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Department of Architecture and Civil Engineering
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Abstract
The principal aims of this study were purposed to show that synergistic solutions
in brownfield remediation through bio-based production projects can be realistic
answers to many of the critical issues facing urban areas today. International recog-
nition of widespread land contamination, natural capital degradation, planetary
boundaries, increasing rates of urbanization, and shortages in available land and
funds necessitate that low-impact, low-cost remediation techniques become more
widely utilized. Implementing gentle remediation options (GRO) at urban brown-
field sites can serve to alleviate many of the detrimental consequences from these
problems by mitigating the risks posed by the contaminants, remediate the site and
regenerate the latent natural capital stocks of soil and land, provide ecosystem ser-
vices and biodiversity, provide sites for urban agriculture, reinforce holistic soil and
land management strategies, and promote a circular bio-based economy through the
productive use of the biomass produced on-site.
In this thesis work, a literature review was performed to explore the published
field of work covering circular economy, brownfield redevelopment and remediation,
GRO, and bio-based production systems for both renewable energy biomass pro-
duction and food products. Best practices strategies, and knowledge were compiled
for conducting a preliminary, feasibility study for two case study sites located in
Gothenburg, Sweden. The Rejuvenate decision-support tool was applied as a guid-
ing methodology, and the resulting bio-based production proposals were produced by
following the four stage, checklist-based procedure as well as assimilating the exper-
tise collected during the research phase. Resulting proposals focus primarily on risk
mitigation through short-rotation coppicing (SRC) with willow and/or poplar, in-
corporating well-established agronomic practices like agroforestry and crop rotations
with perennial grasses or other crop species to maximize benefits, and considering
the viability of urban agriculture at the sites. The overall value offered by each
proposal is demonstrated within the economic, environmental, and social aspects of
sustainable development.

Keywords: brownfields, gentle remediation options, bio-based production, urban
agriculture, circular economy, natural capital, ecosystem services, land management,
phytomanagement, soil management.
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1
Introduction

This chapter provides the contextual background to the thesis, aims and objectives
guiding the research, limitations, and the overall structure of the report.

1.1 Background and Key Concepts

Cities all throughout the world are changing. Rising rates of urbanization worldwide
are projected to increase the populations of urban areas from the current 3 billion
to approximately 6 billion by 2050 (Olofsdotter et al., 2013). At present, resource
consumption in urban areas accounts for almost 80% of global emissions of green-
house gases with disproportionately distributed wealth and environmental impacts
a�ecting poorer areas more severely. While many urban areas are rapidly growing,
others are shrinking. The problems faced by rapid growth or reduction di�er, but
ultimately the wicked problem of managing urban land in a sustainable, equitable
manner will have to addressed by all involved in urban development. Rapid indus-
trialization over the past century has introduced the added problem of widespread
contamination in and around cities' soil and water systems (Olofsdotter et al., 2013).

In the wake of a surging international, national, and local emphasis on sustainability
in all realms of society, many publications, action groups, international coalitions,
and worldwide e�orts have been designating greater scienti�c interest and e�ort
into envisioning what a sustainable future could be in a rapidly urbanizing world.
By 2020, about 80% of Europeans will live in cities which requires that long-range
plans be created to guide the development of the continent's urban development and
provide leadership in sustainability planning (Olofsdotter et al., 2013). The report
by Rockström et al. (2009) concerning the planetary boundaries and the delicate
balance we maintain with the earth has especially added a sense of urgency to
recent e�orts. Approaching the issues broadly, the European Commission's report,
Roadmap to a Resource E�cient Europe, (EC, 2011b) addresses the challenges and
opportunities for Europe as a whole to adapt their collective economies to both
stimulate growth and ensure environmental sustainability through paradigm shifting
transformations, rethinking the way we develop cities into more circular, holistic
drivers of economic growth and innovation. The Vision for a Resource E�cient
Europe is stated:

By 2050 the EU's economy has grown in a way that respects resource con-
straints and planetary boundaries, thus contributing to global economic
transformation. Our economy is competitive, inclusive and provides a
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1. Introduction

high standard of living with much lower environmental impacts. All re-
sources are sustainably managed, from raw materials to energy, water,
air, land and soil. Climate change milestones have been reached, while
biodiversity and the ecosystem services it underpins have been protected,
valued and substantially restored.

Many other European Commission reports corroborate this vision through simi-
lar action plans and strategies. This includes the European Biodiversity Strategy
to 2020 (EC, 2011a), the currently debated EU Strategy for Soil Protection (EC,
2006), the EU Renewables Directive (European Parliament, 2009), and the more
recent action plan endorsing a transition to a more Circular Economy (EC, 2015).
All of these action plans and strategies overlap and ultimately contribute to working
towards a more sustainable future. In addition, many international networks and
joint projects have contributed to creating a robust body of literature, research, pilot
studies, and decision support tools to aid in the redevelopment ofbrown�eld land.
This term is used to classify a type of land in an urban area that was previously
used for industrial or commercial purposes which is (or is at least perceived to be)
contaminated by concentrations of hazardous waste, organic pollutants or metals,
and has been wholly abandoned or fallen into a non-productive use state (Bardos
et al., 2016; Cundy et al., 2016; Olofsdotter et al., 2013). These brown�eld sites are
unique in that they provide windows of opportunity to both practicesustainable re-
mediation on the contaminated sites (to regenerate for more productive use) and for
transitioning into a more holistic or circular land managementstrategy (described
in more detail in later sections). Furthermore, recent investigations into urban rede-
velopment has shed light upon the expanded value which brown�elds o�er. Namely,
precious natural capital resources, generation of ecosystem services, and the poten-
tial for bio-based production in sync with plant-based remediation all contribute to
a circular economy and a more sustainable urban environment. In a recent study,
Schröder et al. (2018) state the importance of this task:

From an ecological point of view, the rationale for restoration of degraded
or marginal land is to recover lost aspects of local biodiversity and ecosys-
tem resilience. From a pragmatic point of view, it is indispensable to
recover or repair ecosystems and their capacity to provide a broad array
of services and products upon which human economies and human life
quality depends.

In this study, some of the major challenges addressed by the European Commission
reports will be discussed to highlight opportunities for sustainable development and
circular land and soil management in urban areas through the reuse of abandoned
or contaminated land commonly known asbrown�elds.

1.2 Aims and Objectives

The objective of this thesis work is to investigate methods for selecting gentle re-
mediation options (GRO) for both remediating contaminated brown�elds and facil-
itating bio-based production while promoting a circular economy, land use, and soil

2



1. Introduction

management strategy. Synergistic solutions focusing on low-cost and low-impact,
risk-reducing GRO, supporting biodiversity to provide ecosystem services while si-
multaneously ensuring soil functionality, and exploring possibilities for bio-based
production (e.g. energy crops, urban agriculture) to work in parallel with such
remediation options at brown�eld sites will be proposed. This thesis work will be
targeted towards providing a foundation of useful research into the above mentioned
themes for use in future projects performing more robust analyses and practical ap-
plications of these techniques. The questions guiding the research are as follows:

1. What di�erent GRO are available and tested? Are there any best practice
cases? Under which site conditions are di�erent GRO suitable?

2. What type of bio-based production systems can be applied in an urban setting?
Are there any case studies or best practices? Are there regulatory obstacles
to such systems?

3. How can GRO and urban bio-based production be combined? How does this
contribute to a circular economy?

4. What are the inputs (e.g. nutrients, soil amendments) and outcomes of such
systems (e.g. remediation of soil and water, crops, ecosystem services, metal
recovery, etc.) and how does it related to a circular, bio-based economy?

5. What are the bene�ts o�ered by the various decision-support tools created to
guide brown�eld remediation and restoration? How are they applied?

Following the research phase, the subsequent aim is to apply the concepts and
knowledge gained to propose viable, preliminary bio-based production systems for
two case study sites located in Gothenburg, Sweden.

1.3 Limitations

Due to time limitations of performing the Master's thesis work over only 6 months,
many issues connected with the main objective and brown�elds in general will be
neglected in order to focus more speci�cally on gentle remediation techniques, bio-
based production, ecosystem services in an urban context, soil management and the
combination of these in a circular economy. An additional limitation is the lack
of site-speci�c soil sampling at either contaminated brown�eld site for use in this
case study application. Also, pilot testing of the methods covered in the report is
impossible due to the time-scale involved. The practical application will need to be
performed later in future, related projects.

3



1. Introduction

1.4 Structure of the Report

Following chapter 1's general introduction to the thesis work, chapter 2 provides
an in-depth explanation of the methodology followed in performing the study in
two parts: thematic literature analysis and case study application of theRejuvenate
decision-support tool. Chapters 3-6 discuss the major research themes identi�ed
as important in answering the �rst three research questions, including: 3) Bio-
based circular economy, 4) Brown�eld redevelopment, 5) Gentle remediation options,
and 6) Bio-based production. Chapter 7 presents the important �ndings from the
research in the form of two tables listing best practices in both risk-based and bio-
based production approaches to urban brown�eld remediation projects.

Chapter 8 presents the two case study sites considered in this study, and then
the stepwise application of theRejuvenateDST to determine appropriate bio-based
production systems at either site. Chapter 9 summarizes the most important issues,
drivers, inhibitors, and DST procedures discussed throughout the thesis as well
as other relevant factors for future investigations, answering the �nal two research
questions. Finally, chapter 10 gives a short conclusion.

4



2
Methodology

This chapter presents the methodology followed in the study via separation into two
major parts. The �rst being a comprehensive thematic analysis of brown�eld remedi-
ation literature and extraction of best practices, followed by the secondary procedure
to apply a decision-support tool for the case study sites.

Figure 2.1: Methodology Flow Chart, own work.

2.1 Literature Review

The �rst phase of this thesis work was to conduct a thorough literature review of the
vast sea of research pertaining to the guiding research questions 1-3. As depicted
in Figure 2.1, the observed methodology began with identifying the combination
of factors contributing to the major problem of widespread contamination which
was brie�y introduced in the previous chapter. Following identi�cation, qualitative
research to identify major themes within the published body of work in this �eld
was performed by loosely following a type of thematic analysis1 research technique.
Initially applied during problem framing, a thematic analysis research approach was
useful to move from a broad reading of the data toward discovering patterns and
central concepts which could be compiled into coherent strategies and best practices.
Four major themes, with corresponding sub-themes, were created for organizing the

1http://designresearchtechniques.com/casestudies/thematic-analysis/
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2. Methodology

important �ndings from literature. Beginning with broader, macro-level issues and
concerns like circular bio-based economies and brown�eld redevelopment to under-
stand the big picture, gentle remediation options and bio-based production systems
were then explored in greater detail to eventually compile relevant projects and
knowledge into best practices tables for both a risk-based and bio-based production
approach in implementing GRO on contaminated sites.

2.2 Decision-Support Tool Application

The Rejuvenatedecision-support tool (Andersson-Sköld et al., 2014, 2013) was de-
veloped with the aim of supporting site-speci�c decision making for evaluating the
potential of brown�eld sites to produce biomass for bio-fuel production or other bio-
energy uses. A practical complement exists in utilizing plants for phytoremediation
to rehabilitate brown�eld sites and for biomass production on marginal land for
economic gain.Rejuvenateseeks to support such crop-based systems on marginal
land, and aligns closely with the aims and objectives of this study thus making it a
valuable tool to apply. The DST has four broad, interlinked stages that can be used
to re�ne choices for biomass production on marginal land, shown in Figure 2.2. The
framework forms an iterative funnelling process with the four stages as described
below:

ˆ Stage 1. Crop suitability: the output from this stage identi�es a short list
of biomass crops that are able to grow under the local conditions and have a
market outlet, preferably within the local region.

ˆ Stage 2. Site suitability: the output from this stage identi�es a shortened
list of crops that could be grown on-site and speci�es the management inter-
ventions needed to achieve this.

ˆ Stage 3. Value management: the output from this stage identi�es project
options that are �nancially viable and sustainable.

ˆ Stage 4. Project risk: the output from this stage is a realistic appraisal of
project risks and a mitigation strategy for these risks.

The aim of incorporating the RejuvenateDST was for use as an analytical frame-
work (i.e. guiding methodology) in evaluating the potential at both case study sites
in Gothenburg for bio-based production, answering research questions 4 and 5. Co-
incidentally, Rejuvenatewas applied in Sweden and performed in more detail than
at other project sites which allowed real-world considerations to be included in this
analysis. It also provided better geographic context in using the DST, and allowed
the methodology to be followed fairly closely (Andersson-Sköld et al., 2014). Figure
2.3 depicts the stage-gate �owchart used for the overall procedure. See Appendix 3
for checklists used in each individual stage.

