2.4. Impacts on ecosystem services (step IV) 

In this step, land flows of foreground systems (i.e., remediation al-
ternatives and on-site enabling supporting activities) are employed as a 
proxy to investigate the potential impacts of remediation alternatives on 
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the local ecosystem’s capacity to deliver services to beneficiaries.  

1. Calculation of characterisation factors (CFs): 

In this step, the output of ES accounting is used to analyse the im-
pacts of foreground systems on ecosystem quality due to human pres-
sures. The characterisation factor (CF) of land use is defined as 

CF=Qref − Qfinal (3)  

where Q is the ecosystem quality at any given time (i.e., ecosystem ca-
pacity to deliver ES to beneficiaries) and the subscript refers to the 
scenario represented. Thus, Qref is the ecosystem quality of the reference 
scenario while Qfinal is ecosystem quality of the alternative scenario (i.e., 
Q for a comparative/alternative scenario). Q depends on the output of 
spatially-explicit and/or survey-based accounting of ecosystem services 
with respect to time (as depicted in Fig B.3). The land use impact of 
remediation is then assessed with Equations (4)–(6) which are adapted 
from the UNEP-SETAC guidance on land use life cycle impact assessment 
(Koellner et al., 2013a). The land use life cycle impacts of remediation 
include land occupation during remediation (Beames et al., 2015) and 
land transformation due to improved soil conditions (H.-P. Chen et al., 
2021).  

a. Land occupation impact: 

Here the impacts of land occupation, Iocc, are characterised in terms 
of ecosystem service unit per unit area multiplied by time period occu-
pation as follows: 

Iocc =CFocc × A × tocc (4)  

where A is the land area and tocc is the duration of land occupation.  

b. Land transformation impact: 

The impact of land transformation, Itrans, is defined in the following 
manner: 

Itrans =CFtrans × A × treg (5)  

Where treg is the time required for a parcel of land to regenerate the 
ecosystem quality to a natural state. In the remediation context, treg 
could be substituted with the time required for on-site natural attenu-
ation to fully mitigate the pollutant to the applicable limits (tna). tna 
could be obtained with numerical modelling based on on-site sampling 
which takes place during the remediation planning and design phase. 
However, if obtaining a reasonable tna proves infeasible, then it could be 
assumed that the transformation is instantaneous as recommended by 
the UNEP-SETAC guidance (Koellner et al., 2013b). Thus, treg = 1, 
hence: 

Itrans =
(
Qfrom − Qto

)
× A (6)  

2.5. Valuation (step V) 

The valuation step aims to provide stakeholders with an aggregated 
score to facilitate the decision-making process (Cao et al., 2015). Here 
the life cycle costs of remediation are quantified in addition to the “land 
rent” value as represented by monetising ULO score. Further, the 
ES-related impacts are also evaluated based on the available ES valua-
tions if any. 

2.5.1. LCA 
In this step, an environmental life cycle costing (eLCC) is adopted as 

per the ISO14044 standard and ILCD guidance (European Commission, 
2010b; Hauschild et al., 2018; ISO 14008:2019 Monetary Valuation of 
Environmental Impacts and Related Environmental Aspects, n.d.). An 

eLCC is analogous to LCA as they share the four phases namely goal and 
scope; LCI; LCIA; and interpretation. In fact, many of the popular LCA 
software packages such as SimaPro and openLCA enable the LCA mod-
eller to pre-define the cost of foreground processes in addition to LCA 
modelling. An eLCC in a remediation context would consists of the 
following costs items:  

1. Capital and operational expenditures (CAPEX & OPEX): 

The cost of earthworks and remediation systems including the cost of 
materials and labour cost is an example of CAPEX while the cost of long- 
term operations of remedial actions is an example of OPEX.  

2. Urban land value: 

Here we monetise the ULO results from step III to reflect the cost of 
the land being out of use during remediation; this will also guide the 
planning of future land uses which is a crucial part of brownfield 
remediation investment decision-making (I.-C. Chen et al., 2019).  

3. The internalisation of environmental externalities: 

Carbon tax or potential credit (e.g., a tax break for 100% renewable 
energy) are accounted for as a part of the eLCC. This step shouldn’t be 
confused with the valuation of ES; as the effort here is made to monetise 
the environmental externality prior to or during the remediation (pri-
mary and secondary impacts of remediation). While ES valuation fo-
cuses on the tertiary impacts of remediation as discussed later. Finally, 
no discounting takes place in eLCC as it assumes a steady-state similar to 
LCA (Hunkeler et al., 2008). 

