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ABSTRACT

A range of tools have been proposed to support decision making in contaminated land
remediation (collectively referred to as Decision Support Tools or DSTs). From a
European perspective it is clear, however, that there are considerable national
differences in the decision support process, and more generally in the extent to which
this process supports the selection of less invasive, alternative and potentially more
sustainable remediation options such as phytoremediation, in situ immobilisation etc.
(referred to here as “gentle” remediation technologies or options). This thesis
critically reviews available DSTs in terms of their fitness for purpose for the
application of “gentle” remediation technologies, using published literature and data
from two stakeholder surveys: the first from a European perspective (completed in the
European Union ERANET

SNOWMAN

project

SUMATECS

(Sustainable

Management of Trace Element Contaminated Sites)) (sample size of 130) and the
second focused on contaminated land consultants and managers in the UK (sample
size of 71). In general stakeholder feedback from both surveys indicates a lack of
knowledge of currently available DSTs and the requirement for a simple DST using a
tiered approach that can be integrated into an existing national framework.

Based on this stakeholder feedback, a novel DST has been developed that will
interface with an existing national framework and which will act as a guide to
selection of “gentle” remediation approaches. This DST is a literature based tool that
will direct users to collated information on successful practical pilot/field scale studies
on “gentle remediation approaches and ensures that the elements of sustainability are
considered during selection. The proposed approach is validated against data from
three large-scale remediation projects, involving both gentle and more invasive
remediation methods, in the UK, France and Belgium.
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CHAPTER 1: INTRODUCTION
The increase in demand for development land in the UK and Europe at large, coupled
with concerns about loss of green belt and rural land to “urban sprawl” has yielded the
need for the regeneration of Brownfield sites. ‘Brownfield’ is a term used to describe
a site that has been previously developed for a particular purpose (in most cases
industrial) but is not presently being used for that purpose. A Brownfield site does not
necessarily have to be contaminated although a contaminated site may automatically
be categorised as such. CLARINET (2002) associates the following key indicators
with Brownfield sites:
-

have been affected by the former uses of the site and surrounding land;

-

are derelict or underused;

-

have real or perceived contamination problems;

-

mainly occur in developed urban areas; and

-

require intervention to bring them back to beneficial use.

In Europe, the European Environment Agency (EEA) estimates that soil
contamination requiring clean up is presently at approximately 250,000 sites in the
EEA member countries, while potentially polluting activities are estimated to have
occurred at nearly 3 million sites (EEA 2007). Clean up of this contamination has
considerable financial consequences with an estimated overall cost for remediation of
European contaminated sites ranging between 59 and 109 billion Euros (EC, 1999).
Planning and development legislation in the UK promotes sustainability by
highlighting the need to redevelop Brownfield sites as a more sustainable option to
development of green and pristine land. In 1998, the UK government set a target of
60% for all new developments to be built on Brownfield sites which eases the
pressure on green belt areas. In addition and more recently (March 2012), the UK
coalition government published a National Planning Policy Framework (DCLG,
2012) which is expected to promote environmentally-friendly and sustainable growth.
Part of this is the use of Brownfield land for development (as long it is not of high
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environmental value) where local planning authorities are actively encouraged to
continue to have an appropriate target for use of Brownfield sites. Conversely,
however, the framework does not provide a similar target as set in 1998; which may
be considered a backward step in trying to achieve sustainability through the
redevelopment of Brownfield sites. The industrial background of some Brownfield
sites, in most cases, has increased the presence of contaminants associated with past
or present industry. This concern over contamination and the redevelopment of
Brownfield sites has necessitated the demand for land remediation and regeneration
respectively. There are currently a variety of approaches to land remediation
implementing an array of in situ/ex situ and gentle/aggressive remediation
technologies (a non-exhaustive list of ex situ and in situ techniques is outlined in
Chapter 2 of this thesis). The implementation of these remediation techniques in
contaminated land management incorporates various pre-treatment / assessment
aspects including site assessment (e.g. site investigation and risk assessments) and
options appraisal (where selection of remediation technique(s) is implemented). The
traditional approach to land remediation is primarily excavation and disposal
(otherwise known as ‘dig and dump’) to landfill. This is typically applied on smaller
redevelopment areas, or on hot-spots in larger sites, where it may be combined with
use of cover systems and re-vegetation. Many alternative approaches are generally
perceived to be ‘more sustainable’ than excavation and disposal, and are becoming
more attractive as the cost of tax associated with landfill disposal increases (CIRIA,
2004), presently at £72/tonne (HMRC, 2013). These more sustainable techniques may
be referred to as ‘gentle’ remediation options (GRO) and will be discussed further in
the next chapter. GRO is a development of the earlier “extensive” technologies idea /
classification, which distinguished low input longer term remediation treatment
approaches from shorter term energy and resource intensive strategies (Bardos and
van Veen, 1996). A widely researched example of a GRO is phytoremediation which
involves the use of specific plants (such as willows) (Lewandowski et al, 2006) for
undertaking remediation through extraction or stabilisation processes. From a
sustainability viewpoint, these techniques have the potential to minimise the adverse
environmental side effects of remediation (e.g. through reducing carbon footprint,
reduced emissions and maintaining soil resource) whilst also taking into account the
economic and social elements of sustainability – they have typically low capital cost
and may promote a range of social benefits. The selection of alternative approaches
2

such as GRO may be problematic in practice however as at many sites a number of
approaches (usually aggressive technologies) may be capable of meeting the core
remediation objectives, and developers and contractors may have little experience or
knowledge of operating windows for GRO (Onwubuya et al, 2009). Moreover present
day research has widened the scope of available technically-driven remediation
approaches and so it has become increasingly necessary to compare methods to
promote selection of approaches with lowest overall impact. This decision making in
contaminated land management, in the face of uncertainties and multiple and often
conflicting objectives, is a vital and challenging role in environmental management
that affects a significant economic activity (Sullivan, 2002). Due to this and the fact
that every site is unique in physical characteristics, future use and other associated
risks, plus the array of technologies available, there is a necessity to develop rigorous
Decision Support Tools (DST) and systems to ensure that the best possible sustainable
approach is implemented in remediation.
The Oxford dictionary defines ‘decision’ as ‘a conclusion, reached after
consideration; the ability to decide quickly and confidently’. ‘Support’, similarly, is
defined as ‘to furnish with necessaries, to provide for, to render assistance to, to
defend, to corroborate, to advocate’ amongst others. Decision support can, therefore,
be defined as the assistance for, substantiation and corroboration of, an act or result of
deciding; typically this deciding will be a determination of an optimal or best
approach (Bardos et al, 2001). Over the last thirty years approaches to decisionmaking in contaminated sites have progressed from a cost-based approach in the mid1970s, through the technology feasibility studies of the mid-1980s and the risk based
assessment approaches of the mid-1990s (Pollard et al, 2004). A good indication of
this progress is substantially outlined in the UK’s Model Procedures for the
Management of Land Contamination (also known as Contaminated Land Report
(CLR) 11) (Environment Agency, 2004) where decisions are taken in respect of the
environment via a risk management process to protect a range of receptors including
human health, water quality, flora and fauna. This holistic approach to contaminated
land management has contributed to sustainability by addressing the direct
implications of contamination to human health and controlled waters via risk
assessment. The push to develop Brownfield land has aroused interest in
contaminated land not just from land owners and financiers but various stakeholders
3

including: pressure groups, local councils, residential associations etc. Based on this,
Renn (1992) suggested the need for ‘a decision process that facilitates the
involvement of all affected parties and at the same time produces a prudent and
informed judgement based on expertise and knowledge which would increase
participation of all stakeholders in the decision making process’. It should be noted
that DSTs serve to act as a support to decision making and not a tool that makes the
final decision. DSTs can mainly be represented in two forms; written guidance (eg;
CLR11) and/or software of which there are several (e.g. DESYRE, PhytoDEC, ABC).
There may be a lack of trust in the software approach to decision support mainly due
to lack of transparency (CLARINET, 2002). A tool is therefore required that can
encompass sustainable development, risk management and stakeholder views in a
holistic and mutual method with adequate transparency. This tool should incorporate
methods/processes by which decisions are reached in a clear, concise, transparent and
recordable manner to reduce bias in contaminated land management. It should also be
a balanced and systematic process founded on the principles of precision and
inclusive decision making (Bardos et al, 2002).
The main aim of this thesis is the development of a DST which encourages
consideration and assessment of alternative, gentle remediation options during
remediation option appraisal, and which supports more sustainable remediation
practice. While the DST is focussed on gentle remediation options (related to surface
or near-surface soil remediation) it will also incorporate a means to compare with
more aggressive or intensive methods if required. The objective of the research is to:


Review the fitness for purpose of existing DSTs for gentle and aggressive
remediation technologies;



Survey and analyse stakeholder needs/requirements for improved DSTs and
knowledge of GRO;



Incorporate specific sustainability measures/parameters in the decision support
process in a world where focus is shifting to sustainable development;



Devise a DST that will be easily interfaced with existing national frameworks
(specifically, the UK’s Model Procedures for the Management of Land
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Contamination, CLR11) and can easily be transferable in other European
Union countries. In addition the DST would incorporate a form of semiquantitative analytical technique (using a simplified design) for comparison of
wider environmental, social and economic impacts of the different remedial
technologies in a systematic way;


Validate this DST using case studies, peer review and comparing with other
techniques and retrospective comparison with remediated areas; and



Highlight future research needs for the development of more sustainable
remediation approaches.

This thesis is organised into 7 chapters:


Chapter 1 (Introduction) introduces the research field, context, and the thesis
aims and objectives (as outlined above);



Chapter 2 (Literature Review) discusses sustainability, GROs and presents a
critical review of DSTs. It also identifies gaps in knowledge;



Chapter 3 (Stakeholder Survey) provides the results of an EU-sponsored
questionnaire survey and a UK survey designed to gauge stakeholder opinions
on DSTs and GROs in contaminated land management;



Chapter 4 (Towards a new DST: Incorporation of GRO and Sustainability
Indicators) provides a general description of the proposed DST. It focuses on
options for the development and design of a new DST that will enable
consideration of gentle remediation technologies;



Chapter 5 (DST - Tier 1 and Tier 2 Development) describes the development
of the two tiers of the DST and their contents;



Chapter 6 (Validation of DST – Case Studies) validates the DST using case
studies from the UK, Belgium and France; and



Chapter 7 (Discussion and Conclusion) provides an analysis of how
knowledge gaps identified in earlier chapters have been filled and suggestions
considered for the design of the tool. Suggestions for further work are also
outlined.
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CHAPTER 2: LITERATURE REVIEW
The primary aim of contaminated land remediation is the overall ‘cleanup’ of
contaminated land to increase its usability and reduce risks associated with human
health, controlled waters and ecology. Since the early 2000s, there has been a
developing move towards promoting considerations of sustainability and sustainable
development in remediation and in the way remediation methods are chosen.
Initiatives such as Sustainable Remediation Forum UK (SURF-UK) (SURF UK,
2010) and Network of Industrially Contaminated Sites in Europe (NICOLE)
(NICOLE, 1999) have developed guidelines to promote the consideration of
sustainability during the design of remediation strategies, options appraisal,
verification and implementation. Despite this increasing development and interest in
sustainability, however, there is still widespread use of unsustainable remediation
techniques (such as ‘dig and dump’ which constitutes approximately 40% of
remediation corrective actions (CLAIRE, 2012)) in contaminated land management.
In order to classify a remediation process as sustainable, the effect of its impact must
not surpass the benefit of the decontamination process (Lesage et al, 2007).
Environmental decisions must also be ‘socially robust’ within a context of sustainable
development (Urban Task Force, 1999).
2.1: Sustainability Considerations in Contaminated Land Remediation
The definition of sustainable development in this thesis is derived from the
Brundtland Commission which defines it as ‘development which meets the needs of
the present without comprising the ability of future generations to meet their own
needs’ (Brundtland 1987). Sustainable development can also be referred to as the
achievable balance between social, economic and environmental factors as depicted in
figure 2.1 below.
The past ten years has seen interests in the incorporation of concepts of sustainability
into urban planning in the UK and internationally. As mentioned earlier, various
initiatives including SURF-UK (2010) and United States Sustainable Remediation
Forum (SURF-US) (2011) have developed framework for assessing the sustainability
of contaminated land remediation and the incorporation of sustainable development
criteria in land contamination management.

However, despite this development,

remediation activities and their impacts are commonly overlooked during the initial
6

planning and sustainable development appraisals (SURF-UK, 2009). In addition,
Thornton et al (2007) further reiterates that little consideration is given to the
sustainability of the remediation methods used to regenerate Brownfield sites. Given
the potential health impacts of the contaminants which are, or which may be, present
in Brownfield sites, a range of national and regional legislation has been implemented
to enforce site remediation and the protection of surface and groundwater sources
(Onwubuya et al, 2009). However it is imperative that these regulations are designed
in order that sustainability is addressed in contaminated land management.

Figure 2.1: The elements of sustainable development (adapted from SURF UK, 2009)

The author defines sustainability in remediation or sustainable remediation as
remediation which meets the risk management objectives of the present whilst
considering and minimising broader environmental, economic and social impacts both
now and in the future. The ideal remedial solution is one which eliminates or
minimises risks in a safe and timely procedure and maximises the key elements of
sustainability (social, economic and environmental factors) during implementation.
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According to SURF-UK, 2009 implementing sustainable remediation has the
following benefits:
-

Maximising the value delivered by remediation works, by optimising the
overall benefit to cost ratio;

-

cost savings through avoidance of unnecessary or unsustainable remediation;

-

effective management of risks to human health and the environment associated
with soil and/or ground and surface water contamination;

-

minimising the impact of remediation works on the environment and
surrounding communities;

-

demonstrable commitment to sustainable development in remediation works;

-

positive impact on reputation and public relations, by demonstrating corporate
environmental and social responsibility;

-

improving the robustness of remediation decision making; and

-

contributing to sustainable development, which now forms a cornerstone of
many government and corporate policies.

Regulatory regimes (such as planning and contaminated land legislation in the UK)
coupled with a progressive increase in waste disposal rates and regulations and the
recognition that “traditional” methods of contaminated land and groundwater
treatment (e.g. disposal to landfill, pump and treat) may not be the most sustainable
(or indeed effective) option, has led to a significant increase in research into the
development of alternative in situ and ex situ treatment technologies for soil and water
remediation (e.g. Cundy et al, 2008). A number of these alternative techniques utilise
an in situ, low invasive/impact approach whereby plant (phyto-) technologies, with or
without chemical additives, are used for reducing contaminant transfer to local
receptors by in situ stabilisation of contaminants (using biological or chemical
processes), or plant-driven extraction of contaminants (e.g. Cunningham et al, 1995;
Vangronveld et al 1995; Kumar et al, 1995; Ruttens et al, 2006; Grispen et al, 2006;
Chaney et al, 2007; Gerhardt et el, 2009; Zhang et al, 2010; Sun et al, 2012; Pandy,
2012). Collectively, these may be referred to as “gentle” remediation options (as
described in the previous chapter), i.e. in situ techniques that do not have a significant
negative impact on soil function or structure (Bardos et al, 2008).
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2.2: Gentle Remediation Options (GRO)
In recent times, numerous studies and information have pointed to the fact that energy
intensive processes including burning of fossil fuels and carbon dioxide emissions
contribute substantially to global warming (Zecca and Chiari, 2010). Remediation
experts are aware of this concern and have firsthand knowledge of the potential
contribution of energy –intensive remediation systems to the global climate (Ellis and
Hadley, 2009). In addition some remediation technologies are also known to cause
significant impact to soil structure. Such technologies, including soil washing, ‘dig
and dump’ etc. can be referred to as ‘aggressive’ techniques. Therefore, gentle
remediation options (GRO) could be defined as remediation technologies that do not
have a significant negative impact (or indeed may have a net benefit) on soil
functions, its structure and on other environmental components. As mentioned in
Chapter 1, Bardos and Venn, 1996 provided a description of GROs as a development
of the earlier “extensive” technologies idea / classification. This concept distinguishes
between techniques which require a low energy input but provide a longer term
remediation process and the more aggressive techniques which are usually of high
energy input and a shorter remediation time. It could be derived that the latter process
is usually an engineered technology that is less sustainable in comparison to the
former (e.g. Lombi et al, 2002). On the other hand the longer term techniques may be
contrived as low cost and low input technologies (Lee et al, 2009) with a disadvantage
of a longer duration for the process to be carried out.
Some examples of gentle remediation technologies are phytoremediation, in-situ
immobilisation, and (arguably) monitored natural attenuation (MNA). These
techniques have received significant research investment over the past 30 years. Using
phytoremediation as an example, earlier studies (in the 1970s) had provided an insight
into the heavy metal uptake properties of certain plants (Brooks et al, 1978; Brooks et
al, 1979) which provided a stepping stone for further research into phytoremediation
as a practical remediation technique. Phytoremediation as an emerging remediation
technique was identified in the early 1990s with a series of journal articles identifying
the process as an affordable way of restoring the economic value of land (Raskin et al,
1994; Dushenkov et al, 1997). These studies provided evidence of field trials that
were carried out to prove the effectiveness of this technique. Phytoremediation is the
use of living plants and associated microorganisms for removal, degradation or
containment of contaminants in soil, groundwater or sludge. The process can also be
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carried out through amendments and soil management practices. Plants that have the
ability to store large amounts of metals that do not appear to be used in their function
are referred to as hyperaccumulators (Khan et al, 2004). The discovery of
‘hyperaccumulators’ has revolutionised phytoremediation as these plants have the
capacity to absorb metal at levels 50-500 times greater than average plants (Lasat,
2000). Hyperaccumulators were first mentioned by Brooks et al, 1977 to describe
plants that contain greater than 0.1% nickel in their dried leaves. Research has shown
that this accumulation of high metal concentration in the above ground tissues of the
plant does not lead to any toxic symptoms (Bhargava et al, 2012). Despite providing a
relatively low cost method and being widely underpinned by published scientific
research papers the practical implementation of phytoremediation has been stifled by
lack of large scale field demonstrations (Mench et al, 2009a, 2009b) plus low
regulator and stakeholder confidence on the effectiveness of the method (Onwubuya
et al, 2009). Although extensive efforts have been spent on phytoremediation research
for removal of contaminants from the soil, no convincing large scale field data have
been presented which allow its broad practical application as a short-term alternative
for conventional remediation techniques (Meers et al, 2010). However, the
development of GRO is being driven by the continued spiralling costs of conventional
aggressive techniques, as well as the desire to use a ‘green’ sustainable process
(Pulford and Watson, 2003). Large scale use of GRO is a rarity especially in Europe.
According to an EU-sponsored research project, Sustainable Management of Trace
Element Contaminated Sites 2009 (SUMATECS), a great deal of progress has been
made at the experimental level but its implementation at the practical level is still at
an early stage.
There are a range of different processes associated with phytoremediation which
include:

phytostabilisation,

rhizodegradation,

rhizofiltration,

phytoextraction,

phytodegradation and phytovolatilisation. These utilise basic plant physiological
processes, such as root exudation (release of phytochemicals), translocation, water
and inorganic nutrient uptake and transpiration (table 2.1). These mechanisms are not
solely based on the physiological properties (such as the nutrient uptake process) of
the plants but also the properties of the contaminants. Phytovolatilisation, for
example, is based on the volatile properties of the contaminants. This mechanism can
occur with volatile organic compounds, including trichloroethene, as well as inorganic
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chemicals that have volatile forms, such as selenium, mercury and arsenic (USEPA,
2000).
There has been an extensive application of phytoremediation at a bench/trial scale on
a variety of contaminants (see example references in table 2.1). After the process
(specific for phytoextraction), the plant tissues (where the contaminants have been
adsorbed) is then harvested and disposed of in landfill or through incineration.
According to Nedunuri et al, 2000 these contaminants include heavy metals,
radionuclides, chlorinated solvents, petroleum hydrocarbons, Polychlorinated
biphenyls

(PCBs),

Polyaromatic

hydrocarbons

(PAHs),

organophosphate,

insecticides, explosives and surfactants. Due to its vast potential and sustainability
credentials, phytoremediation could still be described as an under-achieved
remediation technology. Most studies have identified the long duration required for
the remediation process (as long as twenty years in some cases) as a major drawback
(Lewandowski et al, 2006 and Van Nevel et al, 2007. In addition, it is mainly used to
treat contaminants in the soils less than a meter from the surface (GWRTAC, 1996),
although the use of trees has been researched in order to target deeper contamination
(Gerhardt et al, 2009). There is also the issue of disposal of the accumulated
contaminants in the tissues of the plant and the possibility of release of the stored
contaminants during the disposal process. Some schemes involve using willow
coppicing to produce biomass for power generation or biofuels. Presence of metals
may limit this use, and lead to materials being classified as a waste rather than a
resource. However, Keller et al (2005) indicates that metal enriched biomass was
incinerated by pyrolysis, the heavy metals were volatised and recovered in the air
pollution control filters, thus resulting in a relatively clean ash that can be recycled as
fertilizer. An additional problem for a phytoremediation process (phytoextractionspecific) is the use of total metal values to provide regulatory limits – phytoextraction
will generally remove the bioavailable metal fraction. In general the benefits of
utilising phytoremediation-based technologies are the relatively lower costs, labour
requirements, and safer operations compared to the more intensive and invasive
conventional techniques (such as soil washing, dig and dump). In addition potential
for income generation from biomass production and inherent attractiveness of
“greened” sites (ITRC, 2009). Phytoremediation is also often mentioned as an
economically viable, effective and environmentally sustainable remediation
alternative (Witters et al, 2012).
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Another type of GRO is in situ immobilisation by amendments, which is achieved by
the introduction of treatment agents (such as organic matter, phosphates, lime) into
the ground through various means such as mixing. These agents are effective at
decreasing the bioavailability of contaminants by introducing additional binding sites
within the soil matrix (Lestan et al, 2008). According to Lee et al, 2009 in situ
immobilisation of contaminants (specifically metals) is less expensive than more
aggressive options (such as soil washing) and may provide a long-term remediation
solution through the formation of low-solubility minerals or precipitates. The
application of soil amendments may reduce the solubility of contaminants and in turn
reduce the adverse effects these contaminants may have on biological and
environmental receptors. This approach may provide a cost-effective and sustainable
solution for the remediation of contaminated soil (Mench et al, 2000; Oste et al,
2002). The primary issue with this form of remediation is whether the reduced
mobility of the contaminant is a permanent or temporary solution. Behaviour of the
residual contaminant forms left in soil following remediation is largely unknown
(Udovic and Lestan, 2009). There is some indication that further exposure of residual
contaminants to the dynamic nature of soil could lead to increase or remobilise
contaminants (Lestan et al, 2008).
Numerous studies have been carried out and published over the last few years
regarding GRO but, as noted above, there is still a limit as to the wide scale use of
these studies in real-life situations. The risk management strategy in contaminated
land is likely to include a conceptual site model where integrated measures covering
source and pathway management for protection of human health and controlled waters
are implemented. Therefore there is always the possibility that the contamination may
be managed rather than removed (see table 2.1), which is why effective stakeholder
engagement is critical in GRO utilisation.
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Mechanism
Phytosequestration
/Phytostabilisation

Description
Target output
The ability of plants to sequester certain contaminants Containment
in the rhizosphere through exudation of phytochemicals
and on the root through transport proteins and cellular
processes

Rhizodegradation

Exuded phytochemicals can enhance microbial Remediation
biodegradation of contaminants in the rhizosphere
by destruction

Mode of operation
Removal / interruption of
pathway through reduction
of contaminant mobility and
migration to soil and water

Removal of source through
enhanced breakdown of
contaminants by plants
Rhizofiltration
This describes the adsorption or precipitation onto plant Remediation
Pathway
interruption
roots or absorption into the roots of contaminants that by removal of through
interception
are in solution surrounding the root zone. This is mainly plants
(evapotranspiration)
of
targeted at saturated media
contaminants by plants
Phytoextraction
The ability of plants to take up contaminants into the Remediation
Removal of source through
plant with the transpiration stream. This is based on by removal of extraction of contaminants
hyperaccumulator plants, which can accumulate high plants
and storage by plants
levels of metals
although harvest is required
Phytodegradation
The ability of plants to take up and breakdown Remediation
Removal of source through
contaminants in the transpiration stream through by destruction enhanced breakdown of
internal enzymatic activity and photosynthetic
contaminants by plants
oxidation/reduction
Phytovolatilisation The ability of plants to take up, translocate and Remediation
Removal of source through
subsequently transpire volatile contaminants in the by
removal volatilisation
of
transpiration stream
through plants contaminants by plants
Table 2.1: Mechanisms of phytoremediation procedure (partly adapted from ITRC, 2009)
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Example references
Mench et al (2006),
Brunner et al (2008),
Vamerali et al (2009),
Dary
et
al
(2010),
Kumpiene et al (2011)
Agamuthu et al (2010),
Gaskin
and
Bentham
(2010)
Vera Tome et al (2008),
Lee and Yang (2010),

Wieshammer et al (2007),
Buendia-Gonzalez et al
(2010), Kolbas et al
(2011), Iqbal et al (2012)
Moreira et al (2011), Park
et al (2011)

Chappell (1998), Arnold et
al (2007)

2.3: Stakeholders and decision makers in contaminated land management
In any development or regeneration plan there is an array of stakeholders who have a
degree of interest (either directly or indirectly) in the development. This is also
applicable to remediation of Brownfield sites. In the UK, remediation of contaminated
land may occur through a number of different regulatory routes:
‐

The Planning system: comes into play when land subject to contamination is
being redeveloped;

‐

The Part IIA regime: provides the statutory framework for dealing with
unacceptable risks posed by contaminated land; and;

‐

Voluntary Remediation: occurs when a site owner opts to remove
contamination, most often to increase value of the land.

According to the Environment Agency (2009), on average almost 90 per cent of
contaminated sites that have been managed were dealt with through the planning
system. The remaining 10 per cent were dealt with using Part IIA. Voluntary
remediation is rare and only occurs in a limited number of cases.
As different as the above routes may seem, they are all similar in the fact that every
route has participatory stakeholders. The planning of such remediation projects will
require consideration of other range of sectors or activities such as: recycling/re-use of
materials, carbon balance, community engagement, environmental impacts and wider
local economic benefits (REJUVENATE, 2009). In order for the planning and
execution of contaminated land remediation to be successfully implemented it
requires effective planning and engagement which is usually developed by public
participation within the core of the development. Public participation is becoming
increasingly embedded in national and international environmental policy, as
decision-makers recognise the need to understand who is affected by the decisions
they take, and who has the power to influence their outcome, i.e. stakeholders
(Freeman, 1994). The identification and inclusion of stakeholders in decision making
is an important step in contaminated land management. If inadequately done, it has
the potential to marginalise important groups, bias results and jeopardise long-term
viability and support for the process (Reed et al, 2009). Identifying stakeholders can
be misconstrued as a subjective task and, therefore erroneously carried out on a
continuous basis as the project progresses. This may lead to accidental omission of
stakeholders that, ideally, should have a major part to play in the decision making
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process. Communication is key in ensuring the success of sustainable remediation and
contaminated land management. Good communication is crucial for defining a
common understanding of a sustainable remediation management plan that is
accepted by the main stakeholders (NICOLE, 2012). In contaminated land
management, the stakeholders usually include: the land owner and/or polluter, the
service provider, and the regulator and planners (the regulator and planners may not
have an active role and only be involved when consulted). In addition to these, there
are other stakeholders who may have some interest in the development, they include:
present and potential sites users, local authority, financial community, site neighbours,
local pressure groups and other technical specialists and researchers.
Achieving a collective agreement between these different stakeholders is an important
factor in the quest for the consideration of sustainability during selection of a
remediation technique. According to Bardos et al, 2002 stakeholder involvement is
not without its issues as there are several instances where decisions that were
acceptable from a technical and regulatory perspective were not acceptable to all
stakeholders. A primary way of avoiding this situation is to establish the best method
of expressing any technical decision in a manner conceivable to all parties. In
addition, identifying methods by which social and economic consequences can be
analysed simply by the technical specialists. It is of key importance to ensure that
information and decisions taken in selection of a remediation procedure is
disseminated in a simple and user friendly manner. The success of a remediation
project is often dependent on the interrelationship between communication and
technical feasibility (NICOLE, 1999). This should also be merged with early and
continued stakeholder engagement throughout the remediation project.
2.4: Decision Support Tools (DST) – An Introduction
Due to increasing interest in sustainability and tendering requirements it has become
increasingly necessary to choose remediation techniques that would not only meet the
core remediation objectives (i.e. relating to site geology, hydrogeology etc) of the site
but would have a reduced overall impact on the environment with a reduced carbon
footprint. In reaching a decision on the type of technology to be implemented,
attention may therefore be focussed on sustainability of the technique. Aggressive
techniques are known to have a poor carbon footprint mostly due to the energy input
required to run them which is not entirely the case for the GROs described in the
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previous section. A non-exhaustive list of various in situ and ex situ remediation
techniques is provided in table 2.2 below.
Since most remediation technologies are site-specific, the selection of appropriate
technologies is often a difficult, but extremely important step in the successful
remediation of a contaminated site (Khan et al, 2004). The main drivers in the
selection of an appropriate remediation technique are technical feasibility, cost,
practicability (Eurodemo 2005) and time constraints. Also, selection between the
numerous ‘gentle’ remediation methods can be problematic as at many sites a number
of approaches may be capable of meeting core remediation objectives. The selection
is dependent on a host of factors including contaminant, site characteristics, regulatory
requirements, costs, and once again time constraints (Riser-Roberts, 1998; Reddy et
al, 1999) plus experience and knowledge of alternative techniques. Due to these
factors, some form of decision support is required to allow the user to make an
informed decision on which (if any) is the most suitable technique(s) for the site
requiring remediation or management.
Modern day contaminated land management has seen the process of remediation
being driven primarily by time scale and the cost factor thereby reducing interest in
environmental impacts and possibly reducing the efficiency of the process. Under the
new sustainability thinking and paradigm, it is necessary that different remediation
techniques are compared on the basis of environmental benefits (measured by effects
on human health and ecology), economic and socio-economic benefits (following the
re-use of the site), financial costs and environmental impacts of remediation works.
Development of a DST that considers all three elements of sustainability and its
primary focus on GROs will improve transparency in contaminated land management
and help increase the assessment of environmental and social impacts of the
remediation process.
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Media

Soil

In situ techniques

Ex situ techniques

Bioventing

Biopiles

Landfarming*

Chemical Extraction

Composting* Ϯ

Excavation and Disposal

PhytoremediationϮ

Thermal Desorption

Chemical Oxidation*

Incineration

Chemical Reduction*

Dehalogenation

Electrokinetic Separation*

Separation

Soil Flushing

Soil Washing

Soil Vapour Extraction

Pyrolysis

Solidification/Stabilisation*
Thermal Treatment
Monitored Natural AttenuationϮ
Enhanced BioremediationϮ

Bioreactors

Monitored Natural AttenuationϮ

Adsorption/Absorption

Ϯ

Phytoremediation

Air Stripping

Air Sparging

Granulated
Carbon

Activated
(GAC)/Liquid

Phase Carbon Adsorption
Ground water

Bioslurping

Pump and Treat

Chemical Oxidation*

Ion Exchange

Dual Phase Vapour Extraction

Precipitation/Coagulation

Thermal Treatment

Biofiltration

Hydrofracturing Enhancements

Sprinkler Irrigation

In-well Air Stripping

Physical Barriers

Passive/Reactive Treatment Walls

Deep Well Injection

Table 2.2: Non-exhaustive list of remediation techniques. Note ex situ techniques are
automatically NOT GRO
(*Techniques which are available as both in situ and ex situ processes)
(Ϯ Techniques which could be considered as GRO)
Pollard et al (2004) concluded that ‘i, decision-making frameworks can add value to
making the routes to decisions transparent ii, the current literature on environmental
decision-making suggests that technically driven decisions made in isolation of other
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concerns is insufficient for many stakeholders iii, there is a need to work through the
implication of applying these tools alongside one another and develop the interfaces
so they become commonplace and demonstrably beneficial for practitioners’. There is
a low percentage of stakeholders that consider the environmental impact of
remediation when choosing a remediation technique, the Environment Agency puts
this figure at 34% (Environment Agency 2000a). This information reinforces the need
for a decision support tool which enables consideration of all elements of
sustainability as a priority. This tool is likely to find a number of uses as outlined
below;
-

the evaluation of historic remediation activities and highlighting research
needs for the development of more sustainable approaches;

-

as a table for discussion amongst stakeholders about remediation options and
support their input to ensure transparency in the decision making process;

-

evaluate sustainable development (environmental, social and economic
impacts), risk assessment/management, cost effectiveness and technical
feasibility in a robust and mutual way;

-

carry out a full evaluation and comparison of various remediation techniques,
particularly sustainable processes; and

-

the evaluation of wider environmental, social and economic impacts outside
the core objectives of a remediation project.

Three conceptual levels exist whereby considerations of sustainability might be built
into the decision making processes – the policy level, the site level and the technology
level (Eurodemo 2005; Environment Agency 1999). Policy decisions have an impact
on the remedial objectives of the site, however, it is the decisions taken at site and
technology levels that have a significant bearing on the overall benefit and wider
impacts of a remediation process. The overall impacts of a remediation process is the
primary concern of sustainability and therefore the DST under development in this
thesis will focus primarily on the technology level of the decision making hierarchy.

2.4.1. Critical review of DSTs
Presently, few European Union (EU) countries have a fully developed
methodology/system for decision support in contaminated land management.
Considerable improvement is necessary for evaluating sustainability issues more
systematically in decision-making procedures as presently a large majority of projects
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favour conventional and often non sustainable technical solutions for contaminated
land remediation (Eurodemo, 2005). It is now widely acknowledged, in Europe and
beyond that a more comprehensive approach to remediation projects should
incorporate sustainability principles – integrating environmental, social and
economical aspects (NICOLE, 2012). As mentioned earlier, significantly more
emphasis is currently placed on the financial implications of the technique, cost
saving and profit margins, than on potential environmental impacts, socio-economic
implications and stakeholder involvement. The key drivers of remediation in most EU
countries are: (i) risk management (ii) core stakeholders (project drivers), (iii)
timescale and (iv) technical suitability/feasibility. By comparison, stakeholder
satisfaction, cost effectiveness and sustainability are given significantly less
consideration in current practices (Figure 2.2, CLARINET, 2002). The latter two
factors in particular may be important drivers for the selection and adoption of gentle
remediation approaches.

Project drivers

Stakeholder
satisfaction

Risk management

Remediation
project dynamics

Cost effectiveness

Sustainable
development

Technical feasibility
and suitability

Key factors in most EU
countries
Figure 2.2 Key factors in decision making in remediation technology selection
(extracted from CLARINET, 2002)
In terms of decision support guidance and tools, three national examples are discussed
below to illustrate current practice in provision of written guidance, and its fitness for
purpose for the selection and promotion of gentle remediation technologies. In
addition, a range of software-based DSTs developed under regional and other funding
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programmes will be discussed. The focus here is to highlight the fitness for purpose of
the tools described for the selection of gentle remediation approaches.

Decision support tools in the UK
The Department for Environment, Food and Rural Affairs (Defra) and the
Environment Agency have developed a written guidance document/strategy entitled
Model Procedures for the Management of Contaminated Land, also referred to as
CLR 11 (Environment Agency, 2004). This document encapsulates procedural
guidance for the whole life cycle of the management of contaminated sites. It consists
of three main stages:
-

Risk assessment;

-

Options appraisal to include the evaluation and selection of remediation
options and their suitability for the site; and

-

Implementation of the remediation strategy, including verification.

CLR 11 is consistent with the requirements of the statutory contaminated land regime
in England (Part IIA of the Environmental Protection Act 1990, and the associated
guidance (Defra, 2012) and proposes a tiered remedial approach to decision making.
Tiers within the options appraisal stage (i.e. the stage most relevant to the selection of
gentle remediation technologies) are indicated below:
(1) Tier 1: Identification of feasible remediation options
According to CLR 11, a feasible remediation option is one that is likely to meet
defined, site-specific objectives relating to both pollutant linkages and the wider
management context for the site as a whole. In this stage the procedure offers two
tools for utilisation by decision makers:
Tool 1 involves a simple set of tables or decision support matrices which relates (at a
generic level) the applicability of different remediation methods to environmental
media (soil/water), and the nature of the pollutant. At this stage a suitable technique is
chosen that is relevant to the identified contaminant linkage.
Tool 2 is a link to further information on remediation options in order to assess the
technical basis of the remediation techniques. There are several sources used for this
assessment including:
-

Environment Agency Remedial Treatment Data Sheets;
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-

CIRIA, Remedial Treatment of Contaminated Land series reports (now
supplemented by CIRIA C622 – ‘Selection of remedial treatments for
contaminated land – a guide of good practice’ (Rudland and Jackson, 2004)

-

Two web-based sources in EUGRIS (the European Groundwater and
Contaminated

Land

CL:AIRE(Contaminated

Information
Land:

System,

Applications

www.eugris.info)
in

Real

and

Environments,

www.claire.co.uk)
(2) Tier 2: Detailed valuation of remediation options
This stage drives the decision maker to develop a series of selection criteria and CLR
11 refers to four DSTs in this stage:
Tool 1 – Carries out a Multi-Criteria Analysis
Tool 2 – Collects cost information on the remediation options
Tool 3 – Combines the information from the above in a qualitative Cost Effectiveness
Analysis
Tool 4 – Examines how the remedial treatment methods can be combined.
CLR 11 also reflects the need for the consideration of the environmental impacts of
remediation to satisfy management objectives. This considers the nature and extent of
potential effects on the quality of the environment in a wider and generic context. The
model procedure theoretically considers both aggressive and gentle remediation
techniques without bias, although notably there is little detail given on the range of
available gentle remediation options, with only the generic term “land farming” and
monitored natural attenuation being listed in the decision support tables/matrices in
tool 1 of the Identification of Feasible Remediation Options tier (described above).
“Land farming” is a term which strictly refers to an ex-situ bioremediation process.

Decision support systems/tools in Germany
Similar to the UK, Germany also has detailed written guidance documentation used
for decision making in contaminated land management (SRU 1990, updated following
commencement of the Federal Soil Conservation Act (1998) and the Federal Soil
Conservation and Contaminated Site Ordnance (1999)). The procedure involves the
following stages:
-

Goal and process: reduction of contaminant exceedances by a certain
percentage. (This is similar to the risk assessment stage of CLR 11 guidance
for the UK).
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-

Project mobilisation; includes determination of the various stakeholders,
technical experts and financial obligations.

-

Discretionary measures/activities to include site investigations, preliminary
tests etc.

-

Development of remediation scenarios.

-

Technical assessment of remedial options.

-

Cost estimation.

-

Cost-Benefit Analysis (economic, technical and ecological issues are
considered).

-

Specification of remediation objectives.

-

Remediation proposal.

-

Decision for remediation (made by authorities working under the auspices of
the German government).

There is no explicit consideration of the environmental impact of the proposed
remedial technique in this decision chain (although ecological impacts are considered
under the Cost-Benefit Analysis stage), and the specific incorporation of gentle
remediation technologies (or indeed sustainability issues) is minimal.

Decision support systems/tools in Sweden
The Swedish Environmental Protection Agency (SEPA) provides a broad national
(written) guidance on remediation of contaminated sites, extending from inventory
estimation to implementation of remediation projects. The guidance is given in the
form of guidelines and manuals that are used (as DSTs) by local authorities and
practitioners taking responsibilities for the investigation, remediation and after-care of
contaminated sites.
SEPA released reports covers the following areas:
-

planning and implementation of remediation projects;

-

inventory, generic investigations and risk classification;

-

environmental soil investigations;

-

quality assurance;

-

use of guideline values for contaminated soil;

-

choice of remediation techniques (including Cost-Benefit Analysis); and

-

setting demands for remediation measures and results.
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Additional reports on site-specific guideline values, guidance for sampling and goals
of site remediation are also under preparation. Experience gained during implemented
remediation projects are documented and published in reports and fact sheets for
future reference.
Furthermore, SEPA has been actively working with new guidance material for risk
assessment and choice of remediation measures. Material for risk assessment and
choice of remediation of contaminated sites will be covered by the three reports: “To
choose remediation measures”, “Risk assessment of contaminated sites” and
“Guideline values for contaminated sites”, as well as software to calculate guideline
values for contaminated soil. During the development of the new reports, SEPA has
performed an analysis of socio-economic consequences to identify and try to quantify
the consequences related to the release of the new guidance material and new (stricter)
generic guideline values for contaminated soil.
Since many large soil remediation projects are financially supported by SEPA, the
agency has also prepared a very detailed and continuously updated quality manual for
work with contaminated sites (SEPA, 2008). The aim of this document is to provide
the user with rules for management of remediation actions that are financed by SEPA.
The manual describes a comprehensive quality system for the use and management of
financial means allocated by the SEPA for remediation of contaminated sites. The
document covers all activities from inventory to implementation and follow-up of
individual projects.
All SEPA guidelines on selecting remediation measures are generic and theoretically
suitable for both aggressive and gentle remediation techniques. According to the
SEPA’s guidance for planning and implementation of remediation projects (SEPA
1997), every site remediation project is unique and should start with research and
experimental work. This can be done using established methods as well as new
technologies. Concepts of sustainability and long-term efficiency are often underlined.
However, leaving contaminants on site (as would occur in the case of in situ soil
stabilisation or immobilisation of contaminants) is not favoured. The reason given by
SEPA (and indeed often by researchers) is that it is difficult to assess the long-term
effectiveness of such an approach (whereby long-term changes in soil conditions,
plant cover or speciation/bioavailability of the contaminants may induce future
contaminant release). Hence, a range of gentle soil remediation techniques are often a
priori discounted.
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Software-based decision support systems/tools
A number of software-based DSTs have been developed in Europe both in-house and
under regional or other funding programmes. Table 2.3 below outlines some of the
tools available in the EU (and for comparison the United States of America) with
some of their limitations.
PhytoDSS is a DST developed under EU framework funding and could be described
as probably the only available tool that focuses specifically on gentle remediation
technologies. Its main technology of focus is phytoremediation, which is further
divided into phytoextraction and phytostabilisation (both described in table 2.1
above).
This DST was developed to assess the viability of using vegetation, via
phytoextraction and phytostabilisation, as a means of contaminant management while
weighing cost effectiveness against environmental impacts in comparison with other
remediation techniques. For its implementation PhytoDSS uses the REC model
(described below) as a basis for decision support.
REC (Risk reduction, environmental merits and cost) was developed as part of the
NOBIS programme (a Dutch national research programme on bioremediation,
NOBIS, 1995). The primary aim of the programme was to combine risk reduction,
environmental merits and costs, which had been individually studied and integrated
into decision making, in contaminated land management following changes in the
Dutch legislation. REC does not consider other factors such as: legal, political and
social factors which might impact on remediation choice. The Dutch ABC
(Assessment, Benefits and Costs) programme (Maring et al, 2004) on the other hand
could be deemed as a modern version of REC. It consists of three modules:
-

Assessment: This stage appraises the feasibility of different remediation
options. There are about 27 remediation options in the database of this tool.

-

Benefits: This module utilises LCA to assess each remediation technique. This
outlines the advantages and disadvantages of remediation in potential
environmental impact factors such as: resource, energy input, emissions,
hazardous and non-hazardous production.

-

Cost: The range of likely costs for each technique is highlighted.

A range of other decision support software tools have been developed under various
regional and national programmes. For example, ROSA and BOSS are two softwarebased DSTs that originated from the Netherlands. ROSA is used for the evaluation of
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remediation alternatives in line with interpretations of the national soil protection
legislation. Information regarding this software is not widely available and therefore
its preferred remedial technique (aggressive or gentle) cannot be ascertained. BOSS is
a web-based expert system which is available at present only in the Dutch language. It
targets both aggressive and gentle remediation techniques but does not undertake
detailed analysis of the wider environmental impacts of the remediation activity.
Tools developed in Germany include PRESTO (PRESelection of Treatment Options),
CARO (Cost Analysis of Remediation Options), ROCO (Rough Cost estimation tool)
and the Sinsheim model. An appraisal of these tools shows that they deal mainly with
aggressive remediation techniques and serve as technical efficiency tools focussing
primarily on cost estimation. The Sinsheim model, however, quantifies and evaluates
the environmental impacts of remediation processes. A decision can therefore be
reached on the best possible technique that is environment-friendly. This DST does
not include other core objectives of the remediation process; costs, socio-economic
factors etc. The model is very advanced in that it utilises the application of a full LCA
on assessment of feasible remediation techniques and therefore could serve as a model
for an efficient DST if all other missing aspects are included.
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Criteria addressed
Tools

Reference/
Information
source

REC (Risk
Reduction,
Environmenta
l Merit and
Costs) (Phyto
DSS)
ABC
(Assessment,
Benefits and
Costs)

http://www.ki Multi Criteria analysis
wiscience.com and Life Cycle
/PhytoDSS/Ph Analysis
yto-DSS.html

Formerly
available at:
http://www.eu
gris.info/displ
ayresource.asp
x?r=5743
PRESTO
http://www.wi
(PRESelection seof Treatment
rtd.info/en/inf
o/preselectionOptions)
treatmentoptions
CARO (Cost
Analysis of
remediation
options)

Formerly
available at:
http://www.eu
welcome.nl/ki
ms/tools/index

Principle

Country of origin

Target
techniques

Risk
Assessment

Cost

Sustainability
(environmental
impacts)

Socioeconomic
factors

EC funded project

Gentle
remediation
(Phytoremediation)

Yes

Yes

Yes

No

Life Cycle Analysis

EC funded project

Aggressive
and gentle
techniques

Yes

Yes

Yes

No

Assessment based on
site-specific
characteristics such as;
contaminants present,
groundwater
geochemistry and
geological conditions
Assesses the overall
cost of remediation
techniques

Germany

Aggressive
and gentle
techniques

Yes

Yes

No

No

Germany

Aggressive
and gentle
techniques

No

Yes

No

No
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Criteria addressed
Tools

ROCO
(Rough Cost
Estimation
Tool)
ROSA

DESYRE
(Decision
Support
System for
rehabilitation
of
Contaminated
Sites
SPeAR(Sustai
nable Project
Appraisal

Reference/
Information
source

.php?ndex=10
http://www.eu
welcome.nl/ki
ms/tools/pdfs/
ROCO_manua
l.pdf
Formerly
available at:
http://www.eu
gris.info/displ
ayresource.asp
?ResourceID=
4780&Cat=do
cument
Carlon et al.
(2006)

http;//www.ar
up.com/enviro
nment/feature.

Principle

Country of origin

Target
techniques

Risk
Assessment

Cost

Sustainability
(environmental
impacts)

Socioeconomic
factors

Assesses the rough cost
of specific remediation
techniques such as dig
and dump/pump and
treat
Approach based on
balance between cost,
environmental
compartments versus
risk reduction and
reduction in liabilities

Germany

Aggressive
techniques

No

Yes

No

No

The Netherlands

Not
indicated

Yes

Yes

No

No

Multi criteria decision
analysis (MCDA)

Italy

Aggressive
and gentle
techniques

Yes

Yes

Yes

Yes

Multi criteria
assessment

Private
development

Aggressive
and gentle
techniques

No

No

Yes

Yes
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Criteria addressed
Tools

Reference/
Information
source

Routine)

cfm?pageid=1
685
http://www.e
mis.vito.be/bo
ss
Vranes et al
(2000)

BOSS

DARTS
(Decision Aid
for
Remediation
Technology
Selection)
The Sinsheim
Model

US Air Force
(AFCEE)
Sustainable
Remediation
Tool (SRT)

SiteWise

Volkwein
(1999)
www.cauonline.de
http://mvs013020.directrout
er.com/~same
org/images/sto
ries/GSR_brie
f_to_SAME_1
7Feb10.pdf
https://portal.n
avfac.navy.mil

Principle

Country of origin

Target
techniques

Risk
Assessment

Cost

Sustainability
(environmental
impacts)

Socioeconomic
factors

Not provided (all in
Dutch language)

Netherlands

No

No

No

No

Multi criteria analysis

Italy

Aggressive
and gentle
techniques
Aggressive
techniques

No

Yes

No

Yes

Life Cycle analysis

Germany

Aggressive
Techniques

No

No

Yes

No

Net Environmental
Benefit Analysis

United States of
America

Aggressive
and gentle
techniques

No

Yes

Yes

Yes

Environmental
footprint calculator

United States of
America

Aggressive
and gentle

No

No

Yes

No

28

Criteria addressed
Tools

Reference/
Information
source

Principle

Country of origin

Target
techniques

/portal/page/p
techniques
ortal/NAVFA
C/NAVFAC_
WW_PP/NAV
FAC_NFESC
_PP/ENVIRO
NMENTAL/E
RB/ERT2
Table 2.3: Overview of selected decision support tools across Europe and the United States
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Risk
Assessment

Cost

Sustainability
(environmental
impacts)

Socioeconomic
factors

DESYRE (Decision Support System for the Requalification of Contaminated sites) is
an advanced, Italian-developed GIS-based decision support system, formulated to
address the management of contaminated megasites. The developers (Carlon et al,
2006) of DESYRE have included in their conceptual design and development the
main aspects pertaining to a remediation process: analysis of social and economic
benefits and constraints, site characterisation, risk assessment, selection of best
available technologies, creation of sets of technologies to be applied, analysis of
individual risk and comparison of different remediation scenarios. These highlighted
aspects of the tools have been encompassed into six interconnected modules which
comprise: site characterisation, risk assessment, socio-economic, technological
analysis, residual risk analysis and decision making. DESYRE consists of a two step
methodology for the selection of an appropriate remediation technology whereby the
first step provides for the selection of feasible technologies. These are then ranked in
the second step where there is an integration of environmental and technological
database, using multi-criteria decision analysis (MCDA) to produce a ranking. This
highly sophisticated, GIS-based, integrated DST deals with a range of decisions from
risk assessment into selection of remediation strategy. Environmental impacts are
considered along with socio-economic effects, which is very uncommon in most of
the existing DSTs. The technological module holds a database of more than 60 types
of treatment technologies described in terms of contaminant type, commercial
availability, application modalities and different site-specific parameters (Carlon et al,
2006). This range of remediation technologies includes both gentle and aggressive
techniques. DESYRE, however, is a highly complex system and does not include
LCA of its remediation techniques and its utilisation of MCDA analysis may be
subjective (Hermann et al, 2007) with a tendency to be biased.
DARTS (Decision Aid for Remediation Technology Selection, Vranes et al, 2000) is
a another Italian-developed DST which assists with the selection of remediation
technologies via undertaking an analysis based on technical, financial, environmental
and social criteria, combined and weighted in a Multi-Criteria Analysis. Its main
underlying criteria are based on a range of factors including cost, applicability,
minimum achievable concentration, clean-up time required, reliability/maintenance
and public acceptability. This DST takes a simple approach to decision making and
while it brings together a selection of factors, it does not consider the wider
environmental impacts of the remediation procedure.
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The above (and other selected) DSTs are summarised and evaluated in terms of the
extent to which they address the key criteria of risk, cost, sustainability and socioeconomic factors, and their suitability to gentle remediation technologies, in Table
2.3. Note that privately-developed SPeAR™ is also listed for comparison. This tool
provides an example of a sustainability-focussed audit tool. While not specifically a
land remediation DST, it does have a broad application in this area, and consists of a
generic evaluation tool designed to enable the assessment, demonstration and
improvement of the sustainability of products and projects.
The Air Force Centre for Engineering and the Environment (AFCEE) developed a
Sustainable Remediation Tool (SRT) that consists of two tiers and can be used to
integrate sustainable concepts into remediation technology selection and comparison.
The tool considers an array of remediation technologies including excavation, pump
and treat and enhanced bioremediation. Sustainability concepts are based on
sustainability indicators which include carbon dioxide emissions, total energy
consumed, change in resource service, safety/accident/risk and technology cost. It
appears that the tool covers all three elements of sustainability. However some key
aspects such as impacts on groundwater and ecology and community involvement are
not included as part of the indicators. The tool appears complex and there is a
possibility that it may be difficult to disseminate results to stakeholders if required.
Similarly the tool does not present an obvious interface where stakeholder
engagement and involvement in the decision making can be achieved.
SiteWise was collaboratively developed by the US Navy and the US Army Corps of
Engineers (USACE) to calculate the environmental footprint of various alternative
techniques. It is similar to a carbon footprint calculator and does not address the wider
needs of a sustainable remediation support tool.
2.5: Gaps in Knowledge
The overview of DSTs above has highlighted the need for incorporation of
sustainability in decision making during contaminated land management. As the
development and use of remediation technologies becomes broader, there is a need for
consideration of the wider impacts of remediation (both positive and negative) in
decision making. Limited consideration is given to sustainable remediation methods
used in the regeneration of Brownfield sites with successful proposals usually
utilising aggressive and unsustainable methods. The most important drivers and
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targets for redevelopment of contaminated land at the present day are generally to
enable the redevelopment of sites, to limit liabilities and to protect human health and
the environment (Eurodemo, 2005) usually in that order. This is especially flawed,
particularly in an era where there is a drive towards sustainability. The choice of a
remediation technology is usually based on its functionality, technical feasibility and
costs. Secondary environmental impacts and sustainability are not usually considered.
Even technologies considered as being environmentally friendly such as biological
soil treatment may end up with a negative environmental balance as secondary
impacts can increase linearly in relation to specific elements or processes of a
remediation project like transport distances for an off-site soil treatment (SCHRENK,
2005) and treatment timeframe. Therefore decision making in environmental remedial
action should not just consider the economic aspects of a particular technology but
also environmental (both primary and secondary) and social impacts. The most
appropriate remedial actions will offer a balance between meeting as many needs as
possible, including the need to protect the environment, without unfairly
disadvantaging any individual stakeholder (Sullivan, 2002). The complexity of
environmental remediation problems necessitates several layers of decision support,
including technical decisions on sample collection, economic decisions and
social/political decisions on sustainable land development (Bardos et al, 2002). As
observed in the overview of DSTs in the previous sub-section (table 2.3), there are
various aspects which remediation specific tools address. There is a need for a degree
of integration of the main drivers of sustainable development (i.e. environmental,
economic and social factors) in the development of a DST which can address issues
that are of interest to the various stakeholders involved in contaminated land
management. This issue of decision making in remediation of Brownfield sites and
integration of DSTs has become an area of major interest as illustrated by the number
of research outputs on this topic in recent years (see table 2.4 below). This integration
of tools requires more modification in order to achieve the best possible output in
decision making. Pollard et al, 2004 indicated that many stakeholders find current
technology-driven decisions made in isolation of other concerns as insufficient.
Recent developments (as evidenced in table 2.4) suggest a move forward to
sustainable land management in context of Brownfield regeneration. This progress
will necessitate the development and application of a broader and integrated portfolio
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of decision techniques and the development of interfaces during integration of DSTs
in order for them to be beneficial to practitioners.
In order to evaluate the risks associated with environmental impacts either from
contaminated land or via the remedial methods used, some form of qualitative or
quantitative comparison is required. Comparisons have to be scientifically defensible,
practical and offer demonstrable outcomes for a better environment (Environment
Agency, 2000b). Multi-Criteria Analysis (MCA), Cost Effectiveness Analysis (CEA)
and Cost Benefit Analysis (CBA) are some of the generic approaches that are
available to any land contamination problem holder (CLARINET 2002). A brief
synopsis of each of these approaches is described below.
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Research Title
A decision support tool to prioritise risk
management options for contaminated sites
A perspective of LCA application in site
remediation services: Critical review of
challenges
Sustainable remediation white paper –
integrating sustainable principles,
practices, and metrics into remediation
projects
A framework for assessing the
sustainability of soil and groundwater
remediation
A spatial risk assessment methodology to
support the remediation of contaminated
land
Better environmental decision making –
recent progress and future trends

Improving petroleum contaminated land
remediation decision-making through the
MCA weighting process
Supporting multi-stakeholder
environmental decisions

Basis of study / research
Development of a DST that considers using
multi-criteria decision analysis approach
Discusses existing LCA methods and
proposed models focusing on critical
decisions and assumptions of LCA
application in site remediation activities
General evaluation of current status of
sustainable remediation practices and how it
can improve current remediation practices

Author (s)
Sorvari and Seppala
(2010)
Morais and DelerueMatos (2010)

Development of a framework for managing
land and groundwater contamination in a
manner compatible with sustainable
development
Development of a Decision Support System
(DSS)to support the process of remediation
plans, risk and hazard assessment
Reviews recent trends in risk-based decision
making in relation to recent developments in
risk analysis and participatory decision
making
Use of Multi-criteria Analysis in petroleum
remediation in order to incorporate the
preferences of each stakeholder through
weighting
Examines how multiple criteria analysis can
be used to support multi-stakeholder
environmental management decisions

Sustainable
remediation forum
(SURF) UK (2010)
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US sustainable
remediation forum
(2009)

Carlon et al (2008)

Pollard et al (2008)

Balasubramaniam et
al (2007)

Hajkowicz (2008)

Research Title
The challenge of sustainability: incentives
for Brownfield regeneration in Europe

Decision support-oriented selection of
remediation technologies to rehabilitate
contaminated sites
From comparative risk assessment to
multi-criteria decision analysis and
adaptive management: Recent
developments and applications

Integrating decision tools for the
sustainable management of land
contamination
Life cycle assessment as a tool for
controlling the development of technical
activities: application to the remediation of
a site contaminated by sulfur
General principles for remedial approach
selection
An intelligent decision support system for
management of petroleum contaminated
sites

Framework for decision support in

Basis of study / research
Assesses regeneration of Brownfield site at
EU level and makes suggestions for more
effective instruments for promotion of
sustainable Brownfield regeneration
Development of a methodology for selecting
remediation technologies using Multi-criteria
decision analysis (MCDA) approach
A multidisciplinary review of existing
decision-making approaches at regulatory
agencies in the United States and Europe and
proposal of integrated methods applicable to
environmental remediation and restoration
projects
Review of an array of DST with a view on
how better decisions can be made by
integration of the tools available
Using life cycle assessment approach to
direct the development of technical activities
according to environmental considerations

Author (s)
Thornton et al
(2007)

Critto et al (2006)

Linkov et al (2006)

Pollard et al (2004)

Blanc et al (2004)

Highlights the key factors in decision making Bardos et al (2002)
in land remediation
Development of an expert system for the
Geng et al (2001)
management of petroleum contaminated sites
in which a variety of artificial intelligence
techniques were used to construct a support
tool for site remediation decision-making
Offers a common framework and
Bardos et al (2001)
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Research Title
contaminated land management in Europe
and North America

Basis of study / research
Author (s)
terminology for describing decision support
approaches, along with an overview of
applications of DSTs in Europe and the
United States
Application of risk assessment and
Development of a framework integrating risk Bonano et al (2000)
decision analysis to the evaluation, ranking assessment and decision analysis methods
and selection of environmental alternatives for evaluating, ranking and selecting
remediation alternatives at a contaminated
site
Evaluation of selected environmental
Review of different Decision Support
Sullivan et al (1997)
decision support software
Systems in terms of their capabilities and
limitations
Table 2.4: Illustrative list of research work on DSTs for contaminated land and groundwater remediation
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MCA: This is a decision-making analytical tool used in environmental systems to
evaluate a problem by giving an order of preference for multiple alternatives on the
basis of several criteria that may have different units (Herman et al, 2007). It is
usually employed due to its ability to rank alternative options according to stakeholder
preferences (Accorsi et al, 1999; Balasubramaniam et al, 2007). Its techniques can be
used to identify a single most preferred option, to rank options, to short-list a limited
number of options for subsequent detailed appraisal, or simply to distinguish
acceptable from non-acceptable possibilities (DTLR, 2001; Zopoundis and Doumpos,
2002). The MCA process aims to facilitate the decision making process rather than
replace it (Chon et el, 2012). It achieves this by assessing information in a consistent
way, where the different factors are weighted by means of a score. MCA involves
identifying the decision requirement and criteria of the various processes, scoring,
weighting, establishing an overall result, scrutinising the results and undertaking
sensitivity analysis tests. The technique relies heavily on the judgement of the
decision-making team, which includes stakeholders and experts, and it is therefore
conceivable that results may be biased. Dedicated consultations and debate are
necessary in order to reduce the subjectivity of this form of analysis (Janikowski et al,
2000). Herman et al, 2007 indicates that this subjective mode of decision making is
believed to be the main disadvantage of MCA. The outcome of the weighting
procedure is therefore often determined by whom it includes as much as by the choice
of weighting methods (Hobbs and Meier, 2000).
MCA, however, has been recommended in the development of DSTs to provide a
formal structure for the joint consideration of environmental, ethnological and
economic factors relevant to evaluating and selecting amongst management
alternatives and for organising the involvement of stakeholders in the decisional
process (Kiker et al, 2005; Carlon et al, 2006). Therefore it is favoured because of its
transparency (dependent on adequate stakeholder engagement), rigorous structure and
its intense evaluation of options. It can also be used in the combination of monetary
and non-monetary values in the decision-making process. A common and popular
type of MCA is Multi-Criteria Decision Analysis (MCDA) which is also known as
Multi Attribute Decision Analysis (MADA). It is a way of looking at complex
problems that are characterised by any mixture of monetary and non-monetary
objectives, of breaking the problem into more manageable parts to allow evaluation of
data and judgments to be brought to bear on the different parts, and then reassembling
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the different parts to provide a more coherent picture to the decision makers (DTLR,
2001). MCDA techniques have been known to be used in various studies including
contaminated land remediation, the reduction of contaminants entering aquatic
ecosystems, and the optimisation of water and coastal resources (Linkov et al, 2006).
MCDA is also used in the approach utilised in DESYRE DSS (decision support
system for the rehabilitation of contaminated megasites, Carlon et al, 2006). The
implementation of the MCDA involves, but is not limited to, the following:
-

establishing the context which includes identification of the various
stakeholders and key players;

-

indication of the various options to be appraised;

-

identifying the criteria that would be used to assess the various options
identified above;

-

analysing the various options and awarding scores based on the criteria;

-

assigning weights for the criteria based on their relative importance to the
decision-making process;

-

combining the weights and the values in order to achieve overall significance;

-

studying the results; and

-

carrying out a sensitivity analysis test to ensure that all necessary
areas/parameters/options have been appropriately considered.

There are known limitations to the use of multi-criteria analysis in contaminated land
management especially when it involves several stakeholders representing different
fields, personal and professional backgrounds (Sorvari and Seppala, 2010). The
differences in their background increases an establishment of differing values and
opinions which, not only might affect the outcome of the decision, but may prove
difficult in the stakeholders reaching an agreement on the weighting of the factors.
CBA is the assessment of all costs and benefits that are involved in various available
options. The terms ‘cost’ and ‘benefits’ are not used solely in the financial context.
Cost can be defined as anything that can reduce one’s well-being while the definition
of benefit is anything that has the capability of increasing human well-being. The
application of CBA may be regarded as a complex process as it may require mainly
financial/monetary input and therefore needs a great deal of expertise for
implementation. Difficulties may arise when considering aspects which may not have
an immediately obvious or easily quantifiable monetary value (e.g. an ecosystem,
social acceptability of a remediation option etc).
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CEA: The significant difference between CBA and CEA is that the benefits of a
project, in the case of CEA, are not monetised. In the context of management of
contaminated land, once remediation objectives have been agreed CEA provides a
framework for deciding the least cost option to deliver the required remediation
standard; it is relatively simple balance of the costs of a measure versus its
effectiveness and whether it meets the remediation objectives of the site.
LCA: This is a function-oriented analytical tool that identifies and quantifies the
emissions and resources used at all stages of a product or an activity’s life cycle. It
has been defined as the “compilation and evaluation of the inputs, outputs, and the
potential environmental impacts of a product system throughout its life cycle” (ISO,
1997). In other words it employs a ‘cradle to grave’ approach as described in the
manufacturing sector, and therefore could be said to be a clearly sustainability-based
approach. It became popular in the manufacturing industry but its use has been
expanded into a range of other areas, including the management of contaminated land
(Volkwein et al, 1999). According to Blanc et al (2004), LCA is gaining widespread
acceptance in the field of support systems for environmental decision making and has
typically been used in providing data for remedial selection. As highlighted by Morais
and Delerue-Matos, 2010, “in site remediation decision-making, LCA can help in
choosing the best available technology to reduce the environmental burden of the
remediation service or to improve the environmental performance of a given
technology”. Primary impacts in LCA are related to a site’s physical state whilst the
secondary impacts are linked with the remediation process. However, a publication
by Lesage et el (2007) suggested the term ‘tertiary impacts’ which relate to
environmental impacts caused during the post-remediation period. Several examples
of the use of LCA in site remediation have been published; Bayer and Finkel (2006)
assess the use of LCA in active and passive groundwater remediation technologies;
Volkwein et al (1999) use LCA to complement risk assessment of the primary
impacts of contaminated land and, with this aim in view, compare the results of LCA
before and after remediation; and Diamond et al (1999) and Page et al (1999) both
utilise LCA in generic remediation options and case studies. The application of LCA
to land remediation offers the opportunity to make relatively objective comparisons
between several available approaches. For example, some remediation techniques
have high energy consumption for a short period of time (e.g. dual phase vacuum
extraction) while others have a low energy consumption but are required for a long
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duration (e.g. enhanced monitored natural attenuation or pump and treat, which could
run for several years or decades). As identified in these examples, it is important in
LCA to include time horizons when comparing remediation options (Morais and
Delerue-Matos, 2010). LCA initiates the comparison of such diverse techniques,
taking into consideration the needs of various stakeholders. The way environmental
issues are tackled by utilising the LCA approach comes within the framework of
sustainable development thinking (Blanc et al, 2004). It offers a structural procedure
of considering wider impacts of remediation and its application is worthy of further
consideration.
LCA popular in the UK with a publication issued by Defra (2006) endorsing its use.
It is also popular in other parts of Europe and has been incorporated into some
decision support tools including Dutch ABC (Assessment, Benefits and Costs),
Maring et al, 2004 described in the previous sub section. LCA can, however, be a
complex and resource hungry process and therefore can only find acceptance if used
within a competent decision support tool. The key elements of an LCA are:
-

Goal and scope definition

-

Life Cycle Inventory Analysis

-

Life Cycle Impact Assessment

-

Life Cycle Interpretation

-

Reporting

-

Critical Review

As indicated by Pollard et el, 2008, in order that the true value of the decision can be
evaluated, there is a need to accrue both the monetary and non-monetary costs and
benefits. It is common knowledge that in present decision making processes the
monetary element takes sheer precedence over the non-monetary hence the reason
environmental and social elements of sustainability are not generally considered a
priority during decision making. The brief synopsis of the above applications has
indicated that decision making systems are focussed upon the achievement of the core
objectives of sites undergoing remediation and carrying out comparative risk
assessments. Some approaches in comparative risk assessment tend to be
controversial because they infer (rather than provide evidence of) varying degrees of
understanding about the system under study (Pollard et el, 2008). Wider
environmental impacts of the remediation process and benefits of the land
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management system are often taken into account in site decision making, but in a less
systematic way. A systematic method of combining quantitative and qualitative inputs
from scientific studies of risk, cost and cost-benefit analysis, and stakeholder views
has yet to be fully developed for environmental decision making (Linkov et al, 2006).
However, it should be noted that recent approaches have begun to recognise the need
to systematically consider these wider inputs. DSTs such as DESYRE and the CLR 11
are amongst tools that have been developed in order to provide an aspect of
sustainability in remedial processes. A variety of approaches, generally based upon
MCA, exist for the structured consideration of the wider benefits of remediation.

These descriptions of various decision support systems have highlighted the need for
the development of a system that identifies with environmental impacts of various
processes whilst also taking into consideration other needs of a DST. As pointed by
Pollard et al, 2004, there is a need to work through the implications of applying these
tools alongside each other and develop the interface so they become common place
and demonstrably beneficial for practitioners. There is also a need to develop
integrated processes that would enable sufficient social input into decision making in
contaminated land management. In addition, development of a framework guidance
such as developed by SURF-UK, 2010 would help in incorporating sustainable
development in strategies used in contaminated land management and act as a guide
in decision making. In the UK, the defined decision making regime (i.e. CLR 11)
affords the opportunity to introduce well-defined consideration of wider
environmental impacts in the form of a decision making tool. The main justification
for the development of an integrated DST is based on the expansion of the factors
currently being considered in existing DSTs such as CLR 11. Most of these tools
consider direct costs, time constraints and risk reduction. Other factors such as
environmental effects of remediation techniques and social dimensions, which
constitute sustainability, have not been fully assessed. The inclusion of these
sustainability measures/factors could also increase the possible adoption of gentle
remediation options.

This chapter has provided an insight into sustainability and the role it has to play in
contaminated land management, and in addition has discussed considerations of
stakeholder engagement. GRO have also been introduced with a description of a key
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example in phytoremediation. The history, mechanism, benefits and disadvantages of
phytoremediation have been highlighted. Also, reasons for poor commercial uptake of
phytoremediation have been cited.

There is a proliferation of DSTs utilised in

contaminated land which have been reviewed with a comparison of the different tools
provided to show whether they fully assess all required sustainability aspects. There
appears to be possibly too many complex tools and approaches available to
remediation practitioners with little consensus on how the significance of a wide
range of sustainability indicators should be considered (NICOLE, 2012). This has
further been highlighted earlier in this chapter (section 2.4.1) where various support
tools (including software based tools) have been critically evaluated to show any
limitations they may have. In addition, there is little consideration of GRO in existing
national guidelines. Following this review, it is apparent that a GRO-specific decision
support that considers all aspects of sustainability during the selection of gentle
remediation techniques is lacking. To further understand the rationale of the under-use
of GRO, and the fitness for purpose of existing DSTs, a survey was carried out by the
author within the EU-sponsored SUMATECS project and a subsequent UK survey to
gauge opinions and experience regarding GROs and application of DSTs across
Europe. The analysis and results of this questionnaire survey will be presented in
Chapter 3.
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CHAPTER 3: STAKEHOLDER SURVEY
In order to gauge opinion of gentle remediation options (GROs) and decision support
tools (DSTs) in Europe, the author designed and led the analysis of a questionnaire
survey in collaboration with the European Union sponsored ERANET SNOWMAN
(Sustainable Management of Soil and Groundwater under the pressure of soil
pollution and soil contamination) project, SUMATECS (Sustainable Management of
Trace Element Contaminated Sites). This questionnaire survey formed part of the
deliverables of the SUMATECS project to gather stakeholder feedback on the fitness
for purpose of existing DSTs in terms of the application of GROs and, more
generally, to assess reasons for hindrance in its uptake.

The questionnaire was

developed in late 2007, revised and disseminated to practitioners in March 2008. The
questionnaire consisted of a combination of multiple choice questions and open
questions, and was translated into the native languages of the SUMATECS countries
involved prior to circulation. The sections in the questionnaire targeting general
opinions on gentle remediation approaches and contaminated land management
processes included questions such as: factors considered when choosing remediation
techniques, familiarity with GROs, allocation of ‘gentle’ and ‘aggressive’
classification to selected remediation options, and other contaminated land
management related questions.
To complement this European-level survey, a UK-focussed survey was also carried
out by the author which targeted environmental practitioners and various stakeholders
in the UK (see Appendix A). The primary reason for implementing a UK-based
survey was necessitated by (a) a relatively low response rate from UK-based
practitioners in the SUMATECS survey, and (b) the fact that the DST to be developed
in this thesis is based primarily on contaminated land management in the UK, and
therefore this UK- focussed survey provides a clearer indication of the limitations and
requirements of such a tool nationally. Similar to the EU-sponsored survey, it also
gauged the knowledge and experience of GROs and DSTs and their utilisation in
contaminated land management. The survey was disseminated through various means:
(a) online survey to contaminated land focus groups, (b) distribution at soil treatment
workshops, and (c) direct emailing to environmental practitioners involved in daily
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running of remediation projects. The web link and distribution of the survey was
carried out between May – August 2010.
Engaging potential users (both technical and non-technical) is a key step in
establishing the development of a system or tool. Potential users can provide essential
feedback for the development of the tool and if utilised correctly will lead to
development of a user-friendly tool. As indicated by Agostini and Vega, 2009,
involving a wide range of stakeholders in the development of a DST is more likely to
lead to a rewarding and successful result.
3.1: Analysis of EU sponsored SUMATECS survey
When evaluating and interpreting these results it should be considered that, due to the
sampling methodology and small sample size, they may not be representative of the
general perceptions and opinions of all stakeholders, administrators and scientists who
are involved with contaminated site management. Respondents were selected by the
national SUMATECS participants according to their personal criteria and contacts. It
can therefore be assumed that questionnaires were preferentially returned by
respondents with some experience or at least interest in the subject. So, there will
inevitably be some bias towards experts with previous experience in gentle
remediation technologies.

3.1.1 Origin and experience of gentle remediation options
A total of 130 responses were received from 12 European countries (Figure 3.1). Of
the 130 respondents 40% were employees in public administration at a national or
regional level. 25% were employed in local authorities such as county and city
councils, and the remainder mainly from private consultancies and companies
involved in practical site remediation, and universities / research institutes (Figure
3.2). As regards frequency of dealing with contaminated land related issues, 65% of
the respondents deal with this at least once a month and about 12% on a daily basis.
Only 14% have very little practical experience with such sites.
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Figure 3.1: Countries of origin of questionnaire survey respondents. n=130.
DE=Germany, CZ=Czech Republic, SE=Sweden, FR=France, AT=Austria,
BE=Belgium, IT=Italy, UK=United Kingdom, PT=Portugal, and ESP=Spain.
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Figure 3.2: Showing the professions of respondents from countries where at least 5
responses were received
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Answer
%
Yes, I know about them and have planned/decided/operated on them
22
Yes, I know about them but have only limited practical experience
28
Yes, I know them but only theoretically, I have never chosen or used
37
them
I know little to decide on them/use them
12
I am not aware of them
1
Table 3.1: Shows the response to the question “are you familiar with “gentle”
remediation options such as phytoremediation or immobilisation?”
Approximately 50% of respondents indicated that they have practical knowledge
(albeit limited) of GROs (Table 3.1) whilst about 37% have only theoretical
knowledge of them. The remaining respondents (13%) do not have good working
knowledge of GROs. Using the Professional Groups as a means of comparison (Fig.
3.3), it was evident that local authorities who, in most European countries (such as
Germany and the UK) are directly involved in decision making in contaminated land
management and selection of remediation technology, had a relatively poor
knowledge of these technologies. On the other hand respondents from the universities
and research institutions had the most experience. The latter holds true as some of the
gentle remediation technologies (such as phytoremediation) are mainly operational on
a pilot/research scale and not commonly commercially available with an array of
research papers highlighting the trials of such techniques (Lewandowski et al, 2006;
Moreira et al, 2011; Witters et al, 2012).
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Figure 3.3: Breakdown of experience of GROs based on Professional Groups. ‘Yes’
has been used to denote those that have practical experience of GROs albeit limited
whilst ‘no/don’t’know’ denotes the other Group
3.1.2 Analysis of gentle remediation options-related questions
For the assessment to determine the relevance of various factors and issues that are
considered in the remediation of contaminated land, respondents were requested to
rate a list of factors according to their relevance in the process of remediation
technology selection (Table 3.2). Ideally, the removal, reduction or control of risks
should be considered as most vital to the selection of remediation technologies.
Removal, reduction and control of contamination would also be usually viewed as a
primary factor in technology selection. This is in line with the survey results as these
factors are ranked important in comparison with ‘social aspect’ and ‘public fears /
pressure’ which are ranked as being much less important. Factors relating to costs
and burden of aftercare were also considered to be of relatively high importance in the
selection of remediation technologies. Rankings were similar across the various
Groups surveyed (Table 3.3).
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Factor
Mean
Reduction & control of risks
1.5
Removal of risks
1.6
Impact of contamination
1.6
Contamination extent/concentration level
1.8
Impact of remediation
1.8
Suitability for site use after remediation
1.8
Remediation technology/feasibility
1.8
Costs
1.9
Reduction & Control of contamination
1.9
Contaminant location
1.9
Removal of contamination
2.2
Burden of aftercare
2.4
Public needs
2.6
Spatial planning issues
2.6
Time needed for remediation
2.7
Private needs
2.8
Social aspects
2.8
Public fears/pressure
3.2
Possibility to choose or change site end use
3.3
during remediation process
Site usability during remediation
3.4
Table 3.2: Importance of factors for their relevance in choosing a remediation
technology, ranked on a scale 1 (key factor) to 5 (unimportant factor). Numbers show
mean values of all responses. See text for discussion. Responses are to the question:
“If you think of trace element contaminated site remediation in general, what are the
factors which would lead you to choosing one particular remediation technique over
others [please rate from 1 (it is a key factor) to 5 (unimportant factor)]?”
Taking into consideration their position in most European countries, local authority
respondents considered reduction and control of risks as a very important factor when
selecting remediation technologies. This was in contrast to the university and research
group who considered this a much lower priority. The scientists laid more emphasis
on the impact and extent of contamination whilst the consultants were focussed on
risks associated with the contamination and its removal. All four Groups shown in
table 3.3 considered removal of risk as an important factor although local authority
groups considered this slightly less so. There was mid range response within the
Professional Groups as regards impact of remediation which reiterates the need for a
system that considers the overall effect of remediation technologies within the social,
economic and environmental spheres. Costs of the remediation technology were
ranked lowly by all four Groups (although slightly higher amongst engineers and
consultants) and were not considered as important in choosing a remediation
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technology. Previous studies have shown that remediation selection has changed from
a cost based approach (Pollard et al, 2004), which is at least partly supported by the
data here.

Similar to information contained in literature (Eurodemo, 2005), the

feasibility of the remediation technology was ranked as one of the least important
factors by three of the Professional Groups except researchers.
Factor
Nat/Auth
Eng. & Consult.
Local Auth.
Uni. & Res.
Reduction & control
2
2
1
9
of risks
Removal of risks
1
1
3
1
Impact of
3
3
4
2
contamination
Contamination
6
10
8
3
extent
Impact of
4
5
5
5
remediation
Site use suitable
5
4
2
6
after remediation
Remediation
7
7
9
4
tech./feasibility
Costs
8
6
10
10
Reduction/control of
9
8
6
7
contamination
Contaminant
10
9
7
8
location
Table 3.3: Relevant factors in choosing particular remediation technology rated by
different Professional Groups. Ranking is based on mean rating values
In order to understand the concept of ‘gentle’ and ‘aggressive’ classifications
associated with remediation technologies, one of the questions in the survey required
the participants to rate a set of remediation technologies using the degree of site
disturbance as a standard of measurement (Table 3.4). From the results, predictably,
phytoextraction was recognised as the most ‘gentle’ remediation technique. Soil
excavation and soil washing were on the other hand, regarded as ‘aggressive’ or
unsustainable. Crop and land use changes were both evaluated similarly to
phytoextraction. Enhanced phytoextraction, which involves addition of chemical
agents to aid the extraction process, was assessed as more ‘gentle’ than on-site
contaminant immobilisation, but only marginally.
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Remediation Technology
Ratings
Phytoextraction
1.4
Crop type change
1.6
Land use change
1.7
Soil use restriction
2.0
Aided phytostabilisation
2.1
pH optimisation
2.1
Enhanced phytoextraction
2.2
Contaminant immobilisation on-site
2.7
Covering with clean soil
2.8
Contaminant immobilisation off-site
3.8
Soil washing on-site
3.8
Soil grain size separation off-site
4.1
Soil washing off-site
4.2
Soil excavation
4.8
Table 3.4: Rating of disturbance of remediation technologies on a scale of 1 (‘gentle’)
to 5 (‘aggressive’)
The viability of GROs was assessed in the survey via a question which included a
collection of factors such as impact on soil function, general acceptance, economic
benefits, time duration etc and requirement for ‘yes’, ‘sometimes’ and ‘no’ answers
(see table 3.5 for full listing). A large number of respondents agreed with the
statement that GRO needs a long time for remediation. Aspects regarding
sustainability and GRO impact on soil function and the environment also received a
high response rate. There was a level of uncertainty (responses of ‘sometimes’)
regarding the ability of GROs to reduce or even remove contaminants. However this
negative evaluation is in line with the fact that the primary objective of GROs (and
remediation in general) is not the complete removal of contaminants (CLARINET,
2002). The respondents considered GROs to have a negative impact on economic
aspects, which could be linked to the popular perception that GROs need a long time
for remediation to be complete. This time constraint could have a direct implication
on the cost effectiveness of projects. A negative evaluation was interpreted for the
setup and operation of GROs, which could be related to the limited use of GROs on a
commercial scale. According to Khan et al, 2004 further research and development is
required in order to increase the use and knowledge of GRO-related technologies to
broaden their use through knowledge transfer and innovation management at a
commercial level. Hence the knowledge of setup and operation of GROs on a wide
scale is minimal except on a research/trial level. Unfortunately this survey did not
produce a high number of academic/research respondents to support this fact. An EU50

sponsored programme, ‘Gentle remediation of trace element contaminated land
(GREENLAND, 2011)’ has been commissioned to address and overcome the
hindrances currently limiting the applicability of GRO as a practical solution. This
may increase the potential for use of GRO on a wider and commercial scale.
Factor
Rating
GRO generally need long time for
0.98
remediation
GRO were a contribution to a sustainable
0.87
management strategy
GRO have no/small negative impact on
0.87
soil functions
GRO were able to reduce or even remove
0.86
risks
GRO have no/small negative impact on
0.86
the environment
GRO have a positive impact on cost0.83
benefit balance
GRO are in general well accepted in the
0.66
public
GRO were simple to install and perform
0.63
GRO were able to reduce or even remove
0.50
contamination
GRO have no/small negative impact on
0.47
economic aspects
Table 3.5: Mean rating of statements regarding GROs (yes=1; sometimes = 0.5;
no=0)
To further establish the depth of knowledge of GROs from the participants of the
survey, a comparison was made between the knowledge of experts and non-experts.
The division of these two Groups was established from the question assessing the
knowledge of GROs as outlined in table 3.1 above. The two groups contained similar
number of respondents at 50. To further analyse the differences, the numbers of “yes”,
“sometimes” and “no” were firstly expressed in percent of total answers for each
statement from the two sub groups. The “degree of affirmation” value was obtained
by subtracting the percentages of “no” from the percentages of “yes”. Finally, the
difference in the “degree of affirmation” between the two Groups was calculated for
each statement. A positive value implies that a statement was affirmed by more
experts than non-experts and vice versa for negative values.