The full iterative procedure was not possible to apply in its entirety for each stage,
so assumptions based upon knowledge gained during literature review, best prac-
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Figure 2.2: Stages of theRejuvenateDST and funneling process, from Andersson-
Sköld et al. (2013). Reprinted with permission from author.

tices performed successfully, and personal judgments in consult with expert opinion
had to be made. For transparency, assumptions made throughout application are
explicitly stated. Certain aspects of the DST were neglected altogether due to lack
of information, or falling outside the scope of this study. For example, �nancial fea-
sibility is only brie�y addressed in this study and no detailed CBA calculations were
performed. Also, Stage 4 is focused upon practical project implementation and plan-
ning like stakeholder involvement, due diligence, and detailed planting trials which
are only brie�y addressed as points of discussion.

Application of Rejuvenatein this study is best viewed as a predominantly qualitative
review performedearly in the project planning processto determine crop suitability
and feasibility, important site and risk management considerations, and the potential
overall value o�ered by the proposed bio-based production system. Applying the
DST according to Andersson-Sköld et al. (2014), an iterative procedure for crop
selection was established, and when performed early it can quickly identify the most
viable management options in a project. Speci�c outcomes and in�uential factors
followed per stage are listed below:
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ˆ Stage 1: Filter the broad range of plant/crop species gathered from literature
into a narrow list which can meet the speci�c site's needs in terms of: risk
mitigation of contaminants, growing potential under local climate conditions,
objectives for each site, and usage of produced biomass.

ˆ Stage 2: Evaluate each site (qualitatively) to determine: quality of the soil,
interventions or soil amendments required, site-speci�c risk mitigation, agro-
nomic practices to ensure e�ective plant growth, and other site considerations
necessary (e.g. biomass conversion facilities). Feasible bio-production options
will be proposed resulting from this stage.

ˆ Stage 3: Demonstrate the overall value of proposed bio-based production
projects at the site through: evaluation of ecosystem services provided, wider
project services and bene�ts through brown�eld redevelopment, economic po-
tential from biomass produced, and sustainability appraisal.

ˆ Stage 4: General discussion of wider project considerations, including: in-
volving stakeholders, indicators of project success and veri�cation, and the
possibility of urban agriculture at the site.

Furthermore, a guiding question was considered during application of theRejuvenate
DST: How does Rejuvenate work for all forms of bio-based production aside from
purely bioenergy?This was deemed to be an important question so as to evaluate the
DST in terms of potential for other forms of bio-based production aside from purely
bioenergy (e.g. other bio-products and food crops) in contributing to a circular
economy. A brief re�ection on usingRejuevenateis included in the �nal discussion
section.

8



2. Methodology

Figure 2.3: Overall Rejuvenatedecision-support �owchart, from Andersson-Sköld
et al. (2013). Reprinted with permission from author.

.
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3
Bio-Based Circular Economy

The following sections introduce theory behind bio-based circular economies, the im-
portance of natural capital, soil management, ecosystem services, and how transi-
tioning towards circular land and soil management can promote circular economy
principles.

3.1 Circular Economy

A circular economyis composed of two material cycles:1 a technical cycle and a bio-
logical cycle. The technical cycle refers to the use of mineral resources (e.g. metals,
plastics) as production inputs, and designing products and their parts in such as
way as to allow reuse or recovery of the input materials. In the biological cycle, re-
sources have a biological origin which allows the products or components to be safely
restored into the natural system at the end of useful life. This system is meant to be
both ecologically and economically restorative, and the concentrated application of
circular economy practices is an important tool to achieving the SDGs and the EU's
'closing the loop' strategy (Breure et al., 2018; EC, 2015; Ellen MacArthur Founda-
tion, 2015). Breure et al. (2018) explain the importance of transitioning towards a
circular economy through the lens of three distinct perspectives:

ˆ Planetary Boundaries: First conceived by Rockström et al. (2009), the global,
ecological boundaries erected to stave o� worldwide devastation represent the
carrying capacity of the earth for 9 distinct categories. Soil is directly related
to at least the boundaries of bio-geochemical cycles, environmental pollution,
biodiversity, and changes in land use.

ˆ Integration within the social system: Considering the future provisioning of
resources within a circular economy to society, extraction of mineral resources
exerts a degrading pressure on the natural environment which inhibits sus-
tainability. These activities will have signi�cant impacts on the landscape,
biodiversity, soil quality, water bodies, and air. Incidentally, a shift towards
more bio-resources used in the biological cycle will compete with the agri-
cultural production of food. Soil and land will become precious commodities
which further increases the necessity of circular economy principles..

ˆ Land Management: Land itself is a �nite and shrinking resource. Changes in
land use and widespread degradation has put tremendous stress on this natural

1https://www.ellenmacarthurfoundation.org/circular-economy/overview/concept
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resource which a�ect the role land and its soil systems play in bio-geochemical
cycling and the host of other ESS it provides. If the EU hopes to curb land
consumption and achieve the goal of net-zero land take by 2050 then circular
economic principles are vital.

Given these three key drivers, soil and land must also be included in the circular
systems approach to the economy and development through recycling and regener-
ation. Holistic or Circular �ow land use managementare terms used to describe
this methodology which entails reducing the consumption ofgreen�elds (i.e. un-
developed, natural land) and utilizing the full potential of all pre-existing sites,
especially urban brown�elds (Preuÿ and Ferber, 2005). Furthermore, the demands
placed by provisioning of food supplies (or biomass in general) to cities is also typi-
cally included in a circular economy (EC, 2015; Ellen MacArthur Foundation, 2015).
Conventional, large-scale agricultural techniques are one the world's leading causes
of greenhouse gas (GHG) emissions and contribute to a plethora of other negative
impacts, but there is great potential to mitigate these damages with a shift to food
production within cities via urban agriculture (UA). Research from Goldstein et al.
(2016) show that UA has proven bene�ts with GHG reductions, reduced urban heat
island e�ect, and storm water mitigation alongside other ESS compared with con-
ventional agricultural practices. Tripathi et al. (2016b) state that coupling (phyto-)
bioremediation with carbon sequestration via growing plants at contaminated or
polluted land can help to mitigate the many problems caused by rapid industrializa-
tion, urbanization, and intensive agricultural activities. Deriving valuable products
from renewable and waste biomass produced in bioremediation directly supports
the future bioeconomy. Potential bio-products include: bio-fuels, bio-surfactants,
bio-composites, industrially important solvents, bio-plastics, and pharmacological
products to name a few. Figure 3.1 provides a visual depiction of the range of pos-
sibilities for biomass products (including an innovative combined heat and power
plant in Stockholm which would bene�t from increased biomass stock). Urban food
production, bio-energy production systems, and other bio-products produced in sync
with brown�eld remediation will be a focus point throughout this study to explore
the potential in contributing to a bio-based circular economy.

3.2 Natural Capital

According to the European Commission, a major problem associated with our cur-
rent resource consumption patterns is that our common pool ofnatural capital,
de�ned as the world's stock of natural assets including geology, soil, air, water, and
all living things2, are treated as in�nite, 'free' commodities whose value is not su�-
ciently accounted for in modern economic markets (EC, 2011b). This has inevitably
led to detrimental depletion, pollution, and a wide range of associated threats to
our long-term sustainability and resilience to environmental shocks. An important
subset of natural capital areecosystem services(ESS), de�ned here as the goods and

2https://naturalcapitalforum.com
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Figure 3.1: Potential Bio-products for a Bioeconomy, from Tripathi et al. (2016b).
Reprinted with permission from Elsevier and Lancet.

services that humans derive from natural and human-modi�ed systems on which so-
cietal welfare and economic development directly depend (MEA, 2005; TEEB, 2011).
According to EC (2011b), ESS have been degraded by approximately 60% (in total)
worldwide over the last 50 years. In addition,biodiversity, the variety of life on earth
essential to the health and functioning of ecosystems and their ability to provide ESS
to humans (MEA, 2005; TEEB, 2011), has similarly been lost worldwide from ne-
glect, over-exploitation, land-use changes, pollution, etc. Urgent action is mandated
in EC (2011a) to curb the rapid rates of species loss in Europe by placing greater
importance on sustainable practice in agriculture and forestry, nature conservation,
economics, and infrastructure enabling ESS. Investment in natural capital, ESS and
biodiversity is widely considered to be of tremendous importance, and is re�ected
in the milestones (e.g. reversing the destructive trends, mitigating damages, and
achieving net-zero land take) set by the commission to be met by 2020 (EC, 2011b).

More speci�cally, ecosystem services, as developed by MEA (2005), are broken down
into four categories: Provisioning, Regulating, Cultural, and Supporting Services.
Provisioning are the most direct services which are the tangible products obtained
from ecosystems like food, �bre, and energy. Regulating services are those bene�ts
obtained from ecosystems naturally regulating the environment through processes
like air and water �ltration, carbon sequestration, etc. Cultural services are non-
material bene�ts humans gain from ecosystems such as spiritual enrichment, cogni-
tive development, recreation, and natural aesthetics. Supporting services are those
necessary for the production of all other ESS, underlying all others like nutrient
cycling and soil formation (MEA, 2005; Olofsdotter et al., 2013). The full range
of urban ESS was explored in great detail by theCities and Biodiversity Outlook
consortium which created the �rst global assessment of the linkages between urban-
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ization, biodiversity, and ESS (Gómez-Baggethun et al., 2013), and in theTEEB
Manual for Cities (TEEB, 2011). Olofsdotter et al. (2013) believe that:"Urbaniza-
tion is both a challenge and an opportunity to managing ecosystem services globally,
regionally, and locally." In order to do so, a shift from predominantly grey infras-
tructure, traditional built 'hard' infrastructural systems, to blue-green infrastructure
must be emphasized. In their report, Olofsdotter et al. (2013) de�ne blue-green in-
frastructure as: Interconnected networks of land and water that support species,
maintain ecological processes, sustain air and water resources, and contribute to the
health and quality of life for communities and people. The term 'soft use' is often
used to refer to this type of land use that supports ecological systems, as opposed
to hard uses, such as paving or sealing over soil systems. Future urban development
implementing blue-green infrastructure and ESS shows great potential to mitigate
climate change, bolster urban resilience, and increase human well-being; however,
land competition is �erce in most of the world's fastest growing cities. The most
readily developable land typically goes to the economic activity with the greatest
return, not those with predominantly environmental uses and low economic prof-
itability.

3.3 Soil Management

Soil is generally de�ned as the top layer of the earth's crust, formed by mineral
particles, organic matter, water, air, and living organisms. It is the interface between
earth, air, and water and hosts most of the biosphere. Furthermore, since soil
formation is such a slow process, soil is essentially a nonrenewable resource, and
as such, one that is rarely given the attention and priority it deserves (EC, 2006).
Soil degradation is a serious problem throughout the world which is exacerbated by
human activities like poor agricultural and forestry practices, industrial activities,
urban sprawl and pollution, and construction. Degradation, contamination, and
rampant soil sealing(covering with impermeable surfaces like concrete and asphalt)
prohibit soil from performing its essential services (i.e. ESS) which enable human
life to exist. Among these services are: providing biodiversity habitats above and
below ground, cleaning water for replenishing aquifers, regulating micro-climates
in compact urban environments, nutrient cycling, carbon sequestration, and many
more (Blümlein et al., 2012; EC, 2006). Of particular emphasis is the e�ects of soil
sealing and how tolimit, mitigate, and compensatefor it as urban areas expand.
Limitation (and mitigation to a lesser extent), as de�ned by Blümlein et al. (2012);
EC (2006), is most relevant to this study as it entails a two-pronged approach of
reducing land take in urban areas and reusing the previously sealed or contaminated
land (i.e. brown�elds). The comprehensive overview of the strategy is covered in
painstaking detail in the EU-27 �nal report (Prokop et al., 2011).

To achieve any of the ambitious goals set through the action plans and strategies,
sustainable soil management must take a higher precedence in urban planning and
development as it directly contributes to meeting the goals and milestones set by
all previously mentioned European Commission plans (EC, 2006, 2011a,b, 2015).
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In 2006, the Thematic Strategy on Soil Protection(EC, 2006) was proposed to
bring attention to the seriousness of the situation and prescribe a methodology for
lessening the impacts of urban development. Keesstra et al. (2016) take this even
further to state that soil science and management is essential to the realization of
the United Nations Sustainable Development Goals3 due to 7 speci�c functions that
soil provides, the 12 associated ESS, and how these correspond to the 17 SDGs (see
Appendix 1 for the well-detailed graphical abstract of their paper). The sustainable
use of the natural capital in the soil system will enhance the resilience of a city while
providing opportunities for urban farming, green space and recreation, and greater
well-being for urban citizens (Breure et al., 2018; Norrman et al., 2016, 2015).

3.4 Circular Land and Soil Management

The ideal combination of circular economy principles, natural capital preservation,
ecosystem services provision, and sustainable soil management would culminate into
a circular or holistic land use management strategy. As previously mentioned, urban
brown�eld sites play a key role in maximizing the latent potential of land and soil
resources and using space e�ectively in and around cities (Breure et al., 2018; Preuÿ
and Ferber, 2005). According to Preuÿ and Ferber (2005), systematic rehabilita-
tion of contaminated or otherwise derelict brown�eld sites requires the integration
of their potential into the urban land use cycle. Obstacles related to planning, co-
operation, information, management, �nancing, etc. will have to be overcome with
integrated, turnkey solutions to do so e�ectively. Municipalities pursuing strict �-
nancial gain have historically overlooked brown�eld sites which show low economic
promise; however, it is precisely these sites which should be exploited for their wide
range of other environmental and social bene�ts. Circular (�ow) land use manage-
ment should reduce the length of time which this land lies vacant or unused, and
promote solutions to regenerate land and soil (Preuÿ and Ferber, 2005).

As stated by Breure et al. (2018):

The circular economy provides a framework for the management of nat-
ural capital, including land and soil, mineral resources, fossil fuels, water
and biodiversity as an asset and provides incentives for e�cient use and
management.

3http://www.un.org/sustainabledevelopment/sustainable-development-goals/
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Figure 3.2: Circular land use model of phases and potential for reuse, from Preuÿ
and Ferber (2005). Reprinted with permission from author.
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4
Brown�eld Redevelopment

This chapter describes in more detail brown�eld redevelopment land use issues, soft
reuse approaches to remediation, and frameworks used to determine the overall value,
sustainability and risk mitigation e�cacy of remediation e�orts.

4.1 Urban Land Use

A milestone in the Roadmap to a Resource E�cient Europe(EC, 2011b) states:

By 2020, EU policies take into account their direct and indirect impact on
land use in the EU and globally, and the rate of land take is on track with
an aim to achieve no net land take by 2050; soil erosion is reduced and
the soil organic matter increased, with remedial work on contaminated
sites well underway.

In light of the updated view of land as both natural capital and a resource, reusing
brown�eld land has grown tremendously in importance (EC, 2011b). Cundy et al.
(2016) state that there are an estimated 1 million potential brown�eld sites across
the European Union (possibly even up to 2.5 million throughout the whole of Europe
according to Cappuyns (2016)), so there are a vast number of test sites and oppor-
tunities for applying the new generation of sustainable best practices. Indeed, new
practices are crucial, because a signi�cant amount of brown�eld land area remains
derelict or underutilized due to restoration being uneconomic or unsustainable using
conventional methods. This problem is of particular concern for large land areas or
smaller, marginal sites where contamination inhibits immediate development, but
economic return post-remediation does not justify the costs (Cundy et al., 2016).
The European CABERNET project (Concerted Action on Brown�eld and Economic
Regeneration Network) categorized brown�eld sites based on market value ranges
as 'A', 'B', or 'C', as shown in Figure 4.1, where:

ˆ A Sites are economically viable and the development projects are driven by
private funding for later economic returns. These tend to be for building
projects (i.e. hard reuse)

ˆ B Sites are on the borderline of pro�tability, and tend to be funded through
public-private partnerships or co-operation.

ˆ C Sites are not in a condition where restoration could be pro�table. Thus,
their restoration relies mainly on public sector or municipality driven projects
often dependent upon public funding or tax incentives to stimulate projects.
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Figure 4.1: Three categories of Brown�elds, from Bardos et al. (2016). Reprinted
with permission from Elsevier and Lancet.

Based on this analysis, albeit simpli�ed, one could �rst ascertain that type A sites
would be intrinsically valuable enough to warrant remediation in a conventional,
rapid sense for immediate reuse. Secondly, type B and C sites have limited pro�t
motive, high risks, and other liability burdens. On these sites where hard reuses
(involving some form of building or grey infrastructure) are not feasible, soft reuses
(limited building or construction) provide ideal opportunities for long-term, low-
input, and low-impact remediation and restoration into a more productive state
(Bardos et al., 2016). Olofsdotter et al. (2013) succinctly summarize the issue of
land competition and the di�culty of providing land for ESS, stating: Two of the
most intensive competitions for land concern all citizens in their role as users of
di�erent types of land: the con�ict between agricultural use on the one side and
�urban� functions on the other, and the con�ict between societal interests and the
reproductive needs of nature, upon which all societies depend.Figure 4.2 shows
the many potential overarching bene�ts from brown�eld redevelopment which could
provide renewed value to degraded land.

4.2 Soft Reuse

One of the major international e�orts to create a comprehensive methodology to
approachbrown�eld regenerationis the HOMBRE (Holistic Management of Brown-
�eld Regeneration) project1 funded by the European Commission within the Seventh
Framework Programme. Where, regeneration is de�ned as �a set of activities that
reverse economic, social and physical decline in areas where market forces will not do
this without support from government� (Atkinson et al., 2014). HOMBRE's over-
arching aim was to demonstrate thatsoft reuseof brown�eld sites managed in a
sustainable, holistic way can generate substantial value for both public and private
investors. In general, the authors believed that the value generated was costed too
narrowly where the full range of bene�ts and opportunities for improving overall

1http://www.zerobrownfields.eu
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Figure 4.2: Overarching bene�ts from brown�eld remediation, from Bardos et al.
(2016). Reprinted with permission from Elsevier.

value were missed in favor of purelyhard reuse. The de�ning characteristic of soft
reuse is that the soil remains biologically active in an 'unsealed' state able to be
used as a growing medium for agriculture, animal habitat, forestry, or some other
valuable bio-based production. In contrast,hard development describes some form
of building or infrastructure where the ground is paved (over) and sealed, rendering
soil microbial life inert. At the core of HOMBRE's approach is the use of integrated
processes (treatment chains) to deliver optimized bene�ts (services) for targeted
bene�ciaries or stakeholders through the core concept ofcircular land management.
Synergies between environmental, economic, and social services could enhance the
overall, multi-dimensional value of a brown�eld restoration project to more accu-
rately re�ect modern societal wants and needs (Bardos et al., 2016; Menger et al.,
2013).

Cundy et al. (2013) state that there are many drivers for soft end uses of contam-
inated land. The site in question may simply not have a feasible alternative use
for reasons of size, location, geotechnical or topographical reasons, or levels of eco-
nomic activity, as a result of global shifts in land (hard or soft) use and industrial
change for example. Urban renewal plans may be an important reason for develop-
ing amenity land, particularly in areas of urban deprivation, dereliction or historic
contamination. Recent emphasis placed on biomass production aim to fully utilize
brown�eld as opportunities for generating renewed economic activity. For example,
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the 2009 EU Renewables Directive (European Parliament, 2009) points out an en-
hanced sustainability value for biomass from marginal land, and using GROs can
be highly compatible with biomass end use (Bardos et al., 2016; Cundy et al., 2016;
Menger et al., 2013). This creates an important and expanding niche for GROs, as
an important part of the value proposition for the management of degraded land in
the future might be an income from biomass-based GRO (Cundy et al., 2013).

In providing support for an improved valuation scheme for soft reuses, the HOM-
BRE project created an operative framework for optimizing value at brown�eld
sites, shown in Figure 4.3. Circular land management is a central theme to HOM-
BRE's approach and is structured around the three key principles of avoiding new
brown�elds, recycling existing brown�elds, and compensating for the e�ects of land
consumption (Bardos et al., 2016; Menger et al., 2013). To better support soft reuse
as an e�ective brown�eld regeneration tactic, the framework is oriented around
demonstrating the full value of such soft uses (i.e. plant-based techniques), their ap-
plicability per speci�c project, and the range bene�ts o�ered which are not typically
accounted for in traditional economic valuation.

Figure 4.3: Framework for optimizing value from the soft reuse of brown�eld sites
(Bardos et al., 2016). Reprinted with permission from Elsevier and Lancet.
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4.2.1 Interventions and Project Services

Synergistic solutions are the essence of HOMBRE's approach for brown�eld value
generation. These 'win-win' proposals aim to design anintervention at a brown�eld
site (e.g. remediation treatment, soil improvement) to achieve a particular set of
bene�cial outcomes for the various stakeholders involved. Therefore, The sustain-
ability of a restoration project is the combination of the bene�ts as provided by the
project and the wider e�ects of the intervention itself, see Appendix 2 for lists of
example interventions and services. It follows then that the value of a project, so far
as it stimulates stakeholders to invest capital and e�ort to gain the resulting bene-
�ts, is tempered by the acceptance of these wider e�ects. Addressing sustainability
in this context as a form of transaction has been a point of focus in the HOMBRE
project to improve the overall value of a planned brown�eld regeneration project.
The term project serviceswas coined through the HOMBRE project as a functional
descriptor to better understand the linkages between a restoration project's bene�ts
and their value to individual stakeholders (i.e the bene�ts gained by a speci�c ben-
e�ciary as a result of a project). Three components are essential for a deliverable
project service: 1) an intervention of some kind at a brown�eld site, 2) one or more
planned bene�ts as outcomes of the intervention, and 3) one or more bene�ciaries
to reap the bene�ts. Project services as a concept are useful both to lucidly describe
the outcomes of restoration projects addressing the main concerns of stakeholders
and to demonstrate the value of investments for such projects (Bardos et al., 2016;
Menger et al., 2013).

4.2.2 Ecosystem Services

An important classi�cation in the HOMBRE framework is the designation of ESS
as a subset of the overarching umbrella-term of project services. The protection
or enhancement of ecosystem services is itself a service which could (and should)
be designed into a regeneration project (Menger et al., 2013). In general, project
services and ecosystem services are not fully aligned in the HOMBRE framework for
three main reasons: 1) Not all bene�ts achievable from brown�eld restoration fall
directly within ESS but rather as human activity, 2) Some services are consequential
economic bene�ts like the recovery of land values for the site and surrounding areas
which have a major bearing on the economic viability of a brown�eld project, and 3)
ESS describes a 'steady-state' of provision, but bene�ts from brown�eld restoration
accrue both from the process and outcome of restoration (i.e. temporal di�erences)
(Bardos et al., 2016). In HOMBRE, the term green infrastructure is used as a
broader, more inclusive descriptor for soft regeneration of brown�eld land to provide
direct environmental bene�ts, ecosystem services, and other amenities. According
to Menger et al. (2013), green infrastructure performs the following four roles:

ˆ Protecting ecosystem state, building ecological networks and improving biodi-
versity

ˆ Improving ecosystem functioning and promoting ecosystem services
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ˆ Promoting societal well-being and health
ˆ Supporting the development of a green economy, and sustainable land and

water management

In terms of practical site application, green infrastructure and open spaces in urban
and peri-urban contexts could take the form of public parks, riparian zones for �ood
and sensitive environment protection, sports �elds, biodiversity reserves and natural
parks, urban forests, and gardening allotments (Menger et al., 2013). All of these
soft site uses o�er a whole host of services, many of which are considered ESS.

Furthermore, many approaches for valuation and inclusion of ESS in an urban con-
text have been explored recently, including: Development for Integration of Ecosys-
tem Service Assessment into the Water Framework Directive and Floods Directive
Implementation (COWI et al., 2014), a semi-quantitative ESS-mapping DST (Ivars-
son, 2015), framework for assessing urban greenery's e�ects and valuing its ESS
(VEKST) (Andersson-Sköld et al., 2018), and other geographic speci�c valuation
schemes in general (Mell et al., 2013; Schä�er and Swilling, 2013; Vandermeulen
et al., 2011). The most applicable use of these ESS valuation schemes in the context
of this study is through supporting the added value claims to justify a brown�eld
regeneration project in an urban area. This is best stated by Ivarsson (2015) in say-
ing that the ESS-mapping procedure "indicates that a semi-quantitative approach to
map the changes in provision of ecosystem services that will follow from di�erent
redevelopment alternatives will potentially add important decision support regarding
the economic and social desirability of available options. The principal strength of
the method is its ability to map and quantify changes in well-being that in many
cases are neglected in applications of cost-bene�t analysis to redevelopment projects,
despite the relevance of those changes in such analysis."

Also, a strong emphasis on the provisioning of ESS, green infrastructure, urban agri-
culture, etc. aligns with modern urban ecology and planning practices seeking to
're-green' cities. A few such theories are ecological intensi�cation, continuous pro-
ductive urban landscapes (CPULs; Viljoen et al. (2012)), ecological land-use comple-
mentation to promote biodiversity in urban areas via 'mosaic' patterning (Colding,
2007), integration of non-urban areas (e.g. agriculture, green infrastructure) into ur-
ban areas (La Greca et al., 2011), eco-dynamic design, restoration agriculture, and
the 'internalization' of ESS in conventional urban planning practice (Cortinovis and
Geneletti, 2018). Without necessarily directly addressing these speci�c large-scale
theories, brown�eld remediation projects focusing on regeneration of derelict land
support such practices in achieving a more environmentally friendly urban life.

4.2.3 Expanded Valuation Method

Sustainable remediation and regeneration of brown�elds via soft end-uses is a viable
proposal to both satisfy the demands of urban land and environmental pressures;
however, traditional development economics and CBA do not su�ciently re�ect the
non-monetary bene�ts to society by not developing arable green�eld land (Bardos
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et al., 2016; Bartke and Schwarze, 2015). Bene�ts of brown�eld redevelopment will
have to be proven and supported on a case-by-case basis within each particular
regional context and urban setting while improving value determination method-
ologies. Bardos et al. (2016) state that theoverall valueof restoration underpins
the rationale for any public or private investment in brown�eld restoration. They
believe that in some cases this measured value is too narrowly costed, and oppor-
tunities for improving an overall proposition of value are being missed. Synergies
between improvements in environmental, economic and social services could enhance
the overall value of brown�eld restoration and so help create expanded opportunities
for brown�eld re-use.

The direct �nancial case for soft reuse regeneration can be hard to demonstrate
clearly, although there is often a high societal demand. HOMBRE identi�es four
important drivers for soft reuses (Menger et al., 2013):

ˆ In many European countries, densely urbanized areas still need the develop-
ment of open spaces. For this, brown�eld sites are a key potential, because of
their availability and relatively cheap purchase price.

ˆ A renaissance of new forms of urban gardening, community gardens, and urban
farming increases the demand and feasibility of adapting brown�elds for green
uses.

ˆ Soft reuses are an option for renewable energy generation (non-food biomass
production)

ˆ Soft reuses are a means to create green infrastructures that o�er several bene-
�ts for communities (e.g. mitigation of heat island e�ects and improved urban
comfort if well-designed). Green infrastructure with trees can help to improve
air quality in urban areas by �ltering and retaining air particles and contam-
inants generated by tra�c and industry. Green infrastructure can also help
creating habitat for migrating birds and other species in urban and peri-urban
areas.

The concept of overall value is frequently used in HOMBRE to describe the expanded
value of a brown�eld regeneration project, because CBA can be unreliable as wider
bene�ts (and impacts) are di�cult to monetise in a way that is always acceptable to
all stakeholders in a restoration project (Bardos et al., 2016). The overall value of a
project can be broken down into three components: the direct �nancial balance of
costs and bene�ts, economically tangible costs and bene�ts (i.e. which stakeholders
agree are monetisable) and economically intangible costs and bene�ts (i.e. which
stakeholders cannot agree as monetisable) (Bardos et al., 2016; Menger et al., 2013).

More accurately portraying the true value of a brown�eld remediation project will
require using a combination of CBA, for direct �nancial and economically tangible
costs and bene�ts, with an alternative aggregation index (i.e. comprehensive sustain-
ability assessment), for intangibles not based on monetary values. This combination
may be a viable means of providing a representative expression of the overall value
of a restoration project.

23



4. Brown�eld Redevelopment

Sustainability linkageswere created to depict the connectivity of the overall value
between interventions and generated services per project which are based upon con-
ceptual site models (Menger et al., 2013), see Figure 5.2 for an example. Bardos
et al. (2016) states that the importance of a conceptual site model of sustainability
for overall value is intended to be twofold: Firstly, its use during design stages of
the project assists the identi�cation of opportunities for extending project services.
Secondly, it can be used to assist the estimation of overall value. Its individual link-
ages can be explicitly assigned to the di�erent components of overall value providing
a structure for the monetization of direct �nancial and economically tangible wider
e�ects, and identifying wider e�ects that stakeholders cannot agree as monetizable.
To identify the range of value and services possible with each intervention early in
the project planning stage, the Brown�eld Opportunity Matrix (BOM) was created.
Identifying synergies in practice is a particularly helpful advantage of the BOM, and
is utilized in this study to substantiate claims of value in applyingRejuvenate.

4.3 Risk Management

According to Smith and Nadebaum (2016) sustainability principles and risk man-
agement practices are not mutually exclusive, but rather consistent, related, and
overlapping components in brown�eld remediation projects. In their experience, the
key question is to determine which of these components take precedence and pri-
ority in each individual project. It was critical to determine at the onset of each
project what was the 'end point' for remediation so as to establish a practical goal
for each site-speci�c project and determine the acceptability of risk to each stake-
holder (Smith and Nadebaum, 2016). In practice, this may mean allowing residual
contamination in some level of soil with long-term site management to meet other
project goals (e.g. bio-based production), and avoid wasted e�ort appraising un-
acceptable options (e.g. conventional dig/dump treatment). This, according to
Ridsdale and Noble (2016), is where the tricky issue of trade-o�s arises. In an e�ort
to maximize the net positive gains per project, transparency and justi�cation in the
decision-making process is essential and constitutes and additional component of SR
for consideration alongside sustainability and risk management.

Bardos et al. (2016) write that HOMBRE's focus on providing a wide range of
project services in association with brown�eld restoration can both improve value for
projects that would go ahead anyway and enhance value su�ciently to allow projects
to regenerate brown�elds which would otherwise remain stalled and e�ectively out of
the land use cycle (supporting circular land �ow). The most favourable combination
is a synergy (i.e. ful�lling multiple positive functions/services with a single or series
of interventions or processes), but trade-o�s are also likely to be important. A
situation to be avoided is where seeking two project services would e�ectively result
in a net loss, and likely be better suited to more conventional remediation techniques
or further investigation.

Figure 4.4 depicts the source-pathway-receptor model of understanding the risks
involved in contaminated site management, referred to as the apollutant or con-
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Figure 4.4: Contaminant linkage and risk management options, from Cundy et al.
(2013). Reprinted with permission from author.2

taminant linkage. Based on this model, risk management can be achieved in three
principally di�erent ways: 1) control the source (e.g. extracting the contamination
from the subsurface area), 2) manage the pathway(s) (e.g. preventing migration of
contamination), and 3) protect the receptors (e.g. planning or institutional controls
to avoid sensitive land uses) (Cundy et al., 2013; GREENLAND, 2014a). Table 4.1
lists the most likely ways for humans to be exposed to contaminants in soil via these
linkages. Conventional remediation approaches to contaminated risk management
focused almost exclusively on the containment, cover, and/or transportation of the
source of contamination to a land�ll. Over the past few decades; however, there has
been a growing movement towards treatment-based remediation strategies usingin-
situ and ex-situ treatment techniques. More recently, gentle remediation options
(GRO) (i.e. plant, fungal or microbiologically-based methods), have emerged as
risk management strategies/techniques that result in no gross reduction (even a net
gain) in soil functionality and perform the required risk mitigation (Cundy et al.,
2013, 2016).

Table 4.1: Transport and pathways causing human exposure to soil contaminants

Transport and Exposure Pathways
Source Pathway Receptor
Soil - Direct intake (ingestion)
Soil - Dermal contact
Soil (Outdoor) dust Inhalation of dust
Soil Uptake in vegetables Intake of vegetables
Soil Vapor - indoor air Inhalation of vapor
Soil Groundwater Intake of drinking water

2From the GREENLAND project (FP7-KBBE-266124) DST publicly available at http://www.
greenland-project.eu/ . The property rights of the content belong to the GREENLAND con-
sortium.
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4.3.1 Soil Quality Indicators

In order to su�ciently mitigate the risks of contamination and ensure fertile soil
(e.g. to enable biodiversity and biological production), measurements are necessary
to evaluate the quality of the soil and the levels of contamination. Typical soil
quality standards are derived from a species sensitivity distribution (SSD) model
based upon a dose-e�ect relationship for various soil species in eco-toxicity tests
(Volchko et al., 2014). The aim is to reduce soil contamination to a predictable no-
e�ect concentrations (PNEC) to soil organisms through measureable (pseudo)total
concentrations of compounds (e.g. metals) in soil. A soil PNEC calculator developed
by ARCHE (2014) is an example of this type of soil measurement method which
utilizes existing bioavailability models for various metals (e.g. Co, Cu, Mo, etc.),
site speci�c PNECs for direct toxicity to soil organisms based on soil characteristics,
and the exposure concentration (predicted/measured environmental concentration,
PEC) to calculate the risk characterization ratio (RCR) and potentially a�ected
fraction (PAF) of terrestrial organisms at the given metal concentration in the soil.
In many studies, the Triad methodology (Semenzin et al., 2009) was adopted to
combine contaminant concentrations (environmental chemistry), eco-toxicity, and
e�ects on biodiversity in relation to soil's ecological functions and especially primary
production to evaluate soil quality.

Simply accounting for contaminant reduction and PNEC is not su�cient for this
study, because these tests do not account for soil functions relevant for future green
areas (i.e. biologically productive use, nutrient cycling, etc.) of remediation sites
(Volchko et al., 2014). The supplementary method referenced in this paper is referred
to as the SF (Soil Function) Box tool. Bene�ts of the SF Box tool are that it
evaluates the e�ects of remediation activities on ecological functions through a set
of soil quality indicators (SQI), listed below:

Table 4.2: Soil Quality Indicators - minimum data set, summarized from Volchko
et al. (2014)

Soil Quality Indicators
Physical Biological Chemical

Soil texture (ST)
Organic matter
content (OM)

pH

Content of coarse
material (CM)

Potentially mineralizable
nitrogen (NH4-N)

Available phosphorous (P)

Available water
capacity (AW)

Intended as a decision-support tool, the SF Box tool results are best viewed as a
complement to ecological risk assessment (Volchko et al., 2014). Volchko et al. (2014)
state that there is a lack of studies aimed at exploring a soil's capacity to carry out
its ecological functions post-remediation, but conclude that soil functioning is just
as important as risk mitigation to ensure that favorable conditions enable soil biota
to operate. Regarding soil quality, they conclude:"If the soil has potentially fa-
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vorable conditions for providing ecological soil functions (e.g., a limited content of
coarse fragments and su�cient amounts of water and nutrients for soil organisms)
alternative remediation strategies can be considered (e.g., the risks posed by con-
taminants in the soil can be reduced using biological treatment[GROs]). However,
other important factors should also be considered (e.g., bioavailability and mobility
of pollutants in the soil, time aspects, and public acceptance)."

4.4 Sustainability Framework

In order to de�ne the goals, objectives, and criteria of remediation e�orts, a sustain-
ability framework should be explicitly stated to address the sustainability principles
re�ected in the methodology or practice chosen for use in a project. Cundy et al.
(2013) state: "Remediation is not automatically sustainable. Remediation work can
have its own environmental consequences (e.g. the use of energy and other resources,
impacts on water and air); its own economic consequences (e.g. on the viability of
businesses or projects); and its own social consequences (e.g. safety risks to site
workers or impacts of road tra�c). Current international debate in �sustainable�
remediation is centering on how sustainability bene�ts can be assessed and max-
imized and how these negative consequences can be avoided or limited. In broad
terms, concepts of sustainable remediation are based on the achievement of net ben-
e�ts overall across a range of environmental, economic and social concerns that are
judged to be representative of sustainability." In this context, it is the established sus-
tainable remediation (SR) frameworks which comprehensively consider future land
uses, inter-generational equity, and integration of biophysical, social, and economic
factors to any signi�cant degree (Ridsdale and Noble, 2016). Two de�nitions of
sustainable remediation, shown below, from professionals in the �eld explain the
general principles behind SR work:

ˆ SuRF-UK: SR is "the practice of demonstrating, in terms of environmental,
economic and social indicators, that the bene�t of undertaking remediation is
greater than its impact and that the optimum remediation solution is selected
through the use of a balanced decision-making process"(CL:AIRE, 2018)

ˆ Bardos et al. (2016): SR is"the management, the rehabilitation and return
to bene�cial use of the brown�eld land resource base in such a manner as to
ensure the attainment and continued satisfaction of human needs for present
and future generations in environmentally non-degrading, economically viable,
institutionally robust and socially acceptable ways."

The Sustainable Remediation Forum (SuRF) is an international consortium working
in multiple countries that has developed one of the most robust SR frameworks to
date (Beames et al., 2014; Ridsdale and Noble, 2016) (a detailed evaluation per-
formed by Ridsdale and Noble (2016) is summarized in Appendix 4). SuRF UK, in
particular, is frequently cited in literature and thus will be the primary SR frame-
work referred to in this report by following their sustainability indicators. The
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overarching SR criteria as de�ned by SuRF UK (Bardos et al., 2010) is shown below
in Table 4.3.

Table 4.3: SuRF UK - Sustainability Criteria

Environmental Social Economic

Emissions to air Human health and safety
Direct economic costs
and bene�ts

Soil and ground
conditions

Ethics and equity
Indirect economic costs
and bene�ts

Groundwater and
surface water

Neighborhoods and locality
Employment and
employment capital

Ecology
Communities and community
involvement

Induced economic costs
and bene�ts

Natural resources and
waste

Uncertainty and evidence
Project lifespan and
�exibility

Considering that unsustainable land use and further brown�eld generation perpet-
uates natural capital degradation, soil sealing, pollution, etc., the underlying aim
of brown�eld redevelopment is to o�er a convincing, sustainable alternative to or-
thodox urban development practices. These negative impacts are attributable to
conventional land use practice, characterized by exploiting easily developable green-
�eld land and sealing the soil in order to generate short-term economic gain from
so-called hard uses, which compromise local people's well-being and the ability of
future generations to utilize limited soil resources (Bartke and Schwarze, 2015). In
general, SR frameworks have tremendous potential to support sustainable land-use
decisions through the re-development and revitalization of brown�eld land instead
of biologically active green�eld land that provide essential ecosystem services.

There is a great deal more which could be said concerning sustainability assessment
tools and remediation alternative selection3 as well as operative SR frameworks4, but
for the purposes of this study it su�ces to say that the indicators used in SuRF-UK
are suitable analytical guides in (qualitatively) discussing SR options in the early
feasibility stage.

3See Norrman et al. (2015) Appendix C.
4See Beames et al. (2014); Cappuyns (2016); Ridsdale and Noble (2016); Smith and Nadebaum

(2016) for more information.
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5
Gentle Remediation Options

This chapter analyses the essential theory and state-of-the-art of gentle remediation
options in more detail. Soil contamination issues, the techniques considered as GRO,
phytomanagement, and constraints to GRO use are discussed.

As de�ned by the Greenland consortium, Gentle remediation options (GRO) are:
"risk management strategies or technologies that result in a net gain (or at least
no gross reduction) in soil function as well as achieving e�ective risk management"
(GREENLAND, 2014a). GRO is the general term covering many technologies based
upon the use of plant (phyto-), fungi (myco-), and/or bacteria-based methods (with
or without the use of chemical additives or soil amendments) for reducing exposure
of local receptors to contaminants byin-situ stabilization (using biological and/or
chemical processes) or extraction (removal of the contaminant source from the soil
medium) (Cundy et al., 2016; GREENLAND, 2014a). The types of GROs identi�ed
by the Greenland network are listed below in table 5.1.

If well-designed, GROs can provide rapid risk management via pathway control,
through containment and stabilization, coupled with a longer term removal or im-
mobilization of the contaminant source term. This combined solution can be durable
and long-lasting as long as land use and land management practice does not undergo
substantive change causing shifts in pH, plant cover etc. a�ecting the soil functional-
ity (Cundy et al., 2013, 2016; GREENLAND, 2014a). Long-term plans require that
some form of institutional or planning control may be necessary in order to be truly
e�ective. Support for this type of long-term strategy is substantiated by virtue of
the additional economic (e.g. biomass generation), socio-cultural (e.g. leisure, recre-
ation), and environmental (e.g. carbon sequestration, water �ltration) co-bene�ts
o�ered by GROs coinciding with ecosystem services to form robust, systemic ap-
proaches to remediation far beyond conventional remediation techniques (Cundy
et al., 2016; GREENLAND, 2014a).

5.1 Soil Contamination

A report produced for the European Commission's Science for Environmental Policy
(Science Communication Unit (UWE), 2013) was tasked with outlining soil pollu-
tion's e�ects on human health and the surrounding environment. They state that
most frequent contaminants found in European soils are heavy metals and mineral
oils (approximately 3 million sites). Capturing the full extent of costs and damages
that these contaminants in�ict upon our health is di�cult and studies attempting
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Table 5.1: List of de�nitions for GROs used to remediate soils contaminated by
either trace elements or mixed contamination, summarized from GREENLAND
(2014a)

.
GRO De�nition

Phytoextraction
The removal of metal(loids) or organics from soils by
accumulating them in the harvestable biomass of plants.

Phytodegradation/
phytotransformation

The use of plants (and associated microorganisms such
as rhizosphere and endophytic bacteria) to uptake, store
and degrade pollutants.

Rhizodegradation
The use of plant roots and rhizosphere microorganisms
to degrade organic pollutants.

Rhizo�ltration
The removal of pollutants from aqueous sources by
plant roots and associated microorganisms.

Phytostabilization

Reduction in the bioavailability of pollutants by
immobilization in root systems and/or living or dead
biomass in the rhizosphere soil - creating an
environment which enables the growth of vegetation.

Phytovolatilization
Use of plants to remove pollutants from the growth
matrix, transform them and disperse them (or their
degradation products) into the atmosphere.

In-situ immobilization/
phytoexclusion

Reduction in the bioavailability of pollutants by
immobilizing or binding them to the soil matrix
through the incorporation into the soil of organic or
inorganic compounds, singly or in combination, to
prevent the excessive uptake of essential elements
and non-essential contaminants into the food chain.

to do so are not yet widely attempted. Generally speaking, health problems from
cancers (arsenic, asbestos, dioxins, petroleum hydrocarbons), neurological damage
and lower IQs (lead, arsenic), kidney disease (lead, mercury, cadmium), and skeletal
and bone diseases (lead, �uoride, cadmium) are serious issues which in many cases
have yet to be addressed in terms of soil contamination and human exposure. Hu-
man activities like mining, smelting, industry, agriculture, and burning fossil fuels
directly introduce these toxic heavy metals into soils. Waste disposal of many mate-
rials (e.g. paints, electronic waste, sewage) exacerbate the problem. Some of these
metals are actually required in small quantities by organisms (e.g. Fe, Mn), but
are detrimental to them in large quantities often found in contaminated sites (Jais-
hankar et al., 2014; Science Communication Unit (UWE), 2013). A well-detailed
table covering the World Health Organization's ten substances of greatest concern
to human health, in the context of soils, is shown in Figure 5.1.
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Figure 5.1: Top 10 substances of major public health concern in relation to soils and
human health impacts according to the World Health Organization, from Science
Communication Unit (UWE) (2013). Open access.

A topic of particular concern, which has been receiving increasing attention recently,
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is the cumulative e�ects on citizens' health due to long-term, low-level exposure to
a wide range of soil contaminants. Due to the vast number of variables involved,
it is extremely di�cult to determine the e�ects from each speci�c contaminant in
the real world. Directly ingesting or touching these compounds produce relatively
predictable negative e�ects, but otherwise there are simply too many issues involved
a�ecting human health. Absolute certainty of cause and e�ect in the more common
cases of life-long exposure to the cocktail of chemicals and other damaging elements
in the soil may never be achievable. A site-by-site approach to minimize the risks
of exposing humans to whichever harmful substances exist at each individual soil
system is likely to best way to achieve peace of mind, and is a problem well-suited to
low cost gentle remediation options (Science Communication Unit (UWE), 2013).

5.2 Risk Management Strategies

In terms of technical applicability, GROs are primarily applied on contaminated
soils to remove the labile (bioavailable) pool of inorganic contaminants (phytoextrac-
tion), remove or degrade organic contaminants (phyto/rhizo-degradation), protect
water resources (rhizo�ltration), or stabilize or immobilize contaminants in the sub-
surface (phytostabilisation, in-situ immobilisation/phytoexclusion) (GREENLAND,
2014a). As the treated soil remains unsealed throughout the remediation process,
GROs are highly applicable, cost-e�ective treatment alternatives for managing risks
in-situ instead of just containing or transferring contamination elsewhere (Cundy
et al., 2013, 2016). However, application as practical site solutions is still lim-
ited. Barriers to wider adoption arise from both the nature of GROs (e.g. time
horizons) and market perceptions of uncertainties over whether these methods can
achieve e�ective risk management in the long term (Cundy et al., 2013). The source-
pathway-receptor risk model (shown previously in Figure 4.4) is best used to address
contaminant exposure to humans.

Cundy et al. (2013) state that the constraints on acceptability of GROs seem in-
evitable when remediation success is judged solely using generic soil concentration
targets. A target-led approach can be attractive to some because of its simplicity, its
inherent conservatism may lead to over-designed risk management solutions, which
are costly and may not be sustainable in the long term. A site-speci�c approach,
that properly considers source and pathway interventions in a more comprehensive
risk management strategy, allows a more targeted and likely more sustainable risk
management solution. This also creates a better rationale for the implementation of
plant and microorganism-based GROs. GROs may then facilitate land regeneration
in circumstances where the case for intervention is economically questionable due to
their lower cost. In addition, the 'greening' of contaminated or marginal land has
many co-bene�ts like educational value, carbon sequestration, public green space,
circular resource use (composting, biomass production), boosting surrounding land
value, and providing ecosystem services which all support soft-end use of brown�eld
land and add value (Cundy et al., 2013, 2016; GREENLAND, 2014a). This risk
management strategy is best exempli�ed in Figure 5.2, shown below:
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Figure 5.2: Risk management strategy using GROs customized along contaminant
linkages. Out-facing arrows link to illustrative wider environmental, economic and
societal bene�ts which may be realized from GRO application, from Cundy et al.
(2016). Reprinted with permission from author.1

Examples of circumstances which do not favour existing treatment-based remedi-
ation solutions, though may be highly amenable to this broader risk management
approach, are shown the list below. Typically these constraints describe sites for
which a "soft" end use is envisaged (Cundy et al., 2013; GREENLAND, 2014a).

ˆ Large treatment areas, particularly where contamination may be causing con-
cern but is not at strongly elevated levels

ˆ Where biological functionality of the soil is required after site treatment
ˆ Where other environmental services related to soil quality (e.g. biodiversity,

ESS) are valued highly
ˆ Where there is a need to restore marginal land to produce non-food crops and

avoid major land use changes
ˆ Where there are budgetary constraints
ˆ Where there are deployment constraints for land remediation process plant

(e.g. as a function of area and location)

1From the GREENLAND project (FP7-KBBE-266124) DST publicly available at http://www.
greenland-project.eu/ . The property rights of the content belong to the GREENLAND con-
sortium.
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5.3 Phytoremediation

A growing number of studies testing the e�cacy of GROs have shown the tremen-
dous potential to provide rapid risk management via pathway control coupled with
a longer term removal or immobilization of contaminants (Cundy et al., 2016; Ger-
hardt et al., 2017; Kidd et al., 2015). Chapter 8 in this study provides a collected
list of case studies utilizing GROs which have seen success in mitigating or alto-
gether eliminating the risks posed by contamination. In general, phytoremediation
is useful for remediation of soil (and groundwater) which has been contaminated
by heavy metals, radionuclides, organic contaminants (e.g. chlorinated solvents,
non-aromatic petroleum hydrocarbons), nitrotoluene ammunition wastes, and ex-
cess nutrients (Juwarkar et al., 2010). Furthermore, numerous case studies have
placed primary emphasis on biomass production for use in bioenergy, or other in-
come generative purposes, while also bene�ting from the risk mitigation aspects of
utilizing speci�c plants on marginal or contaminated land. These types of phytore-
mediation practices are presented in a separate table in Chapter 8.

The GREENLAND (Gentle Remediation of trace element contaminated land) con-
sortium's GRO projects and studies are an invaluable resource for the widespread
adoption of GROs following a risk-based approach. In these projects tested at
large scale throughout Europe, remediation is focused on controlling the sources of
contamination and managing mobility of trace metals in soils to prevent exposure
pathways a�ecting humans. To quickly determine if GROs are applicable for a con-
taminated site remediation project, two quick reference guides were created, shown
below in Figures 5.3 and 5.4.

Speci�c remediation mechanisms depend largely upon the individual plant's physi-
ology. For organic, carbon-based contaminants, degradation (i.e. the hydrocarbons
are converted to microbial biomass, bioenergy, carbon dioxide and water) can occur
either in the rhizosphere soil zone (rhizodegradation) orin planta (phytodegrada-
tion) (Gerhardt et al., 2017). Rhizodegradation is more likely to occur due to the
size and hydrophobic nature of most organic pollutants which prevents them pass-
ing through the cell walls of plants, but uptake is possible in some cases in which
degradation occurs within the plant biomass for eventual phytovolatilization (i.e.
releasing to the air via evaporation). In general, the key to e�ective degradation
is the presence of biologically active microorganisms (e.g. endophytes) and plant
enzymes. Speci�c types of plants can facilitate the growth of these necessary com-
ponents by creating a hospitable environment, but often the growth can be impaired
by the contaminants themselves or poor soil quality. Growing interest in this form of
soil and water treatment has led to more research performed concerning improving
the e�cacy of these processes, discussed in the next section. For more detailed de-
scriptions of the mechanisms in phytoremediation of organic pollutants, the reader
is referred to recently performed studies (Feng et al., 2017; ITRC, 2009; Juwarkar
et al., 2010; Vangronsveld et al., 2009).

For inorganic contaminants like metals, uptake is speci�c to the element and plant
species. In phytoextraction, the metals are accumulated in the roots and shoots of
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Figure 5.3: Are GROs applicable to a site?, from GREENLAND (2014a).
Reprinted with permission from author.1

the phytoremediation plants. Plants best suited to phytoextraction are those which
can tolerate high concentrations of contaminants, the ability to (hyper)accumulate at
large percentages of total biomass, rapid growth rate, high biomass production, and
an extensive root system which is thoroughly discussed in many studies (Chibuike
and Obiora, 2014; Gerhardt et al., 2017; ITRC, 2009; Juwarkar et al., 2010; Sar-
war et al., 2017). Phytoextracted contaminants generally need to be harvested and
disposed of o�-site to lower contaminant levels in soils for failure to remove contam-
inated biomass (e.g. leaves) can result in contaminants being leached back into the
soil from plant litter degrading (Gerhardt et al., 2017). Contaminated biomass can
be disposed of in a number of ways, and a signi�cant body of research is dedicated
to this analysis (Delplanque et al., 2013; GREENLAND, 2014b; Nzihou and Stan-
more, 2013; ’yc et al., 2012; Witters et al., 2012a). Generally speaking, metal(loid)
contaminated biomass can be disposed of in various ways: incineration, gasi�cation,
slow pyrolysis followed by steam activation, �ash pyrolysis, hydrolysis, and liquefac-
tion (Gerhardt et al., 2017). If the contaminants are not volatilized, they remain in
the ash or liquid resulting from the process, and they must be processed further or
treated as hazardous waste.

Phytostabilization is the second-most common phytoremediative technique for in-
organic pollutants. Decreasing mobility and bioavailability of soil metal(loid)s or
other contaminants is achieved via forming precipitates in the rhizosphere, adsorp-

1From the GREENLAND project (FP7-KBBE-266124) DST publicly available at http://www.
greenland-project.eu/ . The property rights of the content belong to the GREENLAND con-
sortium.
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Figure 5.4: Which metal(loid) contaminants can GRO treat? Where, the number
of check marks represents the degree of con�dence based on data from the GREEN-
LAND network. For Arsenic : hindrances in extraction in presence of Cu, and
adsorption through stabilization can reverse due to aging and/or building of organic
litter, from GREENLAND (2014 a). Reprinted with permission from author.1

tion and sequestration within root tissue, or adsorption onto root cell walls which
reduces risk for exposure or migration of contamination (Chibuike and Obiora, 2014;
Gerhardt et al., 2017; ITRC, 2009; Sarwar et al., 2017; Vangronsveld et al., 2009).
Stabilization rather than uptake of contaminants poses a tremendous advantage
for the future usage of the produced biomass as it reduces the concern over con-
taminant concentrations in the biomass a�ecting conversion processes or other uses
(Andersson-Sköld et al., 2014). Furthermore, by virtue of their own physiology,
plants perform stabilization mechanisms e�ectively, butaided phytostabilization
(i.e. adding soil amendments or microorganisms) has seen improved results lead-
ing to a new "modi�ed concept" of phytoremediation to overcome many limitations
which has seen more use recently (Sarwar et al., 2017).

5.3.1 Enhancements: Amendments and Bioremediation

Plant growth can be severely impacted by poor quality soil and high levels of soil
contaminants (Chibuike and Obiora, 2014; Gerhardt et al., 2017). Speci�c plants
species can overcome these di�culties somewhat, but often the soil conditions must
be improved in order for plants to properly grow and perform their remedial func-
tions. Two distinct approaches are widely used to supplement phytoremediation
e�orts. The �rst is to utilize soil amendments to improve soil quality enabling plant
growth in a sub-optimal environment. Second, microorganisms are used in con-
junction with plants, often referred to as bioremediation, to bolster contaminant
degradation and plant growth (Gerhardt et al., 2017; Juwarkar et al., 2010). Many
detailed studies have been focused on enhancing phytoremediation by one or both
of these strategies, and are being validated for �eld use (Chibuike and Obiora, 2014;
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Feng et al., 2017; Sarwar et al., 2017; US EPA, 2007).

Figure 5.5: Relevant properties of main categories of organic amendments, from
Schröder et al. (2018). Green and orange colour indicates positive and negative
e�ects respectively; yellow colour indicates presence of both positive and negative
e�ects; grey colour indicates lack of knowledge. Creative Commons License: BY-
NC-ND.

Biostimulation is the commonly used term for the process involving the addition of
nutrients in the form of manure or other organic amendments which serve as carbon
source for microorganisms present in the soil, and can be a gentle remediation option
in its own right (Chibuike and Obiora, 2014; Juwarkar et al., 2010). Biostimulation
is most appropriate when the site is purposed for use in crop production because
it is a non-disruptive method of soil remediation which can reduce (or eliminate
altogether) the need for mineral fertilizers through the use of organic amendments
(Chibuike and Obiora, 2014; Schröder et al., 2018). The added nutrients increase the
growth and activities of microorganisms involved in the remediation process thus
increasing the e�ciency of phytoremediation mechanisms while at the same time
improving soil fertility and overall quality for long periods of time. Many di�erent
types of organic amendments have been applied for nutrient boosting, stabilization,
and microbial function purposes each with their own advantages and disadvantages,
shown above in Figure 5.5.

Biochar is one organic amendment of particular interest as it has been proven to
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possess stabilization capability, stimulates bacteria and fungi, improves soil quality
and soil pH, and protects plants from competition and predators. Biochar is the solid
product derived from waste biomass (e.g. plant material, manure, sludge) pyrolysis
which could play an important role in a circular nutrient cycle through reuse in �eld
application to sequester carbon and stabilize contaminants. An important caveat
is that the bene�ts vary widely depending upon biochar quality and method of
production which is still in the early phases of research (Chibuike and Obiora, 2014;
Sarwar et al., 2017; Schröder et al., 2018).

Other forms of organic matter amendments like compost/mulch, sludge from wastew-
ater treatment plants or anaerobic digestors, lime, phosphogypsum (useful in Pb
stabilization), other biosolids, and ashes from combustion in CHP or metallurgical
factors should not be ignored as valuable alternatives as they all have seen success
in many applications as stabilizing and soil improvement agents (Gerhardt et al.,
2017; ITRC, 2009; Sarwar et al., 2017; Vangronsveld et al., 2009).

Microbial-assisted phytoremediation is a more recently developed and maturing �eld
which shows great potential for a faster and more e�cient treatment of a contam-
inated site. Mycorrhizal fungi has been used in studies involving heavy metals to
boost plant extractive capability, stabilization via metal immobilization, increasing
soil stability, and increasing disease resistance in plants depending on the circum-
stance (Chibuike and Obiora, 2014). Plant growth-promoting rhizobacteria (PGPR)
can stimulate plant growth in a variety of ways which contribute to overall reduction
in plant stress associated with surrounding contamination, and could be employed
to great e�ect in many phytoremediation scenarios (Chibuike and Obiora, 2014;
Gerhardt et al., 2017; Juwarkar et al., 2010; Sarwar et al., 2017; Vangronsveld et al.,
2009).

A recent study performed by Feng et al. (2017) highlights the importance of plant-
endophyte relationships in phytoremediation. Endophytes are a highly varied group
of microorganisms that exist inside the tissue of all plants for some duration of their
life cycle. The production of phytohormones, plant growth-promoting bioactive
substances performing various functions, is one of the most well-studied of these
mechanisms which the authors believe can be exploited to enhance the degrada-
tion of organic pollutants both inside and around the plants. For example, the
endophyte speciesBacillus sp SBER3 paired with poplar trees has been shown
to increase degradation of PAHs and BTEX by boosting plant resistance in their
presence, and the endophytePseudomonas putidaPD1 promoted root and shoot
growth in both willow species and grasses while protecting against the phytotoxicity
of phenanthrene. The authors suggest biostimulation (as shown previously),bioaug-
mentation (i.e. deliberate inoculation of plants with speci�c competent strains or
microorganisms to improve phytoremediation capability), andgenetic modi�cation
via deliberate, targeted genetic engineering are three primary strategies with which
to best make use of the wide range of potential bene�ts o�ered by endophytes. Fur-
ther research into this promising �eld is necessary in order to be successful beyond
controlled environment lab testing.
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5.3.2 Phytomanagement

Gerhardt et al. (2017) state: "The perfect scenario for remediating all sites is the
rapid and complete removal of all contaminants from soil in an inexpensive and en-
vironmentally responsible manner. As this is rarely feasible,the pros and cons of var-
ious remedial strategies usually need to be considered. Their potential for e�ciently
reaching biological receptors (particularly humans) and toxicity of the contaminants
are the most critical factors. In their view, a new paradigm is required which shifts
the view of soil as a 'disposable waste' into a valuable (non-renewable) resource.
Phytomanagementis a positive a new movement expanding phytoremediation as a
broader, long-term management strategy (Cundy et al., 2016; Gerhardt et al., 2017;
Schröder et al., 2018).

The di�erence between phytomanagement and phytoremediation could be summa-
rized by the underlying emphasis of phytomanagement as a long-term combination of
pro�table site use with GROs leading to the reduction of contaminant linkages and
the restoration of the ecosystem and other site services (Cundy et al., 2016; GREEN-
LAND, 2014a). There has been a shift towards phytomanagement approaches rather
than stand-alone phytoremediation strategies shown by an increase in phytomanage-
ment publications over the last decade (Gerhardt et al., 2017). Phytomanagement
strategies adopt a more holistic, broader design and management approach by plac-
ing the realization of wider bene�ts (e.g. economic) at the core of the site design
alongside risk mitigation. GROs using a mix of economically valuable plants (gener-
ally non-food plants) branch o� of the typical phytoextraction-only approach based
on plant monocultures. In contrast, this approach involves the concerted e�orts of
many stakeholders to create a diverse plant-based ecosystem which is capable of
providing bene�ts like biomass generation for economic gain, amenity and leisure,
ESS, boosting land value, land restoration, etc. that can easily be incorporated into
urban design as a semi-permanent land use or short-term, interim 'holding strategy'
until other land uses are desired (Cundy et al., 2016; Gerhardt et al., 2017).

5.3.3 Selection of Plant Species

The importance of selecting the right plant species for use at any speci�c site cannot
be overstated. Phytotoxicity and a whole host of other environmental stresses (e.g.
climate, water, pH, etc.) can severely limit remediation potential, establishment,
and growth of the plants on-site. Therefore, careful selection is critical for successful
phytoremediation (GREENLAND, 2014b; Kidd et al., 2015; Schröder et al., 2018).
Success rates can be boosted through e�ective agronomic practices like crop rota-
tions, inter-cropping, soil supplements, etc., but the plant species itself is by far
the most important determinant for project success (GREENLAND, 2014b). ITRC
(2009) developed a screening process to determine the eligibility of individual plant
species for each particular project context, and was a useful resource to understand
the complexities of plant selection. The compiled information gathered in the plant
selection process for this study is presented in Appendix 5.

For example, plants for phytoextraction must be able to accumulate high concentra-
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tions of TEs in their harvested parts (e.g., shoots, stems) and have a reasonably high
biomass production. Hyper-accumulator species (e.g.Thlaspi caerulescens) meet
these demands and are those species which are able to accumulate extreme concen-
trations of metal(loid)s (e.g. Cd, Ni, Zn, etc.) in their above-ground biomass and at
the same time possess some economic added value as renewable biomass or even bio-
ores to reclaim certain metals from the biomass (GREENLAND, 2014b; Kidd et al.,
2015). Tang et al. (2012) performed a study where a hyper-accumulator species (T.
caerulescens) was co-cropped with a non-accumulator (Thlaspi arvense). The results
showed increased growth of the non-accumulator and reduced Zn uptake, while the
hyper-accumulator had an increased Zn uptake. Co-cropping, inter-cropping, and
other agronomic practices may alter conditions in shared rhizosphere and thereby af-
fect the availability of selected metals to neighboring plants. Therefore, it is possible
that planting some low-metal crops in association with hyper-accumulators or other
appropriate plants may allow agricultural production on heavy metal-contaminated
soils (GREENLAND, 2014b; Kidd et al., 2015; Singh et al., 2011; Tang et al., 2012;
Zegada-Lizarazu and Monti, 2011).

The �eld of study behind plant species selection and agronomic science is massive
with a huge variety of ways to design a phytoremediation procedure. However, a
primary consideration which should be foremost in the plant selection procedure is a
focus on using native species. Introducing invasive species will add another problem
with potentially troublesome consequences. Cultivating native species eliminates
many ecological risks and are likely to be well-adapted to the climate, soil condi-
tions, and other environmental stresses (Gerhardt et al., 2017; Nikoli¢ and Stevovi¢,
2015). Nikoli¢ and Stevovi¢ (2015) focused their study on the wide range of uses
for the diverse plant family Asteraceae (e.g. sun�ower, sa�ower) as a vegetative
cover for contaminated land. Due to the resilience of individual species, native
range of growth, possibility for modelling plant systems for genetic engineering and
experimentation, and a�ordability to establish on derelict land where no alterna-
tive treatment is feasible there exists a wealth of opportunities to fully utilize these
plants. This proposal could even be extended to many other cover crop type species,
like the alpine pennygrass (Thlaspi caerulescens) which is native to Scandinavia.
García-González et al. (2018) tested the e�cacy of winter cover crops and found
that, compared to the fallow, cover crops promoted greater carbon sequestration,
nitrogen retention, soil structural stability, and water retention capacity. The soil
restoration potentional of cover crop species is immense and ought not be neglected
in creating a cropping plan. Species like honey clover (Melilotus alba), pea shrubs
or trees (Caraganaspecies), the Asteraceae family, the Brassicaceae family, or long-
term stabilizing trees (e.g. Alder tree -Alnus glutinosa) should also be considered
in rotations if deemed appropriate in the site context.

5.4 Barriers to GROs

Cundy et al. (2016) state that despite the wide range of bene�ts o�ered by GROs
there still exist barriers to their practical application throughout Europe. Perceived
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(or actual) shortcomings in their technical performance or with stakeholder per-
ceptions are major limitations which could inhibit their practical adaptation. In
general, the application of GROs as practical remediation solutions is still in its
infancy despite the success of other 'green technologies' like constructed wetlands,
reed beds, and other sustainable urban drainage systems. Barriers to adoption typ-
ically arise from doubt as to the e�cacy of risk management with GROs in the long
term. Similarly, the time taken before prescribed 'total' concentration-based risk
management targets are reached is a major limitation for GROs, particularly phy-
toextraction. Acceptance of phytostabilization andin-situ immobilization are also
limited due to the lack of source removal and the perception that the stabilization
is reversible over time (GREENLAND, 2014a,b).

Furthermore, the majority of remediation work in Europe has been carried out as
a result of regulatory demand for critical risks and/or to stimulate the re-use or
development of brown�eld land. Most brown�eld reuse development is strongly
driven by economic factors, and these projects are often constrained by pressure for
rapid treatment on relatively limited site areas. Both of these factors have tended
to exclude consideration of GROs which are perceived as slow and more suited to
large area problems (Cundy et al., 2016; GREENLAND, 2014a).

Long-term monitoring, evaluation, and a lack of knowledge and experience were
perceived as the major disadvantages for application of GROs at many sites. The ab-
sence of these factors resulted in failure to meet expectations when phyto-technologies
were �rst applied in the 1990s, causing a loss in con�dence in GROs (Bleicher, 2016;
Cundy et al., 2016; Doick et al., 2009). The Greenland project was created to al-
leviate the perceptions of inadequacy in remediation potential of GROs, so their
reputation is still slowly recovering. Gerhardt et al. (2017) provide a comprehensive
list of the many possible reasons for the continuing slow uptake of phyto-technologies
despite proven e�ectiveness in the �eld. They conclude with a series of 14 recom-
mendations to gain greater acceptance for phytoremediation by industry and gov-
ernment.

Finally, Montpetit and Lachapelle (2017) identi�ed a troublesome 'mental' block
in their study which they dubbed the Status quo bias. They show in their study
that remediation professionals demonstrate a strong bias towards using conventional
methods even if GROs or other alternatives are shown to be more suitable. They fo-
cus on the in�uence of experience and familiarity with the conventional technologies
overriding the clear evidence favoring GROs. This coincides with the socio-cultural
theory of 'non-knowledge' discussed in the study performed by Bleicher (2016). She
states that phytoremediation challenges the established wisdom of the more one-
dimensional remediation technologies, and to become a fully-�edged remediation
alternative phytoremediation requires an expanded body of knowledge and exper-
tise to generate a betterpractical understanding. The full range of possibility with
phyto-technologies could incorporate expertise from many di�erent disciplines to
provide a hybridization of practices into newpractice-arrangement bundleswherein
multiple purposes can be served (e.g. remediation via biomass production).
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6
Bio-Based Production

This chapter covers the collected knowledge on bio-based production for both energy
crops and urban agriculture. The di�erent forms and practices these production
systems can take, how they work in practice, and other associated information is
discussed.

Figure 6.1: Summary of designing cropping systems for metal-contaminated sites,
from Tang et al. (2012). Reprinted with permission from Elsevier and Lancet.

There are many studies and projects performed recently which have explored the
synergy of combining the phytoremediation of contaminants at brown�eld sites and
the economic potential of biomass production (Enell et al., 2016; Gerhardt et al.,
2017; Lord, 2015; Schröder et al., 2018; Soldatos, 2015). Literature suggests that
the utilization of biomass for energy production could even become a pro�t making
operation, and is of great interest to policy makers aiming to transition to a bio-
based, circular economy (Witters et al., 2012a). The critical issue of growing energy
crops on prime, food-producing land (i.e. the 'land-fuel-water nexus') can even
be avoided altogether by producing biomass on marginal, brown�eld land instead
(Breure et al., 2018; Lord, 2015; Mehmood et al., 2017). This can even lead to a
"self-funding land management regime," according to Andersson-Sköld et al. (2014).
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Furthermore, Andersson-Sköld et al. (2014) state that there are a wide range of co-
bene�ts related to biomass cultivation on degraded land aside from economic value
and risk management, including improving soil conditions, carbon sequestration,
and increased biodiversity. Regulations governing restoration of marginal lands
using organic waste materials vary from country to country, but two considerations
tend to be most important: the quality of the biomass produced and the e�ective
management of risks to human health and the wider environment (Andersson-Sköld
et al., 2013). Figure 6.1 provides a summary of the various approaches used in
designing cropping systems for contaminated land.

A notable exception to the discussion presented in this chapter is the exploration
of producing biomass for use in bio-products aside from use purely as bioenergy
(fuels and/or heat) or as food products, as shown previously in Figure 3.1. Much
of the research into the utility of bio-based production on contaminated sites does
not place much emphasis on this form of biomass use. So, this �eld remains largely
explored and is a key area for further research. More information can be found in
the following articles by Tripathi et al. (2016a,b).

6.1 Renewable energy biomass production

Zegada-Lizarazu and Monti (2011) state that biofuels for transport rely mainly
on annual energy crops (e.g. rapeseed, sugar beet, and cereals) while electricity
and heating on perennial herbaceous and woody plants (e.g. miscanthus grass,
switchgrass, canary reed grass, willow, and poplar) as well as waste biomass. The
4F Crops European Commission project1 was created to expand upon and identify
the most in�uential bioenergy crops used in Europe to contribute to a bio-based
economy (EC, 2010). The project resulted in a list of 15 select, non-food crops that
were categorized in �ve groups; oil crops for biodiesel production, sugar and starch
crops for bioethanol, �bre crops, lignocellulosic crops, and short rotation forestry
crops:

ˆ Crops for biodiesel: rapeseed, sun�ower, and Ethiopian mustard
ˆ Crops for �ber: hemp and �ax
ˆ Lignocellulosic crops: giant reed, miscanthus, switchgrass, reed canary grass

and cardoon
ˆ Crops for bioethanol: sweet sorghum and sugar beets
ˆ Short rotation forestry: willow, poplar, and eucalyptus

An important note is that these crops listed for the rotation are not the only crop
species deemed suitable for the local growing conditions. In fact, many willow and
poplar tree species are widely grown in Sweden and have seen success in phytore-
mediation projects. In addition, miscanthus, switchgrass, and reed canary grass can
produce large yields of useful biomass. Following extensive feasibility review, seven

1https://cordis.europa.eu/result/rcn/90439_en.html
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possible cropping systems were recommended as a result of the 4F Crops project for
the Nemoral climactic region in which Gothenburg is located: 1/2) willow (peren-
nial), 3) Pea (legume) - Cereal (barley) - Rapeseed, 4) Hemp - Rapeseed - Pea
(legume), 5) Rapeseed - Cereal (barley) - Pea (legume) - Rapeseed, 6) Rapeseed -
Flax - Sun�ower, and 7) Red clover- Rapeseed - Flax (EC, 2010). These recommen-
dations were useful to inform about the range of possibilities at large-scale biomass
production; however, suitability for small-scale brown�eld plots in urban areas must
meet di�erent objectives and needs which may not align directly with the propos-
als in the 4F Crops project. Figure 6.2 provides an illustration of what a diverse
biomass production could be with customized plant species and agronomic practices
on a limited site area for use as a biofuel park:

Figure 6.2: Two intensive biomass production models based on multiple crops
utilizing agroforestry and inter-cropping techniques, from Tripathi et al. (2016b).
Reprinted with permission from Elsevier and Lancet.

These rotations are supported by research on agronomic practices and science con-
ducted by Kidd et al. (2015); Mehmood et al. (2017); Schröder et al. (2018); Tang
et al. (2012); Zegada-Lizarazu and Monti (2011) and others. Generally speaking,
crop rotation has been long recognized as a system that can reduce soil erosion,
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improve soil structure, enhance permeability, increase the soil microbial activity,
enhance soil water storage capacity, and increase soil organic matter. Rotation sys-
tems can even reduce the use of external inputs through internal nutrient recycling,
maintenance of the long-term productivity of the land, avoidance of accumulation
of pests associated with monocultures, and consequently increase crop yields. It is
important that the selected crops can perform some or all of the following functions:
contribute to build up soil fertility, conservation and cycling, improve soil physi-
cal characteristics (e.g. aggregate stability), and minimize problems related with
weeds, diseases and others pests. Best said by Mehmood et al. (2017), "Trees are
the silent benefactors of the human kind, they have uncountable crucial roles to play
in ecosystems and provide products and services to both urban and rural population."
Agroforestry, based upon the integration of tree species into agriculture alongside
traditional crops to maximize bene�ts of both species, is another agronomic practice
which should be considered in any bio-based production system. Figure 6.3 shows
a short rotation coppice willow plantation with a mixed variety of smaller species.

Figure 6.3: Short Rotation Coppice (SRC) willow planting with mixed smaller
species. Reprinted image by Katy Walters, Creative Commons License: BY-SA 2.0.

In a study from Schröder et al. (2018), changes in large-scale agricultural practices
in northern Europe were investigated showing shifts into an intensive, cereal-based
cropping pattern from the more balanced, cereal-legume-tuber crop rotation that
had formerly been applied. Only recently, following a renewed focus on ecology
and sustainability, was it discovered that abandoning crop rotation resulted in soil
fertility decline and increased soil erosion. Cultivation of legumes via crop rotation;
however, reverts land degradation, increases soil fertility and enhances nitrogen avail-
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ability. Another bene�cial aspect is the regulation of weeds and disease suppression,
a major inhibitor to successful crop establishment. In perhaps the most extensive
study on applying agronomic practices to improve performance of GRO and estab-
lishment on contaminated land, Kidd et al. (2015) identi�ed the shortcomings of
applying monocultures for phytoremediation and propose alternative cropping pat-
terns and practices. Considering that GRO processes are generally expected to be
of a long duration, remediation based on a single species cultivated in monoculture
is unlikely to be e�ective and simultaneously can lessen soil nutrients and fertility
ultimately leading to lower biomass yields. They show in their study that alternative
cropping patterns can signi�cantly in�uence the phytoremediation process and the
extraction or immobilization of contaminants, as well as soil protection and quality.
Rotating trace element-accumulating species with agronomic crops supports the re-
mediation process by yielding economically useful biomass and aiding the growth of
remediation-focused species. In practice, certain annual crops can be �tted into crop
rotations where they serve to control weeds, diseases and pests. The incorporation
of annual cover crops can also bring additional bene�ts such as contributing to the
maintenance of soil organic material in upper soil layers and an improved soil aggre-
gation, or a promotion in biological soil tillage through root development, or weed
and pest control. Legume cover crops can �x nitrogen (N2), thereby improving soil
N status for subsequent crops planted in the following growth season (Kidd et al.,
2015). Kidd et al. (2015) is highly recommended for more information concerning
such agronomic practices.

For the purposes of this study it was valuable to investigate the phytoremediation
capabilities of these various energy crops to determine both what e�ects (if any) the
contaminants would have on the crops as well as the ability of the crops to extract
or stabilize in the soil matrix. Enell et al. (2016) state in their study on willow SRC
that crops intended for bioenergy production, grown on brown�elds, should be low-
accumulators and preferably act as stabilizers to immobilize the contaminants and
prevent migration. In general, there is a lack of �eld studies where both the ecolog-
ical risks and the potential bene�ts with this kind of land rehabilitation have been
evaluated, and there exists a huge potential to exploit synergies in practice. Some
cultivars within speci�c species from major staple crops such as wheat, barley, rice,
potato or maize di�er widely in their ability to accumulate metal(loid)s. Selection
of pollutant-excluding cultivars for cultivation on contaminated and/or remediated
land contributes towards reducing the entrance of harmful trace elements into the hu-
man food chain. Cadmium is one of the elements of major concern regarding uptake
into the food chain due to its severe toxicity. The stable crops previously mentioned
have been tested for certain species to determine low-Cd cultivars (i.e. exclusion
types) which all show great potential for continuing food and forage production on
contaminated land (Kidd et al., 2015). Referred to as Cadmium-safe Crop Cultivars
(CSCC) by Ashrafzadeh and Leung (2016), they state that not enough work has
been done to identify and fully utilize the huge potential of CSCCs in producing
these kinds of essential staple crops in more widespread application.

One such study focusing on the intersection between remediation on biomass use was
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performed by Lord (2015). In his study (BioReGen2), three perennial rhizomatous
grasses (PRGs) commonly used for energy crop production (miscanthus, switch-
grass, and canary reed grass) were compared to typical woody energy crops (willow
SRC). Overall, perennial grasses o�er better productivity, net calori�c values and
ecological bene�ts than annual crops, with lower environmental impacts, lower car-
bon debt and greater greenhouse gas reductions, especially when grown on degraded
or abandoned agricultural land. Environmental bene�ts of the continuous annual
cropping regime of PRGs included reduced tillage, soil degradation and carbon loss,
higher radiation capture and root density, better soil stabilization, improved run-o�
quality and wildlife habitat. Results from the study showed the reed canary grass
outperformed all other crops in yield at all of the case study sites. The combination
of rapid establishment, low initial cost and annual harvesting means that tempo-
rary cropping of non-agricultural land with reed canary grass is a technically viable
proposition. In terms of economic viability, feasibility is dependent on consideration
of the associated natural capital and ecosystem service gains, synergies or trade-o�s
resulting from its use as part of the 'energyscape.' Lord (2015) identi�es the sig-
ni�cant potential that reed canary grass o�ers as biomass supply in developing or
well-established renewable energy markets as second generation bioethanol produc-
tion, pyrolysis for biofuels, combustion for heat and power, carbon sequestration,
and as a feedstock for anaerobic digestion (in northern Europe and marginal land
especially). Perhaps the most important result from the study was that average
concentrations of all trace elements in energy crops from the BioReGen trials were
lower than the acceptable limits for commercial or residential use of the resultant
biomass pellets with the exception of Cd and Zn in SRC or miscanthus. The highest
measured values were also likely unsuitable for industrial use and ash resulting from
combustion must be properly managed, so careful measurements are required.

6.1.1 Sustainability and biomass valorization

According to Lord (2015), the discussion of the economic, social and environmental
impacts of biofuel and bioenergy production and use has centred on three aspects: 1)
the net carbon reduction bene�t of using bioenergy when the whole life-cycle energy
balance including fossil fuel use and greenhouse gas emissions of production and
transport are considered; 2) the additional demand from direct utilization of food
crops for liquid biofuels manufacture, or the potential for purpose-grown �energy
crops� to compete indirectly with food production on agricultural land, together
impacting on global food supplies or price, water and land availability - the so-called
'land-fuel-water' nexus; 3) negative impacts on the environment through land use
change or deforestation from biofuels production, or indirect land use changes from
displaced agriculture. Using locally available, non-agricultural land for energy crop
production could potentially circumvent many of the major concerns. Many studies
for �eld-scale demonstrations of biomass production on brown�elds, contaminated
land or land�lls have mainly involved growing woody biomass as short rotation

2http://ec.europa.eu/environment/life/project/Projects/index.cfm?fuseaction=
search.dspPage&n_proj_id=2833
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coppice or forestry and rarely �eld-tested oil seed crops or perennial grasses. So,
there exists a wide range of opportunity which as yet to be fully explored (Lord,
2015).

One of the main issues for phytomanagement on marginal land is the valorization of
phytoremediation biomass to o�set the costs of remediation, and the importance of
e�ective stakeholder involvement to ensure minimization of site risk and maximiza-
tion of bene�ts (Gerhardt et al., 2017). In other words, the value of such projects is
highly dependant upon classi�cation of biomass as a waste or an economically useful
resource. Such projects could reliably generate income, become a net cost if classi�ed
as a waste, and/or provide long-term phytostabilization and carbon sequestration
contributing to overall bene�ts and low-cost remediation (Andersson-Sköld et al.,
2014). The economic opportunities with these types of projects are numerous. Licht
and Isebrands (2005) performed a study which discusses plants used to phytoreme-
diate brown�eld sites (e.g. post-industrial areas, land�lls) in terms of 'vegetative
caps' or in-situ phytoremediation plantings directly targeting sources of contamina-
tion. They focused on the application of poplar and willow trees, and proposed that
the woody biomass produced could provide massive economic opportunities for not
only bio-energy use, but also pulp and paper products, composite wood products,
feed products, and a host of other intangible economic bene�ts generally classi�ed
as ESS.

In one of the most recent studies concerning biomass valorization, Schröder et al.
(2018) propose that an attractive option is to valorize the plant biomass to face
energy and global change problems (e.g. by supercritical gasi�cation, liquefaction
and pyrolysis as potential routes). The �rst process results in the formation of syngas
to produce heat or electricity, while the other processes lead to biofuel, biochar or
valuable chemicals. However, the feasibility of such options is still in its infancy as
they are relatively new technologies in this �eld of application. If the digestate is
tested and contains too high trace element concentration for commercial fertilizers,
pyrolysis may be an alternative. During pyrolysis mineral elements are concentrated
in the solid fraction (sand and char). This may open possibilities for trace element
recovery from this fraction, or when metal recovery seems not feasible, they are
at least concentrated in only a very small mass fraction (needing to be disposed)
compared to the initial biomass amount.

Two life cycle analyses have been conducted to determine whether phytoremedia-
tion is sustainable without favorable biomass valorization (Vigil et al., 2015; Witters
et al., 2012a). The results showed that if the produced crop was not utilized bene-
�cially then the sustainability of phytoremediation is questionable, but if converted
into energy or fuel at a bioheating plant like shown in Figure 6.4 than there are
many advantages of phytoremediation over conventional remediation techniques in
the tested situations. Both studies evaluated di�erent conversion routes for the
biomass, and found the best results when used in to produce synthetic natural gas
in anaerobic digestors or directly combusted in combined heat and power plants (de-
pending on the biomass). Witters et al. (2012a) produced two interesting �ndings
which have a profound impact on the viability of bio-based production on marginal
land: 1) elevated concentrations of metals in biomass likely have no signi�cant im-
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Figure 6.4: Bioheating plant in Skellefteå, Sweden utilizing biomass for combined
heat and power. Reprinted image by Mattias Hedström on Wikimedia, Creative
Commons License: BY-SA 2.5.

pact on biomass conversion process but could a�ect secondary product (e.g. ash,
digestate) handling, and 2) net energy potential from biomass conversion combined
with carbon dioxide abatement (if economically valued) and long-term remediation
provides a convincing case economically and otherwise to support the projects.

6.1.2 Constraints for energy crops

The main constraints in the utility of energy crops grown on contaminated land
is the real or perceived e�ect that the contaminants would have on the biomass
itself and its ability to be used in bioenergy, biofuels or other bio-products. This
might occur directly by contaminant uptake (e.g. phytoextraction), or indirectly,
by cross-contamination from adhering soil dust during growth or forage harvesting.
This would detract from the economic viability and environmental validity of the
approach, unless an adequately productive energy crop can be identi�ed with an
acceptably low level of contamination to allow both its safe cultivation on these
challenging sites and subsequent suitable use (Lord, 2015). Studies have shown that
metal concentrations found in biomass are not expected to have a negative e�ect on
the conversion process or technical e�ciency of the installation (van Slycken et al.,
2013; Witters et al., 2012a), but there are not many regulations and standards for
established contaminant thresholds as of yet. Also, the presence of local conversion
chains for the produced biomass is instrumental to success (Cundy et al., 2016).
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Additionally, Menger et al. (2013) highlight the problem of altering or damaging
the pre-existing, unique ecosystems or habitats which brown�eld sites can develop
through redevelopment of a site as green infrastructure.

Another di�culty concerns ash management resulting from biomass conversion to
energy (Delplanque et al., 2013; Witters et al., 2012a). Following combustion of
metal enriched wood or other biomass, Cd and other metals may be dissipated to
the environment through ash recycling in �eld application. This would contradict
the phytoextraction goal of removing harmful pollutants from soils. Depending on
the conversion process used (e.g. combustion, pyrolysis, gasi�cation), volatilization
temperatures of metals and equipment used for �ltration, a signi�cant fraction of a
metal-free ash may be obtained, either the bottom ash, the cyclone ash or the �lter
ash. Ash management may have to consider just the small volume of metal rich
ash, with the remainder of low metal ash recycled as raw material for agricultural
and forestry with respect to regulation. In the study performed by Delplanque
et al. (2013), French regulations, which compared the contaminated wood with
commercial wood, classi�ed the produced biomass not as a potential fuel but as a
waste. Co-combustion of the biomass with another fuel source (e.g. fossil based)
would likely be more acceptable to regulators. Ideally, bottom ash resulting from
combustion would be used as a basic mineral amendment to boost soil quality, but
this would depend on the classi�cation of the ash as a valid soil amendment fertilizer.

To summarize, Tripathi et al. (2016a) listed several problem areas for which suit-
able strategies must be framed: 1) enhancing the growth and yield of selected bio
energy crops under varying agroclimatic conditions, 2) limiting the transfer of pol-
lutants into the end products, 3) ensuring the safety of stakeholder involved in such
activities, 4) identifying the potential markets of such phytoproducts, 5) proper cer-
ti�cation of phyto-products, and 6) ensuring the overall safety and sustainability of
such coupled systems (i.e .phytoremediation and bioenergy production).

6.2 Urban Agriculture

One of the many innovative ways in which soils may contribute to solving societal
tasks in urban environments, is their application in urban gardens. Soils, often
neglected, deserve a place in urban green space management as they may help to
address societal challenges such as urbanization, climate change, aging populations,
and restoring ESS to urban areas. Urban agriculture is currently riding a wave of
surging interest as shown in Figure 6.5, and is part of a global trend towards devel-
oping more parks and green areas in cities, consuming organic, locally grown prod-
ucts, and establishing a closer relationship with one's own living environment. All
of which are supported through many recent studies and informational publications
(Breure et al., 2018; Edmondson et al., 2014; Goldstein et al., 2016; Schram-Bijkerk
et al., 2018; Schröder et al., 2018; URBES, 2014; US EPA, 2011a,b; Van Bemmel
et al., 2017).

According to Schröder et al. (2018), "the main challenge[in agriculture] is no longer
simply to maximize productivity of a single crop, but to optimize farming across
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