2.5.2. ES 
This last step aims to put a monetary value on the change of 

ecosystem quality (output of Step III). Several ES valuation methods are 
available in the literature (Greenhalgh et al., 2017; ISO 14008:2019 
Monetary Valuation of Environmental Impacts and Related Environ-
mental Aspects, n.d.; Potschin et al., 2016). ES valuation could be ob-
tained from academic literature, public policy documents, and 
survey-based (e.g., willingness to pay); the Ecosystem Services Valua-
tion Database (ESVD) is a useful resource which catalogues ES valuation 
studies from around the globe (ESVD, n.d.). 

2.6. Truncation error estimate (TEE) 

Truncation error in the LCA context is defined by Ward et al. as “the 
proportion of impact (investigated value) not covered by the system 
boundaries of the LCA” (2018). The tertiary impacts of remediation 
would be the overlooked impacts of traditional LCA as discussed above 
(see section 1.2). To investigate the effectiveness of ES-LCA, we consider 
the truncation error via: 

TEE = 1 −
MI
EI

(7)  

where TEE is the truncation error estimate, MI is the measured impact 
and EI is the estimated total associated impact. In the remediation 
context, MI is the primary and secondary impacts of remediation rep-
resented by the traditional LCIA, and EI is MI in addition to the tertiary 
impacts of remediation represented by ES-LCA. 

2.7. Sensitivity and uncertainty assessment 

Uncertainty in LCA has been a long-standing concern and is rarely 
assessed in the LCA practice (Lloyd and Ries, 2008; Lo Piano and Benini, 
2022; Ross et al., 2002). Sources of uncertainty in LCA include param-
eter uncertainty; model uncertainty; scenario uncertainty and relevance 
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uncertainty (Hauschild et al., 2018). Several approaches emerged to 
deal with uncertainty in LCA (Igos et al., 2019); such as sampling 
methods (e.g., Ciroth et al., 2004), analytical methods (e.g., Heijungs, 
1996), and fuzzy logic methods (e.g. Tan, 2008). However, the Pedigree 
Matrix proposed by Weidema & Wesnæs (1996), inspired by Funtowicz 
& Ravetz’s work (1990), has become widely accepted as the established 
method to assess uncertainty in LCA and has been successfully applied to 
the main-stream LCI databases (Ciroth et al., 2016; Weidema et al., 
2013, p. 3). The pedigree matrix assesses the data by means of selecting 
a data quality indicator (DQI) factor to represent the data quality (un-
certainty) across five indicators; reliability; completeness; temporal 
correlation; geographical correlation; and technological correlation (see 
Table B.12). The aggregate DQI ranges from 1 to 5, a lower DQI indicates 
a lower uncertainty. Though the choice of an acceptable DQI score is not 
a straightforward exercise but a DQI score which is equal to or less than 
2 was deemed to be “fair” and “acceptable” (Junnila and Horvath, 2003; 
Leroy and Froelich, 2010; Maurice et al., 2000). 

Regionalised LCIA is also subject to concerns about the representa-
tion of uncertainty, although, there is no consensus or guidance for 
uncertainty assessment of regionalised LCIA as yet (Mutel et al., 2019). 
The application of the pedigree matrix has been also adapted to assess 
the parameter uncertainty in regionalised CFs (Alves et al., 2020). 
Therefore, we make use of the pedigree matrix to qualitatively assess the 
parameter uncertainty of 4 input data namely the LCI of the remedia-
tion, spatial data inputs of ES accounting, capital and operational costs 
of remediation, and monetary damage costs to ES. We also apply a 
modified pedigree matrix proposed by Qin et al. to qualitatively assess 
the uncertainty of CFs model (Qin et al., 2020) (see Table B.13). We 
consider a DQI of less than 3 (corresponding to moderate uncertainty) to 
be acceptable given the hypothetical nature of the worked case study. 

An adapted version of the pedigree matrix designed for CFs, which 
was proposed by Qin et al. (2020), was applied to the calculated CFs. 
The indicators of the adapted pedigree matrix differ from the original as 
they were designed to assess the uncertainty of CF specifically (see 
Table B.13) or the output of the refined ES-LCA integration. Notwith-
standing some descriptions of DQIs are not directly applicable to ES-LCA 
integration. In particular, the model completeness which describes the 
CF’s coverage to the elementary LCI flows in the LCA model, e.g. “The 
results of the model have a moderate coverage of the characterization 
factors for all elementary flows in an LCI (over 60%)” such language is 
not suitable to our model which proposes both new elementary land use 
LCI flows and CFs. Despite the discussed slight deficiency, it does not 
negate completely the usefulness of the other indicators such as the 
temporal specification of CFs. Although we recognise the importance of 
a formal quantitative uncertainty assessment to account for the possible 
equifinality among the different factors that affect the framework, such 
an exercise is broader than the scope of this work. 

3. Illustrative case study 

3.1. Case description 

To demonstrate the application of the refined assessment framework 
we employ an illustrative case study based on The London Olympic Park 
(LOP), also known as Queen Elizabeth Olympic Park. The site was home 
to a wide array of industries throughout the 19th and early 20th cen-
turies in addition to several waste filling sites (predating engineered 
landfills) resulting in the presence of several contaminants of concern 
such as heavy metals, polyaromatic hydrocarbons, chlorinated solvents 
as well as ammonia. The redevelopment works took place across a site of 
over 200 ha between 2007 and 2010, with over 2 million m3 of earth-
work including around 700 thousand m3 of treated contaminated soil. 
Soil remediation was achieved using four remediation techniques and 
material sorting (refer to Table B.2), 80% of the remediated soil was 
reused onsite (Hellings et al., 2011; Mead et al., 2013). 

3.2. Modelled scenarios 

Three scenarios are considered to compare and contrast the func-
tionality of the refined ES-LCA framework. The first scenario is a 
business-as-usual scenario which assumes that the in-situ natural pro-
cesses will degrade the pollutants within a reasonable timeframe hence 
no intervention is undertaken. The second scenario assumes a conven-
tional remediation in undertaken to rehabilitate and redevelop the site 
within a specified time duration. The third scenario represents an NbS 
remediation scenario in which the site will not be in-use during the 
remediation period to minimise the exposure risk to pollutants. 

3.2.1. No action (NA) scenario 
Remediation of subsurface contamination is assumed to be achieved 

via monitored natural attenuation (MNA) over 30 years (Carey, 2000; 
Declercq et al., 2012). A total of 27 monitoring wells are installed within 
the project, the monitoring system is assumed to be a Continuous 
Multichannel Tubing(CMT) multilevel system and 21m deep (CL:AIRE, 
2002). The monitoring wells are assumed to be sampled quarterly 
(Adamson and Newell, 2014) and sent to a 30 km away testing labora-
tory. The LCI of the NA scenario is presented in Table B.3. 

3.2.2. London Olympic Park (LOP) scenario 
This scenario represents the real timeline of the soil remediation 

works prior to the construction of Queen Elizabeth Olympic Park (Mead 
et al., 2013). Several remediation technologies were used (see Table B.2) 
including “Soil hospitals” which consist of multiple soil washing plants 
that were pioneered due to timing constraints of the London 2012 
Olympic games (Hellings et al., 2011). The LCI of the LOP scenario is 
presented in Table B.4. 

3.2.3. Nature-based solution (NbS) scenario 
A large-scale hypothetical phytoremediation is assumed by planting 

hybrid poplar which is capable of remediating hydrocarbons and heavy 
metals (Gordon et al., 1998a, 1998b; Salam et al., 2020; Vangronsveld 
et al., 2019). A plantation density of 5000 trees per hectare is assumed 
over 12 years with a 30% die-out due to contamination (Dickinson, 
2000). An average depth-at-breast height (DBH) of 14.7 cm and a total 
height of 13 m are assumed based on national biomass yield tables 
(Christie, 1994). Post-remediation, the phyto-biomass will be treated by 
anaerobic digestion (Vigil et al., 2015). The LCI of the NbS scenario is 
presented in Table B.5. 

3.3. LCA modelling 

LCA modelling has been performed using the openLCA software 
version 1.10.3. The LCI of foreground systems were obtained from the 
project document and literature (refer to SI). Ecoinvent LCI database 
version 3.7.1 was used with the Allocation at the point of substitution 
(APOS) system model for the background process (Wernet et al., 2016). 
The ReCiPe2016 midpoint life cycle impact assessment method (Hier-
archist) was selected for impact assessment (Huijbregts et al., 2017). The 
functional unit (FU) is defined as the “treatment of 1 m3 of polluted soil 
as per applicable standards”. The project boundary is the geographical 
scope while the period necessary to achieve the applicable remediation 
standards is the temporal scope (noting the remediation period varies for 
each remediation alternative. The technological scope of modelled 
scenarios is described above in section 3.2. 

3.4. ES modelling 

Spatial accounting of ES within the project boundary was performed 
by the Integrated Valuation of Ecosystem Services (InVEST) which en-
compasses several models to map and value ES (Sharp et al., 2018). 
InVEST requires the input of spatial datasets (Table B.6) as well as 
biophysical tables for each model (e.g., carbon pools per land use 
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classification for carbon sequestration modelling). The geographical 
scope of ES modelling is similar to LCA modelling (i.e. the project 
boundary) and the reference state is defined as the land use mix of 2007 
(Morton et al., 2014, p. 2). The inputs of biophysical tables reflecting 
local conditions were sourced from the literature (refer to Tables C.1 – 
C.3). Due to the lack of an air filtration model in InVEST (Sharp et al., 
2018), we made use of the ecosystem accounts approach developed by 
the UK’s Centre for Ecology and Hydrology (CEH) to estimate pollution 
removals by different land uses from 2007 to 2030 (Jones et al., 2017) 
(refer to Table C.4). 

4. Results & discussion 

4.1. Traditional life cycle impact assessment (LCIA) results 

The results of the traditional LCIA are presented in Fig B.5, and the 
extensive list of ReCiPe2016 midpoint indicators is available in 
Table C.6. The LOP scenario is seen to have the largest impact across the 
selected categories compared to the NA and NbS scenarios. This result is 
expected since the LOP scenario mostly uses resource-intensive reme-
diation technologies namely soil washing (SW) and geotechnical stabi-
lisation (GS) which treated 57% and 29% of the total remediation 
volumes respectively. The NbS scenario has a low impact relative to the 
LOP scenario with the harvesting phase contributing significantly to the 
LCIA results of NbS. The NA scenarios’ results are almost negligible 
compared to NbS and LOP, the upstream LCIA caused by the installation 
of the monitoring well is contributing 59%–95% and dominating the 
selected LCIA indicators. Care should be taken while interpreting the 
LCIA results because the purpose of this hypothesised case study is to 
demonstrate the feasibility of the refined ES-LCA integration rather than 
comparing the LCIA of each scenario. 

NA Scenario: Though the LCA literature on MNA is scarce (Ditor, 
2010), the results of NA’s LCIA were surprising as the transport of 
samples (TS) to testing was not significant but rather manufacturing of 
monitoring wells (MMW) which contradicted previous studies 
(Lemming et al., 2010; Lilien et al., 2014). An exception in the Global 
Warming Potential (GWP) and Fine Particulate Matter Formation 
(FMPF) categories was present, as the transport of samples contribute 
41% and 33% of the indicator scores respectively arising from the use of 
fossil fuel (diesel). The MMW activities are causing >90% of the rest of 
the impact categories. The difference in the LCIA results relative to the 
literature could be attributed to the relatively higher number of wells (n 
= 27) as well as the depth of the wells (21 m below surface level). 

LOP Scenario: The impacts of the LOP scenario are largely from the 
energy use and cement production in the SW and GS remediation 
technologies. A third of the GWP score is attributed to the cement pro-
duction used in GS while electricity consumption in SW is responsible 
for 18% of the emissions. A similar trend is observed in the Water 
Consumption (WC) category; about 50% of the WC score is attributed to 
GS while another 30% comes from SW including water used in the 
washing process and water used in the concrete used in the platform 
construction of the SW plant. The fine particulate matter formation 
(FPMF) category score is due to the use of diesel consumed in the 
earthworks and energy generation. Coal burned for energy generation is 
responsible for 50% of the freshwater eutrophication (FE) score a further 
30% comes from cement used in GS; a similar trend was present in the 
marine eutrophication score. In the land use (LU) impact category of 
background processes (upstream impacts in the supply chain), around 
half of the score is attributed to the production of biochar (including 
required wood chips) that is used in the chemical stabilisation. A caveat 
here, due to the proprietary right of chemical reagents, which is a 
common issue of chemical-based remediation (Lilien et al., 2014), the 
LCI of this technology was assumed based on the publicly available in-
formation of the actual case study (refer to Appendix B). 

NbS Scenario: The midpoint LCIA results of the NbS scenario are low 
impact relative to the LOP scenario, particularly GWP and WC 

categories. The harvesting phase, which consists of machine-powered 
harvesting and anaerobic digestion of phyto-biomass, was identified as 
a hotspot affecting all significant impact indicators. For example, AD 
contributes 60% and 87% to the EF and Marine Eutrophication (ME) 
scores respectively, while the use of mineral fertilisers makes up a 
quarter of the ME score. In the GWP category, AD and diesel burned in 
harvesting generated collectively 60% of the GHG emissions in the NbS 
scenario. In the FPMF category, the diesel used in harvesting is 30% of 
the respective fine particulate emissions. Although this is a hypothesised 
scenario based on the literature, the LCIA results suggest the choice of 
phyto-biomass treatment method is a significant driver of the potential 
environmental impacts as well as the selected fuel source of the har-
vesting process. 

4.2. Accounting of ES results 

The results of spatially-explicit accounting of ES delivery over the 
study area (200 ha) are shown in Fig B.6 and Fig B.7. The primary 
purpose of ES accounting here is to investigate the role of future land 
uses of the redeveloped brownfield on the ecosystem capacity to deliver 
ES (i.e., the tertiary impacts of remediation). It can be noted that the ES 
results (apart from AF) of the reference scenario (land cover of 2007) 
and the NA scenario are similar because it is assumed that the land cover 
doesn’t change in the latter. The nearest corresponding meteorological 
data were used in the AF accounting (e.g., metrological data of 2007 in 
the reference scenario while the metrological data of 2011 for the LOP 
scenario); The varying air pollutants loading each year explains the 
difference in AF between the reference and NA scenarios. 

The NbS’s scenario CSS, GR and WPP retention outperform the other 
scenarios corroborating previous results (Dimitriou and Mola-Yudego, 
2017; Zalesny et al., 2019) while WPN retention of the NbS scenario is 
slightly less than the LOP scenario. The improved LOP’s WPP retention 
result was observed in the Lee River which crosses the case study 
boundaries (Georges, 2018) and could be attributed to the larger grass 
covers which are more effective in P retention relative to tree covers (i.e. 
NbS) (Reddy et al., 1999). Finally, the NbS’s capability to regulate air 
quality is better than the rest because of the higher leaf surface area 
(Rogers et al., 2015) but hybrid poplars were also reported to be a source 
of volatile organic compounds (VOCs) (Koch, 2019). 

4.3. ES-LCA integration 

In this section, we show the results of steps IV&V pertaining to ES- 
related impacts due to remediation and monetary value respectively. 
The ES-related CFs as a function of the spatially-differentiated land use 
flows are shown in Table C.6. Furthermore, the overall biophysical and 
monetised results of ES-LCA are presented and discussed. 

CF calculations: Table C.6 shows the novel LCI flows and CFs corre-
sponding to each modelled scenario. The calculated CFs are essentially 
the results of spatially-explicit ES accounting normalised to the case 
study area. All CFs excluding CFAF are characterised by a physical unit 
over unit area these CFs describe a mid-point impact pathway in the 
terms of traditional LCIA. In the case of CFAF, the unit is monetised so all 
4 modelled pollutants will be characterised by a single indicator. The 
negative values of NbS’s CFs, as in the LCIA sign convention, indicate a 
potential avoided damage to ES. All of the CFs above are aligned with 
the appropriate corresponding midpoint indicators from the 
ReCiPe2016 (Alejandre et al., 2019) (Refer to section 4.1). 

4.3.1. Impacts on ecological process and ecosystem services (steps III & IV) 
Table .1 represents the results of ES-LCA integration (as depicted by 

Fig. 3), the values are CFs multiplied by the area of transformed land in 
the case of LOP and NbS scenarios at which the transformation was 
assumed to be instantaneous therefore Tocc is equal to 1 whereas the Tocc 
of the NA scenario is the duration of MNA. Overall, the degradation of ES 
quality is observed in the NA and LOP scenarios excluding the LOP’s 
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WPN retention which presented a potential ES benefit. The NbS scenario 
demonstrates an overall environmental savings trend (excluding WPn 

retention) supporting previous results (da S Trentin et al., 2019; Espada 
et al., 2022; O’Connor et al., 2019). 

4.3.2. Valuation (step V) 
Fig. 4 illustrates the results of the valuation step in the framework 

which includes the remediation costs, the “rent value” of urban land 
occupation (see Table B.9 for remediation and ULO costs), and the 
monetised impacts on ES. The ES-LCA results of NbS indicate environ-
mental savings while the LOP has caused £1 worth of environmental 
externalities per FU. As expected, the remediation of the LOP is the 
highest while the NA’s are almost half of the NbS. It should be noted that 
the ES-LCA cost of LOP is less than 0.5% of the remediation costs while it 
is 16% in the NbS case. Though these results might be significant, they 
are likely to underestimate the true value of ES considering we only 
analysed 4 ecosystem services in addition to using conservative esti-
mates of ES valuation. Accounting for the ULO costs presents an inter-
esting finding, the net cost is essentially equal in NA and LOP 
highlighting the implicit cost of remediation temporal efficacy. 

4.4. Truncation error estimate (TEE) 

This section shows the results of the TEE analysis to demonstrate the 
percentage of overlooked impacts of traditional LCA results compared to 
the ES-LCA outcomes. Table .2 shows the ecosystem service mapped to 
the relevant mid-point LCIA indicator. 

4.5. Sensitivity 

ES damage costs: Direct market valuations of ES (i.e. avoided damage 
costs) might underestimate the value of ES. They were selected in this 
analysis to avoid potential bias of hedonic pricing (Bouma and Van 
Beukering, 2015; Irvine et al., 2020; Kuminoff et al., 2010). Fig. 4 a-e 
show the sensitivity results of ES damage costs across the lower, central, 
and higher bounds estimates respectively (also refer to Table B.10). 
Though AF and WPP retention ES’ monetisation values are higher than CSS 
on a per unit basis. CSS is the most sensitive parameter. This is expected 
due to the larger amount of physical ES accounting as well as higher 
monetisation values (See Fig B.6 & B.7 for ES accounting results and 
Table B.10). In the NA scenario, no variation is observed due to the 
steady-state of ES delivery due to the assumed constant land use. The 
variation in the LOP and NbS scenarios is primarily driven by the CSS 

value; noting the negative value in the NbS case indicates a potential 
avoided damage suggesting increased benefits estimate of NbS with 
different valuation approaches. 

Remediation and ULO costs: The sensitivity of the remediation and 
ULO costs were tested (Fig. 5). The NA scenario is most sensitive to the 
cost of ULO (the land being out of use), because of the longer timescale 
of this scenario (30 years). The higher bound estimate specifically was 
twice as large as the NbS because of the larger costs of land in the greater 
London region (Land Value Estimates for Policy Appraisal, 2015). The NbS 
remains the most cost-effective scenario across the valuation bound, 
with relatively lower capital and operational costs and moderate 
remediation time scale (12 years). While the remediation costs are the 
main contributor to the sensitivity of the LOP scenario, the ULO’s impact 
on sensitivity is negligible due to the relatively shorter timescale (3 
years). The LOP scenario overall cost variation is interesting as in the 
lower bound estimates it was closer to the NbS value whereas it is 
approximately equal to the LOP in the central estimate implying that a 
cheaper energy-intensive remediation might be more attractive than the 
low-impact NbS scenario based on purely cost-effectiveness perspective. 

4.6. Uncertainty 

In this section, we look at the results of the pedigree matrix of input 
data and the CFs of the ES-LCA integration. The data quality indicators 
of the input data and CFs are presented as a heatmap in Fig. 6 and dis-
cussed in sections 4.6.1 and 4.6.2 respectively. 

4.6.1. Input data 
The DQI results of input data are shown in Fig. 6 a-d. The overall 

DQIs of the remediation system LCI are representing moderate uncer-
tainty. The LCI of the chemical stabilisation (CS) system has a DQI of 3 
arising from the absence of publicly available information regarding the 
used proprietary chemical reagents (see Table B.4). On the contrary, the 
LCI of soil washing and material sorting both have a DQI of 1 because the 
LCI were collected from the actual case study (Hou et al., 2014). Despite 
the high DQI of the CS system, the aggregate DQI of the LOP scenario is 
1.9 which reflects a low uncertainty altogether. 

The spatial data pedigree matrix exhibits a lower uncertainty 
generally. The high uncertainty of the reliability of the NbS land cover 
map is attributed to the fact that NbS is a simulated scenario while the 3 
DQI reliability score of the hydrologic soil group map is because of the 
coarser spatial scale (see Table B.6). The DQIs of the assumed remedi-
ation CAPEX and OPEX are of moderate uncertainty. 

The DQI’s hotspots of the NA scenario are the temporal and 
geographical of the OPEX and CAPEX respectively. The NA OPEX’s 
temporal DQI was considered highly uncertain because of the longer 
timescale of this scenario (30 years), the similar result of NA CAPEX’s 
geographical DQI because the assumed monitoring system is of North 
American origin which could present supply chain-related concerns. The 
remediation costs of the LOP scenario were assumed to be a lump sum 
factoring the depreciation costs of the remediation system therefore the 

Table 1 
Characterised ES-LCA results for each remediation scenario.  

Scenario CSS GW WP WP AF 

NA 0 0 0 0 3.47E-02 
LOP 4.02E+00 1.93E-02 2.87E-05 3.00E-05 4.48E-03 
NbS − 1.26E+01 − 5.20E-02 2.87E-05 3.01E-05 − 9.71E-02 
Unit kg CO2e m3 kg N kg P £ per annum  

Fig. 3. Adaptation of the ES-LCA framework to the remediation context. Note that impact steps, steps III & IV corresponding to Steps II & III in Fig. 1 of Rugani et al. 
(Rugani et al., 2019), are combined and feedback loops were not considered (similar to Lui et al. (Liu et al., 2020)). 
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corresponding reliability DQI score was highly uncertain (see Table B.7). 
Finally, high uncertainty is prevailing in the NbS’s CAPEX and OPEX but 
the reliability DQIs are of moderate uncertainty because they were ob-
tained from an industry association body (see Table B.8). The general 
trend of moderate uncertainty of the remediation’s CAPEX and OPEX is 
not of concern regarding the robustness of the refined ES-LCA approach 
because such variation of the costs is expected. 

Lastly, the DQIs of the damage costs were of low uncertainty because 
the estimates were obtained from public authorities in the same region 
rather than using international estimates (see Table B.10). The high 
uncertainty of the CSS’s temporal correlation was due to the choice of a 
discounting rate of carbon, as different policy timescale corresponds to a 
different discounting rate (Great Britain and Treasury, 2022). The 
geographical DQI scores of the two components of WP (i.e., N and P 

Fig. 4. Valuation (step V) outputs (i.e., monetised impacts to ES in 2021 Sterling Pounds) per FU.  
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filtration) are 3 because of the relative distance from the case study (the 
Greater London region). The deliberate decision to choose an avoided 
damage cost instead of hedonic pricing (willingness to pay) was found to 
have a positive impact on the DQIs of ES damage costs. 

4.6.2. CFs (ES-LCA integration) 
As shown in Fig. 6.e, The DQI results of CF exhibit an overall mod-

erate uncertainty. The reliability DQIs of ES share a score of 2 (excepting 
AF) reflecting the spatially-explicit accounting of ES by the widely-used 
InVEST models (Chaplin-Kramer et al., 2017). The temporal specifica-
tion DQI has a score of 3 across all the investigated ES because a lower 
score indicates a fully dynamic model which is not the case in this 
application but it might be possible with a dynamic LCA approach 
(Cardellini et al., 2018). The advantage of the refined approach in the 
remediation context (i.e., site-specific CFs) is demonstrated by the low 
uncertainty of the geographical specification DQIs, this was achieved 
using high-resolution spatial data in addition to the regional data of 
biophysical parameters of the ES accounting (see Appendix c). It is 
noteworthy that the variation of biogeographic features variations 
might impact the ES-LCA assessment results, therefore we recommend 
the use of sophisticated ES models that examine the effect of non-linear 
natural influences that might be missed by simple ES models as well as a 
stochastic approach to account for the variation across the different 
scenarios. 

5. Overall discussion and concluding remarks 

In this work, we propose a novel ecosystem services-life cycle 
assessment (ES-LCA) framework to allow the sustainability assessment 
of soil remediation and brownfield redevelopment. Additionally, guid-
ance is provided for the transparent documentation of the assessment 
process. We investigate the tertiary impacts of remediation due to land 
use change by integrating spatially-explicit accounting of ecosystem 

services into the LCA methodology. Spatially-differentiated urban land 
use LCI flows were introduced exploiting the availability of high- 
resolution spatial data and well-documented site conditions of the 
case study. This approach enabled the use of site-specific data to char-
acterise the performance of three remediation scenarios in an illustrative 
case study that is based on a historic mega remediation project (The 
London Olympic Park). 

We also demonstrated some of the overlooked ES benefits of nature- 
based solutions for remediation such as carbon sequestration and stor-
age and groundwater recharge potential. The temporal efficiency of 
remediation scenarios was assessed by accounting for urban land 
occupation and monetising the cost of the site being out of during 
remediation. The overall costs of remediation, ULO, and impacts on ES 
were aggregated into a single indicator to support the planning and 
decision-making of remediation projects. Although the framework is 
applied to an illustrative case study with some hypothetical elements, 
the robustness of our approach is demonstrated by DQIs and TEE results 
reflecting the advantages of hypothesizing alternative scenarios based 
on site data or well-documented technologies (i.e., phytoremediation). 
As discussed above, the monetary valuation of ES is likely to underes-
timate the full extent of impacts on ES. 

Several challenges were identified while applying the ES-LCA to the 
case study. Firstly, operationalising the ES-LCA is a data-intensive and 
lengthy endeavour that exceeds the already time-consuming LCI 
considering that only 4 ES were modelled here.; thus, modelling addi-
tional ES will increase the complexity of ES-LCA modelling. Secondly, as 
noted by Rugani et al. and Liu et al. overlapping impacts on ecological 
processes and ecosystem services (steps III&IV) are still a challenge to 
disaggregate and model separately rather than in a combined manner 
although doing so could mask some of the hotspots of the ES cascade. 
Thirdly, modelling cultural ecosystem services (recreation) was 
attempted and partially successful (the LOP scenario) using the InVEST’s 
Recreation model but could not be extended to the other two scenarios 

Table 2 
Truncation error estimate of ES-LCA.  

Ecosystem 
service 

TEE Mid-point 
LCIA 

Notes 

NA LOP NbS 

AF 100% 
* 

7% 95% FPMF *The significant difference in NA results stems from the longer period of remediation of NA (30 years) relative to the 
FPMF due to the manufacture and operation of the CMT system. 

CSS 0% 9% 81% 
* 

GW * Indicates an overall negative carbon performance (i.e., carbon sink) 

WP (P 
retention) 

0% 1% 0% ME – 

WP (N 
retention) 

0% 81% 
* 

14% FE *Improved LOP retention stems from the increased green areas post remediation 

GR 0% 7% 81% 
* 

WC *NbS increased GR corroborates previous results showing improved water filtration in hybrid poplar plantation ( 
Dimitriou and Mola-Yudego, 2017)  

Fig. 5. Sensitivity analysis results of monetised ULO results and remediation costs.  

K. Alshehri et al.                                                                                                                                                                                                                                



Journal of Cleaner Production 413 (2023) 137352

12

because of the lack of data (geolocated photos) which does not exist for 
hypothetical scenarios (NA & NbS). Therefore, the decision was made to 
leave out cultural ES from this analysis because cultural ESs generated 
from a project of this scale would take generations to materialise (Neri, 

2021) and would be better suited to a social life cycle assessment (sLCA) 
context (Alejandre et al., 2019). Fourthly, the dynamism of ecosystem 
services could not be fully captured here due to the simplification of 
InVEST models (Sharp et al., 2018) but other ES modelling suites could 

Fig. 6. Data quality indicator (DQI) results: a) LCI of remediation input data, b) spatial input data, c) CAPEX & OPEX input estimates of remediation, d) ES damage 
cost input estimates, e) CFs of ES-LCA integration. 
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be useful such as the ARIES model (Villa et al., 2009). Fifthly, monetary 
discounting of ES benefits was not performed given the steady-state of 
eLCC and could potentially vary the results. Finally, though this work 
assessed the sensitivity and uncertainty of ES-LCA integration (which 
was not attempted before to our knowledge in the ES-LCA context) a 
quantitative uncertainty assessment of ES-LCA integration is yet to be 
performed. 

In summary, we proposed a refined ES-LCA framework for the 
remediation context to improve the sustainability appraisal of remedi-
ation alternatives. The functionality of the framework is demonstrated 
in an illustrative case study involving a no-action scenario (monitored 
natural attenuation), energy-intensive scenario (LOP) scenario, and 
nature-based solution (NbS) scenario. High-resolution spatially-explicit 
accounting of ecosystem services using InVEST models was performed to 
calculate characterisation factors (CFs). The CFs were assigned to novel 
land LCI flows to characterise the tertiary impacts of remediation in 
terms of the ecosystem quality to deliver services. The characterised 
impacts and temporal efficiency of remediation were monetised and 
aggregated into a single indicator to support the remediation planners 
and decision-makers. The sensitivity and uncertainty of the framework 
were also investigated to ascertain the robustness of this approach. The 
results showed that despite the relatively longer remediation duration of 
the NbS scenario it would be the most cost-effective in terms of capital 
and operational costs, ES benefits as well as utilising the site. The overall 
advantages and drawbacks of the framework were also discussed to 
guide future efforts in this field. 
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Appendix A: Abbreviations 

Abbreviation Full form 
AF Air filtration 
CAPEX Capital expenditure 
CF Characterisation factor 

CICES The Common International Classification of Ecosystem 
Services 

CSS Carbon storage and sequestration 
DQI Data quality indicator 
ES Ecosystem services 
FE Freshwater eutrophication 
FMPF Fine particulate matter formation 
FU Functional unit 
GR Groundwater recharge 
GS Geotechnical stabilisation 
GWP Global warming potential 
InVEST Integrated Valuation of Ecosystem Services 
LANCA Land use indicator valuation calculator 
LCA Life cycle assessment 
LCI Life cycle inventory 
LCIA Life cycle impact assessment 
LOP London Olympic Park 
LU Land use 
ME Marine eutrophication 
MRP A mix of regional biome 
NA No Action 
NbS Nature-based solution 
OPEX Operational expenditure 
PNV Potential natural vegetation 
SOC Soil organic content 
SW Soil washing 
TEE Truncation error estimate 
TESSA Toolkit for Ecosystem Service Site-Based Assessment 
TRACI Tool for Reduction and Assessment of Chemicals and Other 

Environmental Impacts 
UK CEH United Kingdom’s Centre for Ecology and Hydrology 
ULO Urban land occupation 
WP Water purification 
UNEP United Nations Environment Programme 
SETAC Society of Environmental Toxicology and Chemistry 
TS Transport of samples 
MMW Manufacturing of monitoring wells 
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use impacts on soil ecological functions: development of spatially differentiated 
characterization factors within a Canadian context. Int. J. Life Cycle Assess. 16 (3), 
198–211. https://doi.org/10.1007/s11367-011-0258-x. 

Salam, M.M.A., Mohsin, M., Rasheed, F., Ramzan, M., Zafar, Z., Pulkkinen, P., 2020. 
Assessment of European and hybrid aspen clones efficiency based on height growth 
and removal percentage of petroleum hydrocarbons—a field trial. Environ. Sci. 
Pollut. Control Ser. 27 (36), 45555–45567. https://doi.org/10.1007/s11356-020- 
10453-4. 

Schirpke, U., Tasser, E., Ebner, M., Tappeiner, U., 2021. What can geotagged 
photographs tell us about cultural ecosystem services of lakes? Ecosyst. Serv. 51, 
101354 https://doi.org/10.1016/j.ecoser.2021.101354. 

Sharp, R., Tallis, H.T., Ricketts, T., Guerry, A.D., Wood, S.A., Chaplin-Kramer, R., 
Nelson, E., Ennaanay, D., Wolny, S., Olwero, N., 2018. InVEST 3.10 User’s Guide; 
Collaborative Publication by the Natural Capital Project. Stanford University, the 
University of Minnesota, The Nature Conservancyy, and World Wildlife Fund. 
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