These ‘degree of

affirmation’ calculations were carried out by SUMATECS (2009). The outcome of
this calculation is presented in Figure 3.4 below.
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Figure 3.4: Evaluation of gentle remediation technologies between expert and nonexpert sub Groups (excerpt from SUMATECS 2009).
The experts sub group evaluate the technologies more positively than the non-experts,
presumably due to the inexperience of the latter group with GRO technologies. In the
evaluation, the most positive is the acceptability of the technologies by the public
which may be attributed to the fact that these technologies are less of a nuisance and
produce low emissions. The question which shows negative i.e. the experts disagree
more than the non-experts is the duration of gentle remediation technologies. It is a
possibility that the knowledge of non-experts on GROs is limited to phytoremediation
which is documented in literature as a long duration remediation process. On the other
hand, the experts may have experience of other technologies (e.g. immobilisation) that
have a more acceptable timeframe for treatment in relation to project lifespan.

As regards the benefits and disadvantages of gentle remediation technologies as
requested in an open answer question, many of the respondents listed similar aspects
(Table 3.6). In summary, many more negative aspects were listed in comparison to
positive ones. The most commonly stated negative aspects included the need for long
term monitoring of gentle remediation options and their limited applicability to
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contaminated sites. Another major problem commonly stated by the respondents was
the lack of knowledge and successful case studies/research studies in evaluating these
technologies. On the other hand, positive aspects included applicability of these
technologies to large-scale areas, where other technologies involving soil removal or
covering are generally not feasible. In addition since the technologies produce less
emissions and noise, they are also considered to be more acceptable to the public
(similar results indicated in figure 3.4).
Respondents have listed the costs of gentle remediation as both positive and negative.
The positive school of thought indicates that GROs are perceived as low cost for a
long term solution. On the other hand, the negative factors are related to the high costs
of preliminary stages including pilot trials and laboratory work and also question its
economic feasibility due to these factors.
Advantages
Disadvantages
Maintain ecological soil functions (5): Long term monitoring necessary (10)
non-invasive, maintains soil structure &
ecological functions of soil
Costs (4) often low cost, long term Costs (2) Higher costs of preliminary
solution, low energy consumption
stages (lab/field).
Is it economically feasible?
Sustainability (4): can be highly Duration of measure (8): not compatible
sustainable, long term solution
with current administrative procedures
Suitability for large-scale treatment (3): Not applicable to all metals/sites (10):
possibility to treat large areas; lower what happens to the rest fraction? The use
amounts of direct wastes, perfect of mild remediation techniques is limited
solutions for sites that are not used by lower urgency and therefore very low
intensely
need of action can be seen
Public acceptance (2): wide public Usability during remediation (1): During
acceptance, little noise and emissions
process, people should be kept aware that
the site is still polluted
Reduce risks (2): can reduce risks on the Lack of knowledge and practical
sites that wait for use decision
experience (5): I don’t know any
successful project/studies working with
phytoextraction.
There are few well documented
references
Energy production with biomass (2)
Easy to apply (1)
pH modification can be applied by non
professionals
Table 3.6: Positive and negative aspects of gentle remediation technologies as
reflected in the open answers from the respondents. Due to several similar statements,
the answers have been grouped into categories and some selected answers are
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included. The number in bracket refers to the number of answers that fall in a
particular category (Partially sourced from SUMATECS (2009) report).
3.1.3 Interpretation of fitness for purpose of existing DSTs
A section of the SUMATECS questionnaire survey specifically focussed on available
DSTs and systems (see Appendix A). The DST-focussed section of the questionnaire
was designed by the author to gather responses on stakeholder awareness of available
DSTs, whether DSTs are felt to be fit-for-purpose (both in general terms and
specifically regarding the application of GROs), and what (additional) features could
usefully be included in a practical DST. As with the main survey, the DST section
was targeted at various countries within the EU and specific participants included:
university/research

institutions,

regional

authority/government,

environmental

consultants, remediation contractors, land owners, local authority, and other key
stakeholders (investors and pressure groups). Responses were received from over 10
European countries with 130 participants in total (Figure 3.1).
From the DST-specific responses to the questionnaire, the survey indicated that more
than half of the participants (58%) were not aware of any DSTs that can be used to
select appropriate remediation or management strategies for contaminated land
management (Figure 3.5). A further 20% responded “Don’t know”.

Awareness of DSTs

Yes
No
Don't know

Figure 3.5: Participants’ awareness of existing decision support tools, in response to
the question “Are you aware of any decision support tools that can be used to select
appropriate remediation or management strategies for TECS sites?”
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The 22% of the participants with knowledge of existing tools gave an indication of
various tools available for use. Most of the tools listed were consistent with traditional
(written) guidance documents, and indicated a general lack of awareness amongst the
contaminated land community of the many advanced (particularly software-based)
tools listed in Table 2.3 (from Chapter 2). The tools suggested included ADEME
guidelines, Swedish EPA reports, Pirtu, DARTS, NSOIL (Dutch tool), and
THERESA3.0. The questionnaire survey indicated that the knowledge of DSTs
(particularly advanced software-based DSTs) in the management of contaminated
land, at least amongst the survey respondents, was minimal and there is insufficient
technical knowledge regarding the utilisation of DSTs. Over 61% of the participants
were indecisive as to whether the DSTs available were fit for purpose (this figure is
comparable with the percentage that were not aware of their existence and uses) and
30% believed that they were. On a similar note, approximately 80% of respondents
could not indicate whether available DSTs were suitable for the application of gentle
remediation techniques (figure 3.6). These responses suggest that a fraction of
practitioners are aware of DSTs but there is still a shortage of knowledge in the field
and therefore a proper tool has not been consistently adopted and utilised to cater for
decision support needs.
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Awareness of DSTs specific for gentle

remediation options

Yes
No
Don't know

Figure 3.6: Participants’ awareness of existing decision support tools, in response to
the question “Are these tools suitable for the application of gentle remediation
techniques?”
Several comments from a variety of participants to the open question “what
improvements could be made to these tools” included suggestions that existing tools
are ‘too general’ and not sufficiently precise, and training and skill enhancement in
DSTs are required for decision makers. However, a majority of respondents (72%)
believe that a DST that targets choosing remediation techniques would be useful,
particularly if it is specific for GROs. Features that should be included in a practical
DST were listed by survey respondents and included the following:
-

It must support decision making at sites with mixed contamination and
integrate both ecological and physicochemical traits.

-

It should combine various contaminants and levels of contaminants, various
types of soils, climates and plants, surface and ground water parameters,
ecosystem sensitivity and various types of remediation techniques.

-

It should implement a multi-criteria approach.

-

It should be pragmatic and detailed.

-

It should implement Cost-Benefit Analysis to assess socio-economic factors.

-

DSTs should support the communication between all involved persons and
should not give a fixed general solution (i.e. tools should encourage dialogue
and informed decision making by users, rather than providing a prescriptive
solution).
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-

It should be simple and comprehensible for practical application.

-

There should be clear definition of categories for a transparent classification of
assessing the site with a practicable manual for possibilities of techniques and
management.

-

Tools should include consideration of feasibility, costs and application range.

-

Tools should be practicable for smooth execution and coherence.

These suggestions mirror those raised during focused discussions with regulators,
practitioners and other stakeholders undertaken in the SUMATECS project
(Onwubuya et al.2009).

3.1.4 Analysis of future usability of gentle remediation options
The survey addresses the limited usability of GROs using two questions. When asked,
if they would like to see a more widespread use of these technologies, less than 5% of
respondents marked “5” on a scale of 1 to 5, stating that they believe that these
technologies are not very useful and their use should not be extended. Over 65%
marked with “1” or “2”, meaning that they are presently underused at present.
Among the Professional Groups, participants from universities and research
institutions were the strongest supporters of an increased use of gentle remediation
technologies. This is likely due to the number of research and pilot studies carried out
by academic professionals on GROs, these studies are yet to be fully assimilated and
utilised in the industry. Respondents from authorities were more reserved, especially
those associated with national or regional institutions, evident from the fact that only
members from this group considered them not useful at all.
As regards ideas on how to make GROs more widely accepted as practical solutions,
the answers provided by participants were repetitive and therefore divided into 4
categories:
-

More communication and information about techniques required (34 no.);

-

Convince decision makers of feasibility and advantages of GROs (15 no.);

-

Successful pilot projects are required in order to show the methods’
performance (14 no.);

-

Financial support of techniques (6 no.)

The analysis above gives a clear indication that there is a lack of knowledge and
information about GRO technologies among the respondents. This lack of transferred
knowledge may be the major obstacle in the wider application of GROs especially at
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commercial and project level. There is clear evidence (as indicated in this survey)
that respondents require adequate dissemination through publishing of case studies
and successful research projects to increase commercial uptake of GROs.
The survey has also indicated similar issues with support tools, with majority of
participants unaware of their use and are in support of a flexible and easy to use DST.
3.2: Analysis of UK Specific Questionnaire Survey
Following the results of the EU-sponsored SUMATECS survey, a further survey was
carried out specific to the UK. This was deemed necessary due to the poor response
rate (less than 5%) achieved from UK practitioners in the SUMATECS survey and
taking into consideration that the proposed DST is to be developed initially to target
the UK contaminated land management industry. This UK-focussed survey gauged
the general perception associated with GROs and DSTs amongst a range of
contaminated land researchers and practitioners. Similar to the Europe-wide survey,
the primary aim of the UK survey was to gather stakeholder feedback on the fitness
for purpose of existing DSTs (in terms of their application in choosing gentle and
other remediation technologies in contaminated land management) and to highlight
reasons behind hindrance for uptake of GROs. Other objectives of the questionnaire
were to seek opinions on GROs and general knowledge of DSTs and ideas for any
further development. In addition, other contaminated land management questions
were included such as: factors considered when choosing remediation techniques,
familiarity with gentle remediation options, allocation of ‘gentle’ and ‘aggressive’
classification to selected remediation options and other general contaminated land
management-related questions.
Unlike the EU-sponsored survey (which was distributed solely as hard-copy
documents), the UK survey was designed as an online questionnaire survey whereby
respondents had the opportunity to access and provide answers to the questions in
real-time. However some respondents completed hard copies of the questionnaire
survey as the web version was not accessible to them.
A total of 71 participants comprising different professional and stakeholders in the
contaminated land industry responded to the survey. The participants included
environmental consultants, remediation contractors, national authority officers, local
government authority and land owners. Figure 3.7 gives a breakdown of the responses
to the survey.
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Figure 3.7: Chart showing breakdown of response from Professional Groups

Survey type

SUMATECS
survey
UK survey

Land
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Authority/City
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Council (%)

40

25

-

20

20

3

22

4

52

1

owner or

Environmental

/research

investor

establishment (%)

institute

(%)

(%)

Table 3.7: Comparison of SUMATECS and UK survey showing the Professional
Groups of participants
The participants of the EU sponsored survey described earlier included mainly
employees in public administration at a national level (40%) and local authorities
(25%) and about 20% each from universities / research institutions and private
consultancies. There were no participants from land owners or investors. For the UK
survey (as shown in figure 3.7 above), 52% of the participants were from
environmental establishments (contractors and consultants) whilst there was a low
percentage (1%) for university/research institute. There were also participants (4%)
from the land owner / investor Professional Group.
In order to gauge the everyday experience of the participants, a question regarding
how often they deal with contaminated land issues was included in the survey.
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Approximately 88% of the respondents replied that they dealt with aspects of
contaminated land on a daily basis whilst the remainder were less involved with the
day to day running of contaminated land-related projects (figure 3.8).

Participants' frequency in dealing in
contaminated land
3%
9%

Daily
Once or twice a week
88%

Once or twice per month

Figure 3.8: Shows participants’ frequency in dealing with contaminated land
3.2.1 Experience of gentle remediation options
To assess the respondents’ experience and knowledge of GROs, a question relating to
knowledge of remediation options such as phytoremediation was included in the
survey.
Answer
Yes, I know about them and have planned/decided/operated on them
Yes, I know about them but have only limited practical experience
Yes, I know them but only theoretically, I have never chosen or used
them
I know little to decide on them/use them
I am not aware of them
Table 3.8: Showing respondents’ experience of GROs

%
14
36
36
13
1

As can be observed from table 3.8 above, 50% of respondents confirmed that they
have some practical knowledge (albeit limited) of GROs. 14% of the respondents that
utilised GROs were confident in the use of GROs. On interpretation of the data based
on Professional Groups and stakeholders, it was observed that environmental
consultants have the highest percentage of good working knowledge of GROs. This is
followed closely by remediation/engineering contractors. This interpretation indicates
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that GROs may have been utilised at an environmental consultant and contractor level
in the UK which is in contrast to the Europe wide study where scientists had the most
experience (although only one of the latter was UK based). The only university
respondent in the UK survey responded in the affirmative for experience with GROs.
On the other hand responses from local authorities and government agencies showed
limited experience in operation of GROs.
0%

10%

20%

30%

40%

50%

Yes

No

60%

70%

80%

Government (Ministry) / Agency (n=2)
Local Authority (n=16)
City Council (n=13)
Land owner (n=3)
Engineering consultant (n=25)
Remediation contractor (n=11)
University institute (n=1)
All (n=71)

Figure 3.9: Breakdown of experience of GROs based on Professional Groups. ‘Yes’
has been used to denote those that have practical experience of GROs albeit limited
whilst ‘no/don’t’know’ denotes the other group (n = no. of respondents)
3.2.2. Analysis of gentle remediation options-related questions
In order to gauge the factors which are considered for the selection of remediation
techniques (in general) in contaminated land management, respondents were asked to
consider factors which lead to making a choice over remediation techniques. A set of
factors were derived from issues in management of contaminated land and ranked
from 1 (key factor) – 5 (unimportant). As outlined in table 3.9 below, the mean value
was calculated based on average responses received on the ranking scale 1 – 5. A
mean value close to rank 1 denotes a particular factor was considered a key factor
whilst values descending there after indicate otherwise.
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In remediation of Brownfield land in the UK (and most of Europe), factors such as
reduction and control of contamination are usually a high priority during selection of
a remediation technology. However, the survey indicates that ‘suitability for site use
after remediation’ was mostly selected by the respondents. For some stakeholders the
end conditions of the site are likely to be significantly more important than the actual
process implemented to arrive at that condition (Bardos et al, 2002). Interestingly,
reduction and control of contamination was ranked 8th below the ‘cost factor’. In the
present era of sustainability, it was necessary to include cost as one of the factors for
choosing remediation technology as decisions are sometimes still made on a cost
based approach (Pollard et al, 2004). The respondents ranked sustainability and social
factors quite lowly (18th and 19th respectively). This interpretation provides more
basis for the argument established in this study (pointed out in earlier chapters) that
the sustainability factor and its elements (social, environmental and economic) are not
sufficiently considered during land remediation and contaminated land management.
Time duration required for remediation usually plays a pivotal role in choice of
remediation technology but contrary to this position the survey indicates otherwise.
This factor was lowly ranked by the respondents below other factors such as private
needs, burden of aftercare and suitability for site use after remediation.
Factor
Suitability for site use after remediation
Reduction & control of risks
Remediation technology / feasibility
Impact of contamination(on surroundings and other environmental
compartments)
Contamination extent / concentration level
Removal of risks
Costs
Reduction & control of contamination
Contaminant location (e.g. surface or sub soil)
Impact of remediation(on soil, surroundings, other environmental
compartments)
Private needs (e.g. of land owners, land users)
Burden of aftercare
Time needed for remediation
Public needs
Removal of contamination
Spatial planning issues
Public fears / pressure
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Mean
rating
1.30
1.36
1.55
1.61
1.62
1.65
1.74
1.76
1.77
1.94
2.26
2.29
2.43
2.49
2.52
2.78
2.83

Remed
cont

Local
Auth

Factor

Env eng.

Mean
rating
Social aspects
2.84
Sustainability issues (e.g. carbon footprint)
2.96
Site usability during remediation
3.14
Possibility to choose or change site end use during remediation process
3.24
Table 3.9: Factors relevant in choice of remediation technology ranked 1 (key factor)
– 5 (unimportant)
Council

Factor

Time needed for remediation
9
10 6
3
Remediation technology / feasibility
1
1
2
3
Impact of contamination(on surroundings and other
1
4
2
5
environmental compartments)
Contamination extent / concentration level
5
1
5
1
Removal of risks
3
1
6
7
Costs
7
7
2
1
Reduction & control of contamination
5
6
1
5
Social aspects
8
7
9
9
Impact of remediation(on soil, surroundings, other
4
4
6
8
environmental compartments)
Sustainability issues (e.g. carbon footprint)
10
9
9
10
Table 3.10: Interpretation based on breakdown from Professional Groups. Ranking is
based on mean rating
Ten factors described in table 3.10 were further interpreted based on rankings as
derived from Professional Groups. This interpretation showed some interesting
differences in rankings. The factor pertaining to social aspects (e.g. impact on
neighbours, ethical consideration etc) was lowly ranked by all four Professional
Groups. This is quite interesting especially from the viewpoint of local authorities
whose primary aim should be social responsibility and therefore remediation
processes should be chosen based on its impacts on the community. The remediation
contractors ranked highly the factor ‘time needed for remediation’ as timescale
required for carrying out remediation has a major impact on profit margins and ability
to concentrate efforts on other jobs through manpower redirection and planning. This
factor was lowly ranked by other professional groups. In a divide between the
Professional Groups, local authority and city council respondents ranked ‘cost’ quite
lowly whilst the more profit-making inclined groups (consultants and contractors)
considered ‘cost’ as an important factor in choice of remediation technology. Similar
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to the general ranking, ‘sustainability’ as a factor was ranked lowly by all Professional
Groups. This reiterates that the issue of sustainability is still not considered a major
factor in choosing a remediation technology. As pointed out by Bardos et al, 2002 the
core objectives of remediation of contaminated land typically does not consider the
overall environmental, economic and social effects of remediation work to be carried
out, in other words they do not address its overall value in terms of sustainable
development. There is therefore a need to create better awareness for sustainable
remediation which forms one of the objectives of this research. Recent developments
such as SURF UK (2010) recognised such shortcomings and therefore developed a
framework which provides a link between sustainability and remediation in order to
select the optimum land use design utilising sustainable remedial strategies.
As the primary focus of this research is interwoven with sustainability, a pictorial
interpretation of the lowly ranked ‘sustainability issues’ and ‘social aspects’ factors
was carried out. As can be observed in figure 3.10, environmental consultants, local
authority and remediation contractors believed that sustainability may not be
considered an important factor when choosing remediation factors. This may be taken
lightly from the view point of the remediation contractors as they are more focussed
on cost and the time factor, which is further buttressed by their responses to the ‘cost’
and ‘time’ factors response as detailed in figures 3.12 and 3.13 below. Cost and time
needed for remediation are key factors for remediation contractors as this feeds into
their ability to make a profit or loss and enable planning. In order for remediation
processes to be addressed as ‘sustainable’ consideration of profit margins and the time
factor should not be the sole major factors considered during the selection of
remediation technologies. On the other hand, the low responses received for the
‘sustainability’ factor from the environmental consultants and local authorities further
reiterates the need for a more sustainable approach to remediation through better
communication, knowledge transfer and implementation of GROs. It should be
pointed out that some of these responses were mid scale (scale no. 3) which could be
described as an ‘unsure’ response. However this is usually likened to a negative
response as opposed to positive.
The social element of sustainability also received a low ranking in the survey similar
to the ranking attained for ‘sustainability issues’ factor. This can be observed by
comparison of the graphs as shown in figures 3.10 and 3.11 below. As discussed in
the above paragraph the low ranking for the social and sustainability factors further
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reiterates the level of consideration these factors are given during remediation
technology selection. This further recognises the need for a tool that will enable the
consideration of these factors in a simplified and flexible manner.
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Sustainability as factor

Figure 3.10: Showing Professional Group responses to ‘sustainability’ as a factor
that affects selection of remediation technology. Ranked 1 (key factor) – 5
(unimportant)
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Figure 3.11: Showing Professional Group responses to ‘social’ as a factor that affects
selection of remediation technology. Ranked 1 (key factor) – 5 (unimportant)
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Figure 3.12: Showing Professional Group responses to ‘cost’ as a factor that affects
selection of remediation technology. Ranked 1 (key factor) – 5 (unimportant)
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Figure 3.13: Showing Professional Group responses to ‘time’ as a factor that affects
selection of remediation technology. Ranked 1 (key factor) – 5 (unimportant)
When asked the question on the degree of site disturbance on a scale of 1 (very
gentle) to 5 (aggressive) caused by different remediation technologies under the
concept of ‘gentle’ and ‘aggressive’ technologies, the mean responses are indicated
below (table 3.11) and have been divided into three sub groups. Technologies
affiliated with phytoremediation fell under the first group which indicates the
remediation methods as having less of a negative impact on soil. Predictably
remediation methods involving soil washing and soil excavation were considered as
having a significant negative impact on soil. This interpretation mirrors the responses
received from the EU/SUMATECS survey which shows phytoremediation as ‘gentle’
and at the other end of the scale soil washing and excavation and disposal as
‘aggressive’ technologies (see table 3.4)
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Remediation Technology
Phytoextraction using specialised plants

Mean
rating
1.28

Phytostabilisation

1.42

Enhanced phytoextraction by increasing
trace element mobility

1.59

Change of land use

1.65

Change of crop type usually under
farming
Aided phytostabilisation using soil
amendments

1.66

Soil use restrictions

1.97

Covering with clean soil

2.28

Keeping pH to optimum/pH management

2.33

Contaminant immobilisation

2.91

Soil washing (on site)

3.97

Soil washing (off site)

4.36

Excavation and disposal

4.78

1.91

Table 3.11: Mean rating of remediation technology on a scale of 1 (‘gentle’) to 5
(‘aggressive’) to assess degree of disturbance to soil function
To further understand/interpret GRO perception in the UK, the participants of the
survey were asked to confirm or disprove statements relating to the function of GROs
in contaminated land management (table 3.12). Most of the respondents agreed that
GRO require an extended time for remediation. This is in line with research (Pulford
and Watson, 2003 and Onwubuya et al, 2009) which infers that a major drawback for
GRO is the length of time required for the remediation process to be carried out.
Other statements that achieved a high degree of positives include GRO contribution to
sustainable management strategies, its minimal negative effect on environment and
soil and reduction/eradication of risk. The statements relating to economic viability of
GRO was balanced with less agreement on simple installation of the technologies and
its effect on the economic aspects of soil. There was a less positive response for the
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statement on the ability of GROs to remove contaminants. Another less positive
response comes from statement assessing GRO acceptance in the public domain. This
could be considered a predictable response as the use of GROs is not very common
(most are carried out on a pilot/research scale) and therefore it would be difficult for
the public to accept such a technology that is yet to fully prove its fitness for purpose.
GRO Statement
Mean rating
GRO generally need long time for
0.88
remediation
GRO were a contribution to a sustainable
0.75
management strategy
GRO have no or only small negative
0.7
impact on soil functions
GRO have no or only small negative
0.66
impact on the environment
GRO were able to reduce or even remove
0.61
risk
GRO have a positive impact on the cost0.6
benefit-balance of remediation projects
GRO were simple to install and perform
0.56
GRO were able to reduce or even remove
0.55
contaminants
GRO have no or only small negative
0.52
impact on economic aspects pertaining to
soil use
GRO are in general well accepted in the
0.49
public
Table 3.12: Showing mean rating of statements pertaining to gentle remediation
options [yes=1, sometimes=0.5, no=0]
To further interpret the statements in table 3.12 above, the responses were analysed
based on division of the survey participants into two sub groups; ‘experts’ and ‘nonexperts’. These sub groups were established using responses retrieved from the
question regarding experience with gentle remediation technologies as described in
section 3.2.1 above where there was a 50:50 split between experts and non-experts.
As regards the statement pertaining to GRO requiring a long time for remediation,
there was an overwhelming positive response to this statement from both expert and
non-expert sub groups with the experts showing more positive feedback (fig 3.14).
The overwhelming positive response may be due to the fact that most respondents
consider mainly phytoremediation as the only GRO technique they are aware of
whilst the other techniques (such as immobilisation and stabilisation) are less known
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for having minimal impact on soil function and therefore not ‘gentle’. None of the
experts or non-experts answered ‘no’ to this question.
g.r.o. generally need long time for remediation
experience w/gro

no experience w/gro

100
90
80
70

Frequency

60
50
40
30
20
10
0
no

sometimes

yes

Figure 3.14: Expert and non-expert sub group responses to statement ‘GRO generally
need a long time for remediation’
Based on the expert and non-expert sub group, responses to statement ‘GRO were
able to reduce or even remove contaminants’ showed a degree of uncertainty to this
statement by the number of responses under the ‘sometimes’ category (fig.3.15).
There was a low ‘yes’ response rate by both sub groups which was also the case for
the ‘no’ response. The degree of uncertainty shown by the response to this statement
may, once again, be related to the low usage and published success rate of GROs at a
research and commercial scale. Most GRO techniques are usually initiated at pilot
and/or research scale and the success rate of these are poorly dissemninated. As
mentioned in earlier sub sections there is limited commercial use of GROs and a poor
disclosure of research successes for the techniques.
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g.r.o. were able to reduce or even remove contaminants
experience w/gro

no experience w/gro

90

80

70

Frequency

60

50

40

30

20

10

0
no

sometimes

yes

Figure 3.15: Expert and non-expert sub group responses to statement ‘GRO were
able to reduce or even remove contaminants’
The experts and non-experts opinions on public acceptability were interpreted as
shown in fig.3.16. There was a high level of uncertainty with the ‘expert’ respondents
who opted for the ‘sometimes’ option. As with previous explanations, the rationale
behind this response may be based on the limited implementation of GRO at a
commercial scale and therefore gauging public perception may prove restricted. The
less experienced respondents opted for a more affirmative response and may have
provided their answers based on possible public perception on techniques that have
been likened to be suitable from a sustainable standpoint and therefore acceptable.
Although this notion is based on theoretical and not practical facts (considering poor
information available for GROs), it still should be noted that it is possible that GROs
will be more acceptable in the public domain when social, economic and
environmental impacts are minimal and/or considered.
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g.r.o. are in general well accepted in the public
experience w/gro

no experience w/gro

50
45
40
35

Frequency

30
25
20
15
10
5
0
no

sometimes

yes

Figure 3.16: Expert and non-expert sub group responses to statement ‘GRO are in
general well accepted in the public’
In addition to the above statements on GRO, the respondents were also required to
provide benefits (‘pros’) and disadvantages (‘cons’) of gentle remediation
technologies. There was a limited response to these open questions but overall there
were more negative answers than positive ones (table 3.13). Among the positive
aspects respondents indicated that the technologies can be applied to groundwater
treatment via monitored natural attenuation (MNA). The visual impact of these
technologies was also highlighted as an advantage, this is likely referring to
phytoremediation where specific species of plants have been used to undertake soil
and groundwater remediation and also used as a means for beautification of the
environment. Respondents also indicated that the technologies are known to be a very
sustainable process.
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Advantages
Disadvantages
Varied applications
Removal of contamination
Can be applied to groundwater Does not remove contaminant mass but
remediation through MNA
reduces mobility/toxicity
As a regulator, it has been evident that
some methods of immobilising and pH
changes result in the mobilisation of
some contaminants that were previously
immobile. Bench and field trials are
necessary
Limited applicability
Visual appearance
Stakeholder acceptability
g.r.o can improve the visual appearance Possibly not very well accepted by Local
of a site
Authorities which want the risk removed
Aesthetic appeal
ASAP rather than during uncertain
periods of time.
Sustainability
Specialist knowledge
Perceived to be sustainable
Requires specialist knowledge and
Can be highly sustainable
assurance that the technology will work.
Local Authorities not able to advocate
technologies only to assess proposals on
the grounds that they would remove the
significant risk of significant harm.
Costs
Disposal of accumulated contaminants
Low potential costs but restrictions on Eventual disposal of 'contaminated'
after use
vegetation.
Limited applicability for phyto-methods
can be left with contaminated plant matter
requiring additional disposal
Time scale
Long timescale (most clients require early
completion)
Success stories
Little large scale practical studies to
support use
Limited depth of effectiveness of
treatment
Lack of knowledge
Too little knowledge out there - Not well
publicised
Table 3.13: Pros and cons of GROs as suggested by the respondents
The poor positive feedback received on GROs as indicated in table 3.13 above
provides further evidence as to the poor knowledge of these remediation technologies.
This is further constrained by a low number of large scale success stories which are
only available at a pilot/trial scale (Nedunuri, 2000). Stakeholder acceptability also
plays a major role in the broader use of these technologies. Some of the respondents
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indicated in the survey that the primary aim of the stakeholder is for the timely
removal of the risks and contaminants and therefore GROs do not fit this requirement
as most of the technologies have been indicated as taking a long timescale (Khan et al,
2004). Although it cannot be disputed that profit and remediation duration are the
main focus of most practitioners, it is necessary to indicate that sustainability is
beginning to play a pivotal role in remediation technique selection as depicted in the
SURF UK (2010) framework development.

3.2.3. Interpretation of fitness for purpose of existing DSTs
Similar to the SUMATECS survey, questions were asked regarding the fitness for
purpose of existing DSTs. These questions were designed to establish a broader view
and knowledge of DSTs used in selection of remediation technologies for
contaminated land management. It is also essential to determine if the participants
have prior knowledge of DSTs that are specific for selecting GROs and their
suitability.
To determine the awareness of DSTs, a specific question on this was asked with the
participants of the survey. 31% of the respondents confirmed that they are aware of
DSTs and the remaining 69% were not aware of DSTs or were unsure and indicated
this uncertainty by choosing the option ‘don’t know’ (figure 3.17). This is similar to
the results obtained from the European survey where 22% of the respondents were
aware of DSTs whilst the remaining 78% were either not aware (58%) or were unsure
(20%).
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Figure 3.17: Participants’ awareness of existing decision support tools, in response to
the question “Are you aware of any decision support tools that can be used to select
appropriate remediation or management strategies for contaminated land sites?”
To provide further interpretation of the response to the above question, responses
were analysed based on Professional Groups. As can be observed from figure 3.18
over 50% of each professional group was not aware or uncertain about their
knowledge of DSTs. The remediation contractors showed the highest awareness rate
with 44% which was followed jointly by the land owner and environmental
engineering/consultant

(33%).

The

respondents

under

the

national

authority/government (not shown in the chart) were not aware of DSTs. This may be
observed as an exceptional result as one would expect that the industry regulators
would be more aware of DSTs especially from a sustainability view point. However,
many stakeholders are likely to be using DSTs in the course of their work via national
guidelines (e.g. CLR11 in the UK), but are not aware that these guidelines form a
DST system (Onwubuya et al, 2009).
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Awareness of DSTs
100%

90%

80%

70%

60%

Remediation contractor
Environmental engineer or consultant

50%

Land owner or investor
City Council
Local Authority

40%

30%

20%

10%

0%
Yes

No

Don't know

Figure 3.18: Breakdown of participants’ awareness of existing decision support tools,
in response to the question into Professional Groups “Are you aware of any decision
support tools that can be used to select appropriate remediation or management
strategies for contaminated land sites?”
In response to the open-ended question related to the awareness of DSTs, the 31% of
respondents that gave a ‘yes’ response to awareness of DSTs were requested to
provide some examples. Most of the examples provided were consistent with written
support tools such as CLR 11 and related frameworks being developed by SURF UK
(as described in the above sub section). There were some examples based on recently
developed advanced software as outlined in table 2.3. Other examples provided by the
respondents include; Remediation Options Carbon Calculator (ROCC), WSP carbon
calculator, Dutch R.E.C model, DESYRE and SPeAR. The examples provided by the
respondents give a clear indication that there is a poor knowledge of applicable DSTs
in the industry. Some of the examples provided were associated with carbon
calculators which may aid in assessing environmental impacts of remediation
techniques but will be lacking in the social and economic elements of sustainability.
Following the answers provided on knowledge of DSTs, the next question examined
was whether the DSTs outlined by the respondents were suitable for application of
gentle remediation technologies (‘are these tools suitable for the application of gentle
remediation techniques?’). The response to this question was low with a response
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count of 29 and the remaining respondents not answering the question. However 59%
of the respondents were either indecisive or answered ‘no’. The remaining 41%
answered in the affirmative. In addition, an open-ended question was also requested
on what improvements could be made to existing DSTs in order to interact
sufficiently with GROs. Examples as listed by the respondents include the following;


A system needs to be developed to cover all elements of sustainability;



More trials and success articles need to be published as the area is still
developing;



Expand current tools to cover gentle remediation technologies.

Although there was a poor response to these questions, the suggestions provided by
the respondents indicate a perceived need for any GRO- specific DST to consider all
elements of sustainability and provide a platform for an increased knowledge of
gentle remediation procedures.
As a final step to gauging the knowledge and experience of DSTs via the
questionnaire survey, it was important to deduce if the development of such a gentle
remediation specific tool would be useful. Therefore the question ‘do you think that
such a decision support tool would be useful?’ was included in the survey. 75% of the
respondents indicated that such a DST would be useful and the remaining 25% were
indecisive with a response of ‘don’t know’. None of the respondents answered ‘no’ to
this question which gives an indication that there is a clear perceived need amongst
many practitioners for the development and use of a GRO-focused DST in
contaminated land management.
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Figure 3.19: Participants’ response to the question “Do you think such a decision
support tool would be useful?”
The respondents were also requested to list features that they expected such a tool
should possess. The features suggested by the respondents are outlined below:


Easy to use e.g. flow chart (3);



Encompass elements of sustainability such as SURF UK style itemization of
Social, Environmental and Economic elements (4);



Easily transferable and transparent (2);



Must support CLR11 options appraisal;



As part of wider decision making tool that allows GRO to be compared with
other methods;



Case studies of where it has been applied; and



Cost benefit analysis of all remediation options, pros and cons of each
remediation option.

As outlined above, various features were suggested by the participants with multiple
suggestions (as indicated in brackets). There was popular requirement for the DST to
be easy to use and easily transferable and transparent. Although there was no further
indication as regards the transferability, it may be deduced that the proposed DST
should be easily modified or applied to suit the different parameters used in
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contaminated land management. This may include contaminant profiles/distribution,
geology, site physical constraints, remediation time and cost, emissions and energy
use etc. Another feature suggested by the participants involves inclusion of the
elements of sustainability in the design of the DST. As mentioned in previous
sections, a balance between all three elements of sustainability (social, economic and
environmental) ensures that the process in selecting the remediation technique is done
in a systematic and balanced way. The inclusion of these elements perhaps in the form
of quantifiable or semi-quantifiable indicators will aid in presenting GROs as methods
that aim to achieve a well balanced sustainable process. A key feature, also suggested
by the respondents, was to create a DST that can serve as a means of comparison to
other methods. This is an important feature as it can help in highlighting the pros and
cons of various remediation technologies (both aggressive and gentle) and they can
then be ranked in accordance with level of sustainability via the three elements of
sustainability.

3.2.4 Analysis of future usability of gentle remediation options
In the concluding section of the survey, the final section of the questionnaire was
focussed on the opinions and general perceptions of GROs. The respondents were
required to provide their opinions and future needs as regards GROs and to confirm
whether they thought GROs should be more widely used.
An outline of statements (figure 3.20) was supplied to the respondents in order to
gauge their perception of GROs. Almost 50% of the respondents chose the comments
pertaining to requirement of information (including pros and cons) for GROs. Less
than 10% of the respondents felt they were well informed and able to decide on use of
GROs.
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I need more results from future pilot
field tests

I need more future basic research

I would like to have more technical
expert assistance

I want bundled information about
operating gro

I want to know more about principles,
pros and cons

I feel well informed
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% response

Figure 3.20: Response to statements describing personal knowledge and future needs
for GROs
The last question of the survey was designed to indicate the usefulness (or not) of
GROs. When requested if they think that GROs should be more widely used 88%
answered ‘yes’ to the question. There were no differences found between ‘experts’
and ‘non-experts’ as regards this assessment.
When the question was cross referenced with responses from Professional Groups, a
high

percentage

of

the

respondents

answered

‘yes’

with

environmental

engineers/consultants and remediation contractors having the highest output (Figure
3.21). The percentage of negative answers was low in comparison. This further proves
the interest in GROs in the industry and the perceived need for GROs to be more
widely used.
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Figure 3.21: Answers to the question “In general, do you think that gentle
remediation options should be more widely used?” as answered by professional
groups
As a follow-up on the question regarding usefulness of GROs, the respondents were
also requested to list some ideas on how to make GROs more widely accepted as
practical remediation tools. Following the response to the open-ended question, the
suggestions provided by the respondents fell into the following categories:


More detailed publication of successful use of GROs on a commercial and
pilot scale (20 suggestions)



Information and guidance on GRO use should be made available by regulators
(4 suggestions)



Tax (financial) incentives should be attached to GRO use (4 suggestions)



Overcoming probable regulatory reluctance due to long duration of process (6
suggestions)



Encourage clients to adopt GROs on sites that are derelict.

Potentially

transforming derelict, blighted land into a secure green space through strong
visual effect. (3 suggestions)
From the suggestions provided, it is apparent that the most frequently stated barriers
to use of GROs by industry is poor knowledge. Therefore there is a requirement for
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more publication on successful commercial use and pilot trials. Another suggestion
requires more guidance to be provided by regulators on the use of GROs. Regulators
are involved in the implementation and maintenance of standard procedures and
practices in the industry and are best placed to provide the required information
regarding GRO use. This may require more investment in research studies into
various GROs and enlightenment of the regulators primarily as information derived
from this study indicates their poor awareness of the techniques (figure 3.9).
Financial incentive or tax rebates were also recommended as a means of increasing
the use of GRO in contaminated land management. However this suggestion will
require liaison with government establishments and industry regulators. Another
recommendation suggested by the respondents involved relaxation of regulations
associated with timeframes for remediation of contaminated land. Some GRO
techniques (such as phytoremediation) are known to take a long time for remediation
of contaminated land, typically between 6 – 20 years (see section 2.2), and therefore
may not be suited to regulatory requirements. As suggested by the respondents,
modifications to these regulations will encourage the consideration of GROs by
consultants and contractors.
The final recommendation recognises the visual appearance some GROs (such as
phytoremediation) may provide when in use for remediation of contaminated sites.
The use of specialised plants to “green” contaminated sites will also increase the
awareness of GROs within the various stakeholders involved in contaminated land
management and the public. Phytoremediation can also be used as part of a
‘remediation train’ whereby more rapid techniques can be used and phytoremediation
utilised on managed grassland, Brownfield land that does not require immediate
development or areas where less development will be carried out. EU-sponsored
research (e.g. REJUVENATE and HOMBRE projects) is presently being carried out
where marginal land (such as Brownfield sites) can be used for the production of
biomass, constructed wetlands and plant cover whilst simultaneously undergoing
remediation. The biomass can then be used for energy production, fuel and feedstock
(REJUVENATE, 2009).
As part of the open-ended questions respondents were also requested to indicate
reasons why GROs may not be considered during selection of remediation
technologies. The main issue highlighted by all respondents was the long timescale
required for GROs. It was pointed out that this long duration was not attractive to
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most developers and regulators who are sometimes of the opinion that the
technique(s) are not financially viable due to time constraints. It was apparent from
the responses that phytoremediation is the only GRO most of the respondents are
aware of, hence the common conception that all GROs require a long time for
remediation. Some other issues indicated by the respondents were specific to
phytoremediation and refer to its unsuitability for sites contaminated with more than
one contaminant and issues surrounding disposal of the phyto-biomass once
remediation is complete. In addition, the respondents also mentioned that
phytoremediation targets contaminants present in surface soils and therefore will not
be suitable for deep soil remediation.
3.3: Summary
After analysis and interpretation of the main results of the questionnaire survey, the
following can be deduced:


The respondents clearly indicated knowledge of GROs although this was
specific for one particular type (i.e. phytoremediation). This knowledge was
however mainly theoretical and rarely applied in projects.



Local authorities and city council Professional Groups were more sceptical on
gentle techniques than remediation contractors and environmental consultants.
This may due to practical exposure of the remediation contractors and
consultants to various techniques through assessments via remediation options
appraisal.



Sustainability (encompassing social, economic and environmental elements)
ranked low as a key factor during selection of remediation technologies and
this was true for all Professional Groups.



Phytoremediation was ranked as the most ‘gentle’ technique and information
deduced from subsequent open-ended questions indicated poor knowledge of
other types of GROs.



As with the GROs there is a general poor awareness of DSTs used in the
selection of remediation options in general and GROs specifically.



Remediation contractors were most aware of DSTs compared to other
Professional Groups.
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There was support for the development of a DST specific for selection of
GROs in order to raise awareness of GROs and incorporate sustainability in
selection of remediation options.

On a general note (and as mentioned earlier in this chapter) it must be noted that due
to sample size and methodology the results of this survey may not be considered fully
representative of all stakeholders in the industry. Efforts were made to ensure that a
good spread of participants in the industry responded to the survey to give a less
skewed response rate and interpretation of results. Although this was not achieved to
the desired level, a good representation from local authorities, city councils,
remediation contractors and environmental consultants was maintained. It is also
noteworthy that although participants were not selected preferentially it is impossible
to rule out any bias in this survey as some participants may have taken part due to
their experience or interest in the subject.
Despite the above caveats, the primary objective of this UK-specific survey was to
complement the SUMATECS/EU survey in order to assess the situation from a UK
perspective since the design of the tool in the current PhD study programme is
(primarily) UK-focussed. Following the results of the analysis of DSTs in the
SUMATECS/EU-wide and UK-based survey, it seems logical, rather than producing
more software-based DSTs of high complexity, that decision support for gentle
remediation is more strongly incorporated into existing, well established and utilised
(national) DSTs/decision-frameworks, to promote more widespread awareness, use
and uptake. In addition, the recommendations provided in the survey by the
participants will also be considered in the design of the DST. These suggestions
include creating a simple system that encompasses all elements of sustainability and is
easily transferable and transparent.
As noted in Onwubuya et al, 2009, the recommended basic format of a gentle
remediation-focussed DST is that it should take the form of a simple checklist or
decision matrix, integrated (where possible) into existing national framework
guidelines/DSTs as a tier, probably at the options appraisal stage (or equivalent,
following the initial risk and site assessment stages).
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CHAPTER 4: TOWARDS A NEW DST: INCORPORATION OF GRO AND
SUSTAINABILITY INDICATORS
The wide range of remediation technologies available to developers and consultants
means that it is necessary to compare various proposed techniques prior to selection.
This comparison is not solely to achieve remedial targets but also to select techniques
which are cost-effective and applicable to the specific site. This is in tandem with
incorporating sustainability elements in decision making during technique selection.
There is a high frequency of remediation schemes that use unsustainable methods –
something obviously untenable in an era when supposedly all policy is being driven
by sustainable development principles (Pollard et al, 2004). It was reported that ‘dig
and dump’ activities still accounted for almost half the land remediation market in
2007 (UK Environmental Industry 2007) and approximately 40% in 2012 (CLAIRE,
2012).
As highlighted in previous chapters, other factors such as technical feasibility, cost,
and suitability are usually the driving force behind selection of a remediation option.
Sustainability issues and secondary environmental effects (e.g. transport, emissions)
tend to be largely ignored or are addressed in a loose, qualitative but hardly
systematic way (Eurodemo, 2005).
The multitude of techniques available and the different types of sites requiring
remediation signifies that decision support is required when appraising options and in
other stages of the remedial process. The results from the Europe and UK focussed
questionnaire survey as analysed and interpreted in Chapter 3 indicate a lack of
stakeholder knowledge of DSTs that can be used to support gentle remediation (and
indeed other remediation) option appraisal and selection. Over 50% of the
respondents in both surveys agreed that a DST specific to gentle remediation
techniques would be beneficial. Goosen et al (2007) highlighted several reasons
behind why most DSTs are not currently used by their intended audiences. These
reasons include but are not limited to: user-friendliness, involvement of various
stakeholders, simplicity/over-complexity/transparency, flexibility, confidence and
reliability. Similar reasons were also given by the respondents of the SUMATECS
and UK surveys.
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4.1: The DST and GRO connection
The features suggested by the survey respondents as being desirable in a DST were
outlined in the previous chapter. These features include producing a DST that is easy
to use (e.g. in flow chart format) which should encompass elements of sustainability
and be easily transferable and transparent. In addition, in the UK at least, the DST
must support CLR11 options appraisal and should form a part of a wider decision
making tool that allows GROs to be compared with other methods. It should also be
able to act as an information pool where successful research studies of GRO can be
made available.
Many of the participants of the survey were likely to use DSTs in the course of their
work via national guidelines (e.g. CLR 11 in the UK), but are unaware that these
guidelines form a DST. This deduction is synonymous with responses indicated in
both surveys where there was the inability of the participants to provide examples of
DSTs (such as CLR 11) in contaminated land management. Generally, tools
developed or applied need to be easy to use and should allow stakeholders to compare
different options using potential impact on sustainability also, as a means of
comparison. Based on the survey outlined in Chapter 3, a good DST should also
incorporate sustainability measures (via Life Cycle Analysis, Cost-Benefit Analysis or
similar). The inclusion of sustainability measures, coupled with recent moves in
promoting sustainability in contaminated land management (e.g. Bardos et al, 2008,
USEPA 2008, SURF US 2009, SURF UK, 2010) could arguably benefit the adoption
of gentle remediation technologies. In addition, forthcoming legislative changes may
influence the current decision support process for, and act to support the application
of low impact GROs generally, particularly the proposed European Union Soil
Framework Directive and its emphasis on the consideration of maintaining soil
function at sites (COM, 2006). Overall a good DST facilitates transparency which
ensures adequate dissemination of information to various stakeholders.
Several suggestions/research studies have been made surrounding the development of
a framework to guide decision making in contaminated land management. SURF
UK’s framework (SURF UK, 2010) for assessing the sustainability of soil and
groundwater remediation (as discussed in the preceding chapter) establishes a
balanced decision making in the selection of the remediation strategy to address land
contamination as an integral part of sustainable development. The potential use of
gentle remediation technologies as part of integrated site solutions, at large,
86

homogenous and/or mixed contaminant sites should also be considered more widely
e.g. where gentle GROs are applied in combination with other methods, using a zoned
approach. The basic format of a gentle remediation-focused DST recommended in
this thesis (based on the results from Chapter 3), should take the form of a simple
checklist or decision matrix, integrated (where possible) into existing national
framework guidelines/DSTs as a tier, probably at the options appraisal stage (or
equivalent, following the initial risk and site assessment stages). The decision matrix
or checklist should clearly state (based on current knowledge and field trials) the
capabilities of GROs in broad terms, allowing a decision to be made on their potential
use, and then should refer the user to bundled information package on GROs. Similar
to recommendations made by the survey respondents, Black and Stockton, 2009
indicates that it is imperative that DSTs are simple and at the same time able to
provide easy access to information. Three key assumptions to note regarding
development of the DST are (a) that incorporation of the DST into national guidelines
will promote its more widespread use; (b) that as new technologies , and information
on existing technologies, are developed there is an iterative system for introducing
this information into the DST (e.g. Agostini and Vega 2009); and (c) the choice of
remedial option (e.g. aggressive vs gentle) may actually be pre-determined by earlier
decisions made in the project design phase, e.g. during planning and setting key
remediation objectives. For point (a), although the questionnaire surveys did not
evaluate the routes by which practitioners discover and evaluate new remediation
methods, the proposed DST will serve the purpose of providing up to date knowledge
of GROs and DSTs. For point (b), there is a clear need for regular updating both of
DSTs, and in the model described above, the bundled information package on GROs.
An open-access web-based resource such as EUGRIS or EURODEMO, or a
dedicated, readily-updated database such as that piloted under the SUMATECS
project (http://w3.pierroton.inra.fr:8000/users/welcome) may provide the best option
in both cases. Finally, for point (c), the DST model outlined in this thesis is invoked at
the point of implementing the remediation design or during options appraisal. This
may limit the extent to which it can drive the application of gentle remediation
technologies, if key decisions on the remediation project scope and process have been
made at earlier project planning/design phases.
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4.2: Development of the DST
With this information coupled with the apparent lack of stakeholder knowledge on
gentle remediation-oriented DSTs and the number of DSTs that cannot be classed as
sustainable (due to their inadequacy of considering the environmental, social and
economic impacts of remediation), it seems logical and useful to develop a DST that
targets GROs and also addresses sustainability in remediation. It is also necessary to
design a DST that incorporates various types of GROs in addition to providing
information highlighting the advantages of the techniques plus to serve as a
comparison tool whereby other remediation options (i.e. less gentle) are compared to
GROs. There are several DSTs in use but many are not fully integrated systems and
are therefore ‘standalone’ systems. These systems usually focus on primary impacts
of the remediation process i.e. the direct impacts of the process which is usually
environment related. DSTs can be broadly divided into two categories; the first
category consists of tools that are focussed on the capabilities of the technology (as
outlined in table 2.3 in Chapter 2) and the second category pays more attention to
detailed analysis and takes into account a larger part of the contaminated land
management process (e.g. CLR 11). Future concern and development opportunity lies
within the second category because there is a possibility of incorporating the DST at
the options appraisal / implementation stage of the land management process. The
literature review has shown that several existing DSTs are not ‘complete’ enough to
meet the ever growing demands of twenty-first century contaminated land
management which is becoming more sustainability focussed. An example is
Decision Support System for Rehabilitation of Contaminated Sites (DESYRE) which
was developed by Carlon et al (2006). It has been previously described as a
sophisticated and integrated system which deals with a range of decisions in
contaminated land management from risk assessment to remedial selection. However,
its primary utilisation of MCDA analysis may prove to be subjective (Hermann et el,
2007). Another example is the DST Cost Analysis of Remediation Options (CARO)
which takes into consideration the technical efficiency of the remediation
technologies but does not consider other factors which border on sustainability. It is
therefore required to develop a DST that is more wide-ranging (i.e. considering a
range of social and environmental factors, alongside economic drivers) and can be
incorporated into an already existing national DST/framework (in the case of this
research, CLR11). This may promote more widespread uptake and use of the DST.
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This is in line with the lack of stakeholder knowledge and other comments
highlighted in the EU-SUMATECS and UK surveys and are more logical than
creating a highly complex and detailed “stand-alone” DST, which may suffer from the
same lack of uptake as existing DSTs. As indicated by Agostini and Vega, 2009,
integration of a DST with existing systems is an important function more so in tiered
support tools. In general, DSTs need to be easy to use (a tiered approach, in line with
several national guidelines, is arguably the simplest and most valid approach),
incorporate sustainability and socio-economic measures (via life cycle assessment,
Cost Benefit Analysis, Multi-criteria analysis or provision of adequate usable
guideline information), and, as mentioned earlier, consider the potential use of gentle
remediation technologies as part of integrated site solutions as a phased approach. By
integrating the DST with an existing framework, stakeholders will identify with
familiar guidelines whilst utilising the added aspects of sustainability and GROs.
Even the existence and selection between numerous sustainable-driven methods may
prove problematic as in many sites different number of approaches may be capable of
meeting the core remediation objectives of the site. As the number of remedial
treatment options widens through research development and pilot studies it has
become increasingly necessary to compare various methods not just to achieve the
core remediation objectives but to select the best possible approach(es) with the
lowest overall impact.
The proposed DST is formed of two tiers that should form part of the options
appraisal stage of CLR11 (see figure 4.1). A tiered approach has been known to
possess significant merit as it is flexible and provides options to assess sites in a more
flexible manner (SURF UK, 2010), and affords the opportunity to simplify complex
situations using either quantitative or qualitative procedures.
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National guideline / DST
Tier 1: Decision matrix /
outline decision tables
for range of GRO1

Is gentle remediation
an option?

Y

Site / risk assessment

Options appraisal

N
Implementation of
remediation strategy

Tier 2: Bundled
information on GRO
using CBA/LCA tools
or similar2

Return to options
appraisal stage

Figure 4.1: Example recommended form of gentle remediation focussed DSTdiagrammatic outline. Notes: 1 Decision matrix/checklist should be clear and
straightforward to use, e.g. spreadsheet or tick box, and may include consideration of
contamination level, main pollutant linkages, type of contaminants, timescales for
remediation, depth of contamination, and other evaluation or exclusion criteria.
2
Bundled information could include the EUGRIS website (www.eugris.info) , or other
databases, and/or a list of case studies showing the field application of GROs and
possible use of headline indicator system associated with sustainability matrices
(social, economic and environment) derived from SURF UK, 2009. Note that there
are other possible insertion points of the gentle remediation decision support tier, at
the site/risk assessment and the implementation stages e.g. to examine the questions
“Should we implement gentle remediation technologies” and “Will the proposed
remediation scheme be approved by the relevant regulatory authority”? This is to
address these issues in the opening phase of the project (Extracted from Onwubuya et
al, 2009). In this thesis, tier 1 and tier 2 have been slightly modified from the
example format highlighted in this figure. These modifications will be further
described in the next chapter.
The first tier should take the form of a qualitative matrix which consists of a decision
checklist for the site to be remediated. This checklist will mirror the remediation
option applicability matrix in the present CLR 11 document. A more elaborate
description will be provided in the next chapter which describes the development of
the tiered DST. The driving force of this input into the framework is to increase
utilisation of sustainable remediation and consideration of GRO in contaminated land
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management. The proposed decision matrix (figure 4.2) will feature various gentle
remediation techniques and their suitability to different contaminants and contaminant
groups. Based on the checklist in the decision matrix, a clearer picture can be
established on which remediation techniques may be suitable for the treatment of the
contaminants encountered on a particular site based on published successful research
studies. The system will be developed with the fore knowledge that every site is
unique therefore there is always the possibility that the treatment of the contaminants
may require the input of more than one technique in a process called the ‘treatment
train’, in other words there may be more than one technique suited to the remediation
of a particular site, and a combination of techniques may be needed for effective site
remediation. After running through the selection system and a conclusion is reached
on gentle remediation as an option (Figure 4.1 – “Is gentle remediation an option?”
decision point – Yes or No) then the process moves to the next stage referred to as tier
2 (if decision is Yes), or the user is returned to Options Appraisal (if decision is No).

Gentle Remediation
Option
Phytostabilisation
Phytoextraction
Natural Attenuation
Bioventing
Bioremediation
Biopiles
In
situ
immobilisation
In situ chemical
oxidation
S – Soil
W - Water
Figure 4.2: Example
research evidence of
Chapter 5)

Applicable
media
S,W
S,W
W
S
S
S
S
W

TPHs

CHEMICAL SUBSTANCES
PCBs
PAHs
HEAVY
METALS
x
x
x
x

x
x
x

x
x

x

x

base template of Tier 1 decision matrix. Where ‘x’ indicates
use of technique is available (full details to be provided in

The primary focus of Tier 2 of the proposed DST will be on methods and literature
which allow quantitative and semi-quantitative assessment of environmental,
economic and social costs and benefits of alternative techniques. Most related
literature is centred on the comparison of selected remediation techniques using their
potential direct impact on the environment as basis for comparison. There is a limited
literature on comparison of environmental impacts with social and economic impacts
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of remediation techniques. For instance socially robust decisions make the
presumption of access to resources, flexibility in the decision making process and an
inherent ability to change (Homan et al, 2001; Brookes et al, 2001). The challenge to
practitioners to widen their perspective and embrace formal and integrated tools
comes at a time where achieving the balance of economic, social and environmental
benefits of dealing with land contamination is increasingly critical at all levels of
delivery (Pollard et al 2004). According to Pollard et al, 2004 the current literature on
environmental decision-making suggests that technically driven decisions made in
isolation of other concerns such as socio-economic and environmental factors, is
insufficient for many stakeholders. Therefore an integrated system is required where
all aspects will be integrated to reiterate the necessity of a sustainable remediation
process. The research techniques contained in the literature are centred mainly on the
so-called aggressive techniques such as pump and treat, dig and dump and soil
washing, there seems to be limited information on gentle remediation techniques and
no mention of comparison amongst different gentle remediation techniques. Overall,
there is no documented evidence that focuses on gentle techniques as a whole except
research papers on phytoremediation (e.g. Nedunuri et al, 2000, Pulford and Watson,
2003, Khan et al, 2004, Gan et al, 2009). Based on the present research tier 2 will
involve the detailed analysis of GROs using a combination or logic from one or a
combination of various analytical techniques (LCA,CBA,MCA), provision of bundled
information to cover all elements of sustainability and implementation of
sustainability indicators. There is a necessity for implementation of a technique that
is more wide ranging and includes all the relevant information required to aid in
sustainability enhanced decision making for remediation technique utilisation. The
chosen technique must provide unbiased information for easy uptake by various
stakeholders, land owners, regulators and environmental practitioners. It is necessary
that the working tool incorporates the three major factors that constitute a sustainable
tool i.e. environmental, social and economic and therefore a balanced decision making
concept. The key focus point of the development of this tool is to determine how
parameters such as environmental, social and economic impacts are to be measured
and/or assessed. Section 4.3 evaluates the different indicators and tools that can be
utilised in Tier 2 of the DST model.
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4.3: Evaluation of Options
4.3.1: Sustainability Indicators
The selection of remediation technologies whilst considering the key elements of
sustainability can be a somewhat daunting process and usually leads to development
of complex information from various resources. Indicators in sustainable remediation
are utilised to simplify complex information into an analysable form (CLAIRE, 2007)
that can easily be assimilated and managed by stakeholders in order to reach a
decision. Bardos et al (2009) define indicators as metrics or assessments of individual
factors that contribute to an overall understanding of sustainability for example direct
costs, greenhouse gas emissions and wastes. Turnhout et al, 2007 claim that reducing
the complexity of information may help compare alternative decisions and
communicate the bases for decisions to a wider audience. In general terms an
indicator may also be defined as a value that represents a phenomenon being studied
and that may aggregate different types of data (EEA, 1999, OECD, 2002). These
indicators could be retrieved from a wide variety of sources either web based or
academic literature. Indicators may have three primary functions; i. as highlighted
above they may be used to simplify information or results in order to communicate to
various stakeholders, ii. they may be used to measure abstract concepts such as those
related to the social element of sustainability or place these in an analysable context
and iii. they may be used to limit the number of parameters normally used in
quantifying a particular element. Communication is the primary function of
indicators: they have to provide clear information to all beneficiaries for whom they
are developed (Agostini et al, 2009). Agostini et al (2009) outlined certain criteria that
they believed are important for selection of indicators:
-

“Policy relevance. The indicator should address priority issues and provide a
representative picture of conditions, pressures on the environment or society’s
responses.

-

Analytical soundness. The indicator should be theoretically well founded and
based on international standards, so that its validity may be supported on an
international level.

-

Measurability. The data required to support the indicator should be reliable,
readily available and adequately documented.
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-

Monitor progress toward the quantified targets. The indicator should provide
a clear representation of environmental conditions, showing trends over time;
in addition, it should have a threshold or reference value against which it can
be compared, so that users can assess the significance of the value associated
with it.

-

Time coverage. The indicator should be updated at regular intervals in
accordance with reliable procedures.

-

Be understandable and simple. The indicator should be simple and easy to
interpret.

-

Be timely. The indicator should be produced in reasonable and useful time for
decision-making.

-

Be well documented and of known quality. The indicator should be produced
transparently, by a clear procedure and with defined quality”.

In broad terms, sustainable remediation assessment is generally based on an
assessment of the performance of different remediation options against a list of
sustainability indicators (SURF-UK, 2009). These sustainable indicators will aid in
establishing set parameters within the elements of sustainability which could easily be
quantified and measured with the main aim of helping address key concerns and in the
case of this research, selection of appropriate gentle remediation approaches.
Identification of relevant issues, that capture the specific characteristics of each
element, is therefore crucial in the development of indicators (Azpagic, 2004). A
holistic approach needs to be considered in the development of sustainability
indicators through life cycle thinking where a ‘cradle to grave’ approach is adopted.
This life cycle approach will consider various possible issues that may arise under
each category of sustainability (social, economic and environmental). This is briefly
discussed below and summarised in table 4.1.
Sustainability indicators utilised in this research have been developed during the
SURF-UK programme. According to SURF-UK (2009), the indicator set was
developed as there were no pre-existing indicators that were being used in
contaminated land assessment. Eighteen headline indicators were initially developed
across all three elements of sustainability as outlined in table 4.1. Following further
consultative process the number of categories was reduced to fifteen with the
following changes considered (SURF-UK, 2011):
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-

“Clarifying category descriptions to ensure consistent interpretation between
practitioners as to what the elements meant and how they could be applied;

-

Working to eliminate gross duplications and identify interfaces between
categories that needed further guidance to avoid duplications;

-

Providing a clearer philosophical rationale for the social category, which is
now taken to include all human related effects;

-

Creating neutrality by avoiding terminology that might lead towards a benefit
or a detriment; and

-

Providing a platform with wider applicability than UK use alone”.

These indicators are seen as guidelines to be utilised during assessment and provide
assessors/stakeholders with a benchmark on which to base their opinions on potential
impacts of remediation. These summaries of headline indicators also provide an
holistic approach whereby the assessor can determine if any potential impacts of the
remediation strategy considered are consistent with these indicators.
The determination of indicators offers the opportunity for integration of all three
facets of sustainability which, ideally should determine whether trade-offs between
different indicators are acceptable i.e. an agreeable acceptance of a particular
indicator can perhaps compensate for a weaker performance on another. It is,
however, difficult to accept such trade-offs in every decision making process
especially where ethical issues are paramount (such as in meeting sustainability
objectives). An example is consideration of ‘human health and safety’ under the
social category with direct economic costs and benefits under the economic category
from the SURF-UK indicator categories. There is an ethical conflict in this trade-off
as potential for injury (or even death) during the works should not be placed on the
same level as financial benefit. Ideally this should not be an option as human health
and safety is a standard in any activity planned to be undertaken. Trade-offs are
usually assessed between cost and benefit but there are other aspects as well; risk and
benefit (as discussed earlier) and long term risk versus short term risk. With reference
to the environmental and social categories of the SURF-UK indicator set, is it ideal to
concentrate on the short term effect of an activity (e.g. traffic movements) and ignore
the long term effects (e.g. contamination of drinking water)? It is difficult to assess
and interpret all the complex trade-offs of sustainability indicators that may likely
occur during the selection and utilisation of remediation techniques. It is, however,
important to be able to balance and manage the effect of one particular indicator with
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another without causing potential bias and ‘under-consideration’. Trying to achieve
trade-off between the different indicators without robust stakeholder engagement may
lead to an unbalanced and therefore unsustainable system or process. To achieve
sustainability, there is a need to sustain the economy, protect the environment, and
achieve social goals – ideally without trading off one goal for another (Hetcht, 2007).
It is possible to reduce environmental pressures whilst also increasing well-being and
contribute to economic prosperity through balanced and holistic consideration of
sustainability indicators. This can be attained by balancing and managing the effect
of one particular indicator with another with minimal bias. As indicated above this is
likely to be achieved through extensive stakeholder engagement where discussion and
decisions reached on which indicators are implemented and/or considered are given
detailed consideration. In addition ranking of options through comparison against
weights assigned to indicators and carrying out sensitivity analysis (described in
Chapter 5) ensures that compromises can be reached between stakeholders during
consideration of the various indicators in order to promote sustainability. Weights are
assigned for each indicator to reflect their relative importance to the final decision. In
order for the SURF indicators to be workable a balanced consideration of all
indicators needs to be conducted without prejudice, bias and unethical trade-offs.
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Environmental

Social

Economic

Impacts on air (including climate change)

Impacts on human health and safety

Direct economic costs and benefits

Impacts on soil

Ethical and equity considerations

Indirect economic costs and benefits

Impacts on water

Impacts on neighbours or regions

Employment and capital gain

Impacts on ecology

Community involvement and satisfaction

Gearing

Use of natural resources and generation Compliance
of waste

with

policy

objectives

and Life-span and ‘project risks’

strategies
The policy objectives referred to within this
factor is primarily related to local authority
policies

usually

requested

through

the

community. Therefore this indicator has been
merged with ‘community involvement and
satisfaction’.
Intrusiveness

Uncertainty and evidence

Project flexibility

This category originally covered impacts

Following review this category has now been

on flooding or increase risk of flooding.

appropriately merged with ‘life-span and project

Following review this category is now

risks’ which will now provide a more general

considered under ‘impacts on water’

representation of the issues related to the project.

Table 4.1: Summary of headline indicator categories (Extract from SURF-UK, 2009 and SURF-UK, 2011)). Indicators that have been merged
following review by sector/stakeholders consultation in 2011 are highlighted in grey.
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Economic indicators
Cost is the key representation in the economics of a project. Cost has a direct
implication on the financial performance of an establishment therefore this is
significantly considered in project implementation. The selection of remediation
technology plays a key role in the economics of a project, as time duration of the
remedial process, cost of setup and success rate will eventually be tied to the
performance of the overall project. On the other hand a short lived project lifespan
can sometimes have a negative effect as this limits the use of resources (manpower,
skills bases etc.) within the locality which can be associated with social indicators (to
be discussed in further sub-section). The economics is not only tied to cost as
described above but other aspects. Issues such as employment opportunities that could
benefit a particular location make up another key economic aspect. It is therefore
imperative that a suitable technology that considers eventual economic benefit and
overall costs to the project is taken into consideration. Technology selection could
have direct or indirect costs and benefits to the overall project and therefore affect
profit margins and eventually, social dimensions.

Social indicators
These indicators are designed to address the impact of remediation activities on the
health and safety risks to site workers, site neighbours, and the public at large. These
impacts include but are not limited to potential emissions from the remediation
processes, machinery operations, vehicular movement and unprotected access to open
excavations. Other aspects of impacts which directly affect neighbours and the local
community are also considered under social indicators. These impacts may be
considered as primary or secondary – related and include; dust, noise and vibration,
excessive lighting, long working days (plus weekends) and visual impacts (which is
also listed under environmental indicators). Social indicators also deal with ethical
and equity considerations. Ethical issues consider the ‘feelings’ the society may have
regarding the remediation process and/or the technique to be implemented. It may be
considered as the NIMBY (not-in-my-backyard) syndrome and whether the
techniques being utilised do not raise any objections within the society. Equity
considerations may refer to open recruitment procurement processes and the
importance that equal opportunities are implemented regardless of race, colour,
religion, disability or gender. Broad participation is crucial for the implementation of
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the underlying values of sustainable development and preservation of cultural values
(Perdan, 1998). Involvement of the community both directly or through representation
is essential for transparency and inclusivity and will deliver an array of suggestions
which may be valuable to the implementation of the remediation process. According
to SURF US (2009), “the risks associated with many sites are usually small, pertain
to a small population, and/or are speculative to hypothetical in nature. A far greater
risk of significant injury and even fatality exists for remediation workers and
impacted community (e.g. truck accidents on the open road). These risks are not given
proper consideration in remediation decisions”. Community and stakeholder
involvement is emphasised in sustainable decision making; in terms of the philosophy
of sustainable development, but also as a platform for stable and robust decision
making (SURF-UK, 2009).

The works must comply with set guidelines and

regulations which are often on request by the community or compliance with local
authority requirement.

Environmental indicators
Environmental indicators and associated issues may be described as the most
advanced of all three indicators. Remediation activities may lead to different
environmental impacts with the primary consequences affecting air, water and soil
environmental compartments. These impacts include but are not limited to; depletion
of natural resources and waste generation, emissions to air and production of liquid
effluent. Air emissions which may result in production of noxious gases (e.g. NOx,
SOx) and greenhouse gases may have short term effects on air quality within
surrounding areas and may also contribute towards negative climate change. The use
of land and water resources is required for the implementation of remediation works.
These activities could occasionally lead to depletion of the resources or, on the other
hand, possibly lead to generation of renewable energy dependent on the remedial
technique employed. Some activities could also have a direct impact on
biodiversity/ecology through destruction of species habitat, introduction of invasive
species from imported material, effect of light, noise from the various activities that
affect local species and forceful migration of indigenous fauna and/or protected
species. Dependent on the location of the remediation works, there may also be
consequences for protected sites (e.g. preserved natural landscape). Impact on soil
should also be considered under environmental indicators. A host of remediation
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activities (such as, dig and dump, chemical oxidation etc.) may have a detrimental
effect on physical, chemical and biological characteristics of this non-renewable
resource. These activities may affect; geotechnical properties, soil chemistry, filtration
processes, soil stability and organic matter content. It should be noted that these
impacts can also have a direct consequences on soil flora and fauna, which usually
tends to be overlooked. Remedial processes may also be described as intrusive, some
activities (such as excavation and disposal) related with these processes may have a
negative visual impact on the landscape or if not planned adequately may increase
flood risk. Intrusiveness, however, can also be advantageous with some remedial
processes (e.g. phytoremediation) where cultivation of specific species of plant for the
purpose of remediation could actually lead to beautification of landscape in tandem
with effective risk management and provision of ecosystem services, amenity benefits
to the local community, and economic benefits through biomass generation (as also
indicated in the SNOWMAN project Rejuvenate (2009)).
Additional factors may be deduced from the list of indicators described above. The
factors may be identified with the help of stakeholders and other decision makers or
established via literature review. Assessment of sustainability indicators may be
carried out either quantitatively or qualitatively using analytical techniques described
in the sub-section below. Some aspects of sustainability indicators are limited to use
of qualitative assessment as certain factors (e.g. social indicators) are not quantifiable.
Similarly quantitative assessment is also limited to certain aspects of sustainability
indicators. In order to circumvent these shortcomings, a system of rankings, scorings
or weightings may be implemented whereby the impacts the remedial procedure
provides against other alternatives may be used. Such analysis may be performed by
monetising the costs and benefits that each remedial option incurs against relevant
sustainability indicators as described in the EA’s guide on cost-benefit assessment for
groundwater remediation (EA, 1999). However, as indicated above there often may
be difficulties in monetising certain aspects of environmental and social indicators.
However, a non-monetised approach may be implemented (e.g. ‘a score out of ten’ or
‘high-medium-low’ ranking) may typically be used at simpler assessment tiers
(SURF-UK, 2009).
According to Defra (2011) indicators are integral to the communication of
sustainability and they help to review the progress, highlight where the challenges are,
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and help to improve the understanding of sustainability globally, nationally, locally
and for users.
4.3.2: Critical analysis of cost benefit analysis/life cycle analysis/multi-criteria
analysis tools
According to Bardos et al, 2002 the aim of the assessment of costs and benefits in
remediation (via Cost Benefit Analysis or CBA) is to consider the diverse impacts
that may differ from one proposed option to another. These impacts include the effect
on the environment, human health, economic related issues and stakeholder concerns.
This may involve assigning values to such impacts and carrying out a sensitivity
analysis in order to keep bias at a minimum and deal with any perceived uncertainties.
The technique may involve both qualitative and quantitative steps as some indicators
may not be quantifiable. CBA affords a primary means of making an assessment of
the negative impacts of the remediation approach weighed against the positive
impacts. It is an analytical technique that is not routinely used in the UK and in
remediation options appraisal, but it can be used to provide a systematic and
consistent evaluation of economic and environmental costs and benefits of alternative
remediation technologies and strategies. The application of CBA to the remediation
of contaminated land has been reviewed by the Environment Agency (EA, 1999)
where it was used to provide information on the cost and benefits issues of
groundwater with a focus on remediation of groundwater contamination (as
mentioned above). CBA is also commonly used in government and private
organisations to choose between different policies and economists to evaluate
investments.
Life Cycle Analysis (LCA) is a tool that identifies and quantifies the emissions and
resources used at all stages of a product or an activity’s life cycle. It is important to
note that, in comparison with other analytical methods, LCA quantifies environmental
efficiency (impact per functional unit) and not only the burdens (Loiseau et al, 2012).
LCA is a technique to assess the environmental aspects and potential impacts
associated with a product, process, or service, by:
-

compiling an inventory of relevant energy and material inputs and
environmental releases including air and water emissions, waste production
etc;
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-

evaluating the potential environmental impacts associated with the identified
inputs and releases; and

-

interpreting the results to help make a more informed decision.

As regards remediation, LCA has been utilised to establish the impacts remediation
techniques may have on the environment. According to SURF US, 2009 LCA can be
used within remediation in several ways: “(1) to provide benchmarking for existing
systems, (2) to identify retrospectively opportunities to decrease impacts in future
cleanups, (3) to identify retrospectively where specific improvements would be most
advantageous, and (4) to compare different remediation options during the
technology selection process”. LCA can provide information on environmental
impacts of remediation and related secondary activities. A complete life cycle
interpretation of remediation activities does not solely focus on the primary impacts of
the remedial process but other on and off site processes associated with it. These
activities include transportation of raw materials (e.g. crude oil), electricity generation
and waste production. These activities have their own impacts such as atmospheric
emissions associated with transportation and burning of fuels (figure 4.3). As
indicated in SURF US (2009), transportation emissions associated with the
remediation activities should not only be considered but the fuel production impacts
and the regional health and global impacts of the emissions as well. These activities
are not usually considered under the primary impacts of remediation.
LCA has also been known to be used in the selection of appropriate remediation
techniques although this aspect is only evidenced in academia (e.g. Diamond et al,
1999; Bayer and Finkel, 2006; Blanc et al, 2004 and Harbottle et al, 2007). Despite
the importance this research may have in the environmental industry it must be
pointed out that LCA is a very broad technique and requires very good understanding
and a reliable information source before it can be implemented at any scale. This may
prove to be a significant limitation for the research presented in this thesis due to the
fact that the impact assessment stage of the analysis requires some form of
‘weighting’ of the data collected. This weighting process is most challenged for its
integrity because it is not an objective process and therefore is prone to human error
and/or bias. In addition, use of LCA may also present an additional problem for GRO
as there are insufficient large-scale implementations / case studies to provide adequate
data.
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Figure 4.3: Environmental performance related to remediation activities

There are various web-based sources of information for LCA (e.g. SimaPro, EEA).
One of these sources is a USEPA sponsored website which contains a broad range of
information regarding LCA including a global directory to data sources. The web site
address is http://www.epa.gov/nrmrl/std/lca/lca.html. This website may serve as a
major source of information as it provides a collection of data sources which can be
fed into the LCA inventory during data collection on various input parameters. This
may be usefully incorporated into the tier 2 phase of the tool where bundled
information is provided as part of the options appraisal.
Multi-criteria analysis (MCA) is a popular analytical technique used in making
decisions through a scoring and weighting system. It applies a system of scores to preagreed individual indicators/effects (e.g. impacts on soil and water) which can
eventually be combined into aggregates weightings (or importance). Some sources in
the literature (Environment Agency, 2000a, Wrisberg et al, 2002) consider MCA
ranking and decision making processes to be very transparent. Unlike CBA and LCA,
MCA is a technique that does not directly analyse physical attributes or monetary
characteristics. MCA describes an array of techniques and at its most complex might
include analyses of individual preferences of stakeholders for weightings and
quantitative valuations (such as LCA techniques) for deriving scores (SURF-UK,
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2009). CLR 11 applies this technique in its detailed evaluation of options phase for
selection of an appropriate remediation technique.
A common disadvantage of MCA (as discussed in Chapter 2) is its degree of
subjectivity due to the weightings dependence on the suggestion or judgement of the
decision maker. The outcome of the weighting process is therefore shaped by whom it
includes as much as by choice of weighting method (Hobbs and Meier, 2000).
However this subjectivity and bias can be minimised through careful selection of who
to involve and how many participants to have and also the choice of participatory and
weighting methods (Balasubramaniam et al, 2007), in other words a robust
stakeholder engagement process needs to be implemented.
SURF-UK, 2010 recommends “a tiered approach to assessing sustainable
remediation and a range of techniques is available to undertake the sustainability
assessment in these different tiers”. These techniques could include the integration of
the CBA, LCA and MCA described above but there are other existing analytical
techniques. In determining suitability for selection of remedial techniques, it is
imperative that the chosen analytical technique considers the social, environmental
and economic elements of sustainability. These tools should act as an aid to making
decisions and therefore the final decision/selection rests with the user. An extract
from the SURF-UK, 2010 (in table 4.2) shows an array of analytical tools; indicating
if they are qualitative or quantitative and if there are any existing contaminated land
management (CLM) applications. This table also includes the analytical techniques
(CBA, LCA and MCA) that are being considered for the proposed design of DST in
this thesis. The table also shows how effective (using a ranking of narrow to wide)
particular techniques are in relation to elements of sustainability. ‘Narrow’ signifies
very limited scope of analysis for particular aspects whilst ‘wide’ indicates a more
broad ranging consideration. For example an energy/intensity efficiency appraisal
focuses on a ‘narrow’ (i.e. energy use and efficiency) aspect of sustainability ignoring
other issues such as biodiversity and soil functionality. However these issues could be
considered by a ‘wide’ CBA technique.
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Technique

CLM

Environment

Economy

Society

Type

Narrow to Wide

Narrow to

Narrow to

Both

Yes

Wide

Wide

Narrow to Wide

Narrow

-

Qual

Yes

Carbon footprint(area)

Narrow

-

-

Quan

Yes

Carbon balance (flows)

Narrow

-

-

Quan

-

Narrow to Wide

Narrow to

Narrow to

Quan

Yes

Wide

Wide

Narrow to

Narrow to

Both

Yes

Wide

Wide

Scoring/ranking (including
MCA)
Best Available Technique (BAT)

Cost benefit analysis

Cost effectiveness analysis

Narrow to Wide

Application?

Eco-efficiency

Narrow

-

-

Quan

-

Ecological footprint

Narrow

-

-

Quan

-

Energy/intensity efficiency

Narrow

-

-

Quan

Yes

Human health risk assessment

-

-

Narrow

Both

Yes

Environmental risk assessment

Narrow to wide

-

-

Both

Yes

Environmental impact

Narrow to wide

-

-

Qual

Yes

assessment/Strategic
environmental assessment
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Technique

Economy

Society

Type

-

Narrow

-

Quan

Yes

Narrow to Wide

Narrow to

-

Quan

-

Financial risk assessment
Industrial ecology (material &

CLM

Environment

energy flow through industrial

Application?

Wide

systems)
LCA

Narrow to Wide

-

-

Quan

Yes

Wide

Wide

Wide

Qual

-

Quality of life assessment
Key:
Qual: Qualitative
Quan: Quantitative
Both: Qualitative and/or quantitative
CLM: Contaminated Land Management
-: Technique has no known coverage

Table 4.2: Selected decision support analytical techniques with relevance to sustainable remediation assessments
(Extract from SURF-UK, 2010)
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This thesis sets out to determine if any or a combination of CBA, MCA and LCA can
be suitably integrated to form part of a DST to be used in remediation options
appraisal. As indicated above, this DST should fit into an already existing framework
such as CLR 11. After a detailed literature research it is apparent that CBA covers all
sustainability factors (economic, social and environmental) whilst LCA can only be
used to evaluate the environmental factor of sustainability through the ‘cradle to
grave’ approach. MCA is the analytical tool being utilised in CLR 11.
In order to achieve an all-encompassing tool, the tier 2 section will consist of LCA,
MCA and CBA. These processes can be used to cover the environmental
consequences of remediation techniques and highlight the sustainability of gentle
remediation approaches. They can also be used in the economic and social impact of
the techniques through possible ranking system (MCA). Information sources for
utilising these techniques will be provided in the DST.

4.3.3: Information based DST
As the recommended format of tier 2 involves provision of bundled information, a
base template for this format should also be considered. One such template in the
design of a sustainability focussed DST is construction of an information based DST.
According to Black and Stockton (2009) an information based support system
encompasses information on which decisions are based. It may be termed as the
simplest form of a DST which fits the suggestion of the participants of the survey that
highlight the importance of flexibility and simplicity of a DST. In its simple form an
information based DST can provide information based on textual, graphics and
statistic tables. As pointed by Black and Stockton (2009), analytical tools (such as
CBA, LCA and MCA described above) can also be incorporated into the DST to view
and interrogate data. An information based DST can be web based through
development of a website and integration of a search engine. Some obvious
advantages of this are the clear access to a wide variety of information sources via the
World Wide Web and easy access for users of the tool. In addition the design of an
information based DST could also aid in providing a means of keeping abreast of new
remediation technologies and GRO which will aid users in updating their knowledge
on the latest GRO and/or DST information. As highlighted by a study carried out by
Pediaditi et al (2010) keeping tools up to date with changes in legislation is a
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particularly important issue. This information based DST could provide a base for
such updates especially if integrated with an existing system such as CLR 11.
The integration of analytical tools (e.g. LCA and MCA) can provide a quantitative
dimension to the tool. Due to the simple structure of an information based DST, it is
unlikely that expert opinion will play a major role in the decision making process as it
provides an avenue for integration of varied opinions. However, there may be a
possibility for creation of user interfaces in order to facilitate their inclusion.
4.4: Chapter Summary
This chapter focussed on options for the development and design of a DST that will
enable selection of gentle remediation technologies. The DST will also provide an
opportunity to consider not only the risks posed by the contaminants but also risks
associated with the implementation of remediation techniques themselves. As noted
by various respondents in the UK and Europe-wide surveys (see Chapter 3) DSTs
currently in use are complex and not user friendly coupled with the fact that they also
exist as ‘standalone’ tools. The design of the proposed DST will include integration
with an existing national guideline (in this case CLR 11) in order to maintain
continuity with existing selection techniques. Most importantly, the proposed DST
will give a focussed attention to sustainability aspects and secondary environmental
effects which were previously not considered as much as other key considerations
such as technical suitability, costs, feasibility and practicability. Due to the primary
importance of sustainability for the proposed tool, this chapter has considered several
approaches: sustainability indicators and various analytical tools in an attempt to
design a DST that will be in the forefront of sustainable remediation, flexible and easy
to use. SURF-UK, 2009 indicates that “sustainability criteria and indicators can be
used to help encourage a consistent approach to sustainability assessment, and to aid
decision-making. These criteria and indicators may be applied in a range of
techniques, models or other tools used in the assessment process as an aid to
decision-making”. It should be noted, however, that this tool is to provide support in
decision making during the selection of remedial techniques as the final decision
should always rest with the assessor.
The remainder of this thesis will therefore focus on the following:

108



the development and testing / validation of a more wide-ranging GROfocussed DST that incorporates sustainability assessment, following the
model outline above, that can be integrated with existing national guidelines;



use of an information-based template for the development of the DST;



supply of bundled information through a simple and flexible user template;
and



inclusion of assessment of social, environmental and economic factors
through the use of applicable indicators.

109

CHAPTER 5: DST - TIER 1 AND TIER 2 DEVELOPMENT
In contaminated land remediation, the main options utilised can be broadly divided
into in situ and ex situ techniques. The in situ remediation of soil using GROs aims at
increasing the stabilisation of metals and/or other contaminants either on soil
particles, or by other methods so the availability and transfer of toxic contaminants is
minimised (Dary et al, 2010) with less impact on the soil profile (Onwubuya et al,
2009). Some remediation mechanisms (such as phytoextraction), also implement
contaminant removal during in situ remediation. Previous chapters have offered a
synopsis into the definition and different types of available GROs. Despite their
sustainable credentials these techniques are still not widely considered as practical
options in contaminated land remediation. The academic and trade literature (as
shown in table 2.1) contains a number of articles, journals, and information websites
that provide details of successful experiments using various types of GROs. The use
of GROs in contaminated land remediation may grow in the future under various
legislative pressures (e.g. Water Framework Directive, Landfill Directive, draft EU
Soils Directive) and new sustainability frameworks (e.g. SURF, UK (2010)), and as
its various technologies mature. Following this, industry stakeholders such as
consultants, contractors and regulators may show increased interest in utilising these
techniques. Therefore the existing data provided by the various research projects on
gentle remediation techniques will play a major role in the evaluation of these
techniques prior to commercialisation and wide-scale on-site use. The development of
a tiered system (in the form of a DST) as outlined in this research would also support
acceptance and understanding of these technologies, providing evidence / indicators
on the possible effects implementation of these technologies may have on the facets
of sustainability and risk management at an individual site.
As indicated previously there are different types of GROs for in situ remediation.
These include; phytoremediation and immobilisation/stabilisation. Phytoremediation
is a technique based on plants’ ability to accumulate elements from soil, sediments
and water, or to reduce the mobility of contaminants, through various mechanisms
(see table 2.1 for descriptions of these phyto-mechanisms).

Each of these

mechanisms will have an effect on the volume, mobility, or toxicity of contaminants.
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5.1: The Procedure
Taking into consideration the various suggestions outlined in the questionnaire survey
(see Chapter 3) an information based tool has been developed and is presented here,
that can be utilised for the assessment and selection of GROs. As this is an
information based system its primary focus is providing useful information to
decision makers. It is important to note that this tool is a support based tool and does
not make decisions and therefore should not be used as such. The primary objective of
the tool is to provide users with sources of comprehensive and concise information
that can be utilised in selection of a suitable GRO. This information will also include
various indicators that can be used in assessing the elements of sustainability.
The tool has been designed on a Microsoft® Office Excel base. This base is widely
used and therefore easily accessible. It will also allow easy manipulation and
flexibility and can store large amounts of data if required. The Excel format also
allows the insertion of hyperlinks which connect directly to the internet and therefore
the user can access referred web links by a click of a button. The visual display of the
tool was designed in order to reflect suggestions from the respondent survey outlined
in Chapter 3 where there were suggestions for an easy to use tool possibly in form of
a flow chart.
The Microsoft® Excel-based tool has been divided into two tiers (the full tool is
provided in Appendix B). The front page is an illustrative flow chart (figure 5.1). The
flow chart shows the various components of the DST, and the linkage with a national
guideline (in this case CLR 11 for the UK), which is linked at the options appraisal
stage of the “three-step” CLR11 flowchart. This is the stage where selection of
remediation options is carried out after site investigations and risk assessments have
been implemented. Following these two tiers is a verification template.
Tier 1 and Tier 2 have been slightly modified from the initial example template
provided in Figure 4.1. These modifications include the following:


Tier 1 – In addition to providing the decision matrix for groups of
contaminants and GROs, it will also provide bundled information (in the form
of web links) on research studies relating to GROs and sustainable
remediation information (such as the SUMATECS website).



Tier 2 – This tier will consist of a breakdown of the various sustainability
elements and information sources regarding the indicators that can assist with
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measurement of potential impacts. In addition information sources will also be
provided on various assessment procedures (e.g. MCA and LCA) that can be
utilised.


Verification template: This additional template has been added in order to
provide a means of recording the progress of the assessments carried out in
Tier 2 and for comparing multiple remediation techniques. It also serves as a
method for dissemination of information to show stakeholders that the
selection process has met its planned objectives.
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Figure 5.1: Print screen shot showing start page of DST and flow chart highlighting procedure and showing ‘fit’ with CLR11
113

5.1.1: Tier 1 - Decision matrix/outline decisions table for range of GRO and bundled
information
In accordance with many national guidelines, risk assessments are carried out in order to
determine whether there are unacceptable risks on-site and what further remedial actions may
be necessary to abate these risks. After identifying the risks via risk assessment (usually in
form of chemical exceedances or screening levels) then Tier 1of the DST can be implemented
(at the options appraisal phase) to find out if the identified contaminant(s) of concern (CoC)
can be remediated using particular GROs. This risk based approach to remediation is pivotal
in determining the degree of remediation required and therefore is critical to sustainable
remediation (NICOLE, 2012). Tier 1 consists of a list of GROs (figure 5.2) which have been
checked against a list of CoC through detailed literature review by the author in order to
provide evidence that the methods have previously been used in the remediation of the
specified contaminants at (at least) a research scale. A full list of CoCs in Tier 1 and
summary and evaluation of the evidence base used to populate Tier 1 is provided in
Appendices B and C respectively. Supporting literature references are included as evidence
within the spreadsheet in Appendix B. Table 5.1 below provides an overview and brief
summary of the literature research papers referenced in Tier 1. On the Tier 1 spreadsheet,
cells that contain such evidence have been red-flagged and the respective literature can be
made visible by ‘hovering’ the mouse over the specific cell. The Tier 1 section of the DST
has been outlined in the form of a checklist with the CoC divided into the following groups:
organics, halogenated compounds, inorganic compounds, heavy metals and trace elements
and radionuclides. Once the user is satisfied with the comparison of CoC against GROs and
the applicability of the specified GROs (i.e. moving through the Decision Point “Is gentle
remediation an option (Y/N), figure 5.1) then Tier 2 of the DST can be implemented. It is
important to point out that this DST, being information based, has been designed as an ‘openended’ tool whereby additional GROs and CoCs can be included in the checklist as long as
there is sufficient evidence available in literature to show that the particular GRO has been
used in the remediation of the CoC. In addition to the outlined CoCs and GROs, there are
also links to bundled information which are updated on a periodic basis. The tool, therefore,
meets the ‘flexibility’ characteristic highlighted by the participants in the questionnaire
survey as shown in Chapter 3.
This tier also provides bundled information on GROs drawn from successful research
projects and accessible online databases. These databases / websites are briefly described
below:
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‐

CLU-IN website: This US Environmental Protection Agency sponsored website
provides a guide to gentle remediation technologies and links to other useful sources
of information. This site is free to use without registration.

‐

EUGRIS website: This is a web portal that is used to search for soil and water
remediation information in Europe. There are various links provided on typical
remediation topics. Most of the information can be viewed free of charge.

‐

Federal Remediation Technologies Roundtable (FRTR) website: This is a US based
website with the primary aim to share remediation-related information and provide
updates on new technologies. The website is freely accessible and provides a
screening matrix and reference guide.

‐

Interstate Technology and Regulatory Council (ITRC) website: This website provides
a range of examples of the successful implementation of different phytotechnologies
at a research level. It also provides a guide on technical requirements for
phytotechnologies,

stakeholder

concerns

and

technical

references

on

phytotechnologies.
‐

SUMATECS database: This provides information on case studies and technical
reports on the use of gentle remediation techniques in Europe.

As most of these links are updated on a periodic basis, this will keep the user up to date with
any new gentle remediation technology or research that may have been carried out during the
period under review. This feature has been included following the recommendations from the
questionnaire survey where it was indicated that the tool should include ‘case studies of
where it has been applied’. As an open tool, users can also adapt to their use by updating with
additional links that may be utilised during the selection process.
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Figure 5.2: Screen shot of ‘Tier 1’ of DST with CoCs and applicable GROs and links to bundled information and supporting references.
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Contaminant treated
Acenaphthene,
Benzo(a)anthracene,
benzo(a)pyrene,
Benzo(b)fluoranthene,
Benzo(ghi)perylene,
Benzo(k)fluoranthene,
Chrysene
Dibenzo(ah)anthracene,
Fluoranthene,
Indeno(123cd)pyrene,
Naphthalene,
Pentachlorophenol(PCP)
Acenaphthene,
Acenaphthylene,
Anthracene,
Benzo(b)fluoranthene,
Benzo(ghi)perylene,
Benzo(k)fluoranthene,
Fluoranthene, Fluorene,
Naphthalene,
Organics
Phenantrene
Aliphatics

Publication
Ferro
et
al
(1997a)

GRO
RD

Scale of study
Greenhouse

Summary of findings
Use of Perennial ryegrass (Lolium perenne) decreased concentration of the studied PAHs and
Pentachlorophenol (PCP) in 258 days (these concentrations have been grouped by the
author).

Teng et al (2011)

RD

Greenhouse

The concentrations of 16 individual PAHs were used in this experiment to study PAH
biodegradation in the rhizosphere of alfafa plants.

Shirdam
(2008)

al

RD

Field

Sorghum (Sorghum bicolor) and common flax (Linum usitatissumum) were used in the
remediation of contaminated soil in an oil refinery

Anthracene, Pyrene

Reilly et al (1999)

RD

Greenhouse

Anthracene

Dixit et al (2009)

RD

Laboratory

Aromatics

Moreira
(2011)

et

al

RD

Greenhouse

Benzene

Corseuil
(2001)

et

al

PE, RD

Laboratory

Benzene, Methyl tert
butyl ether(MTBE)

Reiche
(2010)

al

PV

Constructed
Wetlands

The use of vegetation to increase the degradation of two common PAH contaminants,
anthracene and pyrene, was investigated in this greenhouse experiment. Target compounds
were added to a contaminated, landfarmed soil and a similar uncontaminated soil.
This study investigated the potential of transgenic tobacco plants expressing Trichoderma
virens glutathione transferases (GST) for tolerance, remediation and degradation of
anthracene.
This research involved developing a pilot-scale experiment during 0–3 months on the
implementation of a phytoremediation model with species Rizophora mangle L. There was
also an observation of increased plant growth which was associated with the presence of the
rhizobacteria
Experiments were performed under laboratory conditions with cuttings of Willow tree (Salix
babylonica) cultivated hydroponically. Results showed that the cuttings were able to reduce
benzene concentrations in less than a week.
In this study volatilisation of VOCs was quantified in a horizontal-flow constructed wetland
planted with reed grass. For this purpose, a specially designed air chamber was constructed,
validated, and routine sampling campaigns were performed over the course of one year.

et

et
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Contaminant treated
Benzene, toluene,
ethylbenzene and
xylenes (BTEX)
Benzene

Publication
Boonsaner et al
(2011)

GRO
PE

Scale of study
Laboratory

Ferro
et
al
(1997b)
Aprill & Sims
(1990)

RD, PD

Laboratory

RD

Field/laboratory

Eight types of prairie grass was used in the treatment of 4 PAHs in sandy loam soil. Soil
concentrations of the PAHs decreased by between 43 – 97%. The extent of PAH
disappearance in vegetated soil was significantly greater in unvegetated soil

Chekola
(2004)

al

RD

Laboratory

PCBs and PAHs

Huesemann et al
(2009)

RD

Field/laboratory

Fluoranthene, pyrene

Ferro et al(1999)

RD

Field/greenhouse

Gasoline range organics
(diesel),
Total
petroleum hydrocarbons
(TPH)

Lin
and
Mendelssohn
(2009)

PE, RD

Greenhouse

MTBE

Rubin
&
Ramaswami
(2001)
Muratova et al
(2009)

PE

Laboratory

During this research, alfalfa, flat pea, sericea lespedeza, deertongue, reed canarygrass,
switchgrass and tall fescue all showed significant PCB degradation in comparison to
unplanted controls. Presence of plants significantly increased the biological activity
(microbial counts and enzyme activity) of the soils.
Eelgrass (Zostera marina) decreased concentrations of PCBs and PAHs when compared to
unplanted controls. The researchers however did not measure the microbial enzyme activities
to further buttress their results but previous studies (as indicated above and provided by the
author) show evidence of that these enzymatic activities in the root region assist breakdown
of organic contaminants.
Greenhouse and field trials were used to assess the feasibility of using phytoremediation for
treating soil contaminated with pentachlorophenol (PCP) and PAHs from wood preservatives.
An overall decreased concentration for the contaminants were observed.
This research was carried out to determine the tolerance limits of a dominant coastal salt
marsh plant, Juncus roemerianus, to diesel oil and its phytoremediation effectiveness in
wetland environments were investigated in greenhouse experiments. J. roemerianus possess a
high root biomass which produces considerable root exudates that promote microbial
number and activity in the rhizosphere, which in turn increases oil degradation
This laboratory experiment was developed to measure plant uptake and transpiration of
MTBE which was detected in the biomass.

RD

Laboratory

Phenanthrene

Sun et al (2010)

RD

Laboratory

Phenol

Singh et al (2008)

RD

Laboratory

Benzo(a)anthracene,
chrysene,
benzo(a)pyrene,
dibenzo(ah)anthracene
Polychlorinated
biphenyl (PCB)

et

Organics

Phenanthrene

Summary of findings
Experiments showed that canna (Canna x generalis) could accumulate BTEX from rootzone
and rhizome zone soil and translocate these compounds to the shoot. For removal efficiency,
the canna could remove BTEX in the rootzone and rhizome zone soil in 21days.
This pot experiment studied the degradation of benzene in the alfafa plant.

The primary focus of this research was to determine if the presence of this ubiquitous
contaminant enhanced the root exudation of pollutant degrading bacteria in the rhizosphere.
Results presented indicated an increased presence of pollutant-degrading bacteria which
would be useful in rhizodegradation
This study used pot experiments to evaluate the efficacy of phytoremediation of
phenanthrene and pyrene in a typical low organic matter soil (clay loam soil).
Vetiver grass (V. zizanoides L. Nash) was used for the experiment to assess its potential for
removal of phenol from an incubation medium. The only shortcoming of this research was
that the phenol affected the growth of the plant although there is a possibility of the plant
acclimatising to the presence of phenol after a time.
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Contaminant treated
PAH (total)

Publication
Técher
et
al
(2011)

GRO
RD

Scale of study
Laboratory

Pyrene

Lin et al (2008)

PE

Greenhouse

Pyrene

Schwab
and
Banks (1994)
Lu et al (2011)

RD

Greenhouse

RD

Greenhouse

Pyrene
Organics
TPH

Komisar and Park
(1997)

RD

Field

TPH

Zhang
(2010)

al

RD

Greenhouse

TPH

Maqbool
(2012)

al

RD

Trichloroethylene
(TCE)
Carbon tetrachloride

Newman et al
(1997)
Doty et al (2007)

PE, PD

Greenhouse

PE

Laboratory

Pentachlorophenol(PCP)

Ferro et al (1994)

RD,
PD

PCP

Mills et al (2006)

RD

Greenhouse

TCE

Anderson
and
Walton
(1991,
1992)

RD, PD,
PE, PV

Greenhouse

et

et

PE,

Laboratory

Halogenated
Compounds
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Summary of findings
The use of Miscanthus x giganteus root exuates to contribution of PAH degrading bacteria in
the rhizosphere was investigated. The plants were grown in quartz sand for one month in a
phytotronic chamber. The results of this experiment suggested that PAH co-metabolism may
play a major role in the vicinity of roots of the perennial grass.
The aim of this study was to investigate the influence of co-contamination on the growth of
Zea mays L. and the fate of both heavy metal and organic pollutants, using Cu and pyrene as
the model pollutants.
Aim of this experiment was to show the degradation of pyrene in the rhizosphere. Target
PAHs were detectable in the plant tissue, but the total quantity of uptake was insignificant.
A greenhouse experiment was conducted to evaluate the degradation gradient of spiked
phenanthrene and pyrene in the rhizosphere of the mangrove Kandelia candel (L.) Druce on
surface mangrove sediments. The results suggested that the mangrove rhizosphere was
effective in promoting the depletion of aromatic hydrocarbons in contaminated sediment
within the rhizosphere
Alfafa was planted in diesel-contaminated soil where degradation of TPH was achieved
following two phases of testing. TPH degradation was also apparent in unvegetated control
but took longer than the alfafa plant.
Experiments were conducted for examining the feasibility of Pharbitis nil L. and its
microbial community within the rhizosphere to remediate petroleum contaminated soils. Root
length, microbial populations and numbers in the rhizosphere were also measured in this
work.
This experiment was conducted to compare the artificial bioaugmentation with natural
microbial activity in the breakdown of TPH in the rhizosphere of Sesbania cannabina using
clayey/silty soil.
A two year experiment was conducted to determine the remediation potential of hybrid
poplar (Populus trichocarpa) on TCE.
This research encompassed the development of transgenic poplar (Populus tremula ×
Populus alba) plants with greatly increased rates of metabolism and removal of contaminants
(i.e. carbon tetrachloride, vinyl chloride and carbon tetrachloride).
This study investigated the effects of crested wheatgrass (Agropyron desertorum) on the fate
of PCP in soil using a novel high-flow sealed test system. PCP is a highly toxic biocide
widely used as a wood preservative. Although plants are known to accelerate the rates of
degradation of certain soil contaminants, this approach had not been thoroughly investigated
for PCP.
An experiment was carried out to determine the effect of willow (Salix sp.) and poplar
(Populus sp.) grown in an open-ended plastic greenhouse on PCP concentrations.
Pentachlorophenol degradation occurred in both planted and unplanted pots, but a higher rate
of degradation was observed in the planted pots.
This study was used to evaluate phytoremediation of TCE by the plants soybean (Glycine
max) and bush clover (Lespedeza cuneata).
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Kumar
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Indian mustard (Brassica juncea) concentrated copper, zinc, cadmium, Cr(VI) and nickel in
its shoot following cultivation. No observed detriment to the plant or effect on growth.

Blaylock et al
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Field/laboratory

et

al,
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Field

Ji et al (2011)

PE

Field

Rouhi (1997)

PS

Field

Indian mustard (Brassica juncea) was cultivated on a silt loam soil with application of
chelating agents to phytoremediate copper, zinc, lead and nickel.
This study was conducted to understand the mechanisms of Cu immobilisation by calcium
water treatment residue (Ca-WTR) and to estimate the optimal rate for remediating Cucontaminated soils. Ca-WTR is a by-product of drinking water treatment.
This research used the perennial herb Phytolacca acinosa Roxb. (Phytolaccaceae) as
manganese hyperaccumulator by means of field surveys on Mn-rich soils (tailings
wasteland). The results confirm that P. acinosa is a Mn hyperaccumulator which grows
rapidly, has substantial biomass, wide distribution and broad ecological tolerances.
Experiment carried out to provide additional information on the hyperaccumulation
properties of hybrid poplar (Populus sp.) as a low cost and low energy system.
A study was carried out to determine the potential for a collection of 36 plant species to
accumulate arsenic from soil in mine tailings.
The experiment utilised green onions (Allium fistulosum) and moonlight ferns (P. cretica cv
Mayii) in the remediation of arsenic and lead using chelating agents.
The study was used to determine the extent phosphorous fertilizer and rhizosphere microbes
may be used in the phytoremediation mechanism of arsenic using the silverback fern,
Pityrogramma calomelanos.
This field/laboratory study was used to assess the immobilisation of arsenic in mine tailing
using Fe(II).
This study focused on accumulation potential of uncultivated plants growing on soil
contaminated with cadmium and chromium, focusing on Chicory (Chicorium intybus var.
foliosum), horseweed (Erigeron Canadensis) and Dogfennel (Eupatorium capillifolium).
Field experiments were conducted using the plant Solanum nigrum L.,on farmland
contaminated with 1.91 mg/kg of cadmium in the soil.
Alpine pennycress (Thlaspi caerulescens) and Canola (Brassica Napus cv.) were used in the
phytoremediation of cadmium and nickel in a contaminated sandy loam soil.
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Summary of findings
A trial was conducted to determine the uptake of arsenic, boron and chromium(VI) by
beetroot (Beta vulgaris) plant.
The research explored the phytoextraction potential of castor oil plant (Ricinus communis L.)
on metal contamination (including boron) in soil.
The study involved the use of poplar plant in a landfill contaminated with boron and heavy
metals. Following harvest boron was detected in the leaves and shoot of the plant and similar
to previous studies on boron toxicity and phytoremediation, there was no observed toxic
effect on the poplar plants and root growth was not limited.
Ryegrass (Lolium perenne) accumulation of copper, iron, phosphorous, aluminium through
phytoextraction and phytostabilisation was investigated.
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Tobacco (Nicotiana tabacum) was used in the treatment of soil contaminated with mercury.
This study provides adequate data and information that tobacco plant can be used in
phytoremediation of mercury contaminated soil.
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Bañuelos
(1998)

al
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Field/greenhouse

Field and greenhouse experiment was carried out using Canola (Brassica Napus cv. Westar)
in the phytoremediation of selenium.

Sodium

Shelef
(2012)

al

PE

Greenhouse

The use of the halophyte plant Bassia indica for accumulating salts mainly sodium (Na) and
potassium (K) was assessed.

Sodium

Keiffer and Ungar
(2002)

PE

Field

This study tested the feasibility of remediating brine contaminated soils using different
species of halophyte plants. Atriplex prostrata, Hordeum jubatum, Salicornia
europaea, Spergularia marina and Suaeda calceoliformis .
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Field/laboratory

Coughtery et al
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PE
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Peas (Pisum sativum), Wheat (Triticum aestevum), Potato (Solanum tuberosum) and Turnip
(Brassica Rapa) were used in this study to determine their phytoremediation potential on
loam/clayey soil which had been artificially contaminated with radionuclides
Phytoextraction properties of 7
dominant pasture species (including Carex sp.,
Trichophorum caespitosum, Agrostis sp. and Festuca ovina) in concentrating cesium was
investigated.
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PE

Laboratory
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PE
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IM

Scale of study
Field

PS

Field/Greenhouse

PE, RD

Greenhouse

PE

Field/laboratory

IM

Field

Summary of findings
Two soil amendments (coal fly ash and zerovalent iron-grit) were implemented for the in situ
remediation of cadmium and nickel contaminated soil.
The study involved the use of aided phytostabilisation to establish a vegetation cover (Lolium
perenne and Trifolium repens) in order to promote in situ immobilisation of trace elements.
The ability of the halophyte plant Halimione portulacoides to phytoremediate Cr(VI) was
assessed.
Helianthus annuus L. (sunflower) and Kalanchoe serrata L. (magic tower) were used in an
experiment to determine their potential to accumulate gold and copper from mine tailings.
Examined the use and effectiveness of lime and red mud (a by-product of aluminum
manufacturing) to reduce metal concentration to allow re-vegetation on a highly
contaminated brown-field site.
This study examined the ability of Microspora (a macro-alga) and Lemna minor (an aquatic
plant) to remove soluble lead and nickel under various laboratory conditions.

Two fast growth plants; Ponderosa pine [Pinus ponderosa (Dougl. ex Laws)] and Monterey
pine (P. radiata D Don) were used in remediating radioisotopes (cesium and strontium) from
contaminated soil. These plants have an advantage of their abscised needles are not easily
dispersed by wind therefore reducing possibility of cross contamination.
The use of plants to accumulate low level radioactive waste from soil, was successfully tested
in this greenhouse experiment.
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Contaminant treated
Cesium

Radionuclides

Publication
Saleh (2012)

GRO
PE

Scale of study
Laboratory

Summary of findings
Water hyacinth was discovered to be useful in the removal of cesium and cobalt from waste
streams contaminated with the two elements. There were some side effects observed during
the study but not to the detriment of the process.

Cobalt

Macklon and Sim
(1990)

PE, PS

Laboratory

This laboratory study utilised ryegrass (Loium perenne cv. Premo) in the uptake of cobalt in
contaminated material.

Radium-224

Hewamanna et al
(1988)

PE, PS

Field

Radium-226

Mirka et al (1996)

PE, PS

Field

Several plant species were used in this study to test for accumulation of radium on monazitebearing soils. In comparison to the other plant species Tassel flower (Emilia baldwini) was
the most suited as it had a high concentration of radium in both its roots and translocated to
the shoots.
Cattail (Typha latifolia) was observed to accumulate high concentrations of Radium-226 in
its biomass in mine tailings.

Strontium-90

Entry et al (1996)

PE

Field

Switchgrass (Panicum virginatum) accumulated strontium-90 in a sand medium. This method
of phytoremediation is ideal for strontium removal.

Uranium

Willscher
(2013)

PE, PS

Field

Triticale, Helianthus annuus and Brassica juncea were utilised on an old uranium mining site
to test for phytoremediation potential of the plants.

Uranium

Chen et al (2008)

PS

Laboratory

The fungus Arbuscular mycorrhizas (AM) was investigated as an amendment to the use of
the plants Medic (M. truncatula L. cv Jemalong) and ryegrass (L. perenne L.) in the
phytostabilisation of uranium tailings in a mixture of sand and soil.

Uranium, Radium-226

Vera Tome et al
(2008)

RF

Laboratory

Sunflower (Helianthus annuus L.) was used to test the elimination of natural uranium and
radium from contaminated waters by the phytoremediation method, rhizofiltration.

Uranium

Lee and
(2010)

RF

Laboratory

The uranium removal potential of two plants sunflower (Helianthus annuus L.) and bean
(Phaseolus vulgaris L. var. vulgaris) were investigated for contaminated groundwater.

et

al

Yang

Table 5.1: Overview of Tier 1 research papers and brief summary of content.
(PE = Phytoextraction, PD = Phytodegradation, PV = Phytovolatilisation, PS = Phytostabilisation, RD = Rhizodegradation, RF = Rhizofiltration,
IM = in situ immobilisation)
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5.1.2 Tier 2 – Elements of sustainability and applicable methods of assessment
Following the Tier 1 assessments, it is now necessary to collate indicators specific to the
elements of sustainability (i.e. economic, social and environmental) and analyse these
indicators utilising available assessment techniques as outlined in Tier 2 of the DST. The
primary aim of Tier 2 is to provide information sources for (a) sustainability indicators, and
(b) signposts to methods on how these indicators can be measured. As previously mentioned
this information is deduced in order to determine the GRO to be utilised and available
information on the potential impact of the GRO on elements of sustainability. It can also
serve as a tool for comparing various GROs against each other and against more aggressive
techniques. This detail would usually be highly site and circumstance specific but the
information provided through the outlined sources should present a convenient starting point.
The main source of information for these indicators is the SURF-UK website (SURF-UK,
2011) which outlines the various headline indicators that should be considered during the
selection of the GRO. Tier 2 is divided into 3 sub-sections as outlined briefly below (see also
figure 5.3):
‐

Sustainability elements: this sub section is representative of the dimensions of
sustainability i.e. environmental, economic and social. As discussed in previous
chapters, in order to achieve a balance in sustainability, it is important that these
elements are considered during the selection of remediation techniques.

‐

Source parameters: this section presents a synopsis of procedures that should be
followed during the assessment. The environmental and economic dimensions of
sustainability have been allocated two procedures each. These procedures introduce
the indicators which may be applicable to the elements of sustainability. All three
elements of sustainability have the SURF-UK framework as part of their procedures
whilst the environmental and economic elements have additional parameters in the
form of LCA and CBA/MCA respectively.

‐

Information sources: web links are provided to the various information sources to
feed into the source parameters. These web sources include links to the SURF website
(SURF UK, 2011) where information for downloadable headline indicators document
can be accessed. The document provides eighteen (now revised to fifteen) headline
indicators which are within the boundaries of the three elements of sustainability.
Information from the website indicates that it is still a work in progress and therefore
descriptions or additional information may become available in the near future.
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‐

Key decisions: provides a synopsis on how the source parameters should be assessed
either qualitatively or semi-quantitatively. These descriptions have been provided as
guidance only as the parameters can also be assessed using improvised versions of
existing analytical methods. Dependent on the procedure implemented, the
recommended analytical methods include MCA, LCA and CBA. These methods have
been described in Chapters 2 and 4.
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Figure 5.3: Screen shot of ‘Tier 2’ of DST showing title headings and web links to various information sources and brief outline of procedures.
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In order to reach key decisions on the various parameters, two procedures have been
indicated for each element of sustainability (with the exception of the social element which
has one procedure). These procedures have been designed to provide applicable methods of
assessment for the various indicators retrieved from the source parameters and information
sources. A breakdown on how key decisions are reached for each sustainable goal is outlined
below.
Environmental
Procedure 1: involves the use of the SURF-UK framework which contains headline indicator
categories that have been developed to act as a guide in sustainability assessment. These
indicators can be retrieved from the SURF-UK website (a link has been provided in the DST
under ‘information sources’ by clicking on the web link). A semi-quantitative approach (i.e.
MCA) may then be utilised in the analysis of the various indicators. The indicators can be
ranked in form of greater or lesser importance (3 – High/2-Medium/1-Low weighting), and
then scored (out of 5) to measure the possible impacts on the environment when a particular
remediation technology is utilised. A ranking order can then be established and reported in
the verification template to show the most suitable technology.
Procedure 2: this involves the use of LCA by establishing parameters that may be used in a
typical LCA procedure involving environmental impacts. A link has been provided in the
DST under the ‘information sources’ column to provide sources to the various parameters
that is usually considered during an LCA procedure. For key decision, an LCA inventory
should be collated and a full LCA carried. However, LCA is a resource hungry process and
requires a huge time investment.
Procedure 2 should only be considered in tandem with Procedure 1 or afterwards if
additional information and assessment is deemed necessary.
Economic
Procedure 1: similar to the environmental section above, the SURF-UK framework is also
utilised and the semi-quantitative approach followed.
Procedure 2: If further analysis of the SURF indicators is required then a more detailed CBA
may be utilised. A web link is provided in the ‘information source’ column for source that
will assist in CBA analysis. This CBA flow chart indicated in this information source enables
a means of comparison to be performed by the user.
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Procedure 2 should only be considered in tandem with Procedure 1 or afterwards if
additional information is deemed necessary.
Social
The social dimension has only one procedure which is similar to Procedure 1 described above
for both the environmental and economic dimensions of sustainability. This involves the use
of the SURF-UK framework which contains headline indicator categories that have been
developed to act as a guide in sustainability assessment. These indicators can be retrieved
from the SURF-UK website (a link has been provided in the DST under ‘information
sources’ by clicking on the web link). A semi-quantitative approach (i.e. MCA) may then be
utilised in the analysis of the various indicators. The indicators can be ranked in form of
greater or lesser importance (3 – High/2-Medium/1-Low weighting), and then scored (out of
5) to measure the possible impacts on the social dimensions of sustainability when a
particular remediation technology is utilised. A ranking order can then be established and
reported in the verification template to show the most suitable technology.
Following collation of the information indicated above, verification of the procedure will
need to be considered. This is described in the next sub section.

5.1.3: Verification
Verification of the procedure involves collating all the information that has been utilised
during the process of selection in the DST. Amongst other factors this information will
constitute primarily the specific environmental, social and economic goals required to
consider sustainability during the selection process. The verification procedure has been
included in this DST to highlight to stakeholders the various elements of sustainability that
have been considered during the selection process and therefore to illustrate that the selection
process has met its planned objectives. Its primary function is to serve as a means of
comparison when there is more than one technique being considered. It is also a means of
results dissemination and a form of audit trail. The verification procedure is outlined below
on a ‘column by column’ basis:
‐

Indicators considered: This column should contain the indicators of sustainability
utilised in Tier 2 of the DST. These indicators should have been retrieved from the
indicator database created by the SURF UK framework (web links provided in Tier
2). Each indicator must be highlighted in this column under the different headings of;
environmental, economic and social.
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‐

Criteria considered for validation: The indicators utilised during the assessment
should be indicated in this column with a simple ‘tick’. This is to confirm which of
the indicators have been considered during the assessment as not every indicator may
have been considered applicable.

‐

Assessment technique: The technique (e.g. MCA) used during the assessment in ‘key
decisions’ of Tier 2 should be highlighted in this column.

‐

Stakeholder involvement: In order to improve stakeholder engagement, it is important
to indicate whether stakeholders were involved in the decision making procedure
implemented in Tier 2. The type of stakeholders (e.g. regulators) may also be
mentioned in this column.

‐

Weighted average: In order to compare two or more technologies based on the use of
indicators, a means of comparison which involves scoring and weighting (MCA)
should be implemented. The use of weighted average on the indicators selected is
dependent on mutual independent preference or importance. Ideally the judged
strength of preference of an option on one indicator will be independent of the judged
strength of preference for another. A simple method involves allocating a total of 100
points to the indicators as weights. Using environmental indicators as an example, the
stakeholders may agree that the proposed technology’s impact on ecology is more
important than other potential impacts, therefore they agree to assign the former 30
points. In addition they may not be able to agree on splitting impacts on air and water
therefore assigning 15 points to each. This may also be similar for impacts on soil and
use of natural resources and waste generation (although these are seen are more
important than impacts on air and water), therefore assigning these 20 points each.
Assigning weights to the different indicators will not usually be this straightforward
as the weight will reflect the different opinions and experiences of the stakeholders. In
addition stakeholders may have disagreements on tradeoffs of one indicator for
another. To minimise this bias and/or disagreements, it may be necessary for
stakeholders to provide initial weighting options which can then be modified
following broad reflection and agreement. Alternatively a sensitivity analysis
(discussed below) can be carried out at the end of the comparison.

Ultimately the

assigning of weights can only be transparently achieved by robust stakeholder
engagement.
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‐

Scoring: This can usually be achieved by utilising a relative strength of preference for
the proposed technologies based on impact on individual indicators. Stakeholders can
use strength of preference scale (example below) to assign scores to least preferred or
most preferred options following discussions on possible impacts on indicators. For
example a proposed option may be most preferred because it has low impact on air
(100 on scale) whilst another may be least preferred because of its potential effect on
ecology (0 on scale). It should be noted that this scale of preference does not represent
an overall preference but is used to reflect how much one option is preferred to
another based on impact on the indicators (figure 5.4). Option A is more preferred to
option B but by how much? This uncertainty has to be accommodated in some way
and this can be reflected using the strength of preference. Similar to allocation of
weights a robust stakeholder engagement is required

‐

Total (weighted average * scoring): This next column provides the total score for the
proposed options which is achieved by multiplying the weighted average by the
individual scoring.

‐

Results: This standalone box provides the accumulated average from each indicator
category and shows which option is most preferred following robust consideration by
the stakeholders. A decision can then be made on the preferred technology based on
this.

Figure 5.4: Guidance scale for relative strength of preference

Overall, the verification template aims to achieve the following:
‐

As every case is different the verification process must be adaptable to cater for
change in circumstance especially related to the indicators of sustainability.

‐

The parameters or indicators utilised in the selection process and related to the
elements of sustainability have to be outlined together with the analytical method (i.e.
Procedure 1 and/or Procedure 2) that has chosen to be used for analysis.
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‐

It is also important that the involvement of any stakeholders is highlighted in the
verification phase. Stakeholder engagement would reduce bias as agreements would
have to be reached by different schools of thought before the procedures highlighted
in Tier 2 can be implemented.

‐

If any qualitative/semi-quantitative methods have been utilised during the selection
process, then these should also be indicated in the verification phase.

‐

The comparing of various technologies will be helpful if gentle technologies need to
be compared with more aggressive technologies. This provides an all-encompassing
and flexible tool as recommended in the questionnaire survey.

‐

The verification template will also provide an overview of the procedure implemented
to highlight whether the procedure has been implemented successfully. Successful
implementation of the DST will be wholly dependent on the quality of information
the user has supplied to satisfy the various indicators.

Figure 5.5 below is a snap shot of the verification template which forms part of the DST. As
mentioned above, the matrix can be adapted and/or modified to suit varying
parameters/methodologies used during the selection process.
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Figure 5.5: Snap shot of verification template
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5.2: Sensitivity Analysis
The choice of weights and scores by stakeholders carried out during comparison or
selection in multi criteria analysis can be contentious. The input by individuals with
personalised opinions during the decision making process increases the possibility of
bias. Due to this described subjective nature of scoring and weighting based on
identified criteria, it is imperative to carry out an assessment to determine the extent
to which results depend on varying weights and scores. This assessment can be
described as sensitivity analysis. It provides a means by which the extent of the
suggestions or input of individuals may have any effect on the overall final result.
The first step in carrying out sensitivity analysis is making sure the indicators/criteria
identified are agreeable to all parties involved. Ideally this should be carried out prior
to any scoring and weighting. Due to the level of importance of the indicators in
reaching a final decision, assigning weights to the indicators is more difficult than
scoring. Following completion of the assessment a ranking of options is established,
in sensitivity analysis different scoring and weighting can be implemented to indicate
whether there will be any major change in ranking of the options. Even if the ranking
order changes, it will be possible to ascertain which 1 or 2 options always come out
best following adjustment of the scores and weights as recommended by the
stakeholders. If the difference between scores and weights assigned to the best
possible outcomes is minimal then any of these outcomes can be put forward for
consideration with little loss of overall benefit. On the other hand, if there is a major
difference between the scores and weights then it may be necessary for the
stakeholders to further scrutinise the best possible option from the original
assessment.
Implementation of sensitivity analysis will reduce bias of the final result or selection
and also ensures that stakeholders appreciate the various scenarios and possible
outcomes.

Sensitivity analysis also enables a realistic freedom of choice to be

implemented by the stakeholders whereby their opinions and views are considered.
Tradeoffs between various criteria can also be considered when the analysis is
conducted (as discussed above) as it seeks to highlight any trade-offs between
conflicting objectives.
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5.3: DST - Start to finish users’ guide
An instruction guide is outlined below is outlined below (table 5.2) in order to assist
users of this DST. The guide consists of a step by step procedure on how to utilise the
DST from start to finish. It also provides an output column which highlights the key
outputs attainable from each stage of the DST implementation.
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STEPS

INSTRUCTIONS

OUTPUT

1. Following preliminary and generic/detailed risk assessment, unacceptable risks
are identified as outlined in CLR11

linkages based on conceptual

2. Move to options appraisal for identification of feasible remediation options in
Start

Identification of contaminant

site model
Identification of unacceptable

CLR 11
3. Consider if ‘gentle’ remediation options are potentially applicable by utilising

risks (in form of contaminants
of concern)

‘Tier 1’ of the DST
1. Use decision matrix table to confirm if there is evidence of ‘success’ stories at a
research pilot/field scale for remediation of specific CoCs. Evidence (in the form
of published research studies) is provided when the cursor is hovered over the

Identifies if gentle remediation

‘x’ and red-flagged cells in the matrix
2. If evidence is available, note the possible remediation option(s) to carry over to
Tier 1

Tier 2
3. If further information is required on identified remediation technologies (e.g.
methods of mechanism, online databases) bundled information is provided by
clicking on the specific website e.g. ITRC website
4. Once gentle remediation has been identified as a feasible option, move to ‘Tier
2’. If it is not a feasible option then return back to the options appraisal of CLR
11
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is a possible option
Provides a shortlist of possible
gentle remediation options
based on published research
projects

STEPS

INSTRUCTIONS

OUTPUT

1. Consider the environment element of sustainability in order to identify specific
indicators
2. Procedure 1: Use SURF framework web link provided and retrieve headline
indicators. Applicable indicators can then be identified.
Tier 2
(Environment)

3. Headline indicators should be ranked through scoring and weighting methods
(provided under verification template) in order to compare with various options
4. Procedure 2: If additional information is required then a more complex life cycle
analysis should be carried out. Useful source of information is provided by

Indicators applicable to specific
elements of sustainability are
identified
Comparison of remediation
technologies can be carried out
using identified indicators as
criteria

following the link under ‘information sources’
5. Procedure 2 should only be considered in addition to Procedure 1 (if further
information is necessary) and not on its own
1. Consider the economic element of sustainability in order to identify specific
indicators
Tier 2
(Economic)

Indicators applicable to specific
elements of sustainability are

2. Procedure 1: Use SURF framework web link provided and retrieve headline
indicators. Applicable indicators can then be identified
3. Headline indicators should be ranked through scoring and weighting methods
(provided under verification template) in order to compare with various options
4. Procedure 2: If additional information is required then a cost benefit analysis
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identified
Comparison of remediation
technologies can be carried out
using identified indicators as
criteria

STEPS

INSTRUCTIONS

OUTPUT

approach can be carried out. Useful source of information is provided by
following the link under ‘information sources’
5. Procedure 2 should only be considered in addition to Procedure 1 (if further
information is necessary) and not on its own
1. Consider the social element of sustainability in order to identify specific
indicators

elements of sustainability are

2. Procedure 1: Use SURF framework web link provided and retrieve headline
Tier 2
(Social)

Indicators applicable to specific

indicators. Applicable indicators can then be identified

identified
Comparison of remediation

3. Headline indicators can then ranked through scoring and weighting methods

technologies can be carried out

(provided under verification template) in order to compare with other methods

using identified indicators as
criteria

1. Outline indicators considered as provided in ‘Tier 2’ above
2. Confirm assessment technique utilised and if there is stakeholder involvement
Verification

3.

Audit trail of information
provided during selection is

For comparison of multiple options a weighted average should be calculated

recorded

based on the indicators identified. A simple method involves allocating a total of

Comparison between various

100 points to the indicators as weights which is dependent on individual

options can be implemented

importance or strength of the indicators to the remediation strategy
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with results provided

STEPS

INSTRUCTIONS

OUTPUT

4. Each option should then be scored using a relative strength of preference e.g.
least preferred (0) and most preferred (100) and populated in their respective cell
5.

The total of each option should be calculated and populated in their respective
cell

Finish
(Results)

1. The accumulated average is automatically calculated in the ‘results’ box and a
comparison between different options can directly be made

Results of scoring and
weighting provided for
comparison of potential options

Table 5.2: Start to finish guide on use of DST
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One of the objectives of this study (as highlighted in chapter 1) is the use of case
studies to validate/test the DST. The full details of this testing is provided in the
chapter 6.
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CHAPTER 6: VALIDATION OF DST – CASE STUDIES
To validate the DST described in Chapter 5 it is necessary to utilise case studies
which would provide a range of test data and information that can be used as a trial
run for the tool. This validation does not necessarily show how the DST can be used
during the selection of all gentle remediation options (GROs) but serves to critically
evaluate and compare the selection processes implemented in the case study with the
information provided in the DST. The case studies were selected from three European
countries: the United Kingdom, France and Belgium, with data/information provided
by the Olympic Development Authority (ODA), the developers of a major
regeneration project in East London,Professor Michel Mench (CNRS, University of
Bordeaux 1, France), and Professor Jaco Vangronsveld (Hasselt University, Belgium)
respectively.
It is important to note that case study 1 has been applied in a more detailed manner
than case studies 2 and 3, particularly in the use of weightings for tier 2 and
verification. This is primarily due to constraints caused by the characteristics of the
latter case studies.
6.1: Case Study One – Major Regeneration Project, East London, United
Kingdom
The author was directly involved in different roles during the regeneration and
remediation works carried out in this case study. This direct involvement assisted with
access to data utilised.
Site History and Historical Contaminative Uses
The site is approximately 10 hectares in size and historically, railway lines and their
associated infrastructure were located on the site. In addition there were several other
industrial facilities founded on the site. These facilities include chemical works, meat
processing establishments and a match works. All of these historical activities have
the potential to produce contamination. There was also the presence of several pylons
within the vicinity of the site. These pylons were removed prior to commencement of
remediation works. The site was being regenerated as part of a wider scheme (which
spanned over 256 hectares) within the area and was earmarked to consist primarily of
soft (e.g. plant cover and constructed wetlands) and hard landscaping. The site was
remediated through the UK Planning System which required discharge of specific
remediation planning conditions that were part of a general Planning Application for
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the development of the site. These remediation conditions were discharged through
submission of specific documentation to prove that remediation objectives have been
met for the site. This includes following a validation plan during the remediation and
producing a validation report on completion. The report provides a complete record of
all remediation activities and data collected to show compliance with the remediation
objectives.

The site is bordered by two rivers, City Mill River (approximately 6 m

wide) to the west and Waterworks River (approximately 15 m wide) to the east. These
rivers form part of the ‘Bow Back Rivers’ which is a complex of waterways between
Stratford and Bow in East London that connect the River Lea to the River Thames.
The remediation of the site is now complete and therefore it is not a ‘live’ site.
Key Stakeholders
The core stakeholders of the site include the following:


The land owner



Regulatory bodies including the Environment Agency



Planning Authority



The local borough (through the Environmental Health Officers)



The local community (consulted via the planning process)

A full cycle of the DST was carried out using this case study and the start to finish
guide outlined in table 5.5.

START
Site Assessment
The human health and controlled waters risk assessment carried out on the site
identified various contaminants of concern (CoC). The CoCs identified in the human
health risk assessment included TPH Aliphatic C12-16, TPH Aromatic C12 – 16 and
naphthalene. The controlled waters risk assessment was carried out in consideration of
the rivers present adjacent to the site. This risk assessment identified the following
CoCs: fluoranthene, naphthalene and pyrene. The conceptual site model identified
several human health receptors associated with the site. The contaminants were found
to be located in the top 1 m of soil.
The assessment of the site was carried out in accordance with the Environment
Agency’s Model Procedures for the management of contaminated land (CLR 11). As
mentioned in earlier chapters, the DST developed in this research has been designed
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to be incorporated into existing national procedures. CLR 11 is the national
framework used in contaminated land management in the UK. In relation to this
specific case study, this DST can be closely integrated into CLR 11 (see figure 5.1).
Output: Contaminant linkage and CoC identified

TIER 1
The next step, in relation to the DST is to determine if GRO is appropriate for
remediation of the site and if sustainability was adequately considered during
remediation option selection. In accordance with the DST, tier 1 is implemented to
determine if GRO would be suitable for remediation of the CoCs identified during the
risk assessment. The output shown in figure 6.1 below shows that a number of GROs
can in theory be used to remediate the CoC based on scientific evidence. However
phytostimulation (or rhizodegradation) is the only suitable technique applicable to all
of the contaminants identified. Evidence of successful research projects are also
provided

in

tier

1

indicating

that

the

identified

remediation

technique

(rhizodegradation) has been implemented (at least at a research scale) in the
remediation of the identified contaminants (fluoranthene, naphthalene and pyrene).
Specifically Ferro et al (1997a, 1999) have provided evidence (at greenhouse and
field (pilot) scale) that shows the degradation of fluoranthene and naphthalene within
the rhizosphere using perennial ryegrass (Lolium perenne). The evidence provided
indicated that the phytoremediation methods could be suitable for field use. Also
research studies by Schwab and Banks (1994), Lin et 2008 and a host of others show
successful use of rhizodegradation in the breakdown of pyrene in the rhizosphere of
certain species of plants including sudangrass (Sorghum vulgare ) and maize (zea
mays) (see Table 5.1 and Appendix C for more detail of supporting evidence base).
By using the web links provided in tier 1, bundled information on rhizodegradation
mechanisms and other useful data can be accessed (see Appendix D).
Output: GRO is an option with two techniques identified. Move to tier 2
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Figure 6.1: Tier 1 output for case study one showing CoCs, applicable gentle remediation techniques and evidence of studies utilising GROs
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TIER 2
In order to identify the possible sustainability indicators for the GROs identified in Tier 1
(rhizodegradation), Procedure 1 of the DST is utilised. This involves following the web link
provided to access SURF indicators for the elements of sustainability. Table 6.1 below shows
the possible results of running the information from this case study site within Tier 2 of the
DST.
The options appraisal performed by the site developer/contractor for the remediation of this
site identified various remediation technologies which were selected based on different
criteria. However, GROs were not specifically considered during the options appraisal even
though the site masterplan did include plant cover and reed beds. Table 6.2 below shows the
technologies and the criteria used for selection. A combination of ex-situ soil washing and
off-site disposal were used for the remediation of this site.
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EFFECT
SUSTAINABILITY INDICATORS

ADDITIONAL COMMENTS

Weights
+
ENVIRONMENT
X
The GROs considered will have little or no impact on
air quality but on the contrary will contribute to
production of oxygen during the process of
photosynthesis and lead to increase in short term (and
possibly medium term, depending on soil organic
matter preservation) carbon sequestration. Plants have
also been known to improve urban air quality by
removal of some organic contaminants (Orecchio et
al, 2008).

Impacts on air

15

Impact on water (surface and groundwater)

20

X

No negative effect on surface and groundwater unless
there is a requirement to utilise fertilizer for assisted
growth.
Does not increase the risk of flooding.

Impact on soil and ground conditions

20

X

There is minimal impact on soil and ground
conditions. The process of rhizodegradation involves
the exudation of phytochemicals which aids a healthy
soil environment and improvement of soil through
addition of soil organic matter.

Impact on ecology (including intrusiveness)

30

X

Low impact on ecology in terms of biodiversity.
There is, however, a small risk of introduction of
imported species such as weeds and non-native
species (such as Japanese Knotweed) which could
impact ecological functioning
As mentioned above phytoremediation presents visual
appeal (i.e. relating to landscape) and there is little or
no impact relating to noise, light and flooding.

Use of natural resources use and waste
generation

15

X

The use of GROs will minimise over reliance on
natural resources with the plants self-sufficient and
able to function through photosynthesis and nutrient
uptake. There is minimal waste produced during the
selected phytoremediation processes.
There would, however, be consideration for the use of
other artificial means of growth requirement such as
fertilizer application and irrigation.

Direct costs & direct economic benefits

20

Indirect costs & indirect economic benefits

10

Employment & capital gain

25

X

Due to the fact that the technology may require
minimum technical input during its duration there
may not be the requirement for long term employees
for its continued implementation. However, as a new
method of remediation there is a positive impact on
acquisition of skills.

Life span & project risks (including project
flexibility)

20

X

In accordance with SURF UK, initiatives and projects
with short life span may represent a poorer
investment as the duration of services provided is
limited. The main disadvantage of phytoremediation
published in literature is its long duration but this may
be an advantage to provision of services.
Phytoremediation may not proceed well with project
changes. For example if a change in the nature of
regeneration required in the area is mooted (such as
residential housing) then the remediation method may
have to be reconsidered to include a faster and less

ECONOMIC
X
Economically, the benefits of undertaking
phytoremediation outweigh the cost this is especially
for this type of site where the regeneration involves
the construction of soft landscaping (planting etc).
The cost for infrastructure will be minimal,
X
principally in the long term.
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EFFECT
SUSTAINABILITY INDICATORS

ADDITIONAL COMMENTS

Weights
+

sustainable technology.
Green cover usage may increase the visual
attractiveness
of
the
site,
and
reduce
blight/dereliction. On the other hand due to the long
duration required for the phytoremediation process,
the contaminants may not be removed from the area
in quick time.

Gearing (adding economic value to a region
to increase attractiveness)

25

Community involvement & satisfaction
(includes compliance with policy objectives
& strategies)

25

Impacts on Human Health & safety

20

X

There is a little or no impact on health and safety of
the public during the implementation of these
processes.

Ethical & Equity consideration

15

X

Phytoremediation will score well on ethical
considerations as it is a probably one of the most
sustainable remediation methods in the industry with
its low impact. This is on the proviso that risk is
managed effectively.

Impacts on neighbours or regions

30

X

Implementation of some remediation technologies
may cause aggravation to society including increasing
traffic, noise and vibration generation and general
insensitivity
to
neighbours.
The
use
of
phytoremediation does not have such impacts.

Uncertainty and evidence

10

-

X

This indicator deals with provision of evidence of the
success
of
procedures
being
considered.
Phytoremediation has been widely trialled but has not
been used commercially on a similar scale in Europe.
There is however still the uncertainty over the
disposal of biomass following the success of the
remediation. This issue is specific to extraction
methods but does not affect rhizodegradation which is
being considered in this case study

-

-

This aspect should be considered during comparison
of remediation technologies

SUSTAINABILITY
ASSESSMENT
TECHNIQUES CONSIDERED
(e.g.
cost-benefit
analysis,
multicriteria
analysis)

X

SOCIAL
X
The community and other groups should be involved
in the decision making as this leads to a robust
decision making. Phytoremediation, as growing
technology, will provide an avenue of educational
enlightenment. It will also provide ‘green space’ for
community use.
It is unlikely that phytoremediation will run against
any policies set up for remediation compliance except
where it relates to timescale requirements.

Table 6.1: Output if DST was used in the selection process for case study one. Also includes
assigned weights derived by the author to provide a worked example
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Contaminants
Addressed

Reliability

Sustainability

Bioremediation

Organic – PAHs, TPH,
BTEX

Well proven,
although less so
for PAHs. Also
may not deal with
ammonia and
cyanide

High – destroys
contaminant, little
transportation issues,
provides soils for reuse

Medium – treatment time 3-9
months, needs space to treat
soils, preferably hardstanding.
Likely to be a viable option for
organic contaminated soils

Stabilisation using
cement/ activated-carbon

Most contaminants,
where soluble.

Medium-high, does
not destroy
contaminants, rather
immobilises them.
Some materials
required to be
transported to site

Medium - Given soil handling
during mixing considerations,
safety and odour issues. Longterm remediation solution i.e.
treated materials likely to retain
characteristics for a long period
of time. Uncertainty over longterm stability.

Technique

Thermal Desorption

Soil Washing (ex situ)

Most contaminants

Metals and organics
(although not
necessarily using same
process)

Relatively new
technology,
although several
recent successful
applications

Relatively new
technology,
although several
recent successful
applications. May
not deal with
cyanide.

High

Moderate, because of
relatively high energy
inputs. Will destroy
contaminants, but soil
may be sterilised as
result of process and
thus need
improvement
entailing import of
materials to site

Medium, residue
sludge which will
require off site
disposal as well as
treatment of water

High to Medium- very practical,
requires little space and the
minimum time. Also involves
the least Waste Management
Licensing negotiation. Where
designated Hazardous, very few
landfills available for this
category of waste. Not
sustainable solution.
Low. Not likely to work for all
contaminants

Off Site Disposal

All contaminants

High

Chemical Reduction /
Oxidation

Metals

High

Moderate

All contaminants

High

Moderate
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Low to Medium - practical on
this site, especially its ability to
deal with soils with mixed
contaminants. May be time
delay to acquire
equipment/permits that could be
unacceptable in timeframe
available. Geotechnical
properties of output materials
need careful assessment and
potential further processing. Not
sustainable.

High to Medium – depending on
contractor, may only treat either
metals/metalloids or organics.
Space required. Highly
dependent on soil clay/silt
content. Rapid treatment rate.
Rapid establishment. Already on
site.

Low. Overall, does
not destroy
contaminant, simply
moves it to a new
location. Transport
issues.

Containment - Cover
Systems

Practicality

Medium. No destruction or
removal of contamination.
Long-term maintenance issues.
Services. Cost. Impact on site
hydrology. Stakeholder

Technique

Contaminants
Addressed

Reliability

Sustainability

Practicality
perceptions.

Acid Extraction

Metals

High

Moderate

Low. Not likely to work for all
contaminants

Table 6.2: Extract from options appraisal carried out in selection of remediation technique
(source classified)
Although sustainability has been indicated as one of the criteria considered during the
selection process outlined in table 6.2 above, sufficient information regarding sustainability
elements (i.e. economic, social and environmental) were not identifiable. It appears
sustainability assessment, during the remediation selection process, has been based solely on
impact on the environment. This is similar to information provided by the participants of the
survey carried out in this research as outlined in Chapter 3 of this thesis. Only about 30% of
the respondents (consisting of various Professional Groups including remediation contractors,
regulators and consultants) indicated that sustainability was a key factor during selection of
remediation options. This factor was lowly ranked overall by the respondents in comparison
to other factors such as costs and suitability of site use following remediation. However, as
mentioned earlier, the remediation and development of this site is part of a wider scheme
where early stakeholder engagement was carried out. From a social point of view, this
commitment provided collaboration with the local boroughs and other stakeholders in order
to safeguard any possible effect the development as a whole will have on the local
community. Direct and consistent liaison with the Planning Authority and regulators ensured
that there was reduced regulatory conflict and an efficient process was in operation to
discharge the applicable remediation planning conditions. These aspects also form a key part
of sustainability. In addition a general sustainability framework was utilised during the design
and implementation phase of the development. However this type of framework have their
limitations as they are primarily for building or construction projects (NICOLE, 2012) and at
present may not be suitable for selection of remediation techniques.
Alternatively the implementation of the DST during this selection process would utilise the
SURF sustainability indicators for each of the GROs identified in tier 1. If comparison of
GROs and aggressive technologies identified in this case study is required, this can be carried
out using the multi-criteria analysis (MCA) illustrated in Procedure 1 (tier 2) of the tool (to be
carried out under verification). This method can be used to provide a short list of a number of
options for a detailed options appraisal. It is a semi-quantitative analytical method and utilises
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ranking methods through scoring and weighting of chosen criteria. GROs such as
phytoremediation would tend to score positive points on the various indicators of
sustainability. This includes its low environmental impact and high aesthetic appeal. The
latter in particular is likely to be important due to the end use of the site, which will be used
for predominantly soft and hard landscaping. GROs will also benefit economically with low
cost and time will not be considered a factor as the remediation process will be serving two
purposes; remediating the soil and visual appeal. There will be little or no impact on the
community from a social view point as there will be minimal vehicular traffic and no
intrusive impacts (such as noise, and vibration).
Output: Indicators relating to the sustainability elements have been identified. These can
now be used as a means for carrying out comparison between options.

VERIFICATION / FINISH
As indicated in the DST instruction manual in table 5.5 and Chapter 5, this section has been
included to provide a means of comparison for selection of a suitable technology. This is
carried out by implementing MCA techniques through allocation of scores and weights. For
the purpose of this case study, three remediation options highlighted in Tier 2 will be
considered for selection. The techniques (soil washing and off-site disposal) utilised during
the live remediation of the site will be compared with rhizodegradation selected during run of
the DST cycle.
As discussed in the Chapter 5, stakeholder engagement is important for assigning weights to
the indicators and scoring the respective options. Assigning weights to each indicator reflects
their relative importance to the final decision, in this case the choice of option. Based on the
assessment outlined in table 6.1 weights to a total of 100 points have been allocated to the
indicators considered and populated in the verification table (full results are presented in
Appendix D). These weights have been assigned based on importance by the author. A screen
shot of the verification page is outlined below (fig 6.2). Prior to this, respective columns are
populated with the necessary information (e.g. indicators considered, stakeholder
involvement). Scores are then assigned to the proposed options using a relative strength of
preference scale in reference with the indicators (i.e. 0 for least preferred and 100 for most
preferred). An accumulated average table which outlines calculation of the average total
scores for each considered indicator can be viewed and the option with the highest overall
score considered for selection. As indicated in the previous chapter a sensitivity analysis can
be conducted to analyse how much the results depend on the weightings utilised.
148

The final results of conducting a full cycle of the DST on the information in case study 1 (fig
6.3) shows that rhizodegradation is the most suitable option for the remediation strategy of
this site.
For the purpose of this study the scores and weights have been assigned based on the author’s
personal opinion and information provided in the options appraisal in table 6.2. In a typical
remediation strategy scenario final determination of scores and weights should be determined
through informed and uninfluenced stakeholder engagement. It should be derived from a
general consensus and agreement through face to face meetings of the stakeholders or by
trusted stakeholder representatives.
Output: Comparison of proposed options conducted with an overall average total score
presented for selection
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Figure 6.2: Screen shot of verification page for environmental indicators considered. Other sections are provided in Appendix D
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Figure 6.3: Screen shot of accumulated average following calculation of scoring and weighting as allocated by the author
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Following the consideration of the various sustainability indicators against this case study it
is apparent that phytoremediation techniques would be valid options in the remediation of the
area. In addition the selection process undertaken above also indicates that all elements of
sustainability were considered during the selection process. As mentioned earlier, in a
situation where comparison of several remediation techniques is required then sustainability
assessment techniques such as MCA can be used.
6.2: Case Study Two – Biogeco Phytoremediation Platform, South West France
Site History and Historical Contaminative Uses
The site is a former industrial facility that dates back to 1846 and is about 10 hectares in size.
It was used for over a century to preserve and store timbers, post and utility poles (Mench and
Bes, 2009). Creosote, copper sulphate, chromate copper arsenate type C and copper
hydroxycarbonates with benzyl alkonium chlorides were used on the site.
It is a ‘live’ site which is presently being used for the demonstration of GROs at field scale.
Research investigations commenced in 2004.

Site Assessment
Below is the outline of contaminants of concern (CoC) that were encountered following a risk
assessment carried on the site:


Cu contamination of topsoil (typical range between 163 – 1140 mg/kg);



As, Cr and Zn; and



Polycyclic Aromatic Hydrocarbons (Benzo(a)pyrene and Fluoranthene).

Overall plant communities and soil microorganisms are negatively impacted; leachates from
the topsoil are Cu-contaminated and toxic for Lemna minor (Common Duckweed).
Key Stakeholders
 The site owner;


Academic research team; and



The national environment authority, Agence gouvernementale De l’Environment et de
la Maitrise de l’Energie, ADEME (provided financial support).

After site characterisation as outlined in the flow chart of the DST (see figure 5.1), tier 1
(decision matrix) can be utilised to confirm that GROs can be considered as an option based
on successful research studies. This involves confirming whether there is any literature
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evidence that shows the CoCs highlighted have been remediated using GROs. An excerpt of
tier 1 (figure 6.4) shows that there is research evidence that all the contaminants can be
remediated using GROs (note that the site is already being used as a field scale testing of
GROs).
Evidence provided in table 5.1 and Appendix C shows successful research studies have been
carried out by Martin et al (1996), Speir et al (1992), Kumar et al (1995) and Duarte et al
(2012) where a variety of plant species have been used to remediate Cr(VI) and Cr(III).
Studies by Blaylock et al (1997) also show successful use (at a research scale) of indian
mustard with soil amendments in the remediation of soil contaminated with copper where
over 1000mg/kg of copper was concentrated in the shoots of the plant through
phytoextraction. This figure is within the range of contamination highlighted in this case
study. Other successful research projects are also provided for the treatment of arsenic, zinc
and benzo(a)pyrene (Appendix C).
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Figure 6.4: Tier 1 output for case study two showing CoCs, applicable gentle remediation techniques and evidence of studies utilising GROs
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Following the evidence that GROs can be used on this site, tier 2 which seeks to ensure that
all elements of sustainability are considered during the selection process, is implemented. The
case study information provided will be used to show whether details relating to the key
elements of sustainability were considered during selection. Table 6.3 below shows
information relating to tier 2 (Procedure 1) and if these were considered during the selection
process. As detailed in the previous chapter, Procedure 1 involves the use of the SURF-UK
framework which contains headline indicator categories that have been developed to act as a
guide in sustainability assessment. These indicators can be retrieved from the SURF-UK
website (a link is provided in the DST).
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INFORMATION REQUIRED
ENVIRONMENT
Impact on air
Impact on water (surface and groundwater)
Impact on soil and ground conditions
Impact on ecology
Use of natural resources use and generation of
waste
Intrusiveness
Direct costs & direct economic benefits
Indirect costs & indirect economic benefits
Employment & capital gain
Life span & project risks

Project Flexibility
Gearing (adding economic value to a region to
increase attractiveness)

SOCIAL
Community involvement & satisfaction
Impacts on Human Health & safety

YES

NO

If yes, provide evidence

X

Not considered
See Marchand et al 2011 for data on Cu in lysimeter
leachates;
X
Possible Cu impact on groundwater considered
X
Impacts on soil microbes, plant communities, insects,
mesofauna
X
This site is using water, recycled water (from autoclave,
the roof and wood storage area). Wastes are the residual
chemicals (which are partly recycled)
X Not considered
ECONOMIC
X Not considered
X Not considered
X Not considered
X
There is no deadline for the site remediation. A possible
current project risk is the uncertainty of the extension of
the regional railway and the building of a new railway
station at part of the site (in this case 2 field trials will be
probably lost); can occur in 2015-2017 or later if there is a
delay. These are unforeseen circumstances
X Not considered
X
There are 7 small field trials (200m² each) The information
was passed to the Aquitaine regional Council. It was used
by this instance to demonstrate to citizens the benefits of
the Region Aquitaine trials on the environment.
X

X
X
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Not considered
Partial information was delivered for neighbours

INFORMATION REQUIRED
Ethical & Equity consideration
Impacts on neighbours or regions
Compliance with policy objectives & strategies
Uncertainty and evidence
SUSTAINABILITY
ASSESSMENT
TECHNIQUES CONSIDERED (e.g. Life cycle
analysis, cost-benefit analysis, multicriteria
analysis)
Table 6.3: Tier 2 information on case study two

YES

NO
X
X

X
X
X
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If yes, provide evidence
Not considered
Not considered
The French site-specific legislation for the management of
contaminated sites was considered (directive 2008)
Not considered
Not considered

The table above outlines the various indicators of remediation considered during the selection
of the GROs at this site. An overview shows that not all the indicators have been considered
during the selection process. The environmental impacts have been mostly taken into
consideration. This may be a default stance, as there is a possibility that the environmental
aspect of sustainability is more likely to be related to sustainability than the other elements
during the appraisal process. On the economic section, only two indicators have been
considered during the process. There was no consideration towards the direct financial cost of
the remediation and possible consequences of operational cost. The social indicators were
also not adequately considered during the selection process. There was little or no interaction
with the neighbours or direct liaison with their representatives. The impact on the neighbours
was not also considered during the process. These impacts include the effects (such as dust,
noise, odours, vibration etc) of the works on their daily activities.
The primary objective of tier 2 of the DST is to ensure that elements of sustainability are
considered during the selection process. Although the case study described above is for a
phytoremediation pilot trial it is still important for the different aspects of sustainability to be
considered whilst considering the remediation procedure. The information provided in the
case study is not sufficient to concur that all elements of sustainability have been considered
during the selection of the GROs and therefore the process may be deemed unsustainable.
6.3: Case Study Three – Lommel, Belgium

Site History and Historical Contaminative Uses
From the end of the 19th century until mid-1970s, zinc (Zn) and lead (Pb) were refined using
a pyrometallurgical process in the vicinity of Antwerp and in the Campine region in Belgium.
Metal fumes were condensed in a condenser, collected and transmitted to moulds. Volatilised
metals that were not collected condensed on dust particles and were emitted to the air via
stacks. As a result, a large area (more than 700 km²) in Belgium and the Netherlands is
moderately contaminated due to atmospheric deposition of the refining dust. Cadmium (Cd),
Pb and Zn are the main pollutants. These metals are found in the upper layer of the soil (3040 cm) over an extended area, which in the Belgian part alone covers 280 km² (=28,000 ha).
Cd concentrations in the region range between values below the target value of 0.7 mg Cd
kg-1 and above 30 mg Cd kg-1. pH-KCl values range between 5 and 5.5.
The site is ‘live’ and is located within the high exposure area (i.e. the area with an expected
soil concentration of Cd of 30 mg Cd kg-1). Two large scale experimental fields were
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installed in the region (Lommel) (one in 2004 and one in 2006 on a former maize field) to
evaluate the possibilities of cultivation of non-food crops as an economic alternative for
farming on these historically contaminated soils. They are located in Flanders, Belgium
(51°12'41"N; 5°14'32"E) and are part of a larger complex of field experiments for
phytoremediation research (~ 10 ha).

Site Assessment
Soil contamination in the Campine region is so serious and widespread that it has an
influence on all aspects of land and water use in the area. To address the problem in Belgian
and Dutch Limburg, the BeNeKempen project was commissioned in 2004, supported by
European funding (Interreg IIIa). Simultaneous sampling of soil and crops was planned
within the BeNeKempen project. Farmers in Flanders were however more reluctant than
farmers in the Netherlands. Additional data from earlier measurement campaigns had to be
used for the Belgian part. All paired data (2,492) were gathered between 1976 and 2006 and
consisted of a simultaneous measurement of Cd in soil and crop, together with a level of pH.
Data involved 16 agricultural crops (vegetables), maize and grass.
As indicated above the following CoCs were specific to the area; Cd, Pb and Zn with Cd
being the main focus.

Specific project goals
The primary objective of the project is the sustainable management of agricultural soils. This
involves restoration of contaminated soils for conventional agricultural use by means of
utilising crops that remediate soil while generating income
Key stakeholders
 The Flemish Government
 Umicore (site owners)
 The Public Waste Agency of Flanders (OVAM).
Information provided in the case study already ruled out the use of other conventional
methods of remediation. Phytoremediation was the only option put forward for remediation.
Therefore the case study will be used to confirm if the elements of sustainability had been
considered during the selection process.
Following the site characterisation as outlined in the flow chart of the DST (see figure 5.1)
and reported in this case study, tier 1 (decision matrix) is utilised to confirm that GROs are an
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option based on successful research projects. This involves confirming whether there is any
literature evidence that shows the CoCs highlighted have been remediated using GROs. An
excerpt of tier 1 (figure 6.5) shows that there is available research evidence that all the
contaminants can be remediated using GROs. The tier 1 output shows that the CoCs
identified in this case study can be remediated using the various GROs indicated in the DST.
These match the GROs being implemented ‘live’ on the site which includes phytoextraction
and phytostabilisation.
Table 5.1 and Appendix C provide evidence of research studies that have been carried out for
the remediation of the above-mentioned contaminants in the case study. Martin et al (1996)
remediated cadmium using a variety of plant species through phytoextraction and
phytostabilisation. Kumar et al (1995) concentrated >100mg/kg of cadmium in the shoot of
Indian mustard plant. Jankong et al (2007) used the silverback fern, Pityrogramma
calomelanos in the remediation of arsenic from contaminated soil within a pH range similar
to that observed in this case study.
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Figure 6.5: Tier 1 output for case study three showing CoCs, applicable gentle remediation techniques and evidence of studies utilising GROs
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As it has been concluded that GROs can be utilised for remediation of the identified
CoCs, it is now necessary to implement the tier 2 which considers sustainability
indicators. As mentioned earlier, the default remediation technique utilised on the site
is phytoremediation. However it is necessary to ascertain whether the various
indicators of sustainability were considered during the selection process. Table 6.4
below is an excerpt of tier 2 of the DST which outlines the various indicators and the
aspects considered in the case study. This involves the use of the SURF-UK
framework which contains headline indicator categories that have been developed to
act as a guide in sustainability assessment. These indicators can be retrieved from the
SURF-UK website (a link is provided in the DST).
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INFORMATION REQUIRED
ENVIRONMENT
Impact on air

YES
X

Impact on water (surface and groundwater)

X

Impact on soil and ground conditions

X

Impact on ecology

X

Use of natural resources use and general of waste

X

Intrusiveness
ECONOMIC
Direct costs & direct economic benefits

NO

X
X

If yes, provide evidence
Direct emissions to other environmental compartments
were considered. The process scores well on this aspect as
there are little or no emissions during the process.
The impact of the process on water levels was taken into
consideration as part of the pre-implementation research
carried out prior to commencement of the project.
The positive impact of the phytoremediation was a priority
for this project in order to provide evidence that the
process will restore the soil through phytoextraction.
A soil survey was carried out prior to the implementation
process in order to determine the risk of exposure for
plants and animals. However the primary purpose of this
survey was to provide information on the severity of the
soil contamination but this can also feed into the
remediation selection process.
Use of secondary materials during the remediation process
was considered. These materials include water resources
and fertilizer. There was found to be minimal use of these
materials during the remediation process. Consideration for
waste management was also included.
Not considered
The two strategic goals of the project were: i. the
restoration of contaminated soils for conventional
agricultural use by means of crops that remediate the soil
while generating an income. If this is not possible during
the given timeframe then ii. sustainable management of
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INFORMATION REQUIRED

Indirect costs & indirect economic benefits
Employment & capital gain
Life span & project risks

Project Flexibility
Gearing (adding economic value to a region to
increase attractiveness)
SOCIAL
Community involvement & satisfaction
Impacts on Human Health & safety
Ethical & Equity consideration
Impacts on neighbours or regions
Compliance with policy objectives & strategies

YES

NO

X
X
X

X
X

X
X
X
X
X

Uncertainty and evidence
X
X
SUSTAINABILITY
ASSESSMENT
TECHNIQUES CONSIDERED (e.g. Life cycle
analysis, cost-benefit analysis, multicriteria
analysis)
Table 6.4: Representative tier 2 of the DST for case study three
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If yes, provide evidence
the agricultural soils (through other means) would be the
main purpose with a primary objective of generating an
alternative income for the farmers.
Not considered
Not considered
As stated above (under ‘direct costs & direct economic
benefits’) if there is limited timeframe on the project then
an alternative objective will be implemented where priority
is economical profit of the farmer.
Not considered
Not considered

Not considered
Partial information was delivered for neighbours
Not considered
Not considered
The project was carried out with due consideration given to
the policies and regulations promulgated by the national
authority.
Not considered
Not considered

The result from the tier 2 DST shows that the environmental element was fully
considered during the remedial option selection. As with the previous case studies,
this may be a default stance, as there is a possibility that the environmental aspect of
sustainability is more likely to be considered related to sustainability than the other
elements during the appraisal process However the same cannot be said for the
economic and social elements which were not fully considered during the selection
process. To provide adequate coverage of sustainability during the selection process,
it is important to consider the various indicators highlighted above and in the SURF
website. Some of the social indicators that were not considered in this case study
include community involvement and impacts of human health and safety. These
indicators are important as they show that various pressure groups (such as
neighbourhood associations etc) were not consulted during the selection process.
During this consultation any direct impacts on their health and safety will be put
forward and assessed. If the remediation works are presented with several possible
procedures then the best option possible can be selected based on assessment of the
output on the various indicators. On the economic front, indicators such as indirect
costs and benefits should be considered as they provide information on the possible
long term financial implications (such as financial debt, change in land use etc) of the
process. This information is important for project viability.
6.4: Overall Findings
Validation of case study one shows the outcome when the DST is considered for a site
where mainly aggressive technologies have been selected for implementation. Case
studies two and three describe sites where GROs are the primary technologies being
used but also indicates that insufficient information (relating to the various aspects of
sustainability) has been collected and considered during selection of the GRO using
the DST.

In order to run a productive cycle of the DST to show sustainable

remediation has been implemented and/or considered, additional information relating
to all sustainable elements is required. This is to record that these indicators have been
considered during the selection process.
A general conclusion from the validation of the case studies outlined above is that
direct consideration was provided for the environmental aspects of sustainability
where a large number of the indicators were reviewed. However this was not the case
for the other two elements (social and economic) where more of the associated
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indicators reviewed were directly related to cost and duration of the remediation
technology.
In the event where there is a requirement to select an array of remediation techniques,
then it may be necessary to implement a semi-quantitative assessment in form of
MCA based on a weighted average approach. This approach has been carried out for
case study 1 as outlined above. Although this analytical technique may be subjective,
it would afford the opportunity for a more robust stakeholder engagement (discussed
in the next chapter).
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CHAPTER 7: DISCUSSION AND CONCLUSION
The DST developed in this thesis has been designed for the selection of gentle
remediation technologies by considering various knowledge gaps highlighted in
Chapter 2 and recommendations indicated in the questionnaire survey in Chapter 3.
This chapter will provide an evaluation of how these knowledge gaps have been filled
and these recommendations considered in the design of the tool. Based on this, and
development/validation of the DST in Chapters 4 – 6, suggestions for further research
are discussed and the potential for transferability of the DST (in terms of its potential
application under other national frameworks) examined.
7.1: Knowledge Gaps
7.1.1. Incorporation of sustainability and education on benefits of GRO
As indicated in the literature review discussed in Chapter 2, research studies show that
there is a need for incorporation of sustainability measures in decision making and
selection of remediation methods. This was evidenced by the fact that in practice,
decisions and selection of these methods are based on time constraints, economic
viability and feasibility of the remediation system. Possible impacts of remediation
are not usually given high priority despite the general drive towards sustainability.
This in many cases leads to poor consideration and popularity of gentle remediation
options (GROs) with aggressive technologies taking priority. These issues could be
addressed by creating a decision tool that would (a) disseminate information on the
potential applicability of GRO, and (b) incorporate sustainability measures in order to
address the possible impacts of remediation technologies on environmental, economic
and social facets (Onwubuya et al, 2009). The DST designed as part of this research is
an information based tool which provides access to bulk information on sustainability
and gentle remediation technologies using a tiered system. The first tier contains a list
of GROs and various contaminants that can be remediated (based on published field
and greenhouse studies) using the technologies indicated. Web links are also provided
to bundled information on GROs. Tier 2 provides direct linkage to sustainability
indicators derived from SURF UK. These indicators provide various illustrative
positions applicable to sustainability during remediation management. A majority of
DSTs use various qualitative and quantitative assessment tools (such as MCA and
CBA) as the primary selection process without consideration of sustainability
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measures. These methods are often considered as being quite subjective (Hermann et
al, 2007), however this subjective can be checked by adequate stakeholder
engagement. The use of MCA, CBA and LCA is considered in the DST designed in
this study. However, as mentioned above, this has been incorporated with
sustainability indicators which provide an indication on the possible extent of impacts
the remediation technology may have.

7.1.2. Establishment of an open-ended system
There was a need to create an iterative system tool for introducing information into
the DST when new technologies and further information on existing technologies are
developed (Agostini and Vega, 2009). The DST developed in this study has therefore
been designed as an open tool where new information can be updated by the user.
This has been made possible by the tiered system which can accept any new
information relating to gentle technologies, contaminants and assessment techniques.
The DST can also accept information relating to new international standards (e.g. the
proposed EU soil framework directive) on soil quality and sustainable remediation
that are bound to be promulgated in future. This open ended system also provides an
opportunity for comparing possible short and long term impacts on sustainability by
both aggressive and gentle remediation options during the technology selection phase.

7.1.3. Comparison with other DSTs
To further assess the features of the DST designed in this study, it was compared to
other DSTs that have been developed in Europe. Table 2.3 presented various DSTs
available in Europe and table 7.1 below is an excerpt of that table but which now
includes the features of the DST designed in this study. The comparison shows that
the DST designed in this study addresses all the sustainability criteria and through its
integration with an existing national guideline, also takes into account risk assessment
and management of contaminated land. The other DSTs indicated in the table show
shortcomings in various aspects specifically in consideration of elements of
sustainability and risk assessment. However, an exception to this is the DESYRE
(Decision Support System for rehabilitation of Contaminated Sites) system. DESYRE
considers all elements of sustainability and also has an integrated risk assessment
phase. DESYRE uses the Multi-Criteria Decision Analysis (MCDA) technique to
produce a ranking system. As mentioned above this system has been found to be
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subjective. Although the system considers socio-economic and environmental impacts
of the remediation technique, it is not integrated into a national framework which
would increase uptake and perhaps popularity. The high sophistication of the tool
could also be a disadvantage as it may be considered as complex and difficult to use.

169

Sustainability Criteria addressed
Tools

Principle

Present Study DST

Sustainability indicators

Various

from

remediation

SURF

Target techniques

UK

Economic

Environment

Social

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

No

Yes

Yes

No

No

No

Yes

No

No

No

Yes

No

No

Not indicated

Yes

Yes

No

No

Aggressive and gentle

Yes

Yes

Yes

Yes

gentle

techniques

(with

use

possibility

of

comparing

with

LCA if applicable

Assessment
Yes through
national

framework. Options to
CBA, MCA and

Risk

guidelines
(CLR 11)

aggressive
techniques)
REC

(Risk

MCA and LCA

Gentle

Reduction,

remediation

(Phytoremediation)

Environmental
Merit

and

cost

(Phyto DSS)
ABC (Assessment,

LCA

Aggressive and gentle

Benefits and Costs)
PRESTO
(PRESelection

of

Treatment Options)

techniques
Assessment based on

Aggressive and gentle

site-specific

techniques

characteristic such as;
contaminants

present,

groundwater
geochemistry

and

geological conditions
CARO

(Cost

Analysis

of

remediation

Assess the overall cost

Aggressive and gentle

of

remediation

techniques

Assesses the rough cost

Aggressive

of specific remediation

techniques

techniques

options)
ROCO

(Rough

Estimation Tool)

techniques
ROSA

Based

on

between

balance
cost,

environmental
compartments
risk

reduction

versus
and

reduction in liabilities
DESYRE

MCDA

(Decision Support
System
rehabilitation

techniques

for
of

Contaminated
Sites)
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Sustainability Criteria addressed
Tools

Principle

SPeAR

MCA

Aggressive and gentle

(Sustainable
Project

Target techniques

Risk

Economic

Environment

Social

No

No

Yes

Yes

No

Yes

No

Yes

No

No

Yes

No

No

Yes

Yes

Yes

No

No

Yes

No

Assessment

techniques

Appraisal

Routine)
DARTS (Decision
Aid

MCA

Aggressive

for

techniques

Remediation
Technology
Selection)
The

Sinsheim

LCA

Aggressive

Model
US

techniques
Air

Force

(AFCEE)

Net

Environmental

Aggressive and gentle

Benefit Analysis

techniques

Environmental footprint

Aggressive and gentle

calculator

techniques

Sustainable
Remediation

Tool

(SRT)
SiteWise

Table 7.1: Comparison with other DST models
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7.1.4. Validation
The case studies provided in Chapter 6 have provided a means by which the DST has
been validated. A cycle of the DST was run on different remediation projects from the
UK, France and Belgium. After running the DST on these projects, it was clear that
the information provided during the selection of the remediation technologies of the
sites did not adequately consider the sustainability measures. It proved that modern
selection processes were motivated primarily by the factors mentioned earlier in this
chapter (technical feasibility, timescale and cost). There was poor consideration of all
the elements of sustainability, which was identified in earlier chapters. However, the
DST did prove ‘fit-for-purpose’ in the East London (UK) case study in promoting
application of GRO by including it in decision making as a feasible option. The DST
has also allowed comparison with different options through implementation of a
scoring/weighting process as carried out in the UK case study (chapter 6).

7.1.5. Transferability of DST
The DST design was based on integration with a UK national guideline (CLR 11) but
transferability to other European countries is a possibility. As discussed in Chapter 2,
Germany has a written guidance and structure utilised in contaminated land
management which is similar to the UK. Although this guidance does not incorporate
sustainability issues and gentle remediation approaches, there is an ‘options appraisal’
stage where these sustainability issues and gentle approaches can be considered and
assessed. However there may be potential issues with stakeholder engagement as the
decision for remediation ultimately rests with authorities working under the auspices
of the government. In Germany, the Federal Soil Protection Ordinance requires the
assessment of environmental impacts, however it does not specify how these must be
undertaken (SUMATECS, 2009). This ‘federalisation’ of such decisions will impact
upon whether sustainability issues are considered and implemented. In addition the
application of a risk based approach is not generally applied by practitioners,
organisations and regulators (discussed below).
In Sweden there is also a national guidance on the remediation of contaminated land
as provided by the Swedish Environmental Protection Agency (SEPA). These
guidelines also constitute an options appraisal stage where selection of remediation
techniques is carried out. The SEPA guidelines are suited for both aggressive and
gentle approaches, concepts of sustainability and long-term efficiency are often
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underlined (Onwubuya et al, 2009).

However SEPA have issues with gentle

techniques that may leave the contaminants in situ (e.g. in situ soil immobilisation and
stabilisation processes). Notwithstanding, the DST can be used to provide a means of
comparison of different techniques during the selection process and also provide
additional information on other gentle techniques that do not leave residual
contaminants (e.g. phytoextraction) that may be applicable.
Ideally the DST will fit into a risk based system of contaminated land management. A
tiered approach to risk based land management offers the opportunity to integrate risk
assessment and sustainable remediation whilst maintaining the fundamental principles
used in the former (NICOLE, 2012). A survey carried out by NICOLE (2012) showed
that this approach exists and is utilised in a number of European countries but not all.
Countries such as UK, France, Netherlands and Sweden accept and recognise this
system in their regulations and are implemented in practice within their respective
countries. Similar to the integration of this DST with the UK’s CLR 11 tiered system,
there is the opportunity for the DST to be easily transferable and adaptable to these
countries. The DST could also be modified and utilised in countries without this risk
based system. This would serve as an opportunity to educate practitioners on the
merits of the risk based system which includes providing a more sustainable and
holistic decision-making method of contaminated land management.
7.2: Questionnaire survey suggestions
The requirement to consider wider societal, and economic benefits in contaminated
land management has now become more widely recognised (Harbottle et al., 2008a,
2008b; Hardisty et al., 2008). The selection of remediation technologies should be
refined in order for consideration to be given to the various elements of sustainability.
Participants from the questionnaire survey (covered in Chapter 3) provided suggested
improvements on existing DSTs in order to interact sufficiently with GROs. The
majority of the suggestions highlighted the requirements that DSTs should incorporate
sustainability measures, be easy to use and flexible. There were also suggestions that
DSTs should be integrated into existing national guidelines (in order to promote wide
spread uptake) and utilise a tiered approach. This approach to sustainability
assessment is one that uses the simplest techniques first and advances to more detailed
approaches only where necessary (Bardos et al, 2011). Following this tiered system,
consideration of wider impacts of the remediation technology should be considered.
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These improvements have now been outlined below in consideration of the DST
designed in this study.

7.2.1. Development of a system that covers all aspects of sustainability
The primary backbone of the DST is the consideration of all elements of
sustainability. This has been made possible by the incorporation of sustainability
indicators presented in the SURF UK review of indicator sets. The primary objectives
of SURF UK include the development of a framework for balanced decision making
in the selection of remediation strategy and development of indicators to enable
clearer and efficient sustainability. Web links to these indicators are presented in the
tier 2 phase of the tool, where the various categories are listed and can be considered
during the selection of GROs or comparison with aggressive techniques.

7.2.2 Information on trials and successes of GROs
The tier 1 phase of the DST provides a list of gentle approaches and links these to
contaminants of concern (CoCs) where there is available scientific evidence that the
techniques have been used with some degree of success during research trials
associated with the applicable contaminants. Within this tier, web links to proof of
successful pilot/field research studies related to implementation of these techniques
are also supplied. This affords a means of providing information and insight on GROs
in order to increase their uptake in contaminated land management. As this DST is an
open ended tool, there is also the opportunity to update the list with any new
improvements in the field.

7.2.3. Expand current tools to cover gentle remediation technologies
The participants were aware of the fact that many DSTs do not consider GROs but are
more focused on aggressive techniques. This can also be observed from table 7.1
which indicates that majority of the DSTs have been specifically designed to cater for
both aggressive and gentle techniques but have not focused in depth on the latter. The
DST designed in this study is specific for gentle approaches with the techniques
presented in the tier 1 of the tool. However in the event that a comparison of
approaches (aggressive and gentle) is required, then the tool can be modified and used
as a medium of comparison through a semi-quantitative technique (MCA). The tool
has also been designed as an ‘add-on’ to, and follows the tiered approach procedure of
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CLR 11 – the central contaminated land management tool currently used in the UK,
thus fulfilling the respondents comments outlined in Chapter 3.

7.2.4. Design of a simple and flexible tool
In comparison with other DSTs (as outlined in Table 7.1), the DST developed in this
study is designed to be less onerous to use, simple and flexible. As indicated in
SUMATECS, 2009 and Onwubuya et al (2009), existing tools may be considered as
too broad, may contain insufficient detail on a range of gentle technologies or
alternatively are considered over-complicated and complex (see Chapter 2), for
regular or widespread use by decision makers in selecting and applying gentle
remediation technologies. Unlike most of these tools, this DST has been integrated
with an existing national guideline (CLR11) in order to ensure that the procedures
(e.g. risk assessment) required for contaminated land management are given due
consideration. The sequential stages in the contaminated land process was followed as
depicted in the national guidelines until the consideration of GROs ‘kicks in’ at the
options appraisal stage (see figure 4.1). In addition, to increase the simplicity and
easiness of use, a tiered system was included in the design of the DST. As indicated
above, the DST also provides direction to bulk information that can be used in
contaminated land management.

As indicated in the questionnaire survey (Chapter 3), sustainable remediation has
become a major topic of discussion among environmental practitioners and regulators.
The SURF US White Paper published in 2009 mentions that a major barrier to the
implementation of sustainability in the remediation process is the non-requirement for
the incorporation of sustainability into remediation by regulators. In SURF UK, their
definition of sustainable remediation is the practice of demonstrating that a balance
exists between the possible effects on different elements of sustainability when
undertaking remediation. There are two fundamental stages of a project in which
sustainability can be considered: the planning/project design phase and during the
remediation technology selection phase (Bardos et al, 2011). As highlighted earlier,
this DST has been designed to be implemented at the options appraisal stage of
contaminated land management. In the industry, this is probably the most common
stage where sustainability will be considered by contractors and consultants as
indicated in case study one (Chapter 6). There is a better opportunity to assess /
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consider sustainability at the early stages of the project which in turn may provide a
wider possibility to influence every other stage of the project including the options
appraisal stage. As with most aspects of a project design, decisions considered and
made at the start of the project determine the overall success of the project through
direct implementation. Assessment of sustainability at the beginning of the project
will ensure that key elements of sustainability are highlighted. This early assessment
may provide the opportunity to obtain more information on the possible effects on the
sustainability elements that are usually poorly considered (economic and social).
Conversely decisions on remediation, including applicable technologies may have
already been considered at the beginning of a project which may leave little room for
consideration of gentle technologies.
The consideration of sustainability early in the project brings in another important
aspect of contaminated land management, which is stakeholder engagement. In order
to reach balanced agreement in selection of sustainable remediation technologies and
implementation of sustainability in contaminated land management, stakeholder
involvement is fundamentally important. As noted in Chapter 2, stakeholders are
primarily the site owner, regulators, planning authority and site users. During decision
making it is important that the suggestions of the stakeholders are taken into
consideration so that a balanced decision can be reached. Seeking consensus between
different stakeholders in a decision making process is an important factor in helping
to achieve sustainable development (Bardos et al, 2002) although it is not a
straightforward process. Stakeholder engagement is a key aspect of decision making
and should be considered in any development of a remediation DST. The DST
developed in this research highlights this stakeholder requirement in the decision
making process but does not provide further details on how this can be achieved. It
does however give a verification page, where stakeholder involvement can be
recorded for transparency. For stakeholder engagement to contribute to robust
decision making, it is of importance that the technical view point is expressed in an
easily comprehensible manner within a decision making system. This will ensure that
stakeholders understand the cost and benefit of different approaches in order to pass
transparent judgment. In a situation where a scoring and ranking system is required,
agreements should be reached amongst the different stakeholders on a balanced and
unbiased system. As suggested by Pediaditi et al (2010), the principles of the
balancing approach and scope of what is to be considered all need to be acceptable to
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the various stakeholders. As information will be derived from different stakeholders
(both technical and non-technical), as mentioned earlier, the key challenge will be to
develop a user friendly platform to breakdown complicated technical information into
an easily understandable format. A sensitivity step should also be included so the
stakeholders can reassess their decisions if required.

As indicated above, the DST developed here can also be used in comparing
aggressive and gentle techniques. This can be implemented by utilising assessment
techniques such as MCA. In the event where it may not be possible to solely use
gentle remediation techniques in land remediation, future DST developments should
consider the potential use of gentle remediation technologies as part of integrated site
solutions, at large, homogenous and/or mixed contaminant sites (otherwise known as
‘treatment train’).

The development of this system should also ensure that

sustainability remains the primary consideration during the selection process.

It should be noted that some sites have implemented GRO through installation of reed
beds, grass cover and constructed wetlands although these may have been carried out
as landscaping rather than remediation measures (e.g. case study site 1). Such mixed
usage and development provides considerable opportunities for application of GRO as
risk management tools in the future.
7.3: Conclusion
A range of DSTs have been produced and highlighted in the academic / trade
literature and within this research thesis. The questionnaire survey (presented in
Chapter 3) can be considered to be a valuable contribution to understanding the
perceptions and knowledge of DSTs and GROs in the contaminated land industry.
Most of the views indicated in the survey especially with respect to GROs are largely
based on poor availability of data from successful field trials, commercial uptake and
a cost and profit based approach in contaminated land management. There was also
indication that there is a lack of stakeholder knowledge on DSTs generally, and
specifically those which can be used to support the selection and application of gentle
remediation technologies. This study will contribute towards the bridging of the
gap/lack of knowledge on the subject. It will also help in increasing the awareness of
GROs and possibly their use in the UK contaminated land industry. In addition the
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questionnaire survey engaged participants from the UK and Europe which also
highlighted differences in contaminated land management within different European
countries.
Therefore, in line with the research objectives outlined in the beginning of this study
and suggestions collated from the survey, a DST has now been developed which can
be referred to as simple and flexible which provides the user with bundles of
information. Future research should focus on providing a clear means of stakeholder
engagement and involvement as part of the development of a DST. In addition future
development of DST should also focus on inclusion of site specific information, such
as depth of contamination which would further determine the specific technique that
can be implemented during the remediation as some techniques may terminate at
certain depths and, therefore, may not be applicable to the removal/immobilisation of
CoCs. An applicable example is the East London (UK) case study (Chapter 6) where
the contamination was at a relatively shallow depth (1m below ground level). Future
research should also consider information on water balance and whether irrigation
during the remediation process will be required (but not at the expense of the
simplicity of the operation). Stakeholder awareness and confidence should also be
raised by providing real data (e.g. kg carbon sequestration, value added to the local
community) for sustainability assessment and valuation. Availability of these data
would also bring about a less onerous implementation of life cycle analysis of GRO.
There is also a need for evidence of successful implementation of GRO on a
commercial level (or as part of a ‘treatment train’ as mentioned above). This will
drive better understanding and consideration of these sustainable remediation
techniques by regulators and local authorities.
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1) What is your position or role related to Contaminated Land Management?
City Council
Engineering contractor
Environmental engineer or engineering consultant
Land owner or investor
Land user (farmer, tenant)
Local Authority or Government
National Authority or Government (Ministry)/Agency
Stakeholder (association, insurance, bank, citizens´ initiative / NGO)
University or research institute
Other (please insert)
2) How often do you deal with aspects of Contaminated Land?
Daily
Once or twice a week
Once or twice per month
Once or twice per quarter
Once or twice per year
Very seldom
3) If you think of contaminated land remediation in general, what are the factors which would lead you to
choosing one particular remediation technique over others
[please rate from 1 (it is a key factor) to 5 (unimportant factor)]?
Key factor

1

2

3

4

5

Unimportant

Removal of risks
Reduction & control of risks
Removal of contamination
Reduction & control of
contamination
Public fears / pressure
Site usability during remediation
Possibility to choose or change site
end use during remediation
process
Suitability for site use after
remediation
Burden of aftercare
Private needs (e.g. of land owners,
land users)
Public needs
Time needed for remediation

1

Costs
Social aspects
Remediation technology /
feasibility
Spatial planning issues
Contaminant location (e.g. surface
or sub soil)
Contamination extent /
concentration level
Impact of contamination
(on surroundings and other
environmental compartments)
Impact of remediation
(on soil, surroundings, other
environmental compartments)
Sustainability issues (e.g. carbon
footprint)
Others (please specify):

4) Are you familiar with “gentle” remediation options such as phytoremediation
or immobilization?
Yes, I know about them and have planned / decided / operated on them
Yes, I know about them but have only limited practical experience
Yes, I know them but only theoretically, I have never chosen or used them
I know too little to decide on them / use them
I am not aware of them
5)

How “gentle” or “soft” do you think the following remediation options are?
[Please rate from 1 (very gentle) to 5 (aggressive)]
very gentle

1

2

3

4

5

aggressive

Excavation and disposal
Soil washing - on-site*
Soil washing - off site*
Contaminant immobilisation
Covering with clean soil
Phytoextraction using
specialized plants
Enhanced phytoextraction by
increasing trace element mobility
Phytostabilisation
Aided phytostabilisation using

2

soil amendments
Keeping pH to optimum / pH
management systems
Change crop type (or cultivars)
under usual farming
Change of land use (e.g. arable
land to grassland)
Soil use restrictions (e.g. no
gardening, no playground)
6)

If
you
think
of
gentle
remediation
options
(g.r.o)
for
contaminated
sites in general, which of the following statements would you tend to confirm
or refuse? [If you can´t decide, just skip that statement and proceed to the next.]
Yes
Sometimes
No

g.r.o. were able to reduce or even remov contaminants
g.r.o. were able to reduce or even remove risk
g.r.o. were a contribution to a sustainable management strategy
g.r.o. have no or only small negative impact on soil functions
g.r.o. have no or only small negative impact on the environment
g.r.o. have no or only small negative impact on economic aspects
referring to soil use
g.r.o. generally need long time for remediation
g.r.o. were simple to install and perform
g.r.o. have a positive impact on the cost-benefit-balance of
remediation projects
g.r.o. are in general well accepted in the public
Do you know some other pros and cons of gentle remediation options?
(please insert below)

7)

Were the following components a subject matter of a sustainable
management system for contaminated sites?
Yes

Sometimes

No

a) Human safety
b) Ecological safety
c) Restoration of the soil function of water filtration
d) Restoration of the soil function of plant production

3

e) Restoration of the soil function as a habitat for
organisms
f) Site usability during remediation
g) Site usability after remediation
h) No or minimal aftercare
i) Consideration of sustainable development measures
such as carbon footprint, recycling and re-use, waste
minimisation
j) Quick and easy implementation
k) Time needed to achieve soil remediation
l) Public acceptance
m) Costs
8)

Are you aware of any decision support tools that can be used
appropriate remediation or management strategies for contaminated land sites?
Yes

No

to

select

Don’t know

If yes, please list some of these tools below. and proceed to questions 9 and 10 (If no, please go to
question 11)

9) Are these decision support tools (mentioned above) fit for purpose?
Yes

No

Don’t know

If no, please state reasons

10) Are these tools suitable for the application of gentle remediation techniques?
Yes

No

Don’t know

4

What improvements could be made to these tools (please list)

11) Do you think that such a decision support tool would be useful?
Yes

No

Don’t know

Please list the features that such a decision support tool should have.

12) How would you describe your personal knowledge about gentle remediation options and your future
needs in this regard?
I feel well informed and able to decide on gentle remediation options
I would like to gather more general information about the principles and the pros and cons
of gentle remediation options
It would be helpful to get access to bundled information about operating gentle
remediation options implemented on contaminated sites
I would like to have more technical expert assistance concerning gentle remediation
options
I would need more future basic research on the processes of gentle remediation options
I would need more results from future field tests operating at pilot scale

13) In general, do you think that gentle remediation options should be more widely used?
Yes

No

If yes, please list some ideas on how to make them more widely accepted as practical remediation tools
(If no, please go to question 14)

14) If no, please list some reasons why they are not suitable for practical application

THANK YOU FOR YOUR TIME
5

APPENDIX B – DECISION SUPPORT TOOL DESIGNED IN THIS STUDY
(CD ONLY)
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APPENDIX C – TIER 1 SCIENTIFIC EVIDENCE
Contaminants are listed in order of appearance in the DST workbook
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ORGANICS
Acenaphthene
Ferro et al (1997a) have successfully applied rhizodegradation in the
phytoremediation of acenaphthene in contaminated soils and sediments.
A
greenhouse-scale experiment was carried to evaluate the use of this phytoremediation
technique on the PAH cleanup of planted and unplanted soil. After 258 days, the soil
planted with perennial ryegrass (Lolium perenne) decreased concentrations of
acenaphthene from 33.0 to 1.8mg/kg within the rhizosphere. Although this was a
greenhouse/pot scale experiment, the results indicate that the rate of biodegradation of
the contaminant in the rhizosphere increases the density of the root therefore it will be
suitable for field use.
Naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene,
anthracene,
fluoranthene,
pyrene,
benzo[a]anthracene,
chrysene,
benzo[b]fluoranthene,
benzo[k]fluoranthene,
benzo[a]pyrene,
dibenzo[a,h]anthracene, benzo[g,h,i]perylene, indeno[1,2,3-cd]pyrene
A pot study was conducted to examine the effects of inoculation with Rhizobium
meliloti on rhizodegradation by alfalfa grown for 90 days in an agricultural soil
contaminated with weathered PAHs by Teng et al (2011). Before the experiment the
concentrations of 16 individual PAHs (equating to 10124µg/kg) were recorded. The
silty sandy soil collected within 15cm of soil profile with Rhizobium meliloti
enhanced PAH-degrading bacteria in the rhizosphere of the alfalfa plant and after 90
days the final PAH concentrations within the rhizosphere ranged from 4916 to
8620µg/kg. There was also accumulation of PAHs in the shoots and roots at
482.2µg/kg and 699 µg/kg respectively. This experiment involved a limited pot study
although authentic contaminated soil was used. The results suggest that the symbiotic
association between alfalfa and Rhizobium meliloti can stimulate the rhizosphere
microflora to degrade PAHs and its application may be a promising phytoremediation
strategy for aged PAH-contaminated soils. No field scale study has yet been
performed.
Aliphatics
Shirdam et al (2008) successfully remediated contaminated soil from an oil refinery
using the method of rhizodegradation via two plant species Sorghum (Sorghum
bicolor) and common flax (Linum usitatissumum). The contaminated soil consisted of
clay (33%), silt (33%), sand (20%) with a soil pH of 7.6. Sorghum and common flax
were cultivated over a 3 month period. Monitoring of plant growth was done on days
10, 20, 30, 60 & 90. Sorghum and common flax reduced aliphatics/TPHs levels in
contaminated soil by 9500 and 18500 mg/kg respectively. This was further enhanced
when peat fertilizer was added. These results indicate that both plants species were
effective and promising for the removal of aliphatics from contaminated soil
particularly considering the results obtained from this study was carried out in the
field. In additional future investigations, organic fertilizer levels should be optimized
to further increase plant growth and hydrocarbon degradation.
Anthracene
Reilly et al (1993) have successfully applied rhizodegradation for the remediation of
anthracene in landfarmed soil consisting silty sand with pH of 6.4. Four plant species
(Alfalfa, Festuca arundinacea, Panicum virgatum and Sorghum vulgare) were grown
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in the contaminated soil in a greenhouse; after 4, 8, 16, and 24 week period of plant
growth, soil and plant material were sampled and analyzed for anthracene. The
following reductions were achieved within the immediate vicinity of the rhizospehre;
Alfalfa (0.60mg/kg), Festuca arundinacea (0.76mg/kg), Panicum virgatum
(0.79mg/kg) and Sorghum vulgare (0.74mg/kg). Although rhizodegradation of
anthracene has been proven at pot scale no field scale studies have yet been carried
out. However this study shows that the presence of plants may enhance the clean-up
of PAH-contaminated soils during in situ remediation. Alfalfa and Sorghum vulgare
have previously be used in rhizodegradation of organic contaminants in other studies
(e.g. Shirdam et al (2008)).
Dixit et al (2009) also carried out a laboratory study where 14C anthracene (uniformly
labelled) was added to red soils (pH 6.5) to study uptake & degradation of 14C
anthracene by transgenic tobacco plants grown for 23 days. Controls were also in
place. The tobacco plants showed better growth and enhanced uptake of anthracene
compared to control. However it should be noted that a shortcoming from this process
is the derivative of naphthalene which is produced during the degradation. The
present study has the potential application for remediation of other polycyclic
hydrocarbons on a field scale but naphthalene derivatives will need to be monitored.
Aromatics
Moreira et al (2011) used greenhouse experimental studies to successfully remediate
aromatic hydrocarbons from contaminated oily residue. Sediment (sandy mud, 73%
silt) samples collected from 0 to 30cm depth in an estuary and mixed with oil residue.
Seedlings of R. mangle (red mangrove) were planted with the oil-mix residue. Within
the growing season of 3 months the levels of aromatics reduced from 33.2 to 4.5mg/g.
There was also an increase in microorganisms within the rhizosphere during this
period which indicates the presence of the contaminants have induced the release of
rhizosphere degrading microorganisms which assist with contaminant breakdown.
Rhizodegradation is promising in the recovery of areas contaminated by the activities
of the oil industry. However, it is important to test this process within an in situ field
scale and see whether transformation of aromatics produces any toxic co-products.
Benzene
Corseuil and Moreno (2001) performed experiments under laboratory conditions to
investigate the use of Willow tree (Salix babylonica) in the reduction of benzene in
ethanol-blended gasoline. The experiments comprised three sets of treatments:
reactors with plants, blank sterile controls and root/stem controls. Experiments were
carried out within a closed room with temperature kept at 25oC for a 1 week period
with artificial lighting supplied. Results show that benzene aqueous solution was
reduced by 70% after 1 day, and by more than 99% on the 7th day. Eventual results
showed that benzene was being sorbed onto root biomass, but plant uptake and
biological degradation became the predominant mechanisms afterwards which
indicate rhizodegradation and phytoextraction are the mechanisms responsible for
benzene depletion. Natural attenuation (NA) is also becoming a popular method of
treating organic contaminants , based on the assumptions of this study future fieldscale research should aim to combine and integrate phytoremediation and NA in the
cleanup of gasoline spills. Related studies have also indicated, once translocated to
above ground tissues, benzene and its related compounds (toluene, ethylbenzene and
xylenes) can be volatilized from leaves to the surrounding atmosphere, a pathway that
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appeared to be intrinsically related to transpirative rates of poplar cuttings grown
hydroponically (Burken and Schnoor, 1999). Although the experiment was
performed under laboratory conditions the researchers provided evidence to show that
deep rooted willow trees may remove benzene from gasoline fractions.
Boonsaner et al (2011) successfully showed that canna (Canna x generalis) could
accumulate benzene (as a constituent of BTEX (benzene, toluene, ethylbenzene and
xylenes)) from root zone and rhizome zone soil and translocate these compounds to
the shoot from a sandy loam soil in the process of phytoextraction. The soil contained
1.62% organic carbon with a slightly acidic pH of 6.1. This low organic carbon
content signifies a high availability of contaminants. The results obtained showed that
the canna can remove about 80% of BTEX in 21 days under these laboratory
conditions. According to the authors the phytoextraction efficiency could be higher
under field conditions when the water content, evaporation, light exposure and
ambient temperature are taken into account. Therefore this experiment and results
could be easily transferable to field-scale although this is yet to be carried out.
Ferro et al (1997b) successfully implemented the degradation of benzene in the
rhizosphere of alfalfa plant. However the results obtained were not as promising as in
other studies (about to 2% - 8% degraded), therefore a field scale study is required to
further test the use of this plant in the rhizodegradation of benzene in the rhizosphere.
In the study carried out by Reiche et al (2010) phytovolatilisation of benzene was
quantified in a meso-scale constructed wetland planted with reed grass. At this site,
large quantities of blended gasoline and pure methyl tert butyl ether (MTBE) were
released to the subsurface by spills or through leaking underground storage tanks. The
results indicate that overall volatilisation of benzene (and other volatile compounds
such as MTBE) depends on seasonal variations with the highest volatilisation fluxes
measured in the summer where detected fluxes accounted for 5.6% of the overall
contaminant loss in the planted wetland with detected volatilisation flux of 252µgm2 -1
h . Although this technique has been proved in this study at a medium scale, it
should be noted that any future full scale studies should show careful consideration
regarding legal issues surrounding the uncontrolled release of volatile contaminants in
constructed wetlands to clean up contaminated soil.
Benzo(a)anthracene, chrysene, benzo(a)pyrene, dibenzo(ah)anthracene
Aprill and Sims (1990) conducted a laboratory scale research project where deep
rooted prairie grasses were used to successfully phytoremediate (through
rhizodegradation mechanisms) four PAHs in a sandy loam soil. Eight types of prairie
grasses (big bluestem, Indiangrass, Switchgrass, Canada wild-rye, Little bluestem,
Side oats grama, Western wheatgrass and Blue grama) were evaluated in the
treatment. For all four PAHs evaluated, the extent of PAH disappearance was
consistently greater in vegetated units compared to unvegetated controls. Among the
four PAHs evaluated, apparent disappearance was greatest to least for
benz(a)anthracene>chrysene>benzo(a)pyrene>dibenz(a, h)anthracene. It was apparent
during the experiment that the contaminants were broken down in the rhizosphere
with the grass roots increasing microbial activity (through enhancement of soil
organic matter) in the soil thereby improving the chemical and physical characteristics
of the soil. While remediation effectiveness for these contaminants has been shown to
be successful at pot scale for rhizodegradation and should be transferable to full field
scale, no full field-scale applications however have yet been performed.
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Benzo(a)anthracene
Perennial ryegrass (Lolium perenne) was successfully applied in the rhizodegradation
of the contaminant benzo(a)anthracene by Ferro et al 1997a. The plant decreased
concentrations from 4.1 to 0.9mg/kg within the rhizosphere in 258 days. Although
this was a greenhouse scale experiment, the results indicate that the rate of
biodegradation of the contaminant in the rhizosphere increases the density of the root
therefore it will be suitable for field use.
Benzo(a)pyrene
Perennial ryegrass (Lolium perenne) was successfully applied in the rhizodegradation
of the contaminant benzo(a)pyrene by Ferro et al 1997a. The plant decreased
concentrations from 13.1 to 7.1mg/kg within the rhizosphere in 258 days. Although
this was a greenhouse scale experiment, the results indicate that the rate of
biodegradation of the contaminant in the rhizosphere increases the density of the root
therefore it will be suitable for field use.
Benzo(b)fluoranthene
Perennial ryegrass (Lolium perenne) was successfully applied in the rhizodegradation
of the contaminant benzo(b)fluoranthene by Ferro et al 1997a. The plant decreased
concentrations from 17.6 to 8.4mg/kg within the rhizosphere in 258 days. Although
this was a greenhouse scale experiment, the results indicate that the rate of
biodegradation of the contaminant in the rhizosphere increases the density of the root
therefore it will be suitable for field use.
Benzo(ghi)perylene
Perennial ryegrass (Lolium perenne) was successfully applied in the rhizodegradation
of the contaminant benzo(ghi)perylene by Ferro et al 1997a. The plant decreased
concentrations from 12.0 to 2.6mg/kg within the rhizosphere in 258 days. Although
this was a greenhouse scale experiment, the results indicate that the rate of
biodegradation of the contaminant in the rhizosphere increases the density of the root
therefore it will be suitable for field use.
Benzo(k)fluoranthene
Perennial ryegrass (Lolium perenne) was successfully applied in the rhizodegradation
of the contaminant benzo(k)fluoranthene by Ferro et al 1997a. The plant decreased
concentrations from 8.8 to 2.7mg/kg within the rhizosphere in 258 days. Although
this was a greenhouse scale experiment, the results indicate that the rate of
biodegradation of the contaminant in the rhizosphere increases the density of the root
therefore it will be suitable for field use.
Polychlorinated biphenyl (PCB)
Chekola et al (2004) have successfully applied rhizodegradation to remediate
biphenyl- contaminated soil using alfalfa, flatpea, Sericea lespedeza, deertongue, reed
canarygrass, switchgrass, and tall fescue. Presence of these plants significantly
increased the biological activity (microbial counts and enzyme activity of the soils)
and therefore breakdown of biphenyls in the contaminated soils by 38%. Greater
bacterial counts and soil enzyme activity were closely related to higher levels of PCB
biodegradation. It appears that this is one of the first sets of rhizodegradation evidence
to be published for degradation of biphenyls. However extensive field studies (similar
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to Huesemann et al (2009) below) are still required to further validate the
performance of these plants in the breakdown of biphenyls in the rhizosphere.
A field and laboratory experiment was carried out by Huesemann et al (2009) where
rhizodegradation was successfully used in removing PCBs from sediments using
eelgrass (Zostera marina). After 60 weeks of treatment, total PCBs declined by 60%
in the presence of the plants while none were removed in the unplanted sediment.
Overall, the apparent PAH and PCB biodegradation was greatest in the sediment layer
that contained most of the eelgrass roots. The authors ruled out contaminant loss to
absorption and transformation within plant cells, therefore the presence of eelgrass
likely stimulated the microbial biodegradation of PCBs in the rhizosphere by
releasing root exudates and plant enzymes. These parameters were not measured
therefore further field-scale studies are encouraged in order to fully elucidate the
mechanisms by which the PCBs were removed from the sediments.
Chrysene
Perennial ryegrass (Lolium perenne) was successfully applied in the rhizodegradation
of the contaminant chrysene by Ferro et al 1997a. The plant decreased concentrations
from 19.6 to 3.0mg/kg within the rhizosphere in 258 days. Although this was a
greenhouse scale experiment, the results indicate that the rate of biodegradation of the
contaminant in the rhizosphere increases the density of the root therefore it will be
suitable for field use.
Dibenzo(ah)anthracene
Perennial ryegrass (Lolium perenne) was successfully applied in the rhizodegradation
of the contaminant dibenzo(ah)anthracene by Ferro et al 1997a in contaminated soil
medium. The plant decreased concentrations from 2.1 to 1.6mg/kg within the
rhizosphere in 258 days. Although this was a greenhouse scale experiment, the results
indicate that the rate of biodegradation of the contaminant in the rhizosphere increases
the density of the root therefore it will be suitable for field use.
Benzene, Toulene, Ethylbenzene and Xylene (BTEX)
Boonsaner et al (2011) successfully showed that canna (Canna x generalis) could
accumulate BTEX from root zone and rhizome zone soil and translocate these
compounds to the shoot from a sandy loam soil in the process of phytoextraction. The
soil contained 1.62% organic carbon with a slightly acidic pH of 6.1. This low organic
carbon content signifies a high availability of contaminants. The results obtained
showed that the canna removed about 80% of BTEX in 21 days under these
laboratory conditions. According to the authors the phytoextraction efficiency could
be higher under field conditions when the water content, evaporation, light exposure
and ambient temperature are taken into account. Therefore this experiment and results
could easily be transferable to field-scale.
Fluoranthene
Greenhouse and field trials were used by Ferro et al (1999) to successfully implement
rhizodegradation in the treatment of soil contaminated with PAHs using perennial
ryegrass. The trials involved planting with three different soil treatments: planted in
soil amended with minerals and dolomite, unplanted amended soil, and unplanted
unamended soil. Fluoranthene, pyrene and chrysene were biodegraded in all
treatments, and some appeared to show enhanced biodegradation in the rhizosphere.
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Nutrients stimulated the biodegradation of pyrene. Comparisons were difficult
because of the uneven distribution of contaminants in the field but similar timedependent declines in contaminant concentration were observed in both field and
greenhouse studies. There was a decreased concentration of fluoranthene from 63.7 to
2.8mg/kg in 11months. Therefore remediation effectiveness for fluoranthene has been
shown at pot and field-scale for rhizodegradation (but to a lesser degree for
phytoextraction) and should be transferable to full field scale.
Similarly perennial ryegrass (Lolium perenne) was also successfully applied in the
rhizodegradation of fluoranthene by Ferro et al 1997a. The plant decreased
concentrations from 63.7 to 3.6mg/kg within the rhizosphere in 258 days. Although
this was a greenhouse scale experiment, the results indicate that the rate of
biodegradation of the contaminant in the rhizosphere increases the density of the root
therefore it will be suitable for field use.
Gas Range Organics (GROs) – Diesel
Lin and Mendelssohn (2009) successfully enhanced diesel oil degradation within
sediments using a coastal marsh plant, Juncus roemerianus in a greenhouse
experiment. J. roemerianus was transplanted into salt marsh sediment contaminated
with diesel fuel at concentrations of 0, 20, 40, 80, 160, 320, and 640mg diesel g−1 dry
sediment. One year after the treatment, there was concentration reduction in all
categories of hydrocarbons associated with the diesel-contaminated wetlands in both
surface and sub-surface sediments. It was observed however that high concentrations
of diesel suppressed variables such as plant stem density, plant shoot height,
aboveground biomass and belowground biomass. This method can therefore be
considered for phytoremediation of diesel contaminated sediments but field scale
studies need to be carried out and consideration should be given to the tolerance levels
of the plant as high concentrations may have an effect on plant physiology. There is
potential however to apply this method to moderately contaminated soil.
Indeno(123cd)pyrene
Perennial ryegrass (Lolium perenne) was successfully applied in the rhizodegradation
of the contaminant indeno(123cd)pyrene by Ferro et al 1997a. The plant decreased
concentrations from 6.4 to 4.4mg/kg within the rhizosphere in 258 days. Although
this was a greenhouse scale experiment, the results indicate that the rate of
biodegradation of the contaminant in the rhizosphere increases the density of the root
therefore it will be suitable for field use. However the timescale of degradation
compared to the reduction in concentration achieved is very high and this should be
considered during remediation planning.
Methyl tert-butyl ether (MTBE)
Rubin & Ramaswami (2001) successfully remediated MTBE through phytoextraction
by small poplar saplings. During a 1-week period plant uptake experiments indicate
30% reduction in MTBE mass at both high (1600ppb) and low (300ppb) MTBE
concentrations. The high degree of MTBE removal achieved by small plants over a
short period of time indicates great potential for successful phytoremediation of
subsurface MTBE using poplar trees in the field.
Additionally in a study carried out by Reiche et al (2010) phytoextraction and
phytovolatilisation of MTBE were assessed in a meso-scale constructed wetland
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planted with reed grass. At this site, large quantities of blended gasoline and pure
MTBE were released to the subsurface by spills or through leaking underground
storage tanks. The results indicate that overall volatilisation of MTBE depends on
seasonal variations with the highest volatilisation fluxes measured in the summer
where detected fluxes accounted for 2.4% of the overall contaminant loss in the
planted wetland with a volatilisation flux of 846µgm-2h-1. Although this technique has
been proved in this study at a semi-large scale, it should be noted that any future full
scale studies should show careful consideration regarding legal issues surrounding the
uncontrolled release of volatile contaminants in constructed wetlands to clean up
contaminated soil.
Naphthalene
Perennial ryegrass (Lolium perenne) was successfully applied in the rhizodegradation
of the contaminant Naphthalene by Ferro et al 1997a. Complete removal of
naphthalene was achieved (from 23.0 to 0mg/kg) within the rhizosphere in 258 days.
Although this was a greenhouse scale experiment, the results indicate that the rate of
biodegradation of the contaminant in the rhizosphere increases the density of the root
therefore it will be suitable for field use.
Phenanthrene
Muratova et al (2009) successfully proved that the presence of phenanthrene in the
root of Sorghum bicolor (L) Moench plant enhanced the presence of contaminantdegrading microbial populations in the rhizodegradation of the PAH in quartz sand.
The investigation was performed under controlled conditions in a pot experiment. The
sorghum plant was cultivated in sand containing two phenanthrene conditions of 10
and 100 mg/kg. There was no stress effect on the plant from the low concentration but
the higher concentration caused a distinct phytotoxic effect and decreased plant
survival. However the population of phenanthrene-degrading microorganisms
increased which was confirmed by the reduction in phenanthrene content in the
sorghum root zone. Therefore, while remediation effectiveness for phenanthrene has
been shown at pot scale for rhizodegradation and should be transferable to full field
scale, no full field-scale applications have yet been performed. It should be noted that
rhizodegradation in the field using sorghum should be used on soil contaminated with
marginal phenanthrene concentrations to avoid any phytotoxic effect on the plant.
Sun et al (2010) have also successfully applied rhizodegradation to remediate
phenanthrene and pyrene in a typical low organic matter clay loam soil (pH 4.8). The
role of root exudates on dissipation of phenanthrene and pyrene was evident in this
experiment with biodegradation of 15.5% and 21.3% respectively occurring after 60
days which was higher than those of indigenous microbial degradation. This further
reiterates that these microorganisms are enhanced in the presence of the contaminants.
The low organic matter and acidic content of the test soil ensured that there was a
high bioavailability of the contaminants. Despite the successful breakdown of these
compounds in this pot experiment, field data are currently lacking.
Phenol
Singh et al (2008) utilised vetiver grass (V. zizanoides L. Nash) for the
phytoextraction of phenol from an incubation medium. At the end of 4 days, phenol
was completely removed from the incubation medium in medium with 50 and
100mg/l phenol, while with 200, 500, and 1000mg/L phenol, 89%, 76% and 70%,
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respectively, were removed. A shortcoming of this study was that the high phenol
concentrations affected the plant physiology. However this can minimised in the field
by remediating media with moderate phenol contamination. Therefore there is a
possibility that this method can be applied at field scale.
Total PAHs
Técher et al (2011) successfully showed that root exuates from Miscanthus x
giganteus contribute to the presence of PAH degrading bacteria in the rhizosphere.
The plant is a sterile perennial grass able to grow on a large variety of soils without
any input requirement of fertilizer. The plants were grown in quartz sand for one
month in a phytotonic chamber. There was a high PAH degradation within the
rhizosphere of the plant from an initial concentration of 100mg/kg to 2.7mg/kg in 30
days. While remediation effectiveness for PAHs has been shown at pot scale for
rhizodegradation (and to a lesser degree for phytodegradation) and should be
transferable to full field scale, no full field-scale applications however have yet been
performed.
Pyrene
Lin et al (2008) successfully applied rhizodegradation for the remediation of Paddy
soil (coarse-loamy, nonacid) co-contaminated with copper and pyrene using maize
(Zea mays). With initial concentration of 50, 100 and 500mg/kg and at the end of the
4-week culture, pyrene was greatly decreased (between 9 – 14%) in the planted soil.
This indicated that the dissipation of soil pyrene was enhanced in the presence of
vegetation due to the biodegradation and association with the soil rhizosphere. Unlike
pyrene, copper cannot be degraded in the rhizosphere but only be removed via
phytoextraction which was slightly inhibited (possibly due to the phytotoxic effect
copper had on the plant). There was less extraction of pyrene by the plant especially
in the presence of copper.While remediation effectiveness for pyrene has been shown
at pot scale for rhizodegradation (and to a lesser degree for phytoextraction) and
should be transferable to full field scale, no full field-scale applications however have
yet been performed.
Reilly et al (1993) successfully applied rhizodegradation in the remediation of pyrene
from landfarmed soil consisting of silty sand with pH of 6.4. Four plant species
(Alfalfa, Festuca arundinacea, Panicum virgatum and Sorghum vulgare) were grown
in the contaminated soil in a greenhouse with initial pyrene concentration of
100mg/kg; after 4, 8, 16, and 24 wk of plant growth, soil and plant material were
sampled and analyzed for the target PAHs. The following final concentrations of
pyrene were achieved within the immediate vicinity of the rhizospehre; Alfalfa
(1.66mg/kg), Festuca arundinacea (1.49mg/kg), Panicum virgatum (1.32mg/kg) and
Sorghum vulgare (1.49mg/kg). Although rhizodegradation of pyrene has been proven
at pot scale no field scale studies have yet been carried out. However this study shows
that the presence of plants may enhance the clean-up of PAH-contaminated soils
during in situ remediation. Alfalfa and Sorghum vulgare have previously been used in
rhizodegradation of organic contaminants in other studies (e.g. Shirdam et al (2008)).
In another greenhouse experiment carried out by Schwab and Banks (1994) the
degradation of pyrene was shown to be greater in the presence of sudangrass
(Sorghum vulgare) than in its absence. Enhanced microbial activity in the rhizosphere
was detected and responsible for the increased dissipation of the contaminant.
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Sudangrass decreased soil concentrations of pyrene from 100 to 1.49mg/kg in 24
weeks. Pyrene was detectable in the plant tissue but the total quantity of uptake was
insignificant. The remediation potential and effectiveness is evidenced in this
greenhouse experiment and can be implemented in the field.
Subsequently, Lu et al (2011) conducted a greenhouse experiment to evaluate the
degradation of spiked phenanthrene and pyrene in the rhizosphere of mangrove plant
Kandelia candel (L.) Druce using mangrove sediments. After 60 days of plant
growth, presence of the plant significantly enhanced the dissipation of pyrene (37.6%)
from contaminated sediment. Higher degradation rates (47.7%) were observed at
3mm from the root zone. Uptake via phytoextraction was low compared to
rhizosphere dissipation. Although successful at pot scale, it is now necessary to
achieve this outcome under field trials at a larger scale.
Greenhouse and field trials (small scale) were used by Ferro et al (1999) to
successfully implement rhizodegradation in the treatment of soil contaminated with
PAHs using perennial ryegrass. The trials involved planting with three different soil
treatments: planted in soil amended with minerals and dolomite, unplanted amended
soil, and unplanted unamended soil (control). Fluoranthene, pyrene and chrysene were
biodegraded in all treatments, and some appeared to show enhanced biodegradation in
the rhizosphere. Nutrients stimulated the biodegradation of pyrene. Comparisons were
difficult because of the uneven distribution of contaminants in the field but similar
time-dependent declines in contaminant concentration were observed in both field and
greenhouse studies. There was a decreased concentration of pyrene from 85.1 to
4.9mg/kg in 11months. Therefore remediation effectiveness for pyrene has been
shown at pot and field-scale for rhizodegradation (but to a lesser degree for
phytoextraction) and should be transferable to full field scale.
Total Petroleum Hydrocarbons (TPH)
Komisar and Park (1997) successfully applied rhizodegradation to remediate diesel
contaminated soil using alfalfa plants. Alfalfa was grown on diesel contaminated soil
in the field (at soil concentration 7300mg TPH/kg), spiked to 12,400mgTPH/kg 10
weeks later. 80% degradation was achieved in 8 weeks, whilst in the 2nd phase of two
weeks a further 90% degradation was achieved. Diesel degradation was not achieved
in unvegetated controls until 4 weeks later than with the planted alfalfa. This result
indicates that although natural degradation can be achieved it can take longer and may
not be as efficient as when using phyto-techniques. This study has proven that
rhizodegradation can be carried out in field scale and therefore may be appropriate for
commercial purposes using the alfalfa plant.
Zhang et al (2010) conducted plot-culture experiments in a greenhouse where
Pharbitis nil L. and its rhizosphere microbial community was used to successfully
remediate petroleum contaminated soil collected from an oil field. The petroleum
contaminated soil, containing 10% (w/w) of total petroleum hydrocarbons (TPHs),
was collected from an oil field and diluted with uncontaminated soil. After 127 days,
the results showed that there was a TPH degradation rate in the rhizosphere between
27.63 – 67.42% compared with unvegetated controls (10.20 – 35.61%). In addition
biomass was not significantly affected by the TPH concentrations. As an ornamental
plant, Pharbitis nil L. can be used in the rhizodegradation of TPH whilst also serving
the purpose of beautifying the environment.
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Maqbool et al (2012) successfully compared artificial bioaugmentation with natural
microbial activity breakdown of TPH in the rhizosphere of Sesbania cannabina using
clayey/silty soil. TPH concentration decreased from 2541 mg/kg to 673mg/kg and
867mg/kg in the rhizosphere of the artificial inoculated soil in 120 days. In the
uninoculated soil concentrations decreased to 679mg/kg in 90 days showing higher
and rapid rhizodegradation with indigenous bacteria. This study has shown that the
natural exudation within Sesbania cannabina is sufficient to breakdown TPH within
the rhizosphere of soil.
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HALOGENATED COMPOUNDS
Carbon tetrachloride
Doty et al (2007) successfully applied phytoextraction and phytodegradation to
remediate trichloroethylene, vinyl chloride and carbon tetrachloride using transgenic
poplar (Populus tremula × Populus alba) plants. The transgenic poplar plants
exhibited increased removal rates of these contaminants from hydroponic solution in
the laboratory through the overexpression of cytochrome P450, a key enzyme in the
metabolism of a variety of halogenated compounds. 1.5µg/ml was removed in 7 days.
In view of their large size and extensive root systems, these transgenic poplars may
provide the means to effectively remediate sites contaminated with a variety of
contaminants at much faster rates and at lower costs than can be achieved with current
conventional techniques. This work appears to be the first development of transgenic
trees used in the removal of a broad range of contaminants.
Pentachlorophenol (PCP)
Ferro et al (1994) successfully proved that crested wheatgrass (Agropyron
desertorum) can extract, metabolise and degrade PCP in sandy loam soil through
phytomechanisms. The fate of 14C-label PCP, added to soil at a concentration of 100
mg/kg, was compared in three unplanted and three planted systems. In the unplanted
systems, an average of 88% of the total radiolabel remained in the soil. In the planted
systems, 33% of the radiolabel remained in the soil, 22% was mineralized, and 36%
was associated with plant tissue (21% with the root fraction [rhizosphere] and 15%
with shoots). These results indicated that establishing crested wheatgrass on PCPcontaminated surface soils accelerates the removal of the contaminant. While
remediation effectiveness for PCP has been shown at pot scale for the highlighted
phytomechanisms (at least for rhizodegradation) and should be transferable to full
field scale, no full field-scale applications however have yet been performed.
Mills et el (2006) showed that both willow (Salix sp.) and poplar (Populus sp.) grown
in an open-ended plastic greenhouse were found to tolerate soil (silt loam) PCP
concentrations of 250mg/kg or less through rhizodegradation. Both species showed a
significant increase in soil microbial activity within the rhizosphere in comparison
with unplanted controls. It was noted, however that both plants did not survive PCP
concentrations above 250mg/kg in soil. Conclusively these species can be used for
field scale remediation of PCP but the soil concentration of the contaminant should be
determined from risk assessment before decision to use these plants is made (as plant
survival rates reduced with increased concentration).
Trichloroethylene (TCE)
Anderson and Walton (1991, 1992) showed the ability of soybean (Glycine max) and
bush clover (Lespedeza cuneata) plants to remediate TCE through degradation,
extraction and volatilisation phytomechanisms in a greenhouse. The research
established a multiple-mechanism of remediation involving the breakdown,
transformation and volatilisation of TCE. 27 – 30% of 14C-labelled TCE was
mineralised to 14CO2 within 32 days in soil, 21.2% of total 14C-TCE was measured in
the plant tissues and between 0.2 – 9.8% measured in the air. It is likely that the
parent product (TCE) is degraded in the soil and its by-products are transpired to the
atmosphere.
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Newman et al (1997) successfully remediated TCE by phytoextraction using two
varieties of hybrid poplar (Populus trichocarpa x Populus deltoides and Populus
trichocarpa x Populus maximowiczii). These experiments were conducted using
poplar cell cultures and whole poplar trees grown in a greenhouse. Over 95% of the
contaminant was removed at the end of the experiment and the researchers reported
formation of TCE metabolites in the plant tissues. They confirmed that the trees were
responsible for the metabolites in their tissue (via phytoextraction), and not
microorganisms. They also found that TCE was evapotranspirated by the trees in the
greenhouse studies, and that some TCE was incorporated into an insoluble residue
within the trees.
While remediation effectiveness for TCE (from the above studies) has been shown at
greenhouse scale for rhizodegradation, phytodegradation, phytoextraction and
phytovolatilisation and should be transferable to full field scale, no full field-scale
applications have yet been performed. It is worth noting that the potential legal
ramification of phytovolatilisation should be explored before this technique is used at
full-field scale and/or commercially.
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HEAVY METALS AND TRACE ELEMENTS
Boron
Speir et al (1992) successfully conducted a greenhouse trial to determine the
phytoextraction of boron by beetroot (Beta vulgaris) plant in silt loam soil amended
with chromium, arsenic and boric-treated saw dust. Results showed an accumulation
of boron in the soil (36mg/kg), beetroot leaves (800mg/kg) and beetroot (73mg/kg)
through phytoextraction. Therefore this greenhouse trial can be transferred to field
scale although field scale studies are yet to be implemented. The study also increases
the awareness of the tendency of edible parts of plants to accumulate contaminants.
Aparecida de Abreu et al (2012) utilised castor oil plant (Ricinus communis L.) in the
phytoextraction of boron in soil in this greenhouse experiment. Following harvesting
of the castor oil plant after 74 days it was observed that boron accumulated to a
concentration of 626mg/kg with no accumulation occurring for other heavy metals.
No phytotoxic effects (such as shrivelling of leaves and chlorisis) commonly observed
in plants exposed to high boron levels (Lee et al, 2008) were detected in the castor oil
plant. Addition of peat to the castor oil plant cultivation reduced the time required to
remove the boron content in soil by 50%. Therefore with these results there is
sufficient scope for this experiment to be transferred to field scale.
Subsequently Rees et al (2013) successfully conducted a field-scale experiment on the
use of poplar plant to remediate boron via phytoextraction in a landfill contaminated
with boron and other contaminants. Following harvest boron was detected in the
leaves (between 637 and 1018mg/kg) and shoot (marginal concentrations) of the plant
and similar to previous studies on boron toxicity and phytoremediation, there was no
observed toxic effect on the poplar plants and root growth was not limited. This
experiment is a successful field-scale experiment which may be considered for use
commercially.
Copper
Ottabong (1990) conducted a field experiment on clay/humus soil using ryegrass
(Lolium perenne) to remediate a host of metals (including copper) by phytoextraction
and phytostabilisation. Following cultivation then harvest, ryegrass accumulated up to
50mg/kg of copper in the shoots and reduced bioavailability of the contaminant by
accumulating 94mg/kg in the roots. This study was an established field trial and
therefore may be considered for use commercially.
In a greenhouse study carried out by by Kumar et al (1995) indian mustard (Brassica
juncea) was used to remediate copper through phytoextraction of contaminated soil.
The plant concentrated up to 7-fold of copper (70mg/kg) in its shoot following
cultivation with no observed effect on physiology or growth of the plant. Remediation
effectiveness for copper has been shown at pot scale and at field plot scale for
phytoextraction and should be transferable to full field scale (similar to Ottabong
(1990) above).
The use of indian mustard to remediate copper was also assessed by Blaylock et al
(1997) on a silt loam soil (pH 6.4) with amendments (use of chelating agent
ethylenediamine tetraacetic acid (EDTA)) in a greenhouse study. Following three
weeks of cultivation and addition of EDTA, 1,000mg/kg of copper was concentrated
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in the shoot of the plant. This is far more than the concentration achieved in the
previous study (Kumar et al (1995)) that did not involve any amendments. The
chelators may have aided the mobilisation of the contaminant which enhanced its
uptake by the plant. pH also has a role to play as a more acidic pH also increases the
bioavailability of the contaminant. Therefore success of the phytoextraction technique
(with amendments) in the greenhouse study can be transferred to the field though field
studies /commercial use are yet to be conducted.
Fan et al (2011) successfully conducted the remediation of contaminated Riviera fine
sand (Loamy, siliceous, active, hyperthermic) and Wabasso sand (sandy, siliceous,
hyperthermic) through immobilisation by the addition of calcium water treatment
residue (Ca-WTR) in a greenhouse. The results showed that Ca-WTR amendment
significantly raised soil pH and decreased water soluble and exchangeable Cu by 62–
90% in the contaminated soils. Most of the bioavailable Cu was converted into more
stable Cu fractions, i.e. oxides-bound and residual Cu. This result indicate that CaWTR is effective in raising soil pH and converting labile Cu to more stable forms in
the contaminated soils with minimal heat production. A pH value of 6.5 was found to
be critical for lowering Cu availability in the soils. Ca-WTR is a by-product of
drinking water treatment and therefore can be obtained at a minimum cost and is
considered relatively eco-friendly, and therefore has a great potential for the
remediation of Cu contaminated soils, particularly acidic sandy soils. This experiment
has been carried out at a greenhouse scale but results indicate that it can be transferred
to a field scale where it can be used commercially.
Iron
Ottabong (1990) conducted a field experiment on clay/humus soil using ryegrass
(Lolium perenne) to remediate a host of metals (including iron) by phytoextraction
and phytostabilisation. Following cultivation then harvest, ryegrass accumulated up to
1210mg/kg of iron in the shoots and reduced bioavailability of the contaminant by
accumulating 4910mg/kg in the roots. This study is an established field trial and
therefore may be considered for use commercially.
Manganese
Xue et al (2004) successfully applied phytoextraction to remediate manganese using
the perennial herb Phytolacca acinosa Roxb. (Phytolaccaceae) by means of a field
survey on manganese-rich soils (tailings wasteland). This species not only has
remarkable tolerance to manganese but also has uptake and accumulation capacity for
the element. The maximum manganese concentration in the leaf dry matter was
19,300 µg/g on manganese tailings wastelands, with a mean of 14,480 µg/g. In
addition with its fast growth rate and large biomass (shoot dry matter of P. acinosa
was as high as 6 – 8 tonnes/ha in this study), there is a great potential for using this
species commercially in the remediation of manganese-rich soil. This study was
carried out at field scale therefore possibilities of commercial use are feasible.
Phosphorous
Ottabong (1990) conducted a field experiment on clay/humus soil using ryegrass
(Lolium perenne) to remediate a host of metals (including phosphorous) by
phytoextraction and phytostabilisation. Following cultivation then harvest, ryegrass
accumulated up to 4110mg/kg of phosphorous in the shoots and reduced
bioavailability of the contaminant by accumulating 3010mg/kg in the roots. This
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study is an established field trial and therefore may be considered for use
commercially.
Zinc
Kumar et al (1995) used indian mustard (Brassica juncea) to remediate zinc
implementing phytoextraction in a greenhouse study. The plant concentrated up to 17fold of zinc (1723mg/kg) in its shoot following cultivation with no observed effect on
physiology or growth of the plant.While remediation effectiveness for zinc has been
shown at pot scale for phytoextraction and should be transferable to full field scale, no
full field-scale applications however have yet been performed.
Similar to the study carried out by Kumar et al (2005), the use of indian mustard to
remediate zinc was also successfully conducted by Blaylock et al (1997) on a silt
loam soil using the amendment EDTA in a greenhouse study. Following three weeks
of cultivation and addition of EDTA, 1100mg/kg of zinc was concentrated in the
shoot of the plant. The chelators may have been involved in the mobilisation of the
contaminant which enhanced its uptake by the plant. Therefore success of the
phytoextraction technique (with amendments) in the greenhouse study can be
transferred to the field although these field studies /commercial uses are yet to be
conducted.
Hinchman et al (1997) carried out a greenhouse study where hybrid poplar (Populus
sp.) was successfully used to remediate zinc in contaminated soil through
phytoextraction and phytostabilisation. A reduction of 99% of zinc (4,200ppm in
leaves and 38,000ppm in roots) was achieved. This results show that this popular
hyperaccumulator can be used effectively in phytoremediation as a low cost and low
energy technology system. Therefore, while remediation effectiveness for zinc has
been shown at pot scale for phytostabilisation without amendments (and to a lesser
degree for phytoextraction) and should be transferable to full field scale, no full fieldscale applications have yet been performed.
Lopareva-Pohu et al (2011) used phytostabilisation (with amendments) in this
field/greenhouse study to establish a vegetation cover with metal tolerant plants
(Lolium perenne and Trifolium repens) in order to promote in situ immobilisation of
soils highly contaminated with cadmium, lead and zinc. An inexpensive organic soil
amendment (coal fly ash) was also implemented in this experiment. The results
indicate that the plant species accumulated all three metals in the roots and shoots of
the plants whilst maintaining an effective plant growth thereby supporting the
usefulness of stabilisation and immobilisation in the soil. It should however be noted
that this experiment took eight years to establish therefore timeframe should be
considered during planning of future commercial use. It may be used on sites where
end use is yet to be determined.
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Aluminium
Ottabong (1990) conducted a field experiment on clay/humus soil using ryegrass
(Lolium perenne) to remediate a host of metals (including aluminium) by
phytoextraction and phytostabilisation. Following cultivation then harvest, ryegrass
accumulated up to 1690mg/kg of aluminium in the shoots and reduced bioavailability
of the contaminant by accumulating 6220mg/kg in the roots. This study is an
established field trial and therefore may be considered for use commercially.
Arsenic
Speir et al (1992) successfully conducted a greenhouse trial to determine the
phytoextraction of arsenic by beetroot (Beta vulgaris) plant in silt loam soil amended
with chromium, arsenic and boric-treated saw dust. Results showed an accumulation
of arsenic in the soil (66mg/kg) and beetroot (375mg/kg) through phytoextraction.
Therefore, while remediation effectiveness for arsenic has been shown at pot scale for
phytoextraction (and to a lesser degree for phytostabilisation) and should be
transferable to full field scale (see below). The study also increases the awareness of
the tendency of edible parts of plants to accumulate contaminants. A greenhouse
study was also carried out by Hinchman et al (1997) where hybrid poplar (Populus
sp.) and hybrid willow (Salix sp.) were successfully used to remediate arsenic in
contaminated soil through phytoextraction and phytostabilisation. In one month, the
willows and poplars were able to remove about 30 - 40% of the administered arsenic
with more of the arsenic concentrated in the root of both plants than in the above
ground parts.
In addition to the above studies, Cho et al (2009) utilised moonlight ferns (P. cretica
cv Mayii) to determine the most phytoextractable form of arsenic in a laboratory
experiment. Moonlight ferns were planted in a hydroponic system to which different
forms of arsenic (arsenic (III), and arsenic (V) and monomethylarsenate (MMA))
were added with hydroponic solution. Ferns exposed to arsenic (III) showed the
highest extraction of arsenic followed by ferns exposed to arsenic (V). The extraction
of arsenic by the ferns was higher when arsenic (III) was mixed with arsenic (V) than
the combination of arsenic (III) and MMA. These results suggest that inorganic
arsenic is phytoextracted preferentially to MMA (or organic arsenic
Some field studies have also been carried out to study phytoextraction of arsenic by
certain plant species. Visoottivisetha et al (2002) carried out a field study to observe
the remediation of arsenic in mine tailings using 36 plant species. Despite the number,
only a few species showed exceptional arsenic hyperaccumulation with minimal
effect to plant physiology. Two species of ferns Pityrogramma calomelanos and
Pteris vittata accumulated arsenic in their roots and leaves to a maximum of 8000µg/g
and 6000 µg/g respectively. The ability of these two plants to withstand these arsenic
concentrations signifies their ability to detoxify arsenic. A herb (Mimosa pudica), and
a shrub (Melastoma malabrathricum) also appeared to be fair hyperaccumulators of
arsenic with concentrations in their leaves accumulating to 77 µg/g and 43 µg/g
respectively.
Another field scale study (carried out with a greenhouse study) by Jankong et al
(2007) used the silverback fern, Pityrogramma calomelanos (similar to
Visoottivisetha et al (2002) above) in the presence of phosphorous (P) fertilizer and
rhizosphere microbes for the phytoremediation of arsenic by phytostabilisation. The
218

contaminated soil determined in this study contained 136 – 269 µg As/g with pH of
3.9 – 6.8. Fertilizer and rhizofungi inoculum were added to the greenhouse and field
experiments (including control). In both studies, the addition of P-fertilizer increased
the biomass of silverback fern and arsenic concentrations in the plant tissues (441 and
4200 µg As/g respectively) significantly after 8 weeks. The biological amendment
and addition of rhizosphere microbes also stimulated the accumulation of arsenic in
the root of the plant thereby promoting phytostabilisation. Therefore, rhizosphere
microbes exerted their effects on phytostabilisation by enhancing plant growth
through increased nutrition which may have a diluting effect on arsenic or render it
immobile in the rhizosphere
In-situ immobilisation was also studied by Seidala et al (2005) where arsenic in mine
tailings was shown to be successfully immobilised by treating the contaminated
materials with Fe(II) solutions in field and laboratory experiments. The treatment
reduced the water-extractable total arsenic tailings to 10mg/L. However during this
research possible impacts on arsenic mobility should be ascertained, these include
impact of anaerobic conditions and the effect of dissolved organic matter content.
The studies outlined above have provided evidence that phytoextraction (with
amendments), phytostabilisation and in-situ immobilisation can be utilised in the
remediation of arsenic. Field scale and greenhouse/laboratory experiments have been
carried out with varying degrees of success which suggests that these GRO techniques
can be transferred to a larger scale i.e. commercially (particularly in abandoned mine
tailings). In the study carried out by Cho et al (2009) there is a possibility that
rhizodegradation may be utilised in the breakdown/detoxification of MMA, although
there are no field studies available for this.
Cadmium
Indian mustard (Brassica juncea) was used to remediate cadmium through
phytoextraction in a greenhouse study conducted by Kumar et al (1995). The plant
concentrated up to 52-fold of cadmium (104mg/kg) in its shoot following cultivation
with no observed effect on physiology or growth of the plant. A number of field scale
studies for the remediation of cadmium have been carried out as described below.
Martin et al (1996) carried out a field study to remediate cadmium through monitoring
the phytoextraction and phytostabilisation potential of uncultivated plants growing on
contaminated soil. These plants include Chicory (Chicorium intybus var. foliosum),
horseweed (Erigeron Canadensis) and Dogfennel (Eupatorium capillifolium).
Chicory concentrated cadmium to 44.8, 23.6 and 18.0mg/kg in the leaves, stems and
roots respectively. Horseweed concentrated cadmium to 47.4 mg/kg in leaves and
38.2mg/kg in stems whilst dogfennel concentrated to 12.3mg/kg in leaves and
16.4mg/kg in stems. The latter two plant species did not accumulate the metal in their
roots which indicates that it is unlikely that they may be used for phytostabilisation.
Ji et al (2011) also successfully conducted field trials utilising cadmium accumulator
plant Solanum nigrum L. on a farmland contaminated with 1.91mg/kg cadmium in the
soil. The soil was classified as meadow brown earth with pH of 6.38. Cadmium
concentrations in the aboveground plant tissues were between 9.92mg/kg and
9.66mg/kg. Addition of fertilizer had no effect on the biomass recovered and did not
enhance cadmium accumulation in plants. This study has shown that S. nigrum can
219

accumulate cadmium from soils where concentrations are relatively low, and thus has
application for use in decontamination of slightly to moderately cadmiumcontaminated soil. Therefore in cases where the risk assessment has indicated a
slightly to moderate concentration of cadmium, then S. nigrum is an ideal species to
use for these type of sites.
Rouhi (1997) have successfully applied phytostabilisation to remediate cadmium in
contaminated sandy loam soil using alpine pennycress (Thlaspi caerulescens). There
was an accumulation of 5000mg/kg of cadmium within the roots of this plant species.
This high concentration did not have any negative effect on the plant physiology.
Lopareva-Pohu et al (2011) also used phytostabilisation in this field/greenhouse study
to establish a vegetation cover with metal tolerant plants (Lolium perenne and
Trifolium repens) in order to promote in situ immobilisation of soils highly
contaminated with cadmium, lead and zinc. An inexpensive organic soil amendment
(coal fly ash) was used in this experiment. The results indicate that the plant species
accumulated all three metals in the roots and shoots of the plants whilst maintaining
an effective plant growth thereby supporting the usefulness of stabilisation and
immobilisation in the soil. Between 75.1 and 110 mg/kg of cadmium was
concentrated in the roots of both plants compared with 1.7 and 8.2 mg/kg in the
shoots. It should however be noted that this experiment took eight years to establish
set results therefore this timeframe should be considered during planning of future
commercial use. It may be ideal for sites where future uses are yet to be decided.
Mench et al (2006) successfully conducted in situ remediation of cadmium and nickel
contaminated soil using two soil amendments (coal fly ash and zerovalent iron-grit) in
a long term field experiment. The primary aim of this research was to increase metal
sorption and attenuating metal impacts. 7 years after the initial amendments, the labile
fractions of cadmium and nickel in both amendments were reduced. This is a
successful and ongoing study with results still interpreted on a yearly basis.
Following these results, remediation effectiveness for cadmium has been shown at
greenhouse and field scale for phytoextraction and phytostabilisation (with and
without amendments) and should therefore be transferable to a full commercial field
scale. This is especially for contaminated sites where an end use has not been agreed
in order to accommodate the long timescales often associated with these
phytoremediation techniques.
Chromium III, Cr(III)
In a field study, Martin et al (1996) remediated Cr(III) through monitoring the
phytoextraction and phytostabilisation potential of uncultivated plants growing on
contaminated soil. These plants include Chicory (Chicorium intybus var. foliosum),
horseweed (Erigeron Canadensis) and Dogfennel (Eupatorium capillifolium).
Chicory concentrated Cr(III) to 9.2, 3.4 and 5.1mg/kg in the leaves, stems and roots
respectively. Horseweed concentrated Cr(III) to 7.6 mg/kg in leaves and 6.4mg/kg in
stems whilst dogfennel concentrated to 9.4mg/kg in leaves and 8.1mg/kg in stems.
Similar to the results obtained for cadmium, the latter two plant species did not
accumulate the metal in their roots which indicates that it is unlikely that they can be
used for phytostabilisation. Following these results, remediation effectiveness for
Cr(III) has been shown at this field scale for phytoextraction (and to a lesser degree
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for phytostabilisation) and should be transferable to a large field scale (possibly
commercial).
Chromium VI, Cr(VI)
A greenhouse trial was conducted by Speir et al (1992) that successfully carried out
the phytoextraction of Cr(VI) by beetroot (Beta vulgaris) plant in silt loam soil
amended with chromium, arsenic and boric-treated saw dust. Results showed an
accumulation of Cr(VI) in the soil (179mg/kg) and beetroot (320mg/kg) through
phytoextraction. The study also increases the awareness of the tendency of edible
parts of plants to accumulate contaminants.
Kumar et al (1995) used indian mustard (Brassica juncea) to remediate Cr(VI)
through phytoextraction in a greenhouse study. The plant concentrated up to 58-fold
of Cr(VI) (202mg/kg) in its shoot following cultivation with no observed effect on
physiology or growth of the plant
Duarte et al (2012) have successfully applied phytoextraction and rhizodegradation in
the remediation of Cr(VI) using the halophyte Halimione portulacoides in solution.
The root chromium uptake followed the increase in Cr supply in both root and aerial
organs. H. portulacoides revealed an ability to detoxify the surrounding medium, by
transforming high percentages of Cr(VI) into Cr(III). Cr uptake is also a process that
affects H. portulacoides physiology, since it not only transforms the more toxic Cr
form into a less harmful one, but this species also withdraws large metal amounts
from the system. Although it was apparent during the experiment that high
concentrations had a physiological effect on the plant species, there was no effect on
the microorganisms present in the rhizosphere which assists in breaking down the
contaminant.
Therefore, while remediation effectiveness for Cr(VI) has been shown at greenhouse
scale for phytoextraction and rhizodegradation and should be transferable to full field
scale, no full field-scale applications have yet been performed.
Gold
Wilson-Corral et al (2011) have successfully applied phytoextraction to remediate
gold in mine tailings (pH 7.7) using Helianthus annuus L. (sunflower) and Kalanchoe
serrata L. (magic tower). Field and laboratory research was conducted for this
research with some chemical amendments used. Maximum gold concentration in H.
annuus was 284mg/kg in leaves, 313mg/kg in stems and 233mg/kg in roots, which
was more than 60% compared to the control. This was however significantly less for
K. serrata where maximum gold concentration was 21.7mg/kg. There were issues
with the health of the plants which may be associated with the amendments. Apart
from the phytoremediation use of this method, it can also be used for phytomining /
extraction of precious metals (Wilson-Corral et al, 2012, Sheoran et al, 2013).
Lead
Blaylock et al (1997) have successfully applied phytoextraction to remediate lead
from a silt loam soil (pH 6.4) with chelating agent EDTA using indian mustard
(Brassica juncea) in a greenhouse study. Following three weeks of cultivation and
addition of EDTA, 4800mg/kg of lead was concentrated in the shoot of the plant. The
chelators may have been involved in the mobilisation of the contaminant which
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enhanced its uptake by the plant. Similar to Blaylock et al (1997), Cho et al (2009)
successfully applied phytoextraction to remediate lead in lead-spiked soil using green
onions (Allium fisulosum) and chelating agent EDTA. Green onions accumulated lead
in the roots, stems and leaves when no chelating agent was applied. None of the plant
tissues extracted lead at concentrations greater than 35mg/kg. However application of
EDTA significantly enhances lead accumulation in stems, with lead concentration
close to 225mg/kg. However EDTA had little effect on lead uptake in roots and
leaves.
Hinchman et al (1997) also carried out a greenhouse study where hybrid poplar
(Populus sp.) and hybrid willow (Salix sp.) were successfully used to remediate lead
in contaminated soil through phytoextraction and phytostabilisation. The
contaminated soil contained about 1000µg/g of lead. In one month, the willows and
poplars were able to remove about 40% of the administered lead with more of the lead
concentrated in the root of both plants that in the above ground parts.
A field scale/greenhouse study was successfully carried out by Lopareva-Pohu et al
(2011) where phytostabilisation was used to establish a vegetation cover with metal
tolerant plants (Lolium perenne and Trifolium repens) in order to promote in situ
immobilisation of soils highly contaminated with cadmium, lead and zinc. An
inexpensive organic soil amendment (coal fly ash) was combined with this
experiment. The results indicate that the plant species accumulated all three metals in
the roots and shoots of the plants whilst maintaining an effective plant growth thereby
supporting the usefulness of stabilisation and immobilisation in the soil. Between 108
and 641 mg/kg of lead was concentrated in the roots of both plants compared to 5.8
and 23.2 mg/kg in the shoots. It should however be noted that this experiment took
eight years to establish set results therefore this timeframe should be considered
during planning of future commercial use. It may be ideal for sites where future uses
are yet to be decided.
Gray et al (2006) successfully applied immobilisation to remediate lead by the use of
lime and red mud (a by-product of aluminium manufacturing) to allow re-vegetation
on a highly contaminated brownfield site. Both lime and red mud reduced the
bioavailable concentrations of the metals (including lead) and this allowed the revegetation of an otherwise bare contaminated site. After nearly 21months growth,
Festuca rubra was growing well and there was virtually a full vegetation cover over
all the amended plots. An initial lead concentration of 4210mg/kg was reduced to
161mg/kg after 21months. This field experiment was carried out in an old lead/zinc
smelter and these results indicate that these immobilisation techniques may now be
applicable to real life scenarios.
Axtell et al (2003) successfully applied rhizofiltration in the removal of heavy metal
contamination from surrounding water using aquatic plants Microspora and Lemna
minor under laboratory conditions. Microspora was exposed to 39.4mg/l of lead over
10 days, with which up to 97% of the contaminant was removed. Following exposure
of L. minor to lead, over 76% of the contaminant was removed during the same time
period. The removal occurred very rapidly with >50% removed within the first
24hours. One limitation to note on this removal potential is the lethal dosage which
the authors identified as 50mg/l lead for Microspora, 15mg/l lead for L. minor.
Therefore although this study was successful at laboratory scale similar verification
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work still needs to be carried out at field scale. During any future field
scale/commercial use of this technology it may be necessary to treat low volume
wastewaters with low to moderate concentration of the metals to limit detriment lethal
dosage on the plants.
Overall there have been successful implementation of phytoextraction,
phytostabilisation and in situ immobilisation in the remediation of lead contaminated
soil at both pot and field scales. Therefore these techniques may be transferable to
commercial level. It may, however, be necessary to apply techniques such as
phytostabilisation to lead contaminated sites that do not have any planned immediate
use. This is due to possible lengthy time scales associated with the implementation of
this technique as described by Lopareva-Pohu et al (2011) above.
Mercury
Heaton et al (1998) applied phytoextraction and phytovolatilisation to remediate soil
contaminated with mercury using Tobacco (Nicotiana tabacum). 17 – 76ppm of
mercury was concentrated in the shoots whilst Hg(II) was reduced to its isotope Hg(0)
and volatilised. The research report did not state how much Hg(0) was volatilised but
the study provides adequate data and information that tobacco plant can be used in
phytoremediation of mercury contaminated soil. Judging from the results of this field
study, this technique can be used in phytoremediation of mercury-contaminated soil
on a much larger scale. However the legal ramifications of phytovolatilisation should
be considered.
Nickel
Kumar et al (1995) used Indian mustard (Brassica juncea) to phytoremediate nickel
through phytoextraction in a greenhouse study. The plant concentrated up to 31-fold
of nickel (3086mg/kg) in its shoot following cultivation with no observed effect on
physiology or growth of the plant. Similarly Indian mustard was also used by
Blaylock et al (1997) on a silt loam soil (pH 6.4) with EDTA in a greenhouse study.
300mg/kg of nickel was concentrated in the shoot of the plant following three weeks
of cultivation and addition of EDTA. The chelators may have been involved in the
mobilisation of the contaminant which enhanced its uptake by the plant. pH also has a
role to play as a more acidic pH also increases the bioavailability of the contaminant.
Rouhi (1997) successfully applied phytostabilisation to remediate nickel in
contaminated sandy loam soil using alpine pennycress (Thlaspi caerulescens) in a
greenhouse experiment. There was an accumulation of 16200mg/kg of nickel within
the roots of this plant species, however a marginal concentration was observed in the
shoots of the plant. It is important to note that this high concentration did not have any
negative effect on the plant physiology.
In a field study, Martin et al (1996) remediated nickel through monitoring the
phytoextraction and phytostabilisation potential of uncultivated plants growing on
contaminated soil. These plants include Chicory (Chicorium intybus var. foliosum),
horseweed (Erigeron Canadensis) and Dogfennel (Eupatorium capillifolium).
Chicory concentrated nickel to 5.7, 6.9 and 4.1mg/kg in the leaves, stems and roots
respectively. Horseweed concentrated nickel to 4.2 mg/kg in leaves and 3.8mg/kg in
stems whilst dogfennel concentrated to 4.6mg/kg in leaves and 2.3mg/kg in stems.
Similar to the results obtained for cadmium, the latter two plant species did not
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accumulate the metal in their roots which indicates that it is unlikely that they can be
used for phytostabilisation. Phytomining of nickel has also been carried out at a field
scale as described by Chaney et al (2007). In their study Alyssum murale was shown
to accumulate higher than 20000mg Ni kg-1 with no evidence of phytotoxicity when
grown on serpentine soils. Rhizofiltration was applied in the removal of nickel from
contaminated water by Axtell et al (2003) under laboratory conditions and using the
aquatic plant Lemna minor. Following exposure of L. minor to nickel, 82% of the
contaminant was removed during a 10 day period. The removal occurred very rapidly
with >50% removed within the first 24hours. One limitation to note on this removal
potential is the lethal dosage which the authors identified as 8mg/l nickel. Therefore
although this study was successful at laboratory scale it still needs to be carried out at
field scale. During any future field scale/commercial use of this technology it may be
necessary to treat low volume wastewaters with low to moderate concentration of the
metals to limit lethal dosage on the plants.
Following the various studies highlighted above, remediation effectiveness for nickel
has been shown at field and greenhouse scale for phytoextraction, phytostabilisation
(and to a lesser degree in rhizofiltration) and can be transferable to further larger field
scale operations (possibly commercially).
Selenium
Rouhi (1997) have successfully applied phytostabilisation and phytoextraction to
remediate selenium in contaminated sandy loam soil using canola (Brassica napus)
under greenhouse conditions. There was an accumulation of 700mg/kg of selenium
within the plants. This high concentration did not have any negative effect on the
plant physiology.
Bañuelos et al (1998) successfully applied phytoextraction and phytostabilisation to
remediate selenium in 21.6mg/kg 0 – 30cm deep soil and 1.6mg/kg in 60 – 90cm deep
soil using canola (Brassica napus) in the field and greenhouse. In the greenhouse
selenium was concentrated to 182, 27 and 25 mg/kg in leaves, stems and roots
respectively in 0 – 30cm deep soil. In the 60 – 90cm deep soil Se was concentrated to
19, 8 and 11mg/kg in leaves, stems and roots. For the field experiment Se in the 60 –
90cm deep soil concentrated to 44.5, 8.3 and 12.2mg/kg in leaves, stems and roots
respectively.
Therefore, remediation effectiveness for selenium in these studies have been shown at
field scale for phytoextraction and phytostabilisation and should be transferable to
further larger field scale operations (possibly commercially).

Sodium
In this field study Keiffer and Ungar (2002) used different species of halophyte plants
Atriplex prostrata, Hordeum jubatum, Salicornia europaea, Spergularia
marina and Suaeda calceoliformis in the phytoextraction of brine contaminated soil.
With the exception of Salicornia europaea, all species reduced soil salinity
significantly in comparison with a control. There was a 60% reduction in sodium over
4 years. In conclusion to this study the authors indicated that that establishment of
salt-accumulating halophytes on salt-affected sites can sufficiently remediate the soil
to the point where it can be returned to agricultural productivity or where native plants
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can invade and become established. The phytoremediation process can be facilitated
by tailoring plant selection to site conditions, using inputs of fertilizer and water to
enhance the growth of the halophytes, and by harvesting the plants on a regular basis.
Similarly, Shelef et al (2012) used the halophyte plant Bassia indica in the
implementation of phytoextraction to remediate sodium in brine contaminated
sediments. Three experiments in a greenhouse set up to measure the extraction of
sodium and potassium established a reduction of effluent salinity by between 20 –
60% of Bassia indica in comparison with unplanted systems or systems planted with
other wetland plants. Accumulation occurred mainly in its leaves and branches and
was dominated primarily by sodium and potassium.
These studies have shown the remediation effectiveness for sodium at greenhouse and
field scale by phytoextraction. Transfer to a much larger scale can therefore be carried
out ideally through the development of controlled wetlands.
Vanadium
In a field study, Martin et al (1996) remediated vanadium through monitoring the
phytoextraction and phytostabilisation potential of uncultivated plants growing on
contaminated soil. These plants include Chicory (Chicorium intybus var. foliosum),
horseweed (Erigeron Canadensis) and Dogfennel (Eupatorium capillifolium).
Chicory concentrated vanadium to 2.9, 1.2 and 6.5mg/kg in the leaves, stems and
roots respectively. Horseweed concentrated cadmium to 2.0 mg/kg in leaves and
1.4mg/kg in stems whilst dogfennel concentrated to 1.9mg/kg in leaves and 1.2mg/kg
in stems. The latter two plant species did not accumulate the metal in their roots
which indicates that it is unlikely that they can be used for phytostabilisation.
Following these results, remediation effectiveness for vanadium has been shown at
this field scale for phytoextraction (and to a lesser degree for phytostabilisation) and
should be transferable to a full commercial field scale.
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RADIONUCLIDES
Cerium, Cesium-144, Ruthenium-106, Technetium-99
Bell et al (1998) successfully applied phytoextraction and phytostabilisation to the
remediation of cerium, cesium, ruthenium, and technetium in an artificially
contaminated loam /clayey soil using Peas (Pisum sativum), Wheat (Triticum
aestevum), Potato (Solanum tuberosum) and Turnip (Brassica Rapa). 2.0x104 Bq/kg
of cerium was observed in the leaves of P. sativum whilst 3.0x103 Bq/kg of cesium
was concentrated in the straw of T. aestevum. B. rapa concentrated 6.3x103 Bq/kg in
its outer leaves (similar figures were obtained for technetium). Ruthenium
accumulated in the leaves of P. sativum (7.9x104 Bq/kg), tuber peels of S. tuberosum
(4.9x103 bq/kg) and straw of T. aestevum (7.3x103 bq/kg). However there were
marginal concentrations of the contaminants within the root of the plants. Therefore,
remediation effectiveness for the highlighted contaminants have been shown at field
scale for phytoextraction (and to a lesser degree for phytostabilisation via marginal
root concentrations) and should be transferable to larger field scale (possibly
commercial) for the contaminants, where applicable. The accumulation of these
contaminants on the edible parts of the plants should also be considered.
Cesium-134, Cesium-137
Seven dominant pasture community species (including Carex sp., Trichophorum
caespitosum, Agrostis sp. and Festuca ovina) in this field study were investigated for
their phytoextraction of radioactive material associated with historical nuclear
disasters in natural soil. According to this study carried out by Coughtery et al (1989),
both isotopes of cesium (134Cs and 137Cs) were reduced by 25% in 240days and
concentrated in the roots, shoots and vegetation of the pasture species. Although this
phytoextraction study was not carried out with the intention of remediating
radioactive land, the results and data provided indicates that the technique can be used
on a larger and monitored scale for remediation purposes.
Entry et al (1993) used two fast growing plants Ponderosa pine (Pinus ponderosa) and
Monterey pine (P. radiata) in removing radioisotopes from contaminated soil through
phytoextraction. In 4 weeks the two plants accumulated concentrations of between
5.28 – 6.28 x 105 Bq/kg in the roots and 1.72 - 2.86 x 105 Bq/kg in the shoots of both
plants. Although not considered in the research these results also indicate evidence of
phytostabilisation as well as phytoextraction. In a separate study Entry et al (1999)
also successfully applied phytoextraction for the removal of cesium-137 in
contaminated soil during laboratory trials. This process was influenced by Arbuscular
mycorrhizae (AM) and bahia grass (Paspalum notatum), Johnson grass (Sorghum
halpense) and switch-grass (Panicum virginatum). In 3 months, the above ground
biomass of bahia, Johnson and switchgrass plants accumulated from 26.3 to 71.7% of
the total amount of the cesium-137 added to the soil (this was aided by the inoculation
of AM). These results are from a greenhouse experiment where conditions such as
light, water were controlled.
Another species of plant, water hyacinth (Eichhornia crassipes) was used by Saleh
(2012) during a laboratory experiment to remediate cesium and cobalt from aqueous
radioactive waste. Maximum biouptake value of cesium (85%) was achieved but only
for low activity concentrations while only 20% for the highest activity was detected at
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the end of the first day. This accumulation occurred in the presence of sunlight
exposure and cobalt. However the accumulation of the cesium in the plant was
accompanied by yellowish colour of the leaves after the fourth day of immersion. It is
possible that cesium does not have any vital role to play in the plant’s physiology.
Remediation effectiveness for this contaminant has been shown at laboratory and field
scales for phytoextraction and phytostabilisation and therefore may be transferable to
commercial scale.
Cobalt
Macklon and Sim (1990) carried out a laboratory study where ryegrass (Loium
perenne cv. Premo) was used in the remediation of cobalt in contaminated soil using
phytoextraction and phytostabilisation mechanisms. 15% of cobalt was absorbed and
transported to the shoot of the plant in 72 hours via phytoextraction. Concentration
within the root zone was negligible. In total cobalt concentrated to 58.9mg/kg in the
plant. Cobalt is a known essential part of the diet of ruminant animals. Therefore there
is a possibility that absorbed cobalt in ryegrass plant can still be used as a source of
nutrition to animals. Another successful laboratory experiment was carried out by
Saleh (2012) to remediate cesium and cobalt from aqueous radioactive waste using
water hyacinth (Eichhornia crassipes). The removal rate of cobalt was found to be
quite rapid with more than 90% recorded during the first day, while maximum uptake
value was reached at the beginning of the second day. This rapid accumulation could
be associated with the fact that cobalt plays an important role in the growth of water
hyacinth as a major source of vitamin B12.
While remediation effectiveness for this contaminant has been shown at laboratory
scale for phytoextraction (and to a lesser extent for phytostabilisation) and should be
transferable to full field scale, no full field-scale applications have yet been
performed. The authors have indicated that this plant has great potential to be a major
role to play in the phytoremediation of radioactive waste.
Radium-224
Hewamanna et al (1988) used several plant species to test for phytoextraction and
phytostabilisation of radium in monazite-bearing soils in the field. Monazite contains
principally thorium together with its decay products which includes radium. The
radium activities in the soil from which the plants were collected ranged from 960 to
2750Bq/g. Emilia baldwinