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Abstract

Abstract

The sustainable management of high-volume (HV) waste such as dredgings
and mining waste remains a challenge due environmental, logistical, and
economic challenges. Nature-based solutions are increasingly being explored
as promising enablers of circular economy strategies for HV waste flows. Given
the several spatial scales of planning and the plethora of stakeholders involved
with HV waste management, this thesis focused on developing multi-level
decision-making frameworks to quantify the sustainability benefits of nature-
based secondary resource recovery at multiple levels under uncertainty

ensuring robust and reliable decision-making.

The research reported in thesis is divided into three parts. The first focuses on
the meso-level sustainability assessment through the integration of ecosystem
services into life cycle assessment (ES-LCA) to improve the sustainability
evaluation of nature-based solutions. The proposed framework addresses the
absence of a comprehensive ES-LCA approach by incorporating ecosystem
services into traditional LCA methodologies. An illustrative case study involving
the London Olympic Park demonstrates the benefits of this approach,
highlighting improvements in ecosystem service delivery and cost-effectiveness
compared to conventional remediation methods. Sensitivity and qualitative
uncertainty analyses validate the robustness of the framework, suggesting its

potential for broader application in sustainability assessments.

The second part of the thesis presents a novel quantitative uncertainty
assessment protocol for integrated ES-LCA of nature-based solutions. This
protocol enhances decision-making by systematically evaluating the uncertainty
inherent in environmental assessments. Using the London Olympic Park as a
case study, the protocol demonstrates the identification of key parameters
influencing ES-LCA outcomes and provides guidelines for implementing global
sensitivity analysis. The results underscore the importance of considering
uncertainty in sustainability assessments to ensure reliable and informed

decision-making for nature-based solutions.
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The third part of the thesis focuses on macro-level sustainability assessment
through development of a robust multi-objective optimization framework for
assessing the macro-level sustainability of nature-based secondary resource
recovery from HV waste under climate change uncertainty. The framework
integrates economic, social, and environmental objectives using mixed-integer
linear programming to evaluate the resilience of proposed solutions. A national-
scale case study of legacy mining waste illustrates the framework's application,
revealing significant benefits in economic feasibility and climate resilience. The
findings highlight the necessity of holistic approaches and adaptive strategies in

long-term planning for sustainable waste management
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Chapter 1: Introduction

1.1 Background

The sustainable management of high-volume (HV) waste, such as combustion
ashes, dredgings, alkaline industrial waste, and mine wastes (see Figure 1),
remains a challenge for many countries worldwide. For instance in 2021,
around 70.1 million tonnes of coal combustion products were generated in the
USA, primarily consisting of fly ash, bottom ash, and boiler slags [1]. Similarly,
the UK Statistics 2023 report reveals that around 750 thousand tonnes of
combustion waste and 11.3 million tonnes of dredging soils were generated in
2018 [2]. Despite the presence of beneficial reuses for some HV wastes, the
demand for HV waste comes from a limited number of sectors; therefore, the
majority of HV waste flows end up landfilled, resulting in the loss of valuable
resources available in elevated concentrations [3]. The beneficial reuse of HV
wastes is often constrained by geography, as limited local demand of HV and
high transport costs can nullify any potential economic benefits [4]. Additionally,
the quality of reused HV waste degrades gradually with each reuse cycle,
eventually leading to landfill disposal following the traditional linear economy's
take-make-dispose path. On the other hand, the circular economy (CE)
represents a sustainable economic system designed to minimize waste and
optimize resource use by reusing, repairing, refurbishing, and recycling existing
materials and products [5]. Although an increasing number of CE strategies are
being proposed for various waste streams such as biomass, chemicals, and
waste metals [6], the development of CE strategies for HV waste continue to be

challenging due to logistical and technological barriers [7].

Figure 1 Mining waste [8]
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1.1.1 Quantity and low-value components of high-volume (HV) waste

The sustainable management of HV waste is faced by significant economic and
logistical challenges. The primary issue lies in the sheer quantity of HV waste
generated [1], [2], which would require substantial infrastructure for resource
recovery at a scale commensurate with its production. This often results in a
lack of adequate facilities to manage the waste efficiently, leading to increased
costs and logistical complexities [4]. Storage and transport further exacerbate
the issue, as moving large volumes of waste to recycling or processing facilities
can be prohibitively expensive and complex which outweigh the potential
economic benefits of resource recovery, thereby discouraging investment in

necessary infrastructure [9].

Figure 2 Dredging in inland waterways [10]

Furthermore, HV waste flows are characterised by their heterogeneous
composition, which adds another layer of difficulty. The variability in
composition, even within the same type of waste, makes it challenging to
develop standardised resource recovery processes [11]. The presence of low-
value components, which are economically unfeasible to separate and purify,
further complicates resource recovery efforts [12]. These components often
require specialized and costly technologies for effective separation [13],

diminishing the overall economic viability of the resource recovery process.

The "place value" argument is crucial in understanding the economic dynamics
of HV waste management as high transportation costs can nullify the potential
economic benefits derived from recovering resources from HV wastes [14]. This
leads to a reliance on landfilling as the primary method of disposal, resulting in

the loss of valuable resources and the exacerbation of environmental issues [3].
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1.1.2 Economic opportunity or remediation challenge?

Several HV waste flows, such as combustion ashes, dredgings, and mine
tailings, contain elevated concentrations of recoverable critical materials such
as Co and Ni, which are also considered pollutants, in addition to significant
concentrations of heavy metals and other contaminants like polycyclic aromatic
hydrocarbons (PAHS) [13]. Exposure to heavy metals like lead, mercury, and
cadmium can cause severe health issues, including neurological damage,
kidney failure, and cancers [15]. These contaminants can also disrupt
ecosystems by affecting soil and water quality, leading to toxin bioaccumulation
in the food chain and wildlife [16]. The presence of PAHs adds to the challenge
of managing HV waste, as these carcinogens pose long-term risks to human

and environmental health [17], [18].

HV wastes are often co-located at industrial sites where the concentrations of
contaminants are typically elevated presenting an additional barrier to the
recovery of resources from HV waste [19]. The high concentration of
contaminants at these sites often results from historical industrial activities that
have left behind a legacy of pollution [20]. These sites, frequently referred to as
brownfields, pose a dual challenge: they require extensive remediation efforts to
remove or neutralize contaminants, and they complicate the recovery of
valuable materials from HV waste due to the presence of mixed hazardous
substances [20]. Without proper remediation, the contaminants can leach into
surrounding environments [13], worsening pollution and posing ongoing risks.
Thus, remediating contaminants is essential for resource recovery, public health

protection, and ecological balance restoration [20].

1.1.3 Nature-based solution (NbS) and ecosystem services

NbS are defined as actions that protect, sustainably manage, and restore
natural or modified ecosystems to address societal challenges effectively and
adaptively, while simultaneously providing benefits for human well-being and
biodiversity [21]. NbS not only address environmental concerns but also
generate a wide range of ecosystem services (ES) which are the benefits that
humans receive from ecosystems [22] (see Figure 3). ES can be classified into
four main types according to the Common International Classification of
Ecosystem Services (CICES) provisioning, regulating, cultural, and supporting

services [23]:
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1. Provisioning Services: These are the products obtained from ecosystems,

such as fresh water, food, and raw materials. In the context of NbS for land
remediation, an example would be the extraction of biomass for bioenergy

from phytoremediated plants that have accumulated heavy metals [24].

2. Regulating Services: These services include the benefits obtained from the
regulation of ecosystem processes. An example from NbS would be the use
of wetlands to regulate water purification, where contaminated water is
naturally filtered through the wetland system, removing pollutants and
improving water quality [25].

3. Cultural Services: These non-material benefits people obtain from
ecosystems include recreational, aesthetic, and spiritual services.
Remediated lands can be transformed into green spaces or parks, providing
recreational areas and improving the aesthetic value of the landscape,

thereby enhancing community well-being [26].

4. Supporting Services: These are services that are necessary for the
production of all other ecosystem services, such as soil formation, nutrient
cycling, and primary production. For instance, the enhancement of soil
health and structure through bioremediation processes supports plant
growth and ecosystem stability, which are crucial for long-term land recovery

and productivity [27].

Nature-based Solutions (NbS)

P

Provisioning Services Regulating Services Cultural Services Supporting Services
1. Food 1. Climate regulation 1. Recreation 1. Soil formation

2. Water 2. Water purification 2. Aesthetic value 2. Nutrient cycling

3. Raw materials 3. Pollination 3. Spiritual enrichment 3. Habitat provision

Figure 3 NbS and examples of ecosystem services based on CICES [28]

NbS applications in contaminated land remediation include constructed
wetlands, phytoremediation and low-impact in-situ bioremediation [22]. In the
context of resource recovery, NbS applications include agroforestry,
agromining, aguaponics, bioleaching, composting of organic waste, microbial

fuel cells [29], as well as temporary waste storage [3].
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1.1.3.1 Temporary storage of waste

Temporary storage of waste in repositories is a novel CE technology concept
that involves storing HV waste until suitable resource recovery technologies and
markets emerge. The accelerated supergene processes in repository
engineering (ASPIRE) is a proposed technology to operationalize the temporary
storage of mineral-rich waste [3]. Supergene processes refer to natural
weathering and soil formation in the lithosphere, involving the downward
movement of groundwater and leaching of metals from metal-rich rocks [30].
These processes are often intensified by acids and ligands from organic
sources. The metals are then deposited as enriched secondary ore beneath the

groundwater level under reducing conditions.

The ASPIRE-type waste repository represents a paradigm-shifting model within
CE targeting HV wastes with resources that are economically unfeasible to
extract using conventional methods [3]. NbS will be employed to concentrate
metals of interest over time into what can be termed 'anthropogenic ores' of
feasible ore grade (see Figure 4). While previous studies have indicated that
such a system might not be profitable based solely on the revenue from
recovered resources [20], profitability may be enhanced when considering the
benefits of mitigating environmental risks associated with pollutants typically
found in legacy mining and landfill sites [3]. Moreover, monetising the ESs
provided by nature-based systems could further increase the profitability of
ASPIRE-type waste repositories [31]. Additionally, as most legacy mining and
industrial sites are co-located [19], this opens up the possibility for economic
activities that could boost both local and national economies [32].

bbby bbby
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Water
v flow :
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= ore
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Figure 4 Schematic diagram illustrating how hydraulic and geochemical
gradients involved in natural (a) supergene ore-forming processes might be
exploited in an (b) ASPIRE resource recovery repository (adopted from [3])
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That said, the ASPIRE-type waste repository is expected to be a long-term

project that would require significant upfront investment with the potential for
high generational returns [3]. Given the novelty of the concept of a temporary
waste repository [3], there is a need to develop decision-making frameworks
capable of assessing the benefits of nature-based secondary resource recovery
and optimising regional/national infrastructure to create new circular value
chains [32]. Additionally, it is important to account for the inherent uncertainties
of long-term planning to enhance the robustness of the decision-making

process for the temporary waste repository [33], [34].

1.1.4 Technology readiness level of NbS systems

Technology Readiness Levels (TRLS) are a systematic metric that evaluates the
maturity of a particular technology [35, p. 10]. Initially developed by NASA, the
TRL scale ranges from 1 to 9 (see Figure 5), where TRL 1 represents basic
principles observed, and TRL 9 indicates a system proven through successful
operations [36]. In the context of NbS for resource recovery, TRLs help assess
the readiness of these innovative approaches for practical implementation [37].
According to Kisser et al. [29], NbS for resource recovery must pass through

these levels to ensure reliability and efficiency in real-world applications.

The ASPIRE approach currently aligns with a TRL of around 2. This
assessment is based on the comparison with biomining, which Kisser et al.
indicates operates at a TRL of 3-4 [29]. Biomining involves using biological
processes to extract metals from ores, and it has advanced to small-scale
prototype testing [38]. ASPIRE, on the other hand, is still in the conceptual and
initial testing phase, primarily validating its processes in controlled

environments, thus placing it at an early TRL.
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TRL 1: Basic principles observed

h 4

TRL 2: Technology concept formulated

h 4
TRL 3: Experimental proof of concept

Y

TRL 4: Technology validated in lab

A 4
TRL 5: Technology validated in relevant environment

A 4
TRL 6: Technology demonstrated in relevant environment

h 4
TRL 7: System prototype demonstration in operational environment

l

TRL 8: System complete and qualified

h 4
TRL 9: Actual system proven in operational environment

Figure 5 Technological readiness levels [35, p. 10]
1.1.5 Spatial scale of NbS

The scale at which NbS are implemented significantly impacts their
effectiveness and integration into existing systems [39]. Langergraber et al.
define three levels of NbS for green building: micro, meso, and macro [40]. At
the micro level, NbS address individual building components or small-scale
applications [40]. The meso level involves the integration of NbS within a district
or community, while the macro level covers regional or national implementation
[41]. Applying this framework to NbS for resource recovery, the micro scale
would correspond to the engineered natural processes within the NbS system.
The meso scale would encompass the implementation boundaries of NbS
system, such as a district or city, and the macro scale would address regional or
national levels, given the extensive legacy of mining and industrial activities
[19].
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Based on the discussion of the TRL and scale of NbS, the following assessment

decision-making levels are proposed for evaluating the NbS systems for

resource recovery (also see Figure 6):

1. Micro-Level Assessment: Focus on the technological components and
processes within the NbS system, ensuring they are optimized and validated

in controlled settings.

2. Meso-Level Assessment: Evaluate the integration of NbS system within a
district or city, considering local environmental, economic, and social

impacts.

3. Macro-Level Assessment: Evaluate the potential for NbS resource
recovery to establish circular economies at regional or national scales

through recovery of secondary resources.

MACRO (Regional)

- Spatial configureation of circular waste repositories
- Role of existing infrastructure

MESO (District)

-Life cycle impacts of remediation and resource recovery systems
- Impacts on local ecosystem services
- Land competition (space availability & cost of "land rent")

MICRO (Process)

- Material eco-efficicency of nature-based resoruce recovery
processes

Figure 6 Proposed assessment levels for NbS resource recovery systems
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1.1.6 LCA and natural capital accounting

Life Cycle Assessment (LCA) is a systematic methodology used to evaluate the
environmental life cycle impacts of a product, process, or service throughout its
entire life cycled from raw material extraction through production, use, and
disposal [42]. In the context of resource recovery systems and remediation
systems, LCA has been extensively applied to assess the environmental
burdens and benefits associated with various materials management practices
[43], [44]. By providing a comprehensive analysis of environmental impacts,
LCA helps in identifying opportunities for improving sustainability and

minimizing adverse effects on the environment [45].

Natural Capital Accounting (NCA), on the other hand, involves the systematic
measurement and valuation of natural resources and ESs that contribute to
human well-being and economic activities [46]. NCA is crucial for understanding
the economic value of ES provided by NbS [47]. However, NCA does not
inherently account for the life cycle impacts of NbS, which can result in an

incomplete assessment of their overall sustainability [48].

LCA, while robust in assessing environmental impacts, typically does not
account for the ES benefits provided by NbS and remain overlooked in standard
LCA models [49]. This limitation can lead to a skewed perception of NbS,
underestimating their true value and potential contributions to sustainability [50].
Additionally, this gap highlights the need for an integrated assessment
approach that combines LCA with ES accounting to capture the full spectrum of
benefits and impacts of NbS [51].

Integrating ES into LCA is essential for a holistic meso-level assessment of NbS
systems [49]. This integrated approach can provide a more accurate
representation of the sustainability and environmental performance of NbS by
encompassing both their lifecycle impacts and the ES they provide [52]. By
doing so, it enables more informed meso-level decision-making and promotes

the adoption of nature-based secondary resources recovery.
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1.1.7 Macro-level sustainability assessment

Macro-level sustainability assessment of nature-based secondary resource
recovery is essential to understanding and managing the broader impacts and
feasibility of these systems. Based on previous discussions, nature-based
recovery from HV waste flows effectively involve three different disciplines
namely contaminated land remediation, resource recovery, and nature-based
solutions (refer to Chapter 2: for additional discussions), hence several

challenges arise for effective decision-making at macro-level assessment.

The availability and quality of data are one of the major issues in conducting
macro-level assessment. Comprehensive and accurate data are the key to
assessing environmental, economic, and social impacts brought about by
recovery processes [53]. In fact, secondary resource recovery data are
fragmented and of varying qualities, thus making it difficult to address
assessments and draw any reliable conclusion [54]. This is compounded by the
variability of data over time and regions. The environmental conditions and
secondary resource availability might be very different [54], and thus developing
a one-size-fits-all model is an issue in itself. In other words, such variability in
time and space would require dynamic and robust assessment methodologies

that can account for local and temporal specificities.

A major issue is a lack of standardised methods for assessing sustainability at a
macro level which results in diverse approaches, results, and interpretations
[55]. Accurate macro-level assessments require complex modelling techniques
capable of capturing the intricate interactions within waste-to-resource systems
[56]. Furthermore, the economic feasibility of recovery systems is influenced by
market dynamics such as fluctuating prices for recovered materials and
changing policies can significantly affect the economic outcomes of these

projects [57].

The previous investigations of conventional national waste-to-resource network
had revealed a plethora of stakeholders in such efforts [58], much like the case
with the anticipated geographical scale of nature-based secondary resource
recovery networks. This is the reason that any successful implementation of
nature-based recovery systems has to be based on stakeholder engagement
and social acceptance from the community level right up to industry and

government [59]. In addition, public acceptability and awareness toward waste-
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to-resource technologies remain diverse and turn out to be a key indicator of the

success and adoption of such innovations [60]. Therefore, uncertain or
haphazard regulatory environment can really become a stumbling block to
implementation and scaling of nature-based CE strategies [61]. Regulatory
frameworks should remain positive toward innovation and remain dynamic and
responsive to both environmental and economic change [62]. Finally, integrating
new technologies with existing resource recovery infrastructure is another
critical challenge [63]. Technological advancements must be compatible with

current systems to ensure seamless integration and effectiveness [64].

1.1.8 Inherent uncertainties
Uncertainty generally refers to the lack of certainty or predictability in outcomes

and can arise from various sources such as incomplete knowledge, variability in

data, or inherent unpredictability in complex systems [65]. This uncertainty often

results in model variability, where outputs differ due to changes in inputs,

parameters, or structural assumptions [66]. To address these uncertainties,

sensitivity analysis (SA)i s conduct ed howuncerathtyinthe and N
output of a model (numerical or otherwise) can be apportioned to different

sources of uncertainty in the model inputd[65]. On the other hand, uncertainty

analysis (UA) a i mte quantify uncertainty in model outputo[67]. In the context

of NbS for secondary resource recovery, uncertainty encompasses the

unpredictability associated with the performance and outcomes of these

systems over different spatial and temporal scales [68].

For multi-level sustainability assessments, uncertainties emerge from several
dimensions. At the micro scale, early TRLs present significant uncertainties.
These uncertainties stem from the nascent stage of technological development,
where processes and methodologies are not yet fully validated or optimised
[69]. For instance, in the ASPIRE-type waste repository system, uncertainties
could arise from the variability in natural processes like weathering and metal
leaching, which are crucial for the effectiveness of resource recovery but are

influenced by uncontrollable environmental factors [70].

At the meso scale, integrating environmental assessments such ES and LCA
further amplifies uncertainties [71]. These assessments require comprehensive
data on ecological and environmental impacts, which are often incomplete or

based on assumptions [72]. Additionally, the interaction between multiple
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environmental processes and human activities adds complexity, making it

challenging to predict the long-term sustainability of NbS accurately [73]. For
example, ES valuation and its integration with LCA depend on a wide range of
variables, from variability of modelling input parameters to epistemic uncertainty

(lack of knowledge), each introducing potential variability in outcomes [48].

Macro-level assessments involve even greater uncertainties due to the
expansive spatial and temporal scales involved [55]. These assessments must
consider long-term impacts and the involvement of numerous stakeholders,
each with differing priorities and objectives [74]. The dynamic nature of
environmental policies, economic conditions, and climate change projections
adds further unpredictability. The uncertainties associated with managing large-
scale NbS projects include predicting future ecological changes, long-term
maintenance needs, and evolving regulatory landscapes [75].

1.2 Motivation

Nature-based secondary resource recovery from HV waste is expected to be a
multi-dimensional, novel circular economy strategy that will engineer natural
processes to recover resources and remediate land contamination over
relatively long-time horizons. It involves several stakeholders at multiple levels
of the decision-making process under conditions of uncertainty. Current
decision-making frameworks do not account for the ES benefits generated by
nature-based solutions in the context of contaminated land remediation at the
meso-level. Furthermore, the uncertainties resulting from ES accounting
frameworks are still not addressed quantitatively, which could undermine the
reliability of outcomes in ES-integrated decision-making meso-level frameworks.
While conventional waste-to-resource value chains have been extensively
studied, there is still a need for a macro-level decision-making framework for
nature-based secondary resource recovery networks. A macro-level
assessment should consider the economic, social, and environmental
dimensions while managing potential uncertainties arising from long-term

planning, such as the impacts of climate change.

1.3 Research questions
This thesis was developed with the aim to develop sustainability decision-
making frameworks to support the implementation of nature-based recovery of

secondary resources. The literature review has shown that there are very few
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meso-level decision-making framework papers that account for the ES benefits

of nature-based solutions. Furthermore, the literature review revealed the
absence of any quantitative uncertainty assessment protocol for integrated ES-
LCA frameworks. Additionally, previous studies have not applied or developed a
macro-level sustainability assessment framework for nature-based secondary
resource recovery networks under uncertainty. Thus, this thesis has three main

research questions that aim to address this gap, as follows:

1 Given the overlooking of ES benefits of nature-based solutions in meso-level
assessments, can a novel ES-life cycle assessment (LCA) framework be
developed to appraise the ES benefits and life cycle impacts of NbS
systems in the brownfield redevelopment context? How do the outcomes of
the ES-LCA framework compare to traditional LCA results in terms of costs,

environmental impacts, remediation efficacy, and urban land competition?

1 What are the sources of uncertainty in integrated ES-LCA assessments?
How can the parameter and model uncertainties in ES-LCA assessments be
quantitatively assessed, and how can the uncertainty of ES-LCA
assessments of NbS systems be analysed and communicated?

71 Considering the national/regional scale of nature-based secondary resource
recovery networks and the multitude of stakeholders, can a macro-level
sustainability spatial decision-making methodological framework be
developed that is capable of assessing the three pillars of sustainability
while handling the uncertainties associated with macro-level nature-based

secondary resource recovery network long-term planning?

This thesis aims to develop meso and macro-level decision-making
sustainability frameworks that account for ES benefits and life cycle impacts of
NbS systems at the meso level, aid in planning the nature-based secondary
resource recovery network at the macro level, and assess the sustainability
pillars at both levels while handling the uncertainties of integrated meso-level

ES-LCA and long-term macro-level sustainability assessment.
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The research questions lead to the following objectives:

1 Critically review the statebfZhezrt sustainability decision-making
frameworks for nature-based resource recovery at meso and macro levels

under uncertainty.

1 Develop a meso-level decision-making framework to account for ES benefits
and life cycle impacts of nature-based solutions in the context of brownfield

redevelopment.

1 Develop a novel uncertainty assessment protocol for integrated ES-LCA
assessments to analyse the uncertainty of input parameters, ES accounting

modelling, and LCA modelling.

1 Develop a macro-level decision-making methodological framework to assess
the sustainability of nature-based secondary resource recovery networks

under long-term planning uncertainty.

1.4 Scope and limitation

The scope of this thesis is to develop conceptual multi-level sustainability
assessment frameworks for nature-based secondary resource recovery.
Consequently, the modelling results of the illustrative case studies should not
be used in a decision-making context. The secondary resources considered in
this study are HV waste flows, as they are relatively unexplored and
understudied in the literature. The ASPIRE approach has been employed as the
NbS of choice due to its focus on HV waste, but the proposed assessment
frameworks could be easily adapted to other NbS resource recovery systems.
Finally, given the relatively early TRL levels of NbS resource recovery systems,
and particularly the earlier TRL level of ASPIRE systems, a micro-level

assessment of resource recovery processes will not be conducted.

1.5 Thesis overview

A brief overview of each chapter is given below.

Chapter 1 discusses the main drivers of developing meso and macro-level
sustainability assessment frameworks for nature based secondary resource

recovery under uncertainty. It presents the main statement of problems,

hypothesis, and objectives for the research study.
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Chapter 2 reviews previous studies and related works on the integration of

ecosystem services and life cycle assessment to enhance the meso-level
sustainability assessment of nature-based solutions. It will also highlight the
state-of-the-art in the macro-level sustainability assessment (national and
regional) of nature-based secondary resource recovery. This will be followed by
a description of the quantitative uncertainty analysis methodologies for
integrated ecosystem servicesi life cycle assessment approaches and the multi-
objective spatial optimisation of macro-level nature-based resource recovery
networks. It will be concluded by highlighting the research gaps identified in the
current literature and a summary of the chapter.

Chapter 3 presents the meso-level sustainability framework developed by
integrating ecosystem services accounting into the life cycle methodology,
aiming to improve the sustainability assessment of nature-based solutions in the
context of brownfield redevelopment. The first part details the assessment steps
for integrating ecosystem services into the life cycle assessment methodology,
including the truncation error estimate to compare the ecosystem servicesi life
cycle assessment (ES-LCA) with standard life cycle impacts. It will also assess
the sensitivity and qualitative uncertainty of ES-LCA input parameters. The
following section describes an illustrative case study of three comparative
scenarios based on the London Olympic Park to demonstrate the ES-LCA
framework, along with the ES-LCA modelling setup. The chapter then discusses
the modelling results in terms of standard life cycle assessment, ecosystem
services accounting, integrated ES-LCA, and sensitivity and qualitative
uncertainty analysis. The chapter concludes with an overall discussion and

concluding remarks.

Chapter 4 introduces a novel guantitative uncertainty assessment (UA) protocol
for integrated ecosystem servicei life cycle assessments of nature-based
solutions. The following section describes the four steps of the quantitative UA
protocol, including computational setup, input sampling, model execution, and
visual and statistical analysis of the results. The London Olympic Park serves
as an illustrative case study, with detailed information on the computational
implementation to operationalise the UA protocol. The chapter then presents
the numerical and visualisation results of the UA protocol, revealing the most

influential parameters affecting the uncertainty of the ES-LCA outcomes. This is
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followed by a discussion on the applicability of the UA protocol, the definition of

probability distribution of uncertainty, the selection of global sensitivity methods,
the impact of the number of simulations and sampling strategies, and the choice
of appropriate statistical tests. The chapter concludes with a summary of the
main findings and the practical implications of uncertainty on meso-level

sustainability assessment.

Chapter 5 showcases a methodological framework to assess the macro-level
sustainability of nature-based secondary resource recovery from high-volume
(HV) waste. Integrating mixed-integer linear programming and robust
optimisation, the framework evaluates economic, social, and environmental
impacts under climate change uncertainties. An illustrative case study based on
legacy mining waste in the UK demonstrates the framework's application,
revealing significant benefits of nature-based solutions (NbS) in enhancing
economic feasibility and NbS-related employment while ensuring resilience
against climate change. This chapter highlights the framework's capacity to
balance conflicting sustainability objectives using multiple multi-criteria analysis
methods for national decision-making of circular economy strategies for HV
waste management. The impacts of variable market dynamics, chemical
concentration of critical resources, and monetised ecosystem services are
analysed in terms of economic revenues. It also analyses the robustness of
optimal solutions to different climate change projections. Finally, the chapter
underscores the importance of holistic approaches in long-term planning and
the adaptability to varying market conditions and environmental uncertainties.

Chapter 6 will revisit the primary research questions and evaluate the degree to
which they have been addressed, along with discussing the contributions of this
research to the body of knowledge as well as practical implications. Additionally,
it will highlight the key challenges and obstacles faced during the research
phase. Furthermore, the chapter will outline the most important future directions
in assessing the multi-level sustainability of nature-based secondary resource
recovery, including the micro-level assessment of emerging nature-based

solutions recovery systems.
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Chapter 2: Literature review

2.1 Introduction

This chapter provides a review of previous studies and related works on the
multi-level sustainability assessment of NbS resource recovery systems under
uncertainty. It will highlight the current status of sustainability assessment
approaches at the meso (site/project)-level of NbS systems, focusing on the
brownfield redevelopment context. The subsequent section will review the
macro-level (regional/national) sustainability assessment of NbS resource
recovery networks through the lens of three intersecting research domains: soil
remediation, resource recovery, and the NbS domain. The following section
delves into the literature on quantitative uncertainty analysis for both meso and
macro-level sustainability assessments, with a focus on the uncertainties
inherent in integrated modelling frameworks and the strategies for managing
these uncertainties. The final section will summarise the review and related

works and present the gap identification for this research.
This is chapter is based partly on:

(1) Alshehri, K.; Gao, Z.; Harbottle, M.; Sapsford, D.; Cleall, P. Life Cycle
Assessment and Cost-Benefit Analysis of Nature-Based Solutions for
Contaminated Land Remediation: A Mini-Review. Heliyon [Online] 2023,
€20632. https://doi.org/10.1016/j.heliyon.2023.e20632.

(2) Section 1.3 of Alshehri, K.; Harbottle, M.; Sapsford, D.; Beames, A;
Cleall, P. Integration of ecosystem services and life cycle assessment
allows improved accounting of sustainability benefits of nature-based
solutions for brownfield redevelopment. J. Cleaner Prod. [Online] 2023,
413, 137352. https://doi.org/10.1016/|.jclepro.2023.137352

(3) Section 2 of Alshehri, K.; Chen, I.-C.; Rugani, B., Sapsford, D., Harbottle,
M., & Cleall, P. (2024). A novel uncertainty assessment protocol for
integrated ecosystem services-life cycle assessments: A comparative case
of nature-based solutions. Sustain. Prod. Consum. [Online] 2024, 47, 499i
515. https://doi.org/10.1016/j.spc.2024.04.026
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2.2 Meso-level sustainability assessment methods

Since an ASPIRE-type waste repository represents a new paradigm in
secondary resource management and has yet to be tested at the pilot and field
scale, there is not yet any framework to assess the sustainability of such a
system. However, nature-based solutions (NbS) for contaminated land
remediation serve as a close analogy, involving the application to marginal or
disused land and the engineering of natural processes over long durations to

remediate contaminants.

While life cycle assessment (LCA) has been extensively employed to evaluate
the environmental impacts of a system's lifecycle, it falls short of assessing the
ecosystem services derived from natural processes. Thus, incorporating
ecosystem services is necessary for a holistic assessment of NbS systems in
general, and particularly in contaminated land remediation. A preliminary
literature search revealed that there was no comprehensive accounting of
ecosystem services in NbS land remediation; only the monetised ecosystem
services of NbS remediation had been considered in cost-benefit analyses
(CBA). Therefore, the search terms were revised to include works applying
either LCA or CBA to NbS remediation case studies (refer to Figure 7). A total
of 963 records were identified through the Scopus database, while the Web of
Science search yielded duplicates of these Scopus results. Screening of titles,
abstracts, and full texts narrowed the selection down to 44 records for in-depth

analysis (refer to Figure 8 and see Figure 9a).

TITLE-ABS-KEY ( "phytoremediation” OR "phytomining" OR "phytoextraction” OR
"Phytostabilisation” OR "Nature based solution*" OR "green remediation" OR "sustainable
remediation" OR "brownfield redevelopment" OR "land reclamation” OR "land restoration"
OR "land rehabilitation” OR "green and sustainable remediation" OR "bioremediation" OR

"gentle remediation”) AND TITLE-ABS-KEY ( "life cycle assessment” OR "life cycle
analysis" OR "Life cycle thinking" OR "LCA" OR "cost benefit analysis" OR "CBA" OR
"Techno*-econ* analysis" OR "sustainability assessment" OR "Sustainability appraisal" OR
"decision support” OR "decision analysis" OR "policy analysis") AND PUBYEAR > 2005
AND NOT TITLE-ABS-KEY ( "green infrastructure” OR "GI") AND ( LIMIT-TO ( DOCTYPE
, "ar") OR LIMIT-TO (DOCTYPE, "cp")) AND (LIMIT-TO (LANGUAGE , "English"))

Figure 7 Literature search terms of meso-level sustainability assessment
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This section delves into prior studies concerning the process of meso-level

decision-making in NbS-based contaminated land remediation, that is, decision-
making at the site or project level. The analysis of 44 records aimed to identify
characteristics of the NbS-remediation system, the assessment methodologies
employed (LCA or CBA,; see Figure 9b), and the assessment of ecosystem
services. The limitations of both LCA and CBA within the NbS remediation
context are examined by addressing the question: What are the existing gaps in
the quantitative sustainability assessment of NbS remediation systems for

contaminated land, especially concerning accounting of ecosystem services?

The subsequent section presents the cutting-edge approaches to integrating
ecosystem services into life cycle assessments, highlighting prevalent
methodologies and the ongoing challenges in achieving a comprehensive
guantitative meso-level sustainability assessment of NbS-based remediation

efforts.

Search on 16 February, 2023

c
L2
®
Eg Records identified via Scopus (n=963)
t
[
B
Title and keywords screening for records ’ Excluded for irrelevance (n=455)
(n=963) Excluded for missing details (n=1)
=2
£
5
g Abstract screening for records (n=507) —) Excluded for irrelevance (n=361)
]

Full-text screening for records (n=146) ) Excluded for irrelevance (n=102)

Academic publications to review (n=44)

Included

Figure 8 The screening process of the reviewed meso-level sustainability
assessments
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2.2.1 Life cycle assessment

This section examines how LCA was applied to NbS for contaminated land
remediation sustainability assessment in the reviewed literature. LCA is used to
inventory the energy and materials used and assess the environmental impacts
over the life cycle of remediation systems [76]. LCA is employed in the
remediation decision-making to model environmental impacts and/or optimise
remediation systems for reducing potential impacts [43]. The first LCA
application to a NbS remediation system was reported in 2009 [77] to

phytoremediate hydrocarbon-polluted sites by willow.
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Figure 9 a) Total number of publications b) Number of works based on reported
methodology c) Frequency of reported NbS mechanisms per applied
methodology d) Frequency of defined system boundaries in reviewed LCAs.

2.2.1.1 Functional unit (FU) and system boundary

The LCA results are attributed to a functional unit (FU) which acts as a
reference unit for the remediation system being considered and enables the
comparison of multiple scenarios. The FUs of reviewed remediation LCAs are
often defined as the remediation of a specific area or volume to a regulatory
requirement [78], [79] whereas in a few cases the FU was defined as bioenergy
potential [77], [80], reflecting the goal of the particular LCA study. The scope of
LCA t he
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cradle-to-gate (66.7% of the reviewed LCA studies), or cradle-to-grave (see

Figure 9d) and is also driven by the LCA objectives. A cradle-to-gate system
boundary is selected when the focus is the bioenergy potential rather than the
mitigation of contamination risk [81], whereas a cradle-to-grave system is

defined in cases looking primarily at traditional remedial targets [82], [83].

2.2.1.2 LCl and LCIA

The life cycle inventory (LCI) of remediation systems (foreground systems) was
developed on primary data (own data or project data, n=13), or literature (n=8)
amounting to 62% and 38% of the reviewed LCAs respectively while the LCI of
background systems were based on secondary sources predominantly from
Ecoinvent (see Figure 10a). Several life cycle impact assessment (LCIA)
methods were employed such as ReCiPe, and CML2001. The most used LCIA
mid-point indicators were the global warming potential (GWP) followed by the
cumulative energy demand (CED), which measures the life cycle fossil fuel
consumption, that is often assessed in tandem with mid-point indicators (see
Figure 10b). In earlier studies, the coupled application of CED and GWP
reflected a major trend, focusing on carbon footprinting and leaving out other
important LCIA indicators. Three case studies reported end-point LCIA
indicators which were ReCiPe and IMPACT 2002+ (see Figure 10c). SimaPro
was the most reported LCA software (n=9),f ol | owed by Spherads
making up 20.5% and 11.4% of the reviewed LCAs, while older studies tended
to be spreadsheet-based using primary data and/or limited literature

information.

2.2.1.3 Choice of reference scenario

The comparison of NbS systems to no-action and conventional remediation

scenarios is a common theme in the reviewed works. The no-action scenario is

often assumed as a monitoring system to monitor natural attenuation over long

periods while the conventional remediation scenarios consisted of a dig-and-fill

and/or other energy-intensive remedial alternatives (e.g., chemical stabilisation,

and soil washing). The proximity to bioenergy plants increases the feasibility of

NbS systems as the transport distance of biomass contributes significantly to

GHG emissions. Economical elements were absent in most analyses except for

the studies by Witters et al. [84], da S Trentinetal.[85], and O6 Connor e
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[86]. Similarly, the site redevelopment/reuse planning was not considered in the

reviewed works corroborating the results of previous review studies [43], [87].

2.2.2 Cost-benefit analysis

CBA of remediation aims to quantify the costs and benefits of remedial
strategies to facilitate the remediation decision-making process. The
remediation cost items include the capital expenditures (e.g., land acquisition,
procurement of construction materials and ownership of remediation systems)
and operational expenditures (e.g., personnel payroll, earthworks, transport
activities, long-term site monitoring and supporting remediation activities) [88].
The remediation objectives (i.e., urban brownfield redevelopment and/or
agricultural productivity improvement) define the beneficial items such as
improved economic activity, and enhanced agricultural yield but could also
include direct and indirect employment, reduced health risks and recreational
opportunities [89]. The potential economic benefits of bioenergy provisioning

were considered in most of the reviewed CBA works.
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Figure 10 a) LCI of foreground and background systems b) Midpoint impact
indicators c) Endpoint impact indicators d) Assessment of end-of-life
management and ESs in the reviewed works.
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2.2.2.1 Monetary unit of comparative analysis

In 74% of the reviewed CBA studies (n=23), a unit-price of remediation was

assessed per m? (soil) or m3 (soil/groundwater), ranging from $0.31 to $87.70

and averaging 19 —— . In comparison, active bioremediation strategies unit

prices ranged from $50.70 to $310.40 averaging 157.6 in Chile [90], it is
noteworthy that remediation costs are remedial objective and site specific;
therefore direct comparison among literature unit-prices might lead to
inaccurate conclusions [91]. In other cases, a benefit-cost (b/c) ratio was
employed to compare different remedial scenarios without disclosing the
monetary costs for example Demir et al. (2021) reported a b/c ratio for Pb
removal ranging between 46.18 and 48.16 while ranging between 61.81 and

64.36 for Ni removal [92].

2.2.2.2 Discounting rate

The choice of a discounting rate is an important aspect of CBAs reflecting the
willingness of todayés society to mitiga:
wealth of the present (e.g., a discounting rate of 0% indicates that cross-

generational welfare is of equal importance from a present perspective) [93].

Only 11.4% (n=5) of the reviewed works reported a discounting rate, the

reported discounting rates and examined duration were 3% for 200 years [94],

5% for 20 years [95], 5% for 21 years [24], 9% for 20 years [96], and 12% for 3

years [97].

2.2.2.3 Scope of CBAs

Few studies focused on the post-remediation economics such as the economic

viability of contaminated willow biomass pyrolysis[96], pot ent i al f ar me
additional income due to selling energy maize fodder to central anaerobic

digestion facility while bearing the cost of fodder maize to feed onsite cattle [98],

compared to the valorisation of a locally-owned plant [99]. While others focused
exclusively on determining the appropriate land-use mix of planned brownfields

remediation to maximize the ES value of non-food related ESs [100].
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2.2.3 Accounting of ecosystem services

ESs refer to the benefits that people derive from ecosystems [101]. These
benefits include provisioning services like biomass production, regulating and
control services such as carbon sequestration, and cultural services like
recreational activities [102]. NbS remediation systems provide several ESs such
as provisioning bioenergy, biotic degradation of contaminants, and aesthetic
sceneries. That said, the impacts on ESs are tertiary impacts of remediation
(i.e. takes place post the remedial action) and are rarely considered explicitly
within LCAs of soil remediation [22], [87]. This work explored the patterns of
accounting of ESs whether explicitly (i.e., clearly defined as ESs) or implicitly
(assessed in terms of economic terms rather than the impacts on local
ecosystems). It was found out that only 27.7% (n=12) of the 44 reviewed
studies have explicitly assessed the impacts of NbS systems on local ESs,
45.5% (n=20) of the studies considered ESs implicitly while the remaining

27.7% (n=12) of the studies did not consider any aspect of ES (see Figure 10d).

Three LCAs investigated the NbS remediation impacts on ES amounting to
6.8% of the reviewed studies. The carbon balance of an oak plantation over a
reclaimed mining site was considered by carbon footprinting the plantation
management activities compared to the carbon stocks in oak biomass over the
period between Nov. 1979 and Feb. 2014 [103], Another study modelled the
carbon stored in eucalyptus tree planted in a phytoremediated contaminated
groundwater table [86]. A novel mid-point LCIA indicator was developed to
characterise the impacts on the soil organic content (SOC) due to land use
change, SOC is a proxy for the soil functionality to provide some ESs such as
net primary production, and improved biodiversity [104], but it fails to consider
several other ESs such air filtration and cultural ESs. Notably, the LCA studies
focused solely on carbon storage and sequestration leaving out other important
ESs.

Evidently, the nine CBAs (20.5% of reviewed works) assessing ESs focused on
the effects of NbS remediation on the economic benefits of ESs mostly
bioenergy provisioning, food provision, and carbon sequestration. However, a
CBA-based multicriteria decision analysis (MCDA) remediation sustainability
framework incorporating several ESs indicators was proposed and applied

semi-quantitatively on a broad range of remedial technologies including
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bioremediation alternatives based on literature [105]. An expanded framework

which assessed the uncertainty of ES valuations was applied to a 40,000 m?
site contaminated by polycyclic aromatic hydrocarbons (PAH) and heavy metals
including zinc, copper and lead [106]. Though the study succeeded in assessing
impacts on ESs comprehensively, it overlooked other important parameters
such as the LCIA impacts of NbS remediation. The remaining seven studies are
classical CBA applications of potential economic benefits such as comparative
economic feasibility to degrade contaminants [107], [108] bioenergy potential
[24], improved agricultural production [100], [109], [110] and carbon
sequestration and storage [111], [112]

2.2.4 State-of-the-art: Integrated ES-LCA

Integrating ecosystem services (ES) into life cycle assessment (LCA) offers a
nuanced approach to sustainability, assessing the lifecycle impacts and
ecosystem services of a nature-based system at the meso-level (project/site).
This section explore the efforts in integrating ES into LCA, from early methods
using soil organic carbon as an impact proxy to sophisticated models like
LANCA and emergy analysis. Highlighting both methodological advancements
and practical applications, it outlines the progression towards more
sophisticated frameworks for evaluating and enhancing sustainability

assessment of NbS systems.

Given the similarities of system modelling approaches of both LCA and ES
modelling in terms of the cause-chain model of impacts assessment [51], [113]
(refer to Figure 11 and Figure 12), there have been several attempts to
integrate ES modelling into LCA to develop a holistic sustainability approach
[52], [114] Early attempts utilised soil organic carbon (SOC) as a proxy to
reflect the impacts of land transformation on land productivity [115]. 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 [116]; later modifications to LANCA regionalised (national scale)

and monetised the CFs to investigate the impacts on ES [117], [118]
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Other approaches to integrate ES-LCA made use of several techniques

including emergy [122], [123], [124], [125] exergy [126], [127] system dynamics

modelling [128], [129] and cascade model [52], [130]. Though recent conceptual
frameworks have been proposed to integrate ES an endpoint indicator in LCIA

[131], [132] yet the framework proposed by Rugani et al. [49] arguably remains

the most comprehensive attempt to operationalise ES-LCIA integration as

demonstrated by the application to rice farming systems [50]. I n Rugani et
approach, the ES-LCA framework consists of four steps to operationalise the

proposed integration (refer to Figure 13).

The first step is the inventory step which involves 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. [49] and evident

i n combining the two s t{3pThoughnecdnteffortset al
attempted to account for the impact of remediation on soil quality using soil

organic carbon (SOC) as a proxy of ecosystem quality [104], such efforts do not
completely capture the impacts of remediation on ES [87] 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) [133].
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LCIA for ecosystem services (ES).

RED text = new relative to current LCA practice; GREY = current LCA practice; Arrows =
directionality of the computational framework (adapted from [49])
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2.2.5 Summary

This section reviewed the existing literature on meso-level sustainability
assessment methods for evaluating the sustainability of nature-based solutions
(NbS) for contaminated land remediation. It critically examined the adequacy of
traditional Life Cycle Assessment (LCA) and Cost-Benefit Analysis (CBA),
emphasising the need for a holistic assessment approach that included
ecosystem servicesd a vital component overlooked by existing methodologies.
The review revealed a gap in comprehensive ecosystem service accounting
within NbS remediation efforts, with most studies evaluating only monetised
services. Through an analysis of 44 studies, it highlighted the limitations of LCA
and CBA in fully capturing the benefits of NbS, particularly in terms of

ecosystem services.

The review then transitioned to exploring advanced methodologies for
integrating ecosystem services into sustainability assessments. It discussed the
progression from early models using soil organic carbon as a proxy to
sophisticated frameworks like LANCA and emergy analysis, underlining the
challenges in achieving a comprehensive evaluation. This segment
underscored the significance of incorporating ecosystem services into
sustainability assessments to enhance the effectiveness and sustainability of

environmental remediation strategies.
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2.3 Macro-level sustainability assessment methods

This section discusses the previous studies in macro-level decision-making of
NbS-based resource recovery systems (i.e., regional or national level).
Preliminary literature search revealed that there were no works that assessed
all the three domains of NbS-based resource recovery systems namely: NbS
system, contaminated land remediation, and resource recovery. Therefore, the
literature search terms were edited to include works at least assessed one or
more of three domains (refer to Figure 14). 136 records were identified through
the Scopus database while the web of science search returned duplicates of the
Scopus results. The title, abstract, and full-text screening resulted in 31 records
for full text analysis (refer to Figure 15). The works were reviewed for
optimisation objectives across the three domains, the scale of assessment (e.g.,
national level), solution approaches, quality assessment and multi-attribute
analysis of pareto fronts.

( TITLE-ABS-KEY ( multi-objective AND optimization OR multi-objective AND
optimisation ) OR TITLE-ABS-KEY ( linear AND programming OR linear AND
programming ) OR TITLE-ABS-KEY ( mixed AND integer AND linear AND
programming OR mixed AND integer AND linear AND programming ) OR
TITLE-ABS-KEY ( mixed AND integer AND non-linear AND programming OR
mixed AND integer AND non-linear AND programming ) OR TITLE-ABS-KEY
( evolutionary AND algorithms ) OR TITLE-ABS-KEY ( spatial AND
optimization OR spatial AND optimisation ) AND TITLE-ABS-KEY ( landfilling
AND mining ) OR TITLE-ABS-KEY ( "urban mining" ) OR TITLE-ABS-KEY (
phytomining OR phyto-mining ) OR TITLE-ABS-KEY ( bioleaching ) OR
TITLE-ABS-KEY ( "resource recovery" AND waste ) OR TITLE-ABS-KEY (
soil AND remediation ) OR TITLE-ABS-KEY ( brownfield AND redevelopment
) OR TITLE-ABS-KEY ( "nature-based solution*" ) ) AND ( LIMIT-TO (
LANGUAGE , "English"))

Figure 14 literature search terms of macro-level sustainability assessment
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Search on 30 January, 2024

c
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®
i-g Records identified via Scopus (n=136)
=
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z

Title and keywords screening for records ; Excluded for irrelevance (n=25)

(n=136) Excluded for missing details (n=14)
o
c
5
g Abstract screening for records (n=97) —) Excluded for irrelevance (n=35)
(7]
Full-text screening for records (n=62) —) Excluded for irrelevance (n=31)

o
]
E Academic publications to review (n=31)
o)
j=

Figure 15 The screening process of the reviewed macro-level sustainability
assessments

2.3.1 Optimisation objectives

In this section, the optimisation objectives across the domains of remediation,
resource recovery, and NbS were examined with respect to the number of
objectives, and their type (economic, environmental, social, or other). Studies
that encompassed more than one domain were reviewed in 2.3.1.4, where it

was noted that no works have assessed all three domains simultaneously.

2.3.1.1 Remediation domain

Six out of the thirty-one reviewed studies were from the remediation domain.
Three of the studies presented a single objective model while the remaining

three studies adopted a multi-objective approach. Risk and remediation cost
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minimisation are the optimisation objectives present in the surveyed literature

works. The minimisation of risk and cost is pivotal in soil remediation [134].
Risks from soil contamination include health hazards, such as exposure to toxic
elements [135] and geotechnical risks, which encompass detrimental impacts

on soil engineering properties, such as shear strength and permeability [136].

To reduce the risk of subsiding ground due to urban coal mining in Duisburg,
Germany, a single-objective model was developed. This model optimises the
groundwater drawdown rate to protect local infrastructure and building
basements, ensuring compliance with groundwater table regulations [137].
Health risk minimisation was considered in the multi-objective studies. For
instance, a multi-objective optimisation framework was developed to support
cleanup planning in contaminated surface soil by minimising soil remediation
costs while maximising cleanup efficacy [138]. In recent work concerning a
smelter contaminated by Cd and Pb in Deyang, China, a bi-objective model was
developed to maximise the efficacy of soil washing for heavy metal removal and

to minimise the associated ecological risks [139].

Minimisation of cost items was considered in reviewed remediation studies
except for [137]. In urban brownfield redevelopment planning, a decision-
support model for public and private stakeholders was developed [140]. It took
into account various cost factors such as land reclamation and construction, as
well as the equilibrium of redevelopment rights between private and public
entities [140]. In another work, a single-objective linear programming model was
proposed to maximise the private utility from redeveloping brownfield into social
housing, and was applied to an abandoned industrial site in Agro-Nocerino-
Sarnese in the Campania region in Western Europe [141]. The economic
benefits from redeveloping brownfields with and without social housing were
compared, and the social housing case provided increased revenues by around
25% [141]. In the case of Cr(VI) contamination at dumpsites in India, a multi-
objective model was developed to reduce both the total costs and the duration
of bioremediation [142]. The findings indicated that bioremediation expenses

could be significantly reduced if the remediation period was extended [142].

The absence of explicit social-related optimisation objectives was noticed in the

reviewed works aside from the monetised benefits of social housing [140].
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Additionally, neither nature-based solutions nor resource recovery were

considered in the literature surveyed.

2.3.1.2 NbS domain

Nine out of the thirty-one reviewed studies assessed nature-based solutions
(NbS) systems, focusing primarily on sustainable stormwater management and
wastewater treatment. Three of these studies applied a single-objective
approach, including two works that presented multi-objective optimisation
models transformed into a composite single objective. The remaining six studies
adopted a multi-objective approach. Although all three pillars of sustainability
received varying degrees of coverage in the assessed works, the economic and
environmental objectives were assessed more frequently. That said, the
definition of runoff reduction was expressed as risk reduction in some cases or

as ecosystem service in most studies.

In sustainable stormwater management, two studies considered only economic
aspects. A single-objective optimisation model focusing on optimizing urban
land use subject to limited availability was introduced to mitigate flood risk
through NbS and minimize overall expenses including construction and
operational costs [143]. To understand the trade-offs between the benefits of
green-blue-grey urban flood management infrastructure, a bi-objective
optimisation model was developed to minimise total costs and maximise flood

damage reduction [144].

Most studies, however, considered economic and environmental objectives
such as decreased runoff volume, improved water quality, or carbon dioxide
sequestration. For instance, a single-objective model was developed to
maximise the economic and monetised ecological benefits of urban land to
achieve net zero carbon by maximising carbon sequestration through green
spaces and minimising CO2 emissions from energy consumption per land use,
whilst adhering to urban planning institutional constraints [145]. Also, a bi-
objective model was developed to support green infrastructure (Gl) planning for
urban stormwater management by minimising the life cycle costs of Gl and the
weighted environmental impacts (cumulative runoff/pollutant factor) [146].
Furthermore, many-obj ecti ves (O 3 objectives)

economic and environmental objectives at watershed scale such as in rural and
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urban catchment water management to minimise nitrogen, phosphorus, and

suspended solids [147] as well as urban sustainable drainage planning to
minimise capital expenses (CAPEX), total flood volume, flood duration, peak
runoff, and total suspended solids [148]. Another many-objectives optimisation
framework was developed to support Sustainable Drainage System (SuDS)
planning by minimising CAPEX, total flood volume, flood duration, peak runoff,

and total suspended solids [149].

In the reviewed NbS studies, two studies have assessed all three pillars of
sustainability. In the first work, a novel Gini coefficient-based optimisation
framework was developed to optimise NbS stormwater management systems
by incorporating social equity, economic costs, and hydro-environmental
performance [150]. The study utilised spatial allocation to maximise both NbS
performance in reducing runoff volume and pollutant loadings, and minimise
NbS CAPEX, while improving societal well-being, physical and mental health,
and social cohesion [150]. In the second work, a multi-objective optimisation
framework was developed to assess the trade-off benefits of GI by maximising
urban flood reduction and the total benefits of Gl (which includes improved
water quality, biodiversity improvement, urban heat island mitigation, and

increased social cohesion), while minimising the total cost of NbS [151].

Although both studies assessed NbS systems across the triple bottom line of
sustainability, none addressed resource recovery or land remediation. This
oversight is evident in the NbS-based stormwater management systems
investigated, including bioretention [143], [146], [148], [149], [150], [151];
constructed wetlands [147]; floodplain woodlands [147]; green roofs [146],
[148], [149], [151]; infiltration trenches [143], open detention basins [144];
porous pavement [143], [144], [146], [148], [151], rain gardens [149]; rainwater
barrels [144], [148], [149]; regenerative farming [147]; sunken lawns [146];
urban green spaces [145], [147]; and vegetated swales [148].
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2.3.1.3 Resource recovery domain

Twelve out of the thirty-one reviewed studies assessed resource recovery from
organic waste, mineral processing and waste metal, industrial eco-park and
water reclamation systems. Nine of the reviewed resource recovery works were
based on a single objective approach focusing primarily on economic aspects,
including a composite optimisation function transformed from a multi-objective
problem. The remaining works adopted multi-objective optimisation framework

assessed all three pillars of sustainability.

Resource recovery from organic waste was studied in four studies in the
reviewed works assessing biodegradable fraction of municipal solid waste
management [152], national organic waste-to-resource value chain [153], [154],
and bioenergy production from the co-digestion of kitchen and rice straw waste
[155]. Guo proposed a life cycle assessment (LCA)-based single-objective
model to maximize resource recovery from municipal solid waste across seven
schemes with varying government subsidies but did not detail LCIA categories
or constraints, limiting the utility of the results in decision-making contexts [152].
Economic aspects were considered only in [153], [154], while a bi-objective was
used to model to consider economic aspects, social satisfaction and CO2
emissions, highlighting a rebound effect in carbon emissions with increased

social satisfaction [155].

Similarly, resource recovery from metal waste was studied in four works. The
studies examined strategic support planning for waste electrical and electronic
equipment (WEEE) [156], urban mining of urban metals (scrap iron, non-ferrous
waste metals, WEEE, and end-of-life vehicles) [157]; location-routing of end-of-
life solar photovoltaic (PV) panels in the USA [158]; and design optimisation of
heap leaching systems in the mineral processing context [159]. A similar trend
of focusing only on economic aspects was identified in [156], [157], [159],
whereas the LCA-based model introduced by Goe & Gaustad [158] overlooked

social aspects.

Resource recovery in industrial eco-parks was considered from a single-
optimisation perspective in two studies of the reviewed literature. In the first
work, a location-routing-network design optimisation model was proposed to

minimise the total costs of wastewater treatment in eco-industrial parks, subject
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to an environmental impact penalty cost [160]. This study differs from others

reviewed here that it investigates various resources as well as the spatial
configuration of the resource recovery network and facility location-allocation
optimisation approach. In the second case study, resource recovery processes
from wastewater at the district level was investigated through an energy-water-
waste nexus lens to recover biogas, phosphorus, nitrogen, metals, digestate,
solid sludge, and microalgae oil [161]. Although the study's scope was limited to
economic considerations, it stands out from other reviewed works by the

diversity of resources recovered.

In water reclamation system planning, a multi-objective optimisation model to
optimise the design of the wastewater treatment facilitiy (location, technology
implemented, design capacity, average flowrate), the number of treatment
facilities (service areas), spatial configuration of sewer network and reclaimed
water distribution network [162]. Although this study considered all three pillars
of sustainability in a resource recovery context by minimising costs and carbon
emissions while maximising social benefits [162], but it did not incorporate a
NbS system or NbS-related ecosystem services which could offer additional
insights of NbS benefits [163].

Although several waste-to-resource value chains were considered in the
reviewed resource recovery literature, no study has assessed a NbS-based
resource recovery system or presented a coupled resource recovery and soll
remediation assessment. Moreover, the majority of the reviewed works
prioritised economic objectives, sometimes as the sole criterion, limiting their
scope of a comprehensive sustainability assessment. This economic-centric
view often overlooks the critical social and environmental benefits that NbS can
offer, such as community engagement, local biodiversity enhancement, and
long-term climate resilience [22]. While a handful of studies such as [162] and
[155] have incorporated social and environmental metrics, they still lacked an

explicit NbS approach.
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2.3.1.4 Studies assessing more than one domain

This section discusses studies that have evaluated multiple domains. The four
works reviewed all examined aspects of contaminated land remediation. Two of
the studies evaluated NbS in the context of contaminated land remediation,

while the other two considered resource recovery as the secondary domain.

The first reviewed in NbS-based land remediation proposed a bi-objective
spatially-explicit optimisation model to manage total nitrogen load reduction at
the Tippecanoe River watershed by minimising the NbS (wetland restoration
and buffer strips) implementation costs [164]. The second study introduced a
spatial index system using seven weighted site attributes to assess the
conversion of brownfields into green infrastructure for ecosystem services like
stormwater management and heat island mitigation [165]. The attributesd
accessibility, site area, natural vegetation, proximity to green areas,
redevelopment potential, nearby land use mix, and preservation of underground
cultural artifactsd were weighted through the analytical hierarchy process [165].
Using the coupling coordination degree model to analyse interactions, like
between site area and redevelopment potential, the methodology applied to
Xuzhou, China, showed that brownfields closer to urban centres were more
suitable for this conversion [165]. Although the first study assessed only
economic and social factors, the second study considered economic,
environmental, and social factors but did not explicitly specify the types of green

infrastructure addressed

The remaining two studies assessed remediation and resource recovery. The
first study proposed a multi-objective optimisation framework using a novel
memetic algorithm to maximise overall profits from landfill mining while
minimising carbon emissions and time [166]. This study mentioned bio-mining
and bio-capping but primarily concentrated on resource recovery rather than
soil remediation opportunities. The second study assessed brownfield
redevelopment in the oil industry through a robust bi-objective optimisation
framework to maximise cumulative oil production while minimising the rate of
production water (a factor associated with operational expenditures) [167]. The
framework was tested across various geological models to explore scenarios
related to infill well drilling [167]. Although "brownfield redevelopment" in the

study's title refers to ageing oil fields rather than abandoned lands, the study
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was included in this review due to long operational lifespan and the recovery of

previously underutilised secondary resources.

2.3.2 Scale of assessment

The majority of the reviewed studies (N=26) were macro-level assessments
(i.e., regional or national) whereas only 5 studies were process/site level
assessments (i.e., micro or meso) (Figure 16). The remediation works were
assessed at all levels excluding the national level. Noting the regional level
assessment focused on regional planning of brownfield redevelopment [137],
[140], while process and site-level were concerned with the remediation system
design [138], [139], [142] All of the NbS studies were assessed at macro-level,
that is expected since the studies employed spatially-explicit approaches to
support decision-making at regional [143], [144], [146], [149], [150], [151&nd
national levels [145], [147], [148] The resource recovery studies were assessed
mostly at macro-level and two studies were at meso-level [159], [160] Similarly,
the studies that assessed more than more domain were assessed at the macro-
level [164], [165], [166], [167]

Assessment Scale Counts by Application Domains

Application Domain

16 1 M nature-based solution
remediation

EEE remediation, nature-based solution
remediation, resource recovery
resource recovery

14 4

Counts

oo
!

T T
Process Site Regional National
Scale of Assessment

Figure 16 Scale of Assessment in reviewed MOQO literature.
2.3.3 Solution approaches

In optimisation, exact solution approaches provide precise solutions through

comprehensive search techniques, whereas metaheuristics offer flexible,
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heuristic-based strategies for exploring solution spaces in optimisation

problems, effectively balancing between solution quality and computational
effort [168]. Figure 17 shows the solution approaches employed in the reviewed
macro-level sustainability work including 16 studies applied exact solution, 13
studies used heuristics and metaheuristics-based approaches.

In the exact solution approaches, the majority of studies were single-objective
mixed-integer linear programming models which is solved by optimisation
solvers. The optimisation solver use several methods such as the Simplex
method, and branch and bound method to solve linear programming models
[169]. Multi-objective models can be also solved by exact approaches. For
instance, the triangle splitting method, which is a criterion space search
algorithm for multi-objective models, was applied to the tri-objective resource
recovery from wastewater treatment [162]. Another example is the augmented
epsilon constraint method (AUGMECON) [170], which generates Pareto optimal
solutions for multi-objective optimisation by iteratively solving single-objective
problems with adjusted constraints based on epsilon values [171]. Although
AUGMECON was not employed in the reviewed literature, it is widely applied in
optimisation problems across fields such as waste management, sustainable

energy systems, and land-use planning [172].

Metaheuristic approaches are used to solve both single and multi-objective
problems. For example, the Covariance Matrix Adaptation Evolution Strategy
(CMA-ES), an evolutionary algorithm, was applied to a single-objective model to
optimise the well field configuration in an urban mining area in Germany [137].
In the reviewed multi-objective problems, the NSGA-II (Non-dominated Sorting
Genetic Algorithm 1) [173], a popular evolutionary algorithm for multi-objective
optimisation with fast non-dominated sorting, was employed in six works,
primarily in nature-based solutions (NbS) studies. Also, novel hybrid algorithms
(memetic) were proposed for a landfill mining case study [166] and national

urban mining decision-making in China [157].

Other approaches were also employed in the reviewed literature. For instance,
in the green infrastructure and brownfield redevelopment planning the coupling
coordination Degree model to applied to prioritize brownfield integration into

Green Infrastructure in Xuzhou, China. It calculated the synergy between site
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attributes and urban demands, identifying high-priority brownfields for Gl

conversion based on coordination degrees, aiding urban sustainability efforts

[165]. The second example is the D-optimal mix design is a statistical approach

for optimizing experimental designs was applied to investigate the removal
efficiencies of soil washing and the risk of migration of residual metal

simultaneously when soil contaminated with Cd and Pb [139].

Algorithms by Solution Approaches

16 Algorithm
CcCD
14 1 CMA-ES
DoMD
12 1 . GA
ILP
= 10 s P
3 5 e MA
J B MILP
6 B MINLP
mm NGSA-II
4 PSA
SPEA2
2 TSM
0

Exact solution Heuristics & metaheuristics other
Solution approaches

Figure 17 Solution approaches in the reviewed MOO literature

(CCD: Central Composite Design, CMA-ES: Covariance Matrix Adaptation Evolution

Strategy, DoMD: Decomposition-based Multiobjective Design, GA: Genetic Algorithm,

ILP: Integer Linear Programming, LP: Linear Programming, MA: Memetic Algorithm,

MILP: Mixed-Integer Linear Programming, MINLP: Mixed-Integer Nonlinear

Programming, NGSA-II: Non-dominated Sorting Genetic Algorithm Il, PSA: Particle

Swarm Algorithm, SPEA2: Strength Pareto Evolutionary Algorithm 2, TSM: Tabu
Search Method.)

2.3.4 Quality and performance assessment

Performance indicators for Pareto sets are essential in multi-objective
optimisation, as they assess solution quality, diversity, and convergence,
guiding the search for balanced, optimal solutions across multiple objectives
[174]. That said, only three studies in the reviewed macro-level assessments

applied quality of pareto fronts and/or solver performance metrics.
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In a single-objective heap leaching optimisation study [159], the performance of

eight mixed integer non-linear programming solvers was assessed in terms of
execution time and the value of the optimisation function. Other quality of pareto
front metrics which were applied in a multi-objective NbS model [144], are the
number of non-dominated solutions, the spread or extent of the pareto front with

respect to the objectives, and the average space between the solutions.

A novel hybrid metaheuristics algorithm was introduced to solve a multi-
objective optimisation model of landfill mining [166], the performance of the
novel algorithm was assessed relative to popular algorithms by three well-
known performance indicators. The first indicator was the inverted generational
distance in decision space which evaluates the mean difference between the
solutions generated by the algorithm and the reference or actual solutions by
analysing the decision space [175]. The second metric was pareto set proximity
which assesses the similarity between the solutions produced by the algorithm
and reference solutions [175]. The third metric was the hypervolume indicator
which measures the volume covered by a set of solutions in the objective

space, reflecting both the quality and diversity of the pareto front [175].
2.3.5 Summary

This section examined previous studies on macro-level decision-making in NbS-
based resource recovery systems, focusing on contaminated land remediation.
Initially, no studies were found assessing all three domains, leading to revised
search criteria including studies on at least one domain. A total of 31 records
were identified from the Scopus database. These studies were evaluated for
optimisation objectives, assessment scale, approaches, and quality and
performance metrics. The review highlights a lack of comprehensive
assessment across all domains, with studies primarily focusing on economic
objectives, less on environmental or social aspects. Multi-objective optimisation
was common, but no study covered all three domains. Most studies were at a
macro-level (regional or national), using a mix of exact and
heuristic/metaheuristic approaches. Quality and performance assessments
varied; few studies applied Pareto front quality metrics. Overall, the review
underscores the need for integrated approaches that consider economic,

environmental, and social factors in NbS-based resource recovery systems.
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2.4 Uncertainty analysis of multi-level sustainability assessments
This section presents the state of the art in uncertainty analysis of integrated
sustainability assessments. It identifies common sources of uncertainty in
integrated ecosystem services-LCA assessments, followed by a discussion of
the commonly employed uncertainty analysis methods in ecosystem services
(ES)-based assessments and LCAs. This is concluded with an argument for the
necessity of an uncertainty analysis protocol in ES-LCA assessments. The
following section briefly discusses uncertainty analysis approaches in macro-
level sustainability assessments, including input parameter subject to sensitivity

analysis and robust optimisation approaches.

2.4.1 ES-LCA: Uncertainty analysis of integrated ES-LCA assessments

The integration of ES-LCA is a developing research focus aimed at broadening

LCA frameworks to include ES accounting [51]. Yet, the exploration of

uncertainty and sensitivity in ES-LCA remains an emerging field, with limited

studies to date [48], [176]. The terms uncertainty and sensitivity analysis are

frequently used interchangeably [177]. ThisthesisusesSal t el | i 6s def i n
s ensi t iTheistudy of Acsv uritertainty in the output of a model (numerical

or otherwise) can be apportioned to different sources of uncertainty in the model
inputo[65]. The uncertainty treatment the following steps [178]:

1 Uncertainty identification (determining sources of uncertainty).

Uncertainty characterisation (defining the range of variability in uncertainty
sources).

1 Uncertainty analysis (i.e. simulation of possible representative scenarios
using sampling methods for instance).

1 Sensitivity analysis (understanding the magnitude of contribution of the
sources of uncertainty to the output uncertainty using either local sensitivity
analysis or global sensitivity analysis approaches).

1 uncertainty communication (i.e., transparent dissemination of uncertainty

assessment results).

Sensitivity methods can be classified as either local or global. Global sensitivity
methods generally fall into distinct categories: derivative-based, distribution-
based (also known as variance-based), variogram-based, and regression and
correlation-based methods [179].
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While uncertainty assessment protocols have been proposed in individual

domains, whether in ES accounting [180], [181], [182]or LCA modelling [183],
[184], [185] to date no uncertainty assessment protocol yet exists for integrated
ES-LCA assessment (refer to 2.4.1.3).

2.4.1.1 ES-based assessment

ES modelling is essentially a spatial modelling exercise [186], the quality of

spatial data is a major source of uncertainty in ES modelling [72]. Additionally,

the structural uncertainties arising from simplified ES models are yet another

significant source of uncertainty in ES modelling [187]. The application of GSA

to ES accounting is still a relatively unexplored topic demonstrated by the

number of studies. Noting that there are several ES accounting models, a

Scopus search with the terms AES account |

returned a few results, some examples of which are presented in Table 1.

Table 1 Brief literature review of global sensitivity analysis (GSA) approaches
applied to ES accounting model(s)

Reference Modelled ES Sampling ES LCA ES-
ES(s) model(s) methods LCA

[188] SR INVEST MS MM n.a. no

[189] FP, WPp, INVEST MS MM n.a. no
WPnN

[181] FP INVEST LH MM n.a. no

[190] SR RUSLE RS SRC n.a. no

[182] CSS, FP, InVEST MC MM n.a. no
WPp

[191] WPp, WPNn  INVEST eFAST eFAS n.a. no

T

* CSS: carbon sequestration and storage, eFAST: extended Fourier Amplitude
Sensitivity Test, FP: freshwater provisioning, LH: Latin hypercube sampling, MC:
MonteCarlo sampling, MM: Method of Morris, MS: Morris sampling, RS: random
sampling, SRC: Standardised regression coefficient, SR: sediment retention, WPN:

retention of Nitrogen, WPP: retention of phosphorus.
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The method of Morris (MM) was employed to investigate sediment retention

ecosystem services in the Iberian Peninsula [188]. The following input

parameters were analysed rainfall erosivity, soil erodibility, and land use/land

change (LULC) related factors. The study focused on three model outputs: total

exported sediments, improved water quality from retained sediment fraction,

and reduced reservoir sedimentation due to retention [188]. Another study

employed MM to study the impact of land conservation on climate change-

induced degradation of ES in a semi-arid catchment in Idaho, USA, using

I nVESTO6s water yield andl83]&ldoMivevasused et ent i
to assess the precision of I nVESTO6s wat el
provisioning in South China [151], employing a Latin hypercube sampling (LHS)

approach distinct from the Monte Carlo simulations used in the studies [188],

[189]. In another context, the MM was applied to gauge the responsiveness of

ES payments to both biophysical and economic factors, grounded in an urban

forest regeneration initiative [182]. This analysis encompassed carbon storage,
sequestration, and freshwater provisioning as key ES benefits [182]. Aside from

MM, the extended Fourier Amplitude Sensitivity Test (eFAST) was carried out

on an INVEST model (nutrient delivery retention), to pinpoint the significant

environmental management factor affecting the economic gains of excess

nitrogen and phosphorus retention as an ecosystem service [191].

Beyond INVEST models, Monte Carlo simulations and random forest techniques
were applied to reduce the model uncertainty of the Revised Universal Soil Loss
Equation (RUSLE) model [190]. Eighteen input parameters were examined,
utilizing random forest on six spatial datasets representing varying climatic and

geographical conditions that affect sediment retention ES delivery [190].
2.4.1.2 LCA-based assessment

In the LCA domain, the common sources of uncertainty are due to data
variability and availability (e.g., foreground life cycle inventory (LCI), LCI;
background LCI), methodological choices (e.g., definition of system boundary;
functional unit; impact assessment method including relevant characterisation
factors (CFs)), choice of normalisation and weighting, lack of knowledge of
biogeochemical processes (epistemic uncertainty; e.g., land use change,
ecosystem functions), and assumptions of linearity and fixed relationships [192].
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While GSA is relatively more common in LCA than in ES accounting,

widespread application remains limited [193]. Table 2 presents key examples of
GSA applied to LCA studies. The first GSA application to an LCA [183], the first-
orderandtotallor der Sobol 6s sensitivi-Calo(MB)di ces
simulation were applied to a wind power electricity case study to determine
uncertainty arising from foreground system parameters and global warming
potential characterization factors. In another notable work [194], six GSA
methods were utilized, encompassing key issue analysis (KEI), SSls (15t and
total-order), random balanced design (RBD), and sampling-based techniques
including standardized regression coefficient (SRC) and Spearman correlation
coefficient (SCC). Two case studies were conducted: one involving a simple
LCA of electricity production and another with a more sophisticated LCA model

of fishery activities [194].
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Table 2 Brief literature review of global sensitivity analysis (GSA) applications in the life cycle assessment (LCA) domain

Reference ES modelling ES model(s) /Sectors of LCA Sampling method ES LCA ES-LCA
[183] n.a. Wind power electricity MC n.a. SSI no
[194] n.a. Electricity & Fishery production MC, RBD n.a. KEIl, SCC, SRC, SSI, RF no
[195] n.a. Geothermal energy MC n.a. SSI no
[196] n.a. Bioethanol production MS n.a. MM, SSI no
[197] n.a. Geothermal energy LH, SS n.a. SSI, DM, PAWN no
[198] n.a. Geothermal energy SS n.a. SSi no
[199] n.a. Geothermal energy LH, SS n.a. SSI, RF, PAWN no
[200] n.a. Photovoltaic system MC n.a. DM no
[201] n.a. bio-based PET production MC n.a. SCC no
[202] n.a. Geothermal energy MC n.a. SSi no
[203] n.a. Microalgal production MC, SS n.a. SSI no
[204] n.a. Food consumption MC n.a. MM, SSI, DM no
[205] n.a. Food consumption MC n.a. SSI, DM no
[206] n.a. Delivery package recycling MC n.a. SSi no
[207] n.a. Geothermal energy MC n.a. SSI no
[185] n.a. struvite & wastewater sludge recovery MC n.a. SSI, DM no
[208] n.a. Rice farming MS n.a. MM, SSI no
[209] n.a. Secondary aluminium recycling MC n.a. SRC no
[210] n.a. Early-stage chemical production MS n.a. SSi no

This study CSS, GR, WPy, WPp, AF Brownfield remediation LH, SS MM SSI, RF, PAWN SSI, RF, PAWN

*AF: air filtration, CSS: carbon sequestration and storage ,GR: groundwater recharge, WPP: retention of phosphorus, WPN: retention of Nitrogen,

MC: MonteCarlo sampling, LH: Latin hypercube sampling, RS: random sampling, MS: Morris sampling, eFAST: extended Fourier Amplitude

Sensitivity Test, SCC: Spearman correlation coefficient ,SRC: Standardised regression coefficient, PAWN: the PAWN method, DM: Delta moment-

i ndependent
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SSI emerged as the most frequently employed GSA method, as illustrated in

the context of geothermal energy production [195], [198], [202] and in the
recycling of delivery packages [206]. SSI has also been used to assess the
uncertainty of emerging technologies. For instance SSIs with MC and SS
sampling strategies were applied to a consequential ex-ante LCA of European
production of emerging microalgal compounds [203]. Additionally, SSI was used

to assist in early-stage chemical production [210].

The method of Morris (MM), also known as the elementary effects test, stands
as another commonly used, cost-effective variance-based GSA approach. It
frequently serves as a screening step to identify non-influential parameters, thus
reducing the computational expenses linked with resource-intensive methods
like SSI. This utility is showcased in various instances, the application to
bioethanol production [196], the examination of Swiss food consumption [204],

and the study of rice farming [208].

Regression and correlation-based GSA methods have also been utilized in
LCAs, albeit to a lesser extent. the spearman correlation coefficient (SCC) and
standardised regression coefficient (SRC) were implemented using a random
sampling strategy for the electricity production and fishery industry case studies
[194]. It was observed that SRC exhibited superior performance when dealing
with small variances (5%) in both simple and complex LCA models. Conversely,
SCC demonstrated greater robustness when confronted with larger variances
(30%) in the complex LCA model [194]. Additionally in another work [209], SRC
was used to assess the impact of parameter uncertainty in a case study
involving the recycling of secondary aluminium, encompassing variances

ranging from 10% to 50% of the base values of input parameters [209].

Moment-independent GSA methods distinguish themselves from variance-
based methods by encompassing the entire distribution of the model output,
rather than focusing solely on its variance [211]. This characteristic makes them
more suitable for models featuring non-normal output distributions [212]. The
delta moment-independent (DM) and PAWN methods exemplify moment-
independent GSA approaches [213], [214] Within the LCA domain, both the DM
and the PAWN method in a geothermal energy case study [197], whereas DM
was exclusively employed in the context of Swiss food consumption[215] and

wastewater sludge recovery [185]. While prior investigations primarily centred
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around foreground LCI, the application of DM to assess the uncertainty of

background LCI using the ecoinvent database as an illustrative example [200].

2.4.1.3 Integrated ES-LCA assessments

The integration of various assessment approaches, each carrying its own set of
uncertainties, leads to compounded uncertainty [72]. The sources of uncertainty
in integrated modelling could arise from the context and framing of the system
under study (i.e., the scope of the assessment), input uncertainty driven by
external parameters (e.g., natural variability of climatic parameters), parameter
uncertainty (i.e., pertaining the parameter value potentially arising from
measurement errors), structural model uncertainty (simplified or incomplete
description of the modelled system relative to reality), model technical
uncertainty which are implementation related uncertainties (e.g., coding and
software technical bugs) [216], [217] The total uncertainty of the model
output(s) is attributed to various sources of uncertainties [218]. These
uncertainties could undermine the credibility of integrated assessments if not

treated properly [71].

While global sensitivity analysis (GSA) methods are increasingly applied in life
cycle assessment (LCA), their adoption in the ecosystem services (ES) domain
remains notably limited. To date, the literature does not present an established
uncertainty assessment framework specifically designed for integrated ES-LCA.
This gap highlights a significant opportunity to enhance sustainability
assessments and informed decision-making in Nature-based Solutions (NbS).
The integration of GSA within ES-LCA could serve as a crucial step towards
reducing the uncertainties inherent in NbS modelling, which is of paramount
importance for public and private stakeholders involved in the design and
implementation of such interventions. The potential benefits of a robust
uncertainty assessment protocol in this context are manifold. Primarily, it could
facilitate more accurate and reliable quantification of ES benefits in human-
altered landscapes, thereby informing more effective NbS-based resource
recovery strategies from waste repositories. Moreover, by identifying and
addressing the key sources of uncertainty in ES-LCA assessments, such a
framework could contribute to the reduction of design and implementation costs
associated with NbS. This, in turn, could enhance the economic viability and
attractiveness of NbS projects, encouraging broader adoption and investment.
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Furthermore, by improving the precision and reliability of ES valuations and

Impact assessments, an uncertainty assessment protocol could significantly
contribute to the sustainability goals, promoting more resilient and ecologically
harmonious landscape management practices. Ultimately, the development and
implementation of a dedicated uncertainty assessment protocol for ES-LCA
could not only fill a critical research gap but also pave the way for more
sustainable, efficient, and effective nature-based secondary resource recovery

implementations across varied landscapes.

2.4.2 Multi-objective optimisation under uncertainty

This section presents approaches to uncertainty treatment in the macro-level
sustainability assessments reviewed (refer to 2.3). It is noted that only four
studies explicitly examined the impacts of uncertain parameters using a
stochastic or robust optimisation approach. Conversely, twenty studies
implemented either a local sensitivity analysis (one at a time) or scenario
analysis (combination of input parameters) to investigate the impacts on the
value of the optimal solution. Therefore, this section surveys the input
parameters subject to sensitivity analysis (SA), reflecting economic parameters,
operational parameters, climatic factors, spatial configuration of infrastructure,
and social satisfaction. The subsequent discussion will address the optimisation
under uncertainty approaches applied in the reviewed macro-level sustainability
assessments. The final section presents a concise summary of the findings
related to optimisation under uncertainty and the input parameters subject to
SA.

2.4.2.1 Parameters of sensitivity analysis

This section presents an overview of the input parameters subject to sensitivity
Analysis (SA). These parameters encompass economic factors, operational
factors, climatic factors, spatial configuration, social satisfaction, and fine-tuning

of optimisation algorithm factors.

The economic factors include waste management costs [166], [219] waste
transportation costs [157], [155], [166] and government subsidies for waste
management [152]. Industrial processing costs covered include those
associated with mineral processing [157], as well as processing of ferrous and

non-ferrous metals and plastics [156], in addition to wastewater treatment costs
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[161]. Land reclamation costs were also assessed in the context of brownfield

redevelopment [140].

Operational factors assessed include those related to resource recovery: future
waste generation scenarios [153], vehicle capacity and waste collection
schemes [158], recycling capacity rates [156], biogas yield [161], energy
demand for water transfer [162], water storage capacity [161], and wastewater
removal efficiency [137]. Additionally, factors pertaining to nature-based
solutions (NbS) were examined, including the sizes of NbS implementation
[147], NbS implementation strategies [151], and slopes of NbS runoff
management systems [149].

Climatic factors considered include peak runoff volume [143] and weather
changes [166]. The spatial configuration assessed focuses on waste recycling
plants [156] and wastewater treatment plants [166]. Social satisfaction levels
were also evaluated [155]. Moreover, fine-tuning of genetic algorithms was
examined, considering aspects such as population size [144], [148], [164]
number of generations [144], [164] crossover rate [144], [164], [220], [221], and
mutation rate [144], [164]

2.4.2.2 Optimisation under uncertainty

Four of the reviewed macro-level sustainability assessments focused on the
uncertainty of input parameters by adopting an optimisation under uncertainty
framework. In a multi-objective landfill mining optimisation model, fuzzy
numbers were employed to account for uncertainties in waste composition,
management costs, and transportation due to weather variability, as well as

market factors such as demand and supply of recovered materials [166].

In the context of the organic waste-to-resource value chain, a stochastic
optimisation approach was employed to manage uncertainties in estimates of
regional future waste generation [153]. This approach was further developed in
subsequent research to address uncertainties in region-wide waste generation
and composition, technological operational costs, revenues from recovered

resources, waste transportation costs, and landfilling costs [154].

Additionally, another study utilised a robust optimisation approach, which relies

on a discrete set of model realisations (i.e., the distribution of uncertain
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parameters is unknown), with a focus on measures such as the objective

function. This robust optimisation model was applied to accommodate the
diverse geological characteristics encountered in a case study on oil brownfield

redevelopment [167].

2.4.3 Summary

This section examines methodologies for managing uncertainties in macro-level
sustainability assessments, observing that only four studies utilized stochastic
or robust optimisation approaches, while twenty others preferred sensitivity or
scenario analyses. It elaborates on input parameters analysed, encompassing
economic, operational, and climatic factors, alongside spatial configurations and
social satisfaction. The narrative emphasizes how selected studies integrated
uncertainties in NbS-based resource recovery through optimisation models,
focusing on waste composition, operational costs, and market dynamics. In
essence, the section highlights the significance of incorporating uncertainties
via sensitivity and optimisation techniques, enhancing the robustness and
comprehensiveness of macro-level sustainability assessments in NbS-based

resource recovery.
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2.5 Gap identification

The literature review in this chapter highlighted that the current decision-making
frameworks are not well-suited to assess the sustainability of nature-based
secondary recovery systems at multiple levels under uncertainty, as will be
elaborated in the following subsection.

2.5.1 The lack of an integrated ES-LCA framework for NbS remediation

The literature review in section 2.2 identifies a significant gap in the current
methodologies for assessing the sustainability of nature-based solutions (NbS)
for contaminated land remediation. Despite the recognized importance of NbS
in environmental remediation efforts, existing frameworks such as life cycle
assessment (LCA) and cost-benefit analysis (CBA) fail to comprehensively
account for the ecosystem services provided by these solutions. This oversight
IS critical because ecosystem services, including provisioning, regulating,
supporting, and cultural services, play a pivotal role in the sustainability and
effectiveness of remediation projects. This gap manifests in the limited
capability of current methodologies to holistically quantify both the ecosystem
services provided by NbS and the life cycle impacts associated with these
remediation efforts. While LCA has been widely applied to evaluate
environmental impacts across a system's lifecycle, it predominantly focuses on
guantifying energy and material usage, neglecting the valuation and
assessment of ecosystem services. Similarly, CBA has been employed to
monetize the ecosystem services of NbS remediation, but this approach does
not capture the full spectrum of ecological and societal benefits, nor does it

account for the life cycle environmental impacts of NbS interventions.

This review indicates that most studies have either implicitly assessed
ecosystem services in economic terms or not considered them at all, with only a
small fraction explicitly evaluating the impact of NbS on local ecosystem
services. Furthermore, existing frameworks lack the integration of ecosystem
services as a critical component of the sustainability assessment, resulting in a
fragmented understanding of NbS's benefits and impacts. The development of
an integrated ES-LCA framework would enable a more comprehensive and
nuanced assessment of NbS, capturing both the quantifiable ecosystem
services and the environmental impacts throughout the life cycle of the
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remediation process. Such a framework would significantly support meso-level

(site/project level) sustainability assessments, ensuring that decision-making
processes for NbS-based secondary resource recovery are informed by a

balanced consideration of ecological benefits and environmental impacts.

2.5.2 The lack of a spatially explicit decision-making framework for
regional NbS resource recovery planning

The synthesis of previous studies in section 2.3 on macro-level sustainability
assessment methods within the scope of nature-based solutions (NbS) for
resource recovery highlights a pivotal gap in current research. Specifically,
there is a noticeable absence of a framework that is both spatially explicit and
operates on a macro-level, designed to address the multi-objective
sustainability encompassing the three domains: NbS systems, contaminated
land remediation, and resource recovery. Despite rigorous analysis of 31
studies, it emerges that none have holistically tackled the optimisation
objectives spanning these domains, particularly with a balanced focus on
economic, environmental, and social pillars. This observation underscores an
urgent call for an integrated approach that synergizes these areas to foster

sustainable decision-making on a wider, more impactful scale.

Further exploration into the methodologies applied within these studies reveals
a tendency to focus predominantly on economic metrics or to pursue objectives
within constrained scopes, frequently overlooking the broader, equally critical
environmental and social impacts. The diversity of solution approaches
employedd ranging from exact solutions to heuristic and metaheuristic
strategiesd illustrates the complexity and nuanced nature of sustainability
assessment challenges. Yet, the field significantly lacks a unified,
comprehensive framework that could adeptly navigate the complex interplay of
challenges presented by NbS-based resource recovery systems at a macro
level. Addressing this gap by developing a spatially explicit, multi-objective
macro-level framework that seamlessly integrates economic, environmental,
and social dimensions represents a crucial next step in advancing towards more

sustainable, holistic resource recovery strategies.
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2.5.3 The lack of uncertainty analysis in multi-level sustainability

assessment

The literature review in section 2.4 and subsequent identification of research
gaps highlight a significant shortfall in the domain of multi-level sustainability
assessment for nature-based secondary resource recovery: the lack of robust
uncertainty analysis at both the meso and macro levels. This gap is critical
given the inherent uncertainties in long-term environmental planning and the
complex interplay of economic, environmental, and social factors that

characterise nature-based solutions (NbS) for secondary resource recovery.

At the meso level, which focuses on site- or project-specific decisions, existing
frameworks fail to adequately address the uncertainties related to ecosystem
service valuation, the environmental impacts of NbS, and the long-term
sustainability of resource recovery projects. This lack of uncertainty analysis
undermines the reliability of sustainability assessments, potentially leading to
decisions that do not fully account for the range of possible outcomes or the

risks associated with different secondary resource management strategies.

At the macro level, which encompasses regional or national planning, the
review identifies a similar shortfall. Despite the recognition of uncertainties in
parameters such as waste generation rates, operational costs, and market
dynamics, only a few studies have employed methods such as stochastic or
robust optimisation to explicitly manage these uncertainties. Specifically, this
management often covers at most two of the three intersecting domains: land
remediation, resource recovery, and nature-based solution. This gap is
particularly problematic in the context of developing new circular value chains
and optimising infrastructure for NbS-based resource recovery, which stem from
all three domains simultaneously, where uncertainties can significantly impact

the feasibility and sustainability of proposed solutions.

In summary, the lack of comprehensive uncertainty analysis in multi-level
sustainability assessments for NbS-based secondary resource recovery
represents a critical research gap. Addressing this gap through the
development of framewaorks that incorporate robust uncertainty analysis

techniqgues is essential for enhancing the reliability and effectiveness of
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decision-making processes, ultimately supporting the sustainable management

of secondary resources.

2.6 Summary

The literature review chapter explores multi-level sustainability assessments of
NbS for resource recovery, focusing on meso (site/project) and macro
(regional/national) levels under uncertainty. Initially, it examines current
sustainability assessment methods for NbS in brownfield redevelopment,
revealing a gap in comprehensive ecosystem service accounting. It highlights
the use of LCA and CBA but points out their limitations in fully capturing the
benefits of NbS, especially regarding ecosystem services. The review
transitions to advanced methodologies integrating ecosystem services into
sustainability assessments, indicating progress towards more sophisticated

frameworks but also underlining existing challenges.

At the macro level, the review identifies a lack of comprehensive studies
addressing NbS resource recovery across all three domains: soil remediation,
resource recovery, and NbS. It notes the predominance of studies with
economic focus, underscoring a need for integrated approaches considering

economic, environmental, and social factors.

The chapter also addresses the critical issue of uncertainty analysis in
sustainability assessments, revealing a significant gap in both meso and macro
levels. It argues for the necessity of robust uncertainty analysis protocols to
improve decision-making in NbS-based resource recovery.

Gap identification points out the absence of an integrated ES-LCA framework
for NbS remediation, highlighting a critical need for holistic assessment
methods that encompass both ecosystem services and environmental impacts.
Furthermore, it identifies the lack of a spatially explicit, macro-level decision-
making framework for NbS resource recovery planning as a significant research
gap. Lastly, the review calls for enhanced uncertainty analysis in multi-level
sustainability assessments to address inherent uncertainties in long-term

environmental planning and decision-making processes.
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Chapter 3: Integration of Ecosystem Services and Life
Cycle Assessment in the Appraisal of Sustainability
Benefits of Nature-based Solutions

This chapter address RQ.1 by exploring the meso-level sustainability
assessment of nature-based solutions (NbS) using brownfield redevelopment
as an illustrative case study due to its analogy to circular waste repositories in
terms of the presence of land contaminants and the employment of similar
natural processes. The chapter addresses the research gap regarding the
absence of an integrated ecosystem services-life cycle assessment (ES-LCA)
framework for evaluating the meso-level sustainability of NbS brownfield
redevelopment. The first section presents a succinct overview of brownfields
and the impacts of land contamination on soil functions and associated
ecosystem services, concluding with the benefits of NbS remediation on soll
functions. Thereatfter, the chapter discusses the proposed framework developed
to bridge the identified research gap by integrating ecosystem services into the
life cycle assessment methodology. Following this, the chapter presents an
illustrative case study, modelled scenarios, and setups for LCA and ES
modelling. The standard life cycle impacts of the modelled scenarios are
reviewed together with the results of the ES accounting and outcomes of the
ES-LCA integration. The standard LCA results are compared with those of the
ES-LCA through truncation error estimates, while the robustness of the ES-LCA
framework is assessed via sensitivity and qualitative uncertainty analyses. The
final section presents an overall discussion of the findings and identified

challenges, and provides concluding remarks.
This chapter is based on:

(1)  Alshehri, K.; Harbottle, M.; Sapsford, D.; Beames, A.; Cleall, P.
Integration of ecosystem services and life cycle assessment allows improved
accounting of sustainability benefits of nature-based solutions for brownfield
redevelopment. J. Cleaner Prod. [Online] 2023, 413, 137352.
https://doi.org/10.1016/j.jclepro.2023.137352
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3.1 Background

A brownfield site is any previously developed land or premises which is not
currently fully utilised because of its vacant, derelict, or contaminated condition
[222], [223]. Soil contamination adversely impacts the soil quality and
biodiversity and, therefore, requires an intervention to decrease the associated
health risks and restore the economic value of the brownfield site [224].
Brownfield sites are often located in urban areas with high-density populations
[225], resulting in a reduced real estate value of the adjacent properties [226].
Therefore, brownfield redevelopment is appealing as it restores land to a state-
of-use. For example, in 2018, there were approximately 18,000 registered
brownfield sites in England, representing a total area of 26 thousand hectares. If
remediated and redeveloped [227], these sites could provide space for roughly
1 million houses. Although conventional brownfield remediation technologies
can typically be implemented faster, they are costly and energy-intensive
compared to nature-based solutions (NbS) [228]. The International Union for
Conservation of Nature (1l UCN) define
manage and restore natural or modified ecosystems that address societal
challenges effectively and adaptively, simultaneously providing human well-

bei ng and biodi Hrsity benefitso

Solil functions can provide ecosystem services (ES) such as carbon
sequestration, nutrient recycling, and food provisioning [229], [230] In addition,
urban soils can deliver important ES, such as flood mitigation, urban heat island
reduction, air quality regulations [231], and passive CO2 sequestration [232].
Hence, there is an increasing drive to consider soil-related ES for responsible
soil stewardship [233], with various decision framework proposals [234]. As soil
contamination harms the delivery of ES in urban soils [235], it is crucial to
consider ES when comparing the sustainability of brownfield remediation

scenarios [105].

Brownfield remediation by NbS is increasingly popular as it mitigates the risks of
soil contamination while providing additional benefits [236] such as bio-energy
crop production [237], edible crop production on slightly-contaminated soil [110],
and recreational activities in redeveloped public parks [238]. Although
sustainability assessment frameworks for remediation activities exist, such as

the UK SURF [239], ES are not always explicitly accounted for in the
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assessment of conventional remediation alternatives and NbS [22], [240]. There

Is a poor understanding of the life cycle impacts of NbS remediation systems
[241]; including ES in an NbS appraisal can provide a holistic and objective
assessment o f-valdeob8ngfis [242).d e d

Rugani et al. proposed a framework to integrate ES as endpoint indicators in life
cycle impact assessment (LCIA) (discussed in Chapter 2) [49]. This framework
can be modified for application in the soil remediation and brownfield
redevelopment context by defining an additional goal and scope steps to
capture the tertiary impacts of conventional and NbS remediation and post-
remediation development. This novel modification provides an improved
accounting of NbS remediation benefits by integrating ES accounting into a life
cycle-based sustainability framework, developing detailed representative urban
land use life cycle inventory (LCI) flow utilising high-resolution spatial data, and
assessing the sensitivity and qualitative uncertainty of ES-LCA integration. To
demonstrate the modified framework, the London Olympic Park (LOP) is used
as a proof-of-concept case study analysing four ES: carbon storage and
sequestration (CSS), water purification (WP), groundwater recharge (GR), and
air filtration (AF). Current obstacles and recommendations for the
implementation of this ES-LCA framework are discussed to advance the

integration of ES-LCA in the remediation decision-making process.

3.2 Refined ES-LCA

The objective of the refined framework is to integrate ES and LCA to provide a
holistic sustainability assessment approach to brownfield redevelopment. The
refined framework expands on the preliminary conceptual work of Rugani et al.
[49] by introducing an initial goal and scope definition step (Step I) to the four

existing steps of Rugani et al.& framework.

The refined framework presents a practical workflow to assess the sustainability
of remedial alternatives against a set of metrics. Figure 18 illustrates the
structure of the refined framework and the required procedures for each step;
these steps are described in more detail in the following sections. The goal and
scope, inventory, and valuation steps (Steps |, II, and V) consider both LCA and
ES, whereas the impact evaluation steps (Steps Il and IV) accommodate the

inherent structures of LCA and ES separately and account for potential
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feedback loops.

The enhancements in thisthesisma de t o Ruganindusle (dlso a me wo r Kk

outlined in dashed purple lines in Figure 19):

I.  The introduction of goal and scope definition step to explicit state the
objective of ES-LCA assessment in addition to the geographical,
temporal, and technological scope of ES-LCA modelling.

ii.  The development of a practical step-wise approach to the inventory
analyses of the LCA modelling and ES accounting in Step Il of the

framework.

iii.  The expansion of the impact assessment steps (Step Il & IV) by the
implementation of additional assessment metrics tailored to nature-

based brownfield redevelopment.

iv.  The monetisation and aggregation of several ES-LCA outcomes into a
single value to facilitate and support decision-making.

v.  The operationalisation of a conceptual ES-LCA framework to an

illustrative and well-documented nature-based brownfield mega project.

vi.  The application of sensitivity and qualitative uncertainty analyses to
ensure the robustness of ES-LCA outcomes.
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3.2.1 Goal and scope (Step 1)

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

and ES.

3.21.1 LCA

a. Goal: The goal of the study is identified, which would typically be to
remediate and recover the functionality of a parcel of land in the soil
remediation or brownfield redevelopment context. The choice of an
appropriate functional unit (FU) would depend on the study goal [244]; for
remediation activities, the FU would typically involve the remediation of 1 m3
of soil to the required standards [245]. If the scope of the study extended
beyond the remediation activity to include site redevelopment (i.e. tertiary
impacts), then an appropriate FU would be surface area-based [246], i.e. the
FU would be the redevelopment of 1 m? of contaminated land. Remediation
alternatives (e.g. soil washing) and redevelopment scenarios (i.e. planned

future land uses) would both require definition in this step.

b. Scope: The scope of the analysis is governed by the study goal, with
specific focus on the remediation impacts to be evaluated (primary,
secondary, and/or tertiary impacts) [247]. When a remediation system is
studied, the system boundary components should be clearly defined to
ensure the consistency of the analysis. These system boundaries can be

defined as follows (adapted from Favara et al. [248]):

i. The Geographical boundary defines the spatial scale of the impacts to
be assessed. Geographical boundary categories can include on-site
activities (e.g. energy use due to earthworks), local activities (e.g.
health impacts from particulate matter formation), regional activities
(e.g., regional water scarcity), and global activities (e.g. greenhouse gas

emissions).

ii. The Temporal boundary denotes the time frame of the analysis. This
could be the time period in which the site redevelopment takes place or
the time horizon for the assessment of the impacts encountered during

and after remediation.
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iii. The Technological boundary defines the remediation system used

and its technological maturity (i.e. range/average of technology, best

available technology, and/or emerging technology).

3.21.2 ES

The geographical and temporal boundaries identified in the LCA scope describe
the ecosystem serviceshed for each remediation scenario.

a. The Ecosystem serviceshed can be defined as the net land area that
delivers a service that is consumed or enjoyed by a particular end user, and
can range from as large as a town or as small as a tree [249]. Selecting the
appropriate serviceshed scale is crucial in identifying the spatial scale for
modelling the selected ES [250].

b. In the remediation planning phase, the ecosystem services relevant to the

stakeholders are identified and defined in line with the LCA goal and scope.

c. Based on the goal and scope definition, the current and future land use of

the serviceshed are identified to refine the ES modelling.

d. The choice of a suitable reference state is critical as this significantly
influences the characterisation factors of the assessment [251], [252].
Reference states can be historical or speculative, and can be categorised as

follows:
a. Historical reference state:

I.  Current land use mix
ii. Potential Natural Vegetation (PNV)
iii.  Mix of Regional Biome (MRB) (i.e. a mix of vegetated land cover)

b. Speculative (future) reference state (desired state)

Potential Natural Vegetation (PNV) is the vegetation cover in equilibrium
with the climate, unconstrained by anthropogenic activities [253]; the choice
of such for the reference state would be appropriate for a biodiversity
assessment, while a current land use mix would be more appropriate for
assessing alternative remediation scenarios to the status quo [252] or to
compare remediation alternatives within one site [100], [254]. However,

when comparing different locations (e.g. screening a list of contaminated
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sites to determine the remediation priority), a common reference state such

as PNV or MRB would be necessary.
3.2.2 Inventory (Step Il)

Data must be collected for the assessment and modelling of the impacts in
Steps Il and IV, with specific emphasis on the relevant land use data for each

remediation scenario.
3.2.2.1 LCA

a. The LCI data of the remediation alternatives can be collected from
primary (e.g. project documents) or secondary sources (e.g. the literature).
LCA terminology distinguishes between foreground and background
systems. Foreground systems include processes under the control of the
system designer/decision-maker, whereas background systems consist of
processes not directly influenced or under the control of the decision-maker
[255]. In the remediation context, the foreground systems are the
remediation technologies and supporting enabling activities, such as
earthworks and on-site material transportation, and the background systems
refer to off-site systems, such as off-site transportation, energy generation,
and transportation systems.

b. The current and alternative (future) land uses identified in Step | are
modelled as elementary land resource flows based on the consensus-led
UNEP-SETAC land inventory principles [256]. If required by the LCA spatial
scope, an inventory of land occupation and transformation flows might also
be necessary. The regionalised land use flows are numbered based on the
level of detail available, as recommended by the UNEP-SETAC guidance
[257] (refer to Table 3). If a remediation alternative is area and time-
intensive (e.g. phytoremediation), then a level-3 or level-4 land occupation
flow and its associated ES should be modelled.
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Table 3 Land use regionalisation levels based on the UNEP-SETAC guidance

Level Regional differentiation basis

Biome differentiation: Terrestrial, freshwater, coastal water, shelf, deep sea

Climatic region of study

Biome classification: Terrestrial, freshwater

Ecoregion differentiation: Terrestrial, freshwater

a| b W NP

Exact geo-referenced information of land use in grid cells of 1.23 km? or less

3.22.2 ES

i. Spatially explicit accounting of ES

Current and alternative land cover maps that reflect the reference and
alternative remediation scenarios should be obtained; the map scales must be
adjusted to the spatial resolution of the finest available spatial input to avoid the
loss of any information. For example, if a land cover and a soil group map have
grid sizes of 25 m and 100 m, respectively,t he soi |l group mapods
transformed to correspond to a 25 m grid size using a GIS platform [258].
Generally, a spatial grid resolution of less than 200 m is recommended; coarse
resolutions could negatively affect the accuracy of ES modelling [259] while fine
resolutions enable ES accounting for smaller areas [260]. The spatial map data
of the reference and alternative scenarios are used as inputs for the spatially
explicit model for the ES accounting process (model details are discussed in
Section 3.3.4). This enables the spatial quantification of the ES at the chosen
spatial scale (e.g. site, city, regional, or national level). If on-site data is
available, the results should be validated with such data. The ES accounting
results are normalised and attributed to the LCI land flows. The choice of
normalisation approach (mean vs median) is dependent on the spatial

distribution of the ES and their relative distance to the project boundary.
ii. Statistical/survey-based accounting of ES

The use of spatially explicit ES accounting methods is recommended where
possible to ensure that all selected ES are accounted for at the same spatial
scale. Where spatially explicit ES accounting models for a particular ecosystem

service are absent or relevant spatial data is lacking, alternative ES accounting
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methods such as TESSA [261] or similar survey-based approaches can be

used. It is critical to ensure that the survey-based accounting results represent
the chosen spatial scale. Where cultural ES are considered, it should be noted
that although these are mostly generated onsite [262], certain cultural ES could
be transboundary, such as educational opportunities [263]. As it can be
challenging to model cultural ES at larger scales, it is recommended to limit the
accounting of cultural ES to within the project boundary [264]. Survey-based
accounting is particularly useful for provisioning and cultural ES but is
impractical for measuring ES at the serviceshed level due to the time and effort
required [265].

3.2.3 Impact on ecological processes (Step Ill)

An amended life cycle impact assessment of the remediation alternatives is
adopted to characterise the potential life cycle impacts of foreground and
background activity processes (i.e. associated elementary flows).

a. Standard LCIA modelling:

Standard life cycle impact assessment of background systems can be modelled
using generic characterisation factors (CFs) obtained from available impact
assessment methods such as ReCiPe2016 [266] or TRACI [267]. Land
remediation is a localised problem [104], and therefore, regionalised impact
methods such as AWARE [268] and IMPACT World+ [269] should preferably be

selected, where feasible.
b. LCIA modelling of land use of background processes:

Although the land use impact characterisation of background processes can be
achieved using existing land use impact methods, the land flows of foreground
systems are a proxy for ecological modelling (i.e., ES accounting), therefore,
the foreground land flows must be excluded in this step to avoid double

counting.

c. Land competition impact modelling measured in Urban Land

Occupation:

The Urban Land Occupation (ULO) assessment proposed by Beames et al.
[270] accounts for the temporal efficiency of urban land use for each

remediation alternative. The ULO is monetised in Step V to reflect the cost of
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the land being out of use due to remediation. ULO can be calculated using

Equations 1 and 2, as follows:
YOO OY 6 (1)

oY s o & @
where ULO is the cost of urban land occupation (£), LR is the land resource as
percentage of the total available (occupiable) land multiplied by years of
occupation (P 0), CuLo is the annual monetary cost per unit area (£/t), A is the
area (m?), t is the time of land occupation (t in days/years), and R is the
occupiable land computed by subtracting the total land area from the protected
areas within the specified boundary (e.g. city limits, regional, or national) over

the population of the area (m?).

3.2.4 Impacts on ecosystem services (Step V)

Land flows of foreground systems (i.e., remediation alternatives and on-site
enabling supporting activities) are used as a proxy to investigate the potential
impacts of remediation alternatives on the local ecosystem®& capacity to deliver

services to beneficiaries.

a. Calculation of characterisation factors (CFs): The impacts of foreground
systems on ecosystem quality due to human activities are analysed using

the ES accounting output from Step II.

The characterisation factor (CF) of land use can be defined as:

CF=0 0 )
where Q is the ecosystem quality at any given time (i.e. ecosystem capacity
to deliver ES to beneficiaries), and the subscript refers to the represented
scenario. Thus, Qref is the ecosystem quality of the reference scenario while
0 is the 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 the ecosystem services with
respect to time (as depicted in Figure 19). The impact of remediation on land
use is assessed using Equations 4i 6, adapted from the UNEP-SETAC
guidance on land use life cycle impact assessment [252]. The land use life
cycle impacts include land occupation during the remediation process and
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land transformation due to improved soil conditions after remediation [104],

[270].

Ecosystem Quality (Q)

A
QLu1
Qref
Quz |
QLus
t tiaq tis2 ti+3 tisg tiss Time

Figure 19 Human pressures and land intervention impacts on ecosystem quality
(adapted from Koellner et al. [252])

i.  Land occupation impact

The land occupation impacts, “O , are characterised in terms of the ecosystem

service unit per unit area multiplied by the occupation time period as follows:
O 00 0 o 4)

where A is the land area, 0 is the time duration of land occupation, and 6 "O

is the characterisation factor obtained from Equation 3. 6 "O characterises the

difference in ecosystem quality (Q) between two points in time. For instance, a

decrease in Q could result from intense land occupation over the period 6 to

0

ii.  Land transformation impact

The impact of land transformation, O , is calculated as follows:

O 00 0 o (5)
where 0 "O is the characterisation factor obtained from equation (3, and treg is

the time required for a parcel of land to regenerate the ecosystem quality to that
of its natural state. In the remediation context, treg can be substituted by the time
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required for on-site natural attenuation to fully mitigate the pollutant/contaminant

to the required limits (tha). The natural attenuation time, tna, can be obtained from
numerical modelling of the on-site sampling data obtained during the
remediation planning and design phase. If obtaining a reasonable tna proves
unfeasible, it can be assumed that the transformation is instantaneous [252].
Thus, treg= 1, and substituting 6 "O  from Equation 3, the impact of land

transformation can be calculated as:

(et}
(@)

O 0 (6)

3.2.5 Valuation (Step V)

The valuation step aims to provide stakeholders with an aggregated score to

facilitate the decision-making process for the selection of an appropriate

remediation measure [118]. The life cycle costs of each remediation scenario

are quantified i n add,idsrepresentedby mmbnetisingl and |
the ULO score (Step Ill). If ES valuations are available, the ES-related impacts

can also be evaluated.
3.25.1 LCA

The environmental life cycle costing (eLCC) is conducted as per the ISO 14044
standard and ILCD guidance [244], [271, p. 14Q]An eLCC is analogous to LCA,
as both processes consist of four phases, namely goal and scope, LCI, LCIA,
and interpretation. Numerous popular LCA software packages, such as
SimaPro and openLCA, enable the LCA modeller to pre-define the cost of

foreground processes in addition to LCA modelling.
An eLCC in a remediation context consists of the following cost items:
a. Capital and operational expenditures (CAPEX and OPEX):

Capital expenditure (CAPEX) examples include the cost of earthworks and
remediation systems, including the cost of materials and labour. In contrast, the
cost of long-term operations of remedial actions are examples of operational
expenditure (OPEX).

b. Urban land value:
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The ULO results from Step 11l are monetised to reflect the cost due to the land

being unavailable for use during remediation. A crucial part of brownfield
remediation investment decision-making is the planning of future land uses, and

thus, the monetised ULO costs will provide guidance for these decisions [272].
c. The internalisation of environmental externalities:

Carbon tax or potential carbon credits (e.g. a tax break for 100% renewable
energy) are accounted for in the eLCC process. This step should be
distinguished from the valuation of ES. The ULO costing monetises the
environmental externality prior to or during the remediation (primary and
secondary impacts of remediation), while the ES valuation focuses on the
tertiary impacts of remediation (discussed in the following sections). Finally, no

discounting occurs in eLCC as it assumes a steady-state similar to LCA [273].
3.25.2 ES

The ES valuation places a monetary value on the change in ecosystem quality
from the outputs of Step Ill. ES valuation methods can be adopted as per the
literature [274], [275], [276] or the ES valuation could be obtained from academic
literature, public policy documents, and survey-based data (e.g. willingness to
pay). The Ecosystem Services Valuation Database (ESVD) is a useful resource

which catalogues ES valuation studies from around the globe [277].
3.2.6 Truncation error estimate (TEE)

Truncation error in the LCA context
of impact (investigated value) not covered by the system boundaries of the

L C AlZrs8]. In traditional LCA, the tertiary impacts of remediation are overlooked
and will thus give rise to TEE (discussed in section 3.1). To investigate the

effectiveness of ES-LCA, the truncation error can be expressed as:

00 (7)
“YOO -
P o0
where TEE is the truncation error estimate, Ml is the measured impact, and El
is the estimated total associated impact. In the remediation context, Ml is taken

as the primary and secondary impacts of remediation represented by traditional
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LCIA, and El is the addition of the tertiary impacts of remediation to MI, as

represented by ES-LCA.
3.2.7 Sensitivity and qualitative uncertainty assessment

Although uncertainty in LCA is a long-standing concern, it is rarely assessed in
the LCA practice [279], [280]. Sources of uncertainty in LCA include parameter,
model, scenario, and relevance uncertainty [42]. Several approaches have been
suggested to address these uncertainties [178], such as sampling, analytical,
and fuzzy logic methods [281], [282], [283]. However, the Pedigree Matrix
proposed by Weidema and Wesnaes [284] (derived from Funtowicz and Ravetz
[285]) is the widely used method to assess uncertainty in LCA and has been
successfully applied to mainstream LCI databases [286], [287]. The pedigree
matrix assesses the data using a data quality indicator (DQI) factor to represent
the data quality (uncertainty) across five indicators: reliability, completeness,
temporal correlation, geographical correlation, and technological correlation, as
listed in Table 4. The aggregate DQI is scored from 1 to 5, where a lower DQI
indicates a lower uncertainty. Although the choice of an acceptable DQI score is
a complex exercise, a DQI data score equal to or less than 2 is deemed to be
Af airo and][288h[289%e[p90]abl e o
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Table 4 Pedigree matrix of input data [286]

Indicator Score
1 2 3 4 5
Reliability Verified data based on Verified data partly Non-verified data partly  Qualified estimate (e.g. = Non-qualified estimate
measurements based on assumptions  based on assumptions by industrial expert)

or non-verified data
based on
measurements

Completeness

Representative data
from a sufficient sample
of sites over an
adequate period to
even out normal
fluctuations

Representative data
from a smaller number
of sites but for
adequate periods

Representative data
from an adequate
number of sites but

from shorter periods

Representative data but
from a smaller number
of sites and shorter
periods or incomplete
data from an adequate
number of sites and

Representativeness
unknown or incomplete
data from a smaller
number of sites and/or
from shorter periods

periods
Temporal Less than three years Less than six years Less than 10 years Less than 15 years Age of data unknown or
correlation of difference to year of difference difference difference more than 15 years of
study difference
Geographical Data from area under Average data from Data from area with Data from area with Data from unknown
correlation study larger area in which the similar production slightly similar area or area with very
area under study is conditions production conditions different production
included conditions
Further Data from enterprises, Data from processes Data from processes Data on related Data on related
Technological processes and and materials under and materials under processes or materials  processes or materials
correlation materials under study  study but from different  study but from different but same technology but different technology
enterprises technology
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Although there are also concerns about the representation of uncertainty in

regionalised LCIA, there is currently no consensus or guidance for such an
uncertainty assessment [258]. As the pedigree matrix has been adapted to
assess the parameter uncertainty in regionalised CFs [291]. A modified
pedigree matrix, as proposed by Qin et al., was applied in this study to
qualitatively assess the parameter uncertainty of the CFs model [292]. (refer to
Table 5), using four input data, namely the LCI of the remediation, spatial data
inputs of ES accounting, capital and operational costs of remediation, and
monetary damage costs to ES. A DQI of less than 3 (corresponding to a
moderate uncertainty) was considered as acceptable, given the hypothetical

nature of the case study assessment.

The indicators of the pedigree matrix designed for CFs [292] were adapted for

this study to specifically assess the uncertainty of CF (Table 5) and the output

of the refined ES-LCA integration. However, certain DQI descriptions are not

directly applicable to ES-LCA integration, such as the model completeness

describingt he CFO0s coverage to the el emé€ant ary
example, a DQIl score of 3states,i The results of the model
coverage of the characterisation factors for all elementary flows in an LCI (over

6 0 %)This description is unsuitable to the study model, as the model proposes

both new elementary land use LCI flows and CFs. Despite this slight deficiency,

this does not negate the usefulness of the other indicators.
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Table 5 Pedigree matrix for characterisation factors [292]

Indicator

Score

1

2

3

4

5

Reliability of
underlying

science

The model has been
published in at least one
peer-reviewed journal
and has since been
independently validated
using observation or
empirical data

The model is based on
peer-reviewed results

The model is based on
non-peer-reviewed report

The model has been
documented but has no
indication of peer-review

The model has no
documentation on its
underlying science

Model
Completene

SS

The results of the model
have a full coverage of
the characterisation
factors for all elementary
flows in an LCI (100%)

The results of the model
have a relatively high
coverage of the
characterisation factors
for all elementary flows in
an LCI (over 80%)

The results of the model
have a moderate
coverage of the
characterisation factors
for all elementary flows in
an LCI (over 60%)

The results of the model
have a relatively low
coverage of the
characterisation factors
for all elementary flows in
an LCI (over 40%)

The model has a
relatively low coverage of
the characterisation
factors for all elementary
flows in an LCI (over
40%). The results of the
model have a low
coverage of the
characterisation factors
for all elementary flows in
an LCI (equal to or less
than 40%)

Temporal
specification

The model is a fully
dynamic model and
considers background
concentration and
population change for
receptors

The model is a fully
dynamic model

The model is a non-
steady-state model,
which considers some
dynamic components

The model is a steady-
state model

The model has no
indication of its temporal
information
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Table 5 (cont.)

Indicator

Score

1

2

3

4

5

Geographical
specification

The model is spatially
explicit with a high level
of spatial detail

The model is spatially
explicit with a regional
level of detall

The model provides
continental level
estimates of the

characterisation factors

The model provides
specific archetypes for
generic locations

The model is not
spatially explicit

Input data
characterisation

The input parameters
used in the

The input parameters
are statistically

The input parameters
are proxy values based

The input parameters
are proxies based on

No indication on how
input parameters were

characterisation models  representative proxies on some statistical expert judgment derived
are an exact measure of representativeness
the desired quantity
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3.3 lllustrative case study

3.3.1 Case description

An illustrative case study based on the London Olympic Park (LOP), also known
as Queen Elizabeth Olympic Park, was used to demonstrate the application of
the refined assessment framework. The site was home to a wide array of
industries throughout the 19t and early 20" centuries, in addition to several
waste-filling sites (predating engineered landfills), which resulted in the
presence of several contaminants of concern, such as heavy metals,
polyaromatic hydrocarbons, chlorinated solvents, and ammonia. The
redevelopment works took place between 2007 and 2010 across a site of more
than 200 ha, with earthworks in excess of 2 million cubic metres, which included
approximately 700 thousand cubic metres of treated contaminated soil. Four soill
remediation techniques and material sorting were used (refer to Table 6); 80%
of the remediated soil was reused onsite [293], [294].

Table 6 Remediation technologies used in London Olympic Park

Remediation technology Percentage

Bioremediation 2.4%
Chemical stabilisation 4.1%
Material sorting 6.7%
Geotechnical stabilisation 29.8%
Soil washing 57.0%

3.3.2 Modelled scenarios

Three scenarios were considered to compare and contrast the functionality of
the refined ES-LCA framework. The first scenario was a business-as-usual
scenario (no action), assuming that the pollutants in the soil would degrade
within a reasonable timeframe due to the natural in-situ processes; hence, no
intervention was undertaken. The second scenario considered conventional
remediation to rehabilitate and redevelop the site within a specified time
duration. The third scenario considered the alternative use of NbS remediation,
where use of the site would be disallowed during the remediation period to

minimise the risk of exposure to pollutants.
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3.3.2.1 No Action (NA) scenario

Based on previous studies, remediation of subsurface contamination was
assumed to be achieved via monitored natural attenuation (MNA) over 30 years
[295], [296]. Considering the hypothetical installation of 27 monitoring wells
within the project, the monitoring system was hypothesised to be a Continuous
Multi-channel Tubing (CMT) multilevel system with a depth of 21 m [297]. The
monitoring wells were assumed to be sampled quarterly [298] and sent to a
testing laboratory 30 km away. The LCI of the NA scenario is presented in
Table 7.

Table 7 Life cycle inventory for the monitoring wells for the no action (NA)

scenario
Monitoring Input Quantity  Unit Note
phase
Manufacturing Extrusion of plastic 8.82 kg Own calculations
of monitoring pipes (inner chambers) based on technical
well* High-density 8.82 kg  Specifications and
polyethylene material patent documents.
(inner chambers)
Extrusion of plastic 7.48 kg
pipes (outer casing
pipe)
High-density 7.48 kg
polyethylene material
(outer casing pipe)
Sampling Transport of samples 3.6 km  Quarterly sampling
transport via passenger car

*The monitoring well was a continuous multi-chamber tubing system, consisting
of an outer pipe casing and five inner chambers. The inner chambers were 16
mm diameter pipes with a density of 0.084 kg/m, and the outer casing was a 50

mm diameter pipe with a density of 0.356 kg/m.

3.3.2.2 London Olympic Park (LOP) scenario

This scenario represents the actual timeline of the soil remediation works prior
to the construction of Queen Elizabeth Olympic Park [294]. Several remediation
technologies were used (as listed in Table 6), including soil washingati So i |
h o s p i, which coraprised multiple soil washing plants that were introduced
due to the timing constraints brought about by the London 2012 Olympic games
[293]. The LCI of the LOP scenario is presented in Table 8.
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Table 8 Life cycle inventory for the London Olympic Park (LOP) scenario

Remediation technology Input Quantity Unit Reference year
Bioremediation Activated carbon, granular 1.368 kg 2011[299]
Ammonium sulphate 2.708 kg
Diesel, used by building machine 19 MJ
Diesel, used by building machine 10.6 MJ
Diesel, used by building machine 0.5904 MJ
Gravel, crushed 0.0078x%1680 kg
Polyethylene, high density, granulate 0.6x0.002x960 kg
Potassium sulphate 0.588 kg
Sand 0.06x1550 kg
Water 0.0674x1000 kg
Textile, non-woven polypropylene 0.6x0.002x900 kg
UK electricity (2008i 2010 energy mix) 63.7 kWh
Weaving, synthetic fibre 1 kg
Welding, gas, steel 0.1 m
Chemical stabilisation* Deep soil mixing 1 m3 20017 2005 [300]
Char, from slow pyrolysis 16 kg 2015 [301]
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Table 8 (cont.)

Remediation technology Input Quantity Unit Reference year
Material sorting Diesel, used by building machine 64.65 MJ Project data [245]
Excavation, skid-steer loader 1 m?
Geotechnical stabilisation Bentonite 25.3 kg 2007 [302]
Cement 96 kg
Sand 130 kg
Water 326 Kg
Lorry 161 32 ton (EUROA4) 25.3x88 kg x km
Lorry 167 32 ton (EUROA4) 96x24 kg x km
Soil washing Concrete, normal 0.029 m?3 Project data [245]
Hydrochloric acid, without water, in 30% solution state 67 g
Tap water 58 kg
Freight, inland waterways, barge (1x1.6)x2 t x km
Lorry 161 32 ton (EURO4) (1x1.6)x1 t x km
UK electricity (20087 2010 energy mix) 46.8 kWh

*LCl is theoretical and based on the project system design, as the source did not provide LCI data [303].
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3.3.2.3 Nature-based solution (NbS) scenario

Large-scale hypothetical phytoremediation was assumed through the planting of
hybrid poplars, which are capable of remediating hydrocarbons and heavy
metals [236], [304], [305]. A plantation density of 5000 trees per hectare was
assumed for a 12-year period, with a 30% decline in numbers during this time
due to contamination [306]. An average depth-at-breast height (DBH) of 14.7
cm and a total plant height of 13 m were assumed based on national biomass
yield tables [307]. Post-remediation, the phyto-biomass was assumed to be
treated by anaerobic digestion [308]. The LCI of the NbS scenario is presented
in Table 9.

Table 9 Life cycle inventory for the nature-based solution (NbS) scenario

Remediation Input Quantity Unit Note
technology
Phytoremediation Transformation, from 12 m?x a own
via a 12-year urban, discontinuously calculation
short-rotation built, brownfield
hybrid poplar Field sprayer 12 m?2 -
plantation

Diesel, burned in 10.434 MJ -

agricultural machinery

Lorry 161 32 ton (EURO4)  0.98381 t x km -

Inorganic nitrogen 0.04909 kg -
fertiliser, as N

Inorganic potassium 0.03272 kg -
fertiliser, as K20

UK electricity (2010 0.01966 MJ -
energy mix)

Inorganic phosphorus 0.01637 kg -

fertiliser, as P205

Biowaste (treated by 0.6 kg -
anaerobic digestion)
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3.3.3 LCA modelling

LCA modelling was conducted using openLCA software (Version 1.10.3). The
LCI of the foreground systems was obtained from the project document and
literature, while the Ecoinvent LCI database (Version 3.7.1) was used with the
Allocation at Point of Substitution (APOS) system model for the background
process [309]. The ReCiPe2016 midpoint life cycle impact assessment method
(Hierarchist) was selected for the impact assessment [266] with the functional
unit (FU) defi ned & efpdllted soiiids peeapplicalent of 1
st andar dysographicklls@pe was the project boundary, while the
temporal scope was taken as the time necessary to achieve the applicable
remediation standards (noting the variable remediation periods for each
remediation alternative). The technological scope of the modelled scenarios

was described in Section 3.3.2.

3.3.4 ES modelling

Spatial accounting of ES within the project boundary was performed by the
Integrated Valuation of Ecosystem Services (INVEST), encompassing several
models to map and value ES [310]. The INVEST software requires the input of
spatial datasets (refer to Table 10) as well as biophysical tables for each model
(e.g. carbon pools per land use classification for carbon sequestration
modelling). The geographical scope of the ES modelling was similar to the LCA
modelling (i.e. the project boundary), with the reference state defined as the
land use mix of 2007 [311]. The biophysical table inputs reflecting local
conditions were sourced from the literature (refer to Table A.1 - Table A.3). Due
to the lack of an air filtration model in INVEST [310], the estimation of pollution
removal by different land uses from 2007 to 2030 [312] was obtained using the
ecosystem accounts approach developed by
Hydrology (CEH) (refer to Table A.4).
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Table 10 Spatial data inputs for ES modelling

Spatial dataset Data Spatial Temporal Source
type resolution coverage
Land cover maps Raster 25m 2007, 2015 UKds [1HH
[313]
Digital Elevation Model Raster 30m n.a. NASA [314]
(DEM) maps
Hydrologic soil group Raster 250 m n.a. NASA [315]
maps
Rainfall Raster 0.5°x 0.5° 20001 2015 Climatic Research
Unit, University of
East Anglia [316]
River Thames Vector - 2011 UK Environment
catchment Agency [317]
Greater London Vector - 2011 Greater London
boundary Authority (GLA)
[318]

3.4 Results and Discussion

3.4.1 Traditional Life Cycle Impact Assessment (LCIA) results

The results of the traditional LCIA are presented in Figure 20 and Figure 21; the
comprehensive list of ReCiPe2016 midpoint indicators is available in Table A.6.
The results indicate that the LOP scenario has the largest impact across the
selected categories compared to the NA and NbS scenarios. This result was
expected as the LOP scenario used resource-intensive remediation
technologies, such as soil washing (SW) and geotechnical stabilisation (GS),
which treated 57% and 29% of the total remediation volumes, respectively. The
NbS scenario had a lower impact relative to the LOP scenario, due to the
harvesting phase being a significant contributor to the LCIA results for NbS. The
NA scenar iwweedegligiblesaorhpared to NbS and LOP; the upstream
LCIA caused by the installation of the monitoring wells contributed 59i 95% to
and dominated the selected LCIA indicators. Caution is advised in the
interpretation of the LCIA results, as this hypothesised case study was
assessed mainly to demonstrate the feasibility of the refined ES-LCA

integration, rather than as a comparison of the LCIA results for each scenario.
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NA Scenario: Despite the scarcity of LCA literature on MNA [319], the LCIA

results of the NA scenario were surprising. The transport of samples (TS) to the
testing facilities was hypothesised to have the greatest impact, yet the results
showed that the manufacturing of the monitoring wells (MMW) had the most
significant impact, in contradiction to previous studies [320], [321]. With the
exception of the Global Warming Potential (GWP) and Fine Particulate Matter
Formation (FMPF) categories, where the transport of samples contributed 41%
and 33% of the indicator scores respectively, arising from the use of fossil fuel
(diesel), the MMW activities resulted in >90% of the remainder of the impact
categories. The variance in the LCIA results relative to the literature could be
attributed to the relatively high number of wells (n = 27) and their depths (21 m

below surface level).
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LOP Scenario: The impacts of the LOP scenario were predominantly from the

energy use and cement production in the SW and GS remediation technologies.
One third of the GWP score was attributed to the production of the cement used
in the GS process, while the electricity consumption of the SW process was
responsible for 18% of the emissions. A similar trend can be observed in the
Water Consumption (WC) category: approximately 50% of the WC score was
due to the GS process while 30% resulted from the SW process, which included
the water used in the washing process and the water used in the concrete
platform construction of the SW plant. The fine particulate matter formation
(FPMF) category score was the result of the use of diesel consumed in the
earthworks and energy generation. Coal burned for energy generation was
responsible for 50% of the freshwater eutrophication (FE) score, with a further
30% from the cement used in GS; a similar trend was present in the marine
eutrophication score. In the land use (LU) impact category of the background
processes (upstream impacts in the supply chain), approximately 50% of the
impact was attributed to the production of biochar (including required wood
chips) that was used in the chemical stabilisation process. Due to the
proprietary right of chemical reagents, a common issue encountered in
chemical-based remediation [322], the LCI of this technology was assumed
based on publicly available information of the actual case study (refer to Table

8), as specific project-related data was unavailable.

NbS Scenario: The midpoint LCIA results of the NbS scenario showed a low
impact relative to the LOP scenario, particularly in the GWP and WC categories.
The harvesting phase, consisting of machine-powered harvesting and
anaerobic digestion (AD) of phyto-biomass, was identified as a hotspot affecting
all significant impact indicators. For example, AD contributed 60% and 87% to
the FE and Marine Eutrophication (ME) scores, respectively, while the use of
mineral fertilisers contributed 25% to the ME score. AD and diesel used in
harvesting generated collectively 60% of the GHG emissions in the GWP
category and 30% of the respective fine particulate emissions in the FPMF
category. Although this was a hypothesised scenario based on the literature,
the LCIA results suggest that the choice of phyto-biomass remediation
represents a significant driver of the potential environmental impacts as well as

the selected fuel source of the harvesting process.
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3.4.2 Accounting of ES results

The results of the spatially explicit accounting of ES delivery over the study area
(200 hectares) are shown in Figure 22, Figure 23, Figure 24, and Figure 25.
The primary purpose of this ES accounting was to investigate the role of future
land use changes on the ecosystem capacity of the redeveloped brownfield to
deliver ES (i.e., the tertiary impacts of remediation). Except for the AF category,
the ES results for both the reference scenario (based on the land cover of 2007)
and the NA scenario were remarkably similar, as the land cover was presumed
to remain unchanged in the NA scenario. The nearest available meteorological
data corresponding to each scenario were used in the AF accounting (e.g.,
meteorological data from 2007 for the reference scenario and from 2011 for the
LOP scenario). The difference in AF between the reference and NA scenarios
can be attributed to the varying levels of air pollutant loading recorded each

year.

As shown in Figure 22, the NbS scenario outperforms the other scenarios in
terms of CSS, GR, and WPN retention, consistent with the findings of previous
studies [323], [324] while the LOP scenario showed the best result in terms of
WP#p retention. The improved WPp retention result of the LOP scenario was observed
at the Lee River crossing the case study boundaries [325]; this improvement
can be attributed to the larger areas of grass cover which are more effective in
phosphorus retention relative to tree cover (i.e. NbS) [326]. As shown in Figure
24 and Figure 25, the NbS scenario demonstrated a greater capacity to regulate
air quality, primarily due to the increased leaf surface area of the planted
poplars [327]. However, it should be noted that hybrid poplars have been

reported as a source of volatile organic compounds (VOCs) [328].
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Figure 24 Spatially explicit accounting of air filtration ES delivery over the case
study area (200 hectares): a) PMig, b) PM25

Khaled Alshehri December 2024 107



Multi-level sustainability assessment of nature-based resource recovery systems
Chapter 3: ES-LCA framework

a)

0.00025 - B s02

0.00020

0.00015

S02 (kg SO,)

0.00010

0.00005 -

0.00000 -
Reference (2007) NA (2037)  LOP (2015)  NbS (2019)
Scenario
b)
0.00025 -

[ K

0.00020

0.00015 4

0.00010 -+

NH3 (kg NH,)

0.00005 -

0.00000 -
Reference (2007) NA (2037)  LOP (2015)  NbS (2019)
Scenario

Figure 25 Spatially explicit accounting of air filtration ES delivery over the case
study area (200 hectares): a) SO, b) NH3
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3.4.3 ES-LCA integration

After the ES accounting process, the ES-related impacts due to remediation
(Step 1IV) were determined and assigned a monetary value (Step V). The ES-
LCA framework was adapted for the remediation context of this study, as

discussed in Section 3.2 and depicted in Figure 26.

\
4 Outputs 1:
Remediation system
Goal and Scope :> boundaries and
(Step 1) Spatial-scale of ES
L y modelling
Outputs 4: 4 A
ES value per 1 m*> of N Life Cycle
remediated soil | - - - - :/ Inventory
attained from g (Step II)
monetised impacts % )
Outputs 2:
. Spatially-explicit
Valuation modelling of ES per 1
(Step V) m> of remediated
soil
Outputs 3: Impacts of

Remediation scenarios p Ecological S
of ES change per 1 m’ < : rocess?s and

of remediated soil delivery
(Steps II1 & 1V)

Figure 26 Adaptation of the ES-LCA framework to the remediation context
(adapted from Rugani et al. [49])
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Characterisation factor (CF) calculations: The CFs for each scenario are

essentially the results of spatially explicit ES accounting normalised to the case
study area. Table A.6 shows the novel LCI flows and CFs corresponding to
each modelled scenario. All CFs (excluding CFar) were characterised as a
physical unit over a unit area, thus describing a mid-point impact pathway in
terms of the traditional LCIA. In the case of CFar, the unit was monetised to
enable all four modelled pollutants to be characterised by a single indicator.
Where the CFs have a negative values, such as for NbS, these indicate a
potential damage avoidance to ES, as per the LCIA sign convention. The
calculated CFs were aligned with the appropriate corresponding midpoint
indicators from the ReCiPe2016 [113] (refer to Section 3.4.1).

3.4.3.1 Impacts on ecological process and ecosystem services (Steps Ill and
V)

Table 11 presents the results of the ES-LCA integration (as depicted by Figure
26); the indicated values are the applicable CFs multiplied by the area of
transformed land. For the LOP and NbS scenarios, the transformation was
assumed to be instantaneous; therefore, time tocc Was set equal to 1. In
contrast, as the transformation in the NA scenario occurred over time, the tocc
for the NA scenario was assumed to be the duration of MNA. Overall, the
degradation of ES quality was observed in the results for the NA and LOP
scenarios (excluding WPN retention for the LOP scenario), which presented a
potential ES benefit. The NbS scenario demonstrated an overall environmental
beneficial trend (excluding WPn retention) correlating with the results of previous
studies [85], [86], [329].

Table 11 Characterised ES-LCA results for each remediation scenario

Scenario CSS GW WPy WPp 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-COqe m?3 kg-N kg-P £ per annum
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3.4.3.2 Valuation (Step V)

Figure 27 and Figure 28 illustrate the results of the framework valuation step,
includingt he remedi ati on costs, the Arent
the monetised impacts on ES; Table 12 lists the assumed remediation and ULO
costs. The ES-LCA results for the NbS scenario indicate an environmental
saving while the LOP has caused on average £1 worth of environmental
externalities per FU. As expected, the remediation of the LOP scenario had the
highestvaluew h i | e tvalees \Wefe@gproximately 50% of those of NbS.
Despite the LOP scenario having the highest ES-LCA cost, this cost represents
less than 0.5% of the remediation costs, whereas that of the NbS represents
16% of the remediation costs. Though these results might be significant, they
are likely to underestimate the true value of ES, considering that only four
ecosystem services were analysed and conservative estimates of ES valuation
were used. Accounting for the ULO costs presents an interesting finding: the net
cost is essentially equal in the NA and LOP scenarios, which highlights the

implicit cost of remediation temporal efficacy.

Table 12 Assumed remediation costs per 1 m® of remediated soil (adjusted to
£2021 prices)

Item CAPEX OPEX OPEX OPEX Net Note
(lower)  (Central) (upper) cost
NA 0.0142[3 6.3 12.7 19 12.8 Sampled quarterly for
30] 30 years
NbS (0.43) 3.08 20.5 35.9 20.9 OPEX includes

planting, maintenance
and end-of-life
treatment (Anaerobic

digestion)
LOP -* 128.5 206.4 283.95 206.4 -
Urban 1220 1372 2783 1372 Original fiscal year
land value was 2015[331]

*A lump sum was assumed.
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Figure 27 Valuation (Step V) outputs (i.e. monetised impacts to ES in 2021 Pound
Sterling) per FU: a) air filtration, b) carbon sequestration and storage, c) water
purification of P; (NA: No Action scenario LOP: London Olympic Park scenario,

NbS: Nature-based solution scenario)
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Figure 28 Valuation (Step V) outputs (i.e. monetised impacts to ES in 2021 Pound
Sterling) per FU: a) water purification of N, b) groundwater recharge; (NA: No
Action scenario LOP: London Olympic Park scenario, NbS: Nature-based solution

scenario)

3.4.4 Truncation error estimate (TEE)
The TEE analysis was carried out to demonstrate the percentage of overlooked
impacts of traditional LCA results compared to the ES-LCA outcomes. Table 13

shows the results of the TEE analysis, with the ecosystem services mapped to
the relevant mid-point LCIA indicators.
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Table 13 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%* wcC *NDbS increased GR corroborates previous results showing
improved water filtration in hybrid poplar plantation [332]
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3.4.5 Sensitivity

ES damage costs: Direct market valuations of ES (i.e. avoided damage costs)
could underestimate the value of ES, and as such, they were selected in this
analysis to avoid the potential bias of hedonic pricing [333], [334], [335]. Figure
27(a-e) shows the sensitivity results of ES damage costs across the lower,
central, and higher bound estimates (full details are provided in Table B.10).
Although the ES monetisation values for AF and WPp retention Were higher than
CSS on a per unit basis, CSS was the most sensitive parameter. This was
expected due to the greater extent of physical ES accounting as well as higher
monetisation values (refer to Figure 22 and Figure 24 for the ES accounting
results and Table 14 for the monetisation values). In the NA scenario, no
variation was observed due to the steady state of ES delivery based on the
assumed constant land use. The variation in the LOP and NbS scenarios was
primarily driven by the CSS value; notably, the negative value in the NbS
scenario indicates a potential avoided damage, suggesting a potential
increased benefit estimate of NbS when differing valuation approaches are

implemented.

Table 14 Avoided damage cost (adjusted to £2021 prices)

Ecosystem Physical Lower Central Upper Original fiscal year
service unit bound bound
AF kg-PMjo 11.1 51.1 158.3 2017 (Damage Costs

Appraisal Toolkit
spreadsheet) [336]

AF kg-PM2s 17.7 80.5 249.3 -

AF kg-SO; 3.17 14.3 41.3 -

AF kg-NH3 1.67 8.69 26.8 -

CSS kg-CO,  0.123 0.247 0.37 2020 (Annex 1) [337]
WP kg-N 2.65 3.07 3.63 2006 (Table 5.3) [338]
(P retention)

WP kg-P 30.61 34.98 40.81 2004 (P3 in source)
(N retention) [339]

GR m3-H.0O 0.105 0.46 1.26 2018 (ENCA - Services

Databook v2.1) [340]
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Remediation and ULO costs: The sensitivity of the remediation and ULO costs

were analysed; the results of the analysis are shown in Figure 29 and Figure 30
respectively. The NA scenario proved to be the most sensitive to the cost of
ULO (the land being out of use), due to the longer timescale considered in this
scenario (30 years). In particular, the higher bound estimate was twice as that
of the NbS scenario due to the higher land costs in the greater London region,
where the case study was located [341]. The NbS scenario remained the most
cost-effective across the valuation bound, with relatively lower capital and
operational costs and a moderate remediation timescale (12 years). The
sensitivity of the LOP scenario was mainly affected by the remediation costs,
whilet h e Ude@ifivily impact was negligible due to the relatively shorter
timescale (3 years). The LOP scenario overall cost variation was intriguing: the
lower bound estimates were closer to the NbS value than that of NA, whereas in
the central estimate, it was approximately equal to LOP. If the choice of
remediation was based solely on cost-effectiveness, these results imply that a
cheaper energy-intensive remediation might be more attractive than the low-

impact NbS scenario.
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Figure 29 Sensitivity analysis results of remediation costs; (NA: No Action
scenario LOP: London Olympic Park scenario, NbS: Nature-based solution scenario)
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Figure 30 Sensitivity analysis results of monetised ULO; (NA: No Action scenario
LOP: London Olympic Park scenario, NbS: Nature-based solution scenario)

3.4.6 Uncertainty

This section reviews the results of the ES-LCA integration pedigree matrix for
the input data and CFs. The data quality indicators of the input data and CFs
are presented as heatmaps in Figure 33 and discussed in Sections 3.4.6.1
(Input data) and 3.4.6.2 (CFs - ES-LCA integration).

3.4.6.1 Input data

The input data was assessed via the pedigree matrix, as given in Table 4; the
DQI results are shown as heatmaps in Figure 31 and Figure 32. The overall
DQIs of the remediation systems based on their LCI (Figure 31.a) represent a
moderate level of uncertainty. The chemical stabilisation (CS) remediation
system had a DQI of 3, arising from the absence of publicly available
information regarding the proprietary chemical reagents used (see Table 8). In
contrast, the LCI of the soil washing and material sorting remediation methods

both had a DQI of 1, indicating a low uncertainty, as the LCI were collected from
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recorded case study data [245]. Despite the high DQI of the CS system, the

aggregate DQI of the LOP scenario was 1.9, reflecting a low overall uncertainty.

The pedigree matrix for the spatial data exhibited a lower generalised
uncertainty (Figure 31.b). The NbS land cover map showed a high uncertainty
of reliability, which was attributed to the simulated nature of this scenario.
Similarly, the 3 DQI reliability score for the hydrologic soil group map was
ascribed to the coarse spatial scale relative to the other maps (refer to Table
10). As shown in Figure 32.a, the DQIs of the assumed remediation CAPEX
and OPEX were of moderate uncertainty for all the remediation scenarios.

The DQI 06 sforlihe NAsgemdrie were the temporal and geographical
correlations of the OPEX and CAPEX, respectively. The OPEX temporal DQI
was considered highly uncertain due to the longer remediation timescale (30
years). Similarly, the CAPEX geographical DQI was assumed to be highly
uncertain as the assumed monitoring system was of North American origin, and
it was necessary to include possible supply chain-related issues. As the
remediation costs of the LOP scenario were assumed to be a lump sum
factored to account for depreciation costs, the corresponding reliability DQI

score was deemed to be highly uncertain (refer to Figure 32.a).

A high uncertainty was prevalent for the CAPEX and OPEX of the NbS
scenario; however, the reliability DQIs were deemed to be of moderate
uncertainty as this data was obtained from an industry association body (refer to
Table 16). Despite the general trend of moderate uncertainty, the robustness of
the refined ES-LCA approach was not a matter of concern, as such variation in

costs was expected.
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a) Pedigree Matrix for Remediation Technologies LCI
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Figure 31 Data quality indicator (DQI) results: a) LCI of remediation input data, b)
spatial input data
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a) Pedigree Matrix for Capital and Opertional Remdiation Costs
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Figure 32 Data quality indicator (DQI) results: a) CAPEX and OPEX input
estimates of remediation, b) ES damage cost input estimates
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Table 15 Remediation costs for LOP scenario (adjusted to £2021 prices) [91]

Remediation Share of Lower Central Upper Original
technology net volume bound bound fiscal year *
Bioremediation 2.4% 21.6 29.9 38.2 2010
Chemical stabilisation 4.1% 38.2 51.0 63.7 -
Material sorting 6.7% 12.7 38.2 63.65 -
Geotechnical 29.9% 25.5 51.0 76.4 -
stabilisation

Soil washing 57.0% 30.5 36.3 42.0 -
Average remediation - 27.9 41.3 54.6 -

cost (E/m?)

*Median values for >5,000 m?3 estimates were assumed.

Table 16 Remediation costs for NbS scenario (adjusted to £2021 prices) [342]

Activity Cost per hectare (£2021/ha)
Spraying 12.77
Ploughing 76.00
Disking 59.00
Harrowing 59.37
Mechanical weeding 55.00
Fertilization 12.40
Harvesting 188.94
Total cost (ha) 463.50
Average remediation 0.0463

cost (£/m?)

As the estimates of the ES damage costs were obtained from public authorities
in the same region as the case study, and not from international estimates, this
resulted in DQIs of low uncertainty for the damage costs (refer to Table 17 and
Figure32.b) . The hi gh
the choice of a carbon discounting rate, as differing policy timescales affect the

uncertainty of the CSSO0:
discounting rates [343]. The geographical DQI scores of the two components of

WP (i.e., N and P filtration) were high due to 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.
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Table 17 Avoided damage cost (adjusted to £2021 prices)

Ecosystem Physical Lower  Central Upper Original fiscal year

service unit bound bound
AF kg-PMso 11.1 51.1 158.3 2017(Damage Costs
Appraisal Toolkit

spreadsheet) [336]

AF kg-PM2s 17.7 80.5 249.3 -

AF kg-SO- 3.17 14.3 41.3 -

AF kg-NHs 1.67 8.69 26.8 -

CSS kg-CO: 0.123 0.247 0.37 2020 (Annex 1) [337]

WP kg-N 2.65 3.07 3.63 2006 (Table 5.3)

(P retention) [338]

WP kg-P 30.61 34.98 40.81 2004 (P3 in source)

(N retention) [339]

GR m3-H.0 0.105 0.46 1.26 2018(ENCA -
Services Databook

v2.1) [340]

3.4.6.2 CFs (ES-LCA integration)

As shown in Figure 33, the DQI results of CF exhibit an overall moderate
uncertainty. The reliability DQIs of ES shared a score of 2 (excepting AF), which
reflects the spatially explicit accounting of ES by the widely-used INVEST
models [344]. The temporal specification DQI was scored as 3 across all the
investigated ES. A lower score would indicate a fully dynamic model, but this
was not applicable in this study; a dynamic LCA approach could be used to
introduce such a model [345]. The advantage of the refined ES-LCA approach
in the remediation context as discussed in this study (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 (refer to Appendix A:
Supplementary materials for Chapter 3). It should be noted that the variation of
biogeographic features could impact the ES-LCA assessment results.
Therefore, the use of sophisticated ES models is recommended to examine the
effect of non-linear natural influences that might be overlooked with simplified
models, together with a stochastic approach to account for the variations

between the scenarios.
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Pedigree Matrix for CFs (ES-LCA)
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Figure 33 Data quality indicator (DQI) results of CFs of ES-LCA integration

3.5 Challenges and limitations

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, particularly considering that only
four ES were modelled here; thus, it can be assumed that modelling additional
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 Ill and 1V) 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 [49], [50]. Thirdly, modelling
cultural ecosystem services (recreation) was attempted and partially successful
(such as in the LOP scenario) using the |
this could not be extended to the other scenarios due to the lack of data -
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geolocated photographs were used as input data, but these do not exist for

hypothetical scenarios (NA and NbS). Therefore, the decision was made to omit
cultural ES from this analysis. Furthermore, cultural ESs generated from a
project of this scale would take generations to materialise [346] and would be
better suited to a social life cycle assessment (SLCA) context [113]. Fourthly, the
dynamism of ecosystem services could not be fully captured due to the
simplification of INVEST models [310]; ES modelling suites such as the ARIES
model could be considered in future studies [347]. Fifthly, monetary discounting
of ES benefits was not performed given the steady state of eLCC and the
possibility that such monetary discounting could vary the results. Finally, though
this chapter assessed the sensitivity and uncertainty qualitatively of ES-LCA
integration (which has thus far not been documented in the ES-LCA context, to
t he r e s ekaowledge, a Quantitative uncertainty assessment of ES-LCA
integration is yet to be performed (introduced in Chapter 4:).

3.6 Conclusions

This chapter preposed a novel ecosystem servicesi life cycle assessment (ES-
LCA) framework to enhance the sustainability appraisal of soil remediation and
brownfield redevelopment. By integrating spatially explicit ecosystem services
accounting using high-resolution data and INVEST models, along with novel
land life cycle inventory (LCI) flows, the framework enables site-specific
characterisation and a comprehensive assessment of the tertiary impacts of
remediation on ecosystem services. The framework was operationalised
through an illustrative case study based on the London Olympic Parkd
comparing a no-action scenario, an energy-intensive scenario, and a nature-
based solution (NbS) scenariod the overall costs of remediation, urban land
occupation, and impacts on ecosystem services were monetised and
aggregated into a single indicator to support decision-making. Sensitivity and

qualitative uncertainty analyses confirmed the framework’s robustness.

The integration of ES accounting into the LCA methodology supplemented with
additional economic metrics, the framework enhanced the sustainability
assessment of nature-based solutions by capturing previously overlooked
impacts on natural capital. However, due to the steady-state assumption
inherent in traditional LCA, the framework faced limitations in assessing

temporal aspects such as the dynamic nature of ES delivery and the influence
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of discounting rates used in monetizing ES benefits. Additionally, the limited

availability of ES accounting models constrained the analysis to four ecosystem

services, excluding significant ones like cultural services.

Overall, thec hapt er 6s results suggest that desp
duration of the NbS scenario, it was the most cost-effective in terms of capital

and operational costs, ecosystem service benefits, and site utilisation.
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Chapter 4: A novel uncertainty assessment protocol
for integrated ecosystem services-life cycle
assessments: A comparative case of nature-based
solutions

This chapter aims to address RQ.2 by examining the quantitative uncertainty
assessment of integrated ecosystem services i life cycle assessments (ES-
LCA) in the context of nature-based solutions (NbS). The sources of uncertainty
in integrated environmental assessments are briefly discussed, illustrating the
need for a quantitative uncertainty assessment protocol in the context of NbS
systems. A novel quantitative uncertainty assessment protocol is introduced,
hi ghlighti ng t hnamelycomputatooal sétsp, irgput samgling,
model execution, and post-processing. The illustrative case study is introduced
and discussed relative to the computational implementation of the novel
protocol. The results of the screening step, the deterministic and stochastic ES-
LCA, the outcomes of the global sensitivity analysis (GSA) methods employed,
and the post-processing outcomes of the GSA outputs are presented. Based on
these results and outputs, the applicability of the novel uncertainty assessment
protocol, the assignment of uncertainty information to input parameters, the
selection of GSA methods, the required number of model simulations per GSA,
and the selection of hypothesis tests for post-processing are analysed and
evaluated. Finally, the challenges encountered in this research are discussed
and the study conclusions are presented.

This chapter is based on:

(1)  Alshehri, K.; Chen, I-C.; Rugani, B.; Sapsford, D.; Harbottle, M.; Cleall,
P. A novel uncertainty assessment protocol for integrated ecosystem services-
life cycle assessments: A comparative case of nature-based solutions. Sustain.
Prod. Consum. [Online] 2024, 47, 4991 515.
https://doi.org/10.1016/j.spc.2024.04.026
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4.1 Background

Nature-based solution (NbS) systems introduce a promising approach to
addressing environmental challenges while enhancing sustainability. NbS is
defined by the International Union for Conservation of Nature (IUCN) as
Afactions to protect, sustainably manage
ecosystems that address societal challenges effectively and adaptively,
simultaneously providing humanwell-b ei ng and bi odi2Y,emdsi ty b
can be applied across multiple domains such as sustainable stormwater
management, wastewater treatment, urban agriculture, agroecological farming,
coastline erosion prevention, and remediation of contaminated soil and
groundwater [348]. The sustainability of NbS has been assessed using varied
approaches including cost-benefit analysis, life cycle assessment (LCA),
ecosystem services (ES)-based approaches, multi-criteria decision analysis,
and combinations of these approaches [349]. LCA measures the environmental
impacts of a system or service over its life cycle [350], [351], while ES
accounting quantifies and values the services provided by natural ecosystems
such as carbon sequestration to humans [352]. The integration of ES and LCA
Is increasingly being used as a comprehensive assessment of the
environmental impacts and benefits that a single approach could provide [48],
[49], and is used in particular in the sustainability assessment of NbS systems
[31].

Both ES and LCA are influenced by varying uncertainty sources [180], [184].
While uncertainty assessment protocols have been proposed in individual
domains, both in ES accounting [180], [181], and LCA modelling [183], [184],
[185], no uncertainty assessment protocol currently exists for an integrated ES-
LCA assessment. (State-of-the-art of uncertainty assessments in ES-LCA
modelling are discussed in Chapter 2: , and as such, will not be covered in
detail in this chapter). Consequently, there is a critical need for a
comprehensive and robust framework to quantify the uncertainties inherent in

the integrated sustainability assessment of NbS systems.
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4.2 Methodology

4.2.1 Uncertainty assessment protocol

A comprehensive multi-method uncertainty assessment (UA) protocol was
formulated to assess the uncertainty of the ES-LCA integration, considering the
foreground life cycle inventory (LCI), characterisation factors (CFs) of the life
cycle impact assessments, and ES assessment factors. Due to the vast
multitude of sources that would require consideration, the uncertainty of
background LCI flows were excluded from this analysis [309]. If these
uncertainties were included, the complexity of the analysis would increase
significantly [205], imposing unmanageable operational limitations on the
computational resources required for the scope of such work [200].
Furthermore, although the Ecoinvent database includes uncertainty details for
background LCI, this aspect is notably absent in other background LCI
databases [286]. The proposed UA protocol is shown in Figure 34, following

Pi anosi 0 sstrustore, Which aonsgists of four main steps: computational
setup, input sampling, model execution, and post processing [353]. Pianosi et
al.'s broad strategy recommendations regarding sampling techniques, GSA
methods, and tailored post-processing approaches for ES-LCA assessments
were adapted to the current study. The following enhancements has been made

in this thesist o P i a n o workfloa:t al . 6s

The adaption of the general SA recommendations to environmental

modelling to the more complex integrated environmental modelling.

The assessment of parametric and model structural uncertainty analysis
through an illustrative nature-based mega project case study.

Assessing the impact of sampling strategy and number of samples on the

robustness of global sensitivity analysis results.

The development of an extensive python script encompassing several
scientific modelling tools including LCA modelling, ES accounting, global

sensitivity analysis and statistical analysis.
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Computational setu Input sampling
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Figure 34 The proposed uncertainty assessment (UA) protocol for ES-LCA assessment

(ES: ecosystem services; GSA: global sensitivity analysis; LCA: life cycle assessment; SA: sensitivity analysis)
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4.2.1.1 Computational setup

Three input parameter groups were considered, namely foreground LCI, ES-

LCA CFs, and corresponding ReCiPe CFs. Comprehensive details of these

parameters are provided in Tables B.1i B.6 in Appendix B: Supplementary
materials for Chapter4. The data quality fpedigree m
evaluate uncertainty parameters in life cycle inventories [284] was applied to the
foreground LCI base values. Semi-quantitative data quality indicators (DQIs)

were derived from the resulting matrix.

The data quality indicators were transformed into probability distribution
functions (PDFs), based on Mulleretal.6 s a p p[354)],aisinly two
independent DQI assessments to limit the potential subjectivity of the DQI
results. The PDF upper and lower bounds of the CFs for the ES-LCA were
obtained from the maximum and minimum stochastic values of the spatial ES
modelling biophysical parameters (indicated in Table B.1). The approach
suggested by Santos et al. was used to obtain the PDFs for the CFs of the
standard life cycle impact assessment (LCIA), which entailed the variation of the
CF values by certain approximate percentages based on their perceived
uncertainty in a specific impact category [355]. The common elementary flows
with the greatest contributions to LCIA scores ( O 9 9wkre selected from the
modelt o assign uncertainty r eolmapkesB5tB®b). ReCi P

It is recommended that several GSA methods be used to validate the GSA

results [356]. Therefore, the following GSA methods were selected for the UA in
this study: Sobol[3¥, PAVNT3ISE],tandthe Rapdomndi ces
Balance Designs-Fourier Amplitude Sensitivity Test (RBD-FAST) [359]. So b ol 6 s
sensitivity index (a gold-standard variance-based GSA method) [360] was

chosen due to its wide applicability to models such as ES and LCA, and its

ability to discern the interaction effects of input parameters on their output

uncertainty values [67]. However, this method is characterised by a high
computational cost and dependence on specific input sampling strategies [360].
Therefore, a distribution-based GSA method (PAWN) was used, as this method

is widely recognised as a sampling strategy-agnostic and computationally-

efficient alternative and/or complementary tool to the variance-based methods

[214]. Lastly, the improved version of RBD-FAST was selected for this study as

this method requires significantly less computational costs and is compatible
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with varied input sampling strategies [361]. This approach enabled the

derivation of multi-method GSA results using a single input sampling strategy
with minimal additional computational costs.

The method of Morris (MM), also known as the elementary effects test, is a
widely used screening method that determines the influence of input
parameters on t he whlelgemd corsputationally inexpensiaet y
[67]. Therefore, MM was used as a screening step to filter out the less influential
parameters, thereby reducing the computational cost of the subsequent GSA
processes [362].

4.2.1.2 Input sampling

Campolong et al. modified Mo r rsamplsg for elementary effects [362] to
obtain optimal trajectories [363], pertaining to the required model simulations
per input parameter. These trajectories were used to sample the screening step
inputs. Two hundred optimal trajectories were assumed, based on Garcia et

a | resdearch, which indicated that the Morris method converged at 200
trajectories in complex models [364].

The Sobol Sequence (SS),asr equi red by the Sobal 6s sen
well-known, quasi-random, low-discrepancy sequence used to produce uniform
samples of input parameter space [365]. The SS was implemented in this study
for the multi-global sensitivity analysis step through the assumption of one
thousand (N=1000) simulations per parameter. To enable the analysis of the
impacts of sampling strategy on multi-method GSA results, the Latin hypercube
(LH) sampling technique was used,; this technique samples the input variables
into distinct strata to ensure equal representation of every input variable in the
sample [366].

4.2.1.3 Model execution

To assess the changes on ES delivery for each modelled scenario, the ES were
modelled stochastically based on the uncertainty ranges obtained from the
literature for the INVEST model biophysical inputs (refer to Table B.1). The
maximum and minimum stochastic values were assumed to be the upper and
lower bounds of the novel CFs of ES-LCA (refer to Chapter 3: for details of the
ES-LCA framework). As recommended by Pianosi and colleagues, the
robustness and convergence oft hi s sdmplihgrbdsed Sensitivity analysis
(SA) technique was evaluated by plotting the relationship between the

sensitivity index value and the sample size on a line graph [353]. Convergence
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of the SA results would indicate that the sensitivity indices were no longer

influenced by the sample size, and that the number of samples was sufficiently
large enough for the GSA method requirements [367]. The model behaviour
was furthermore assessed and compared to the deterministic ES-LCA results

reported in Chapter 3.

4.2.1.4 Post-processing

Heatmaps of the selected GSA sensitivity indices were plotted to assess the
robustness of the GSA results. The Kruskal-Wa | | i s ( KW) t e s-t
hoc pairwise comparison were applied to determine any statistically significant
variation in the stochastic ES-LCA results of the modelled scenarios. The
statistical significance was determined by a comparison of the p-values of the
empl oyed tests against a pp-valdesléssthand
alpha indicate that the observed variations between the results were not
coincidental [368].

4.2.2 lllustrative case study
The London Olympic Park was this was used as an illustrative case study and
was described in detail in Chapter 3. Three remediation scenarios were

modelled to reflect varying remediation strategies, namely conventional

remediation, NbS remediation, and a no-action scenario, as outlined in Table 18

and illustrated in Figure 35.

Table 18 Modelled scenarios

Scenario Description

London Olympic Park Soil remediation activities that preceded the construction of

(LOP) LOP, including soil washing, chemical and geotechnical
stabilisation, bioremediation, and material sorting, over a 3-
year period.

Nature-based solution A simulated large-scale hybrid poplar phytoremediation

(NbS) scenario assuming 5000 trees/ha with 30% die-out over 12
years, and anaerobic digestion of the phyto-biomass post-
remediation.

No action (NA) A no-action scenario with monitored natural attenuation over

30 years with an assumed 27 monitoring wells and land cover
as per the 2000 land cover map (LCM) with no land use
change over the monitoring period.
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Figure 35 Case study map and modelled scenarios

(LCM: land cover map; LOP: London Olympic Park; NA: no action scenario; NbS: nature-based solution scenario)
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4.2.3 Computational implementation

The computational workflow for sensitivity analysis as developed by Jaxa-
Rozen [369], based on the openLCA IPC Python wrapper, was adopted for this
research. The Morris and Sobol input sampling and the global sensitivity
method implementations were conducted using SALib, a Python library for
sensitivity analysis [370], [371]. The uniform sampling function of NumPy [372]
was used for the stochastic ES modelling input, which was implemented using
the INVEST API Python software [187], following the modelling approach for ES
as detailed in the INVEST user guide [373]. However, the INVEST software suite
excludes a module for AF modelling; therefore, a different approach was used
for the ES modelling, as highlighted in Section 3.3.4. The Kruskal-Wallis (KW)
test was implemented using SciPy algorithmic functions [374], whileDunndés t es
was carried out through the scikit-posthocs package [375].

4.3 Results

4.3.1 Screening step

The screening step in the computational setup of the proposed protocol was
used to select the most influential parameters for further GSA analysis. There
were 58, 59, and 53 input parameters in the initial lists for the LOP, NbS, and
NA model scenarios respectively (Table B.7 present full descriptions of the
investigated input parameters). These parameters were reduced to 33 input
parameters to be considered in the study. Figure 36 shows a typical scatter plot
of the method of Morris results; the y-axis represents the standard deviation of
the elementary effects (EEs) and the x-axis indicates the mean of EEs. As the
input parameter markers move to the top-right corner of the scatter plot, they
indicate higher contributions to output variance, signifying greater relevance in
terms of uncertainty [353].

In the LOP scenario (refer to Figure 37), the uncertainty of the GWP category
was mainly dominated by CFO6s uncertainty
CHEM (chemical stabilisation). The uncertainty of the WC category was
primarily controlled by foreground LCls of remediation technologies, notably
chemical and geotechnical remediation. For the FMPF, FE, and ME categories,
contributions to model uncertainty came mainly from CFs and the LCI of CHEM
and bioremediati on. I n the | and use (LU)
output variance was significantly higher than the foreground LCI aside from
CHEM.
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Figure 36 Screening step results of global warming potential (GWP) for the LOP
scenario

(EEs: Elementary Effects, Table B.7i Figure B.9 present full description of the

investigated input parameter)
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Figure 37 Screening step results of the LOP scenario

(Table B.71 Figure B.9 present full description of the investigated input parameter)
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Figure 38 Screening step results of the NbS scenario

(Table B.71 Figure B.9 present full description of the investigated input parameter)
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Figure 39 Screening step results of the NA scenario

(Table B.71 Figure B.9 present full description of the investigated input parameter)
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Regarding the NbS scenario (see Figure 38), a prominent contribution to
uncertainty is observed from the foreground land use LCI (LU-LCI) of the NbS
remediation across various impact categories. In both the GWP and FMPF
categories, the primary contributors to output variance are the foreground LU-
LCI and diesel consumption in agricultural activities within the NbS system.
Within the ME, FE, and LU categories, the CFs are a significant contributor to
uncertainty, ranking second only to the LU-LCI. It is worth noting that the
foreground LCI of the NbS_D11 parameter (which represent diesel consumed in
harvesting activities) consistently appears in close proximity to the LU-LCI,

suggesting a positive correlation.

In the context of the NA scenario (refer to Figure 39), a parallel pattern of LU-
LCI dominance in terms of contribution to uncertainty becomes evident. In the
GWP, WC, and FMPF categories, the foreground LCI associated with collecting
samples from monitoring well samples closely follow the LU-LCI. This
noteworthy contribution could be attributed to the sampling frequency (4 times a
year) which is reflected in the total distance travelled to testing facilities (Table
B.4). For the FE and LU categories, it is observed that the corresponding CFs
closely trail the LU-LCI in terms of their contribution to the variance of the
output. In the ME category, it is apparent that the contribution to uncertainty is

exclusively dominated by foreground LCls.

4.3.2 Comparison of deterministic and stochastic ES-LCA results

This section compares the stochastic ES-LCA results of the modelled scenarios
in with the deterministic figures presented in Section 3.4 of chapter 3. Figure 40
represents the GWP results, while the remaining impact categories are detailed
in Figure B.1 - Figure B.5. Upon visual inspection of the results, it becomes
evident that the deterministic value closely aligns with the mean value across

the six impact categories under investigation, specifically for the LOP.

In contrast, for the NbS and NA scenarios, the deterministic values consistently
fall below the mean value, exhibiting varying margins across the impact
categories. Notably, the WC category stands out as an exception, where the
two values are approximately equivalent. Apart from the LU and WC categories,
the dispersion of the ES-LCA outcomes remains minimal, as evidenced by a
standard deviation (SD) of 0. However, a substantial degree of variability
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becomes apparent in the WC category, with SDs ranging from 27 to 200 times
the mean. The LU results display a comparatively more moderate level of

variance.

LOP: Global warming

2000 5th percentile
deterministic value
mean

95th percentile

Mean: 41.53

Median: 41.53

Std Dev: 0.94
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KW stat: 185684.4457
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Levene stat: 84934.6556

1750 1

1500

1250 A

Count

1000

750 A

500 1

250 1
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kg CO: eq.

Figure 40 Comparison of the stochastic global warming potential (GWP) results
for the three scenarios relative to the deterministic values: LOP scenario

(KW: Kruskal-Wallis test; LOP: London Olympic Park; Std Dev: standard deviation)

A direct comparison between deterministic results reported in Section 3.4.2 of
chapter 3 and stochastic ES results in this chapter is not feasible because a
different modelling approach has been used for the NA scenario to obtain
values for CSS, ME, FE, and GR by using land cover map (LCM) 2000 as a
reference point (refer to Section 4.5 for further discussions). The stochastic ES

results are presented in Figure B.6 - Figure B.10.

NbS: Global warming
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Median: 3.32
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Figure 41 Comparison of the stochastic global warming potential (GWP) results
for the three scenarios relative to the deterministic values: NbS scenario

(KW: Kruskal-Wallis test; NbS: nature-based solution scenario; Std Dev: standard deviation)
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NA: Global warming
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Figure 42 Comparison of the stochastic global warming potential (GWP) results
for the three scenarios relative to the deterministic values: NA scenario

(KW: Kruskal-Wallis test; LOP: London Olympic Park; NA: no action scenario; NbS: nature-
based solution scenario; Std Dev: standard deviation)

4.3.3 Results of GSA methods

This section presents the outcomes of the multi-method GSA applied to the
filtered input parameters of the modelled scenarios. The significant trends
observed in the GSA results of foreground LCIs and CFs across these
scenarios. Figure 43, Figure 45, and Figure 47 display the normalized GSA
results for the LOP, NbS, and NA scenarios, respectively. These normalized
results are scaled from zero (indicating the least importance) to one
(representing the highest importance), enabling a straightforward comparison
among the selected GSA methods.

In the LOP scenario, the CHEM (Chemical stabilisation of soil contaminant)

parameter appears to be the most influential foreground parameter within the

FMPF, ME, and LU i mpact <categories given
translated in higher variability of the input value. However, the uncertainty of

CFs varies in its impact across the categories, as indicated in Figure 43.

Generally, the GSA methods yield consistent results, particularly in identifying

the most influential parameter. Nevertheless, this observation appears to

diminish as the importance value approaches zero. Notably, the PAWN method

appears to produce false positive values, evident in the PAWN index values of
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CFs displaying sensitivity beyond their respective categories corroborating Puy

e t sdindingd [376]. There seems to be minimal impact from the interaction

between model parameters, as indicated by thenear-z er o val ues of th
totalkor der i ndex (ST) .-orderindex [SlL)yand RBDGBHASTISA s f i r

demonstrate better agreement compared to the results of other indicators.

In parallel with the LOP scenario, a consistent pattern emerges among the
agreement of GSA results of the NbS and NA scenarios, extending to less
influential parameters in terms of the output uncertainty. Moreover, the PAWN
results exhibit greater consistency when compared to the LOP results. In
contrast to the GSA findings of the LOP scenario, both the NbS and NA GSA
indices point to the foreground land use (LU)-LCI flow as the most significant
parameter across the impact categories. This occurs with exception for the WC
category, where CFs take dominance, mirroring the LOP scenario results

shown in Figure 45, and Figure 47.

In the FE and LU GSA results of the NbS scenario, the second most important

parameters are the CFs from the respective impact categories, and a similar

trend is observed in the NAOGs LU indices.
the LU-LCI to uncertainty could be attributed to its higher correlation with other

parameters, as indicated by the ST results.
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Figure 43 GSA results of the LOP scenario for global warming, water consumption, and fine particulate matter formation

(PAWN norm: normalised PAWN indicator; RBD-FAST S1 norm: normalised 1st order indicator of random balance designs Fourier amplitude sensitivity test; S1
norm: normalised 1st order Sobol'sindex; ST nor m: nor mal i sed t;W€: avhiter consdngption)Sob ol 6s i ndex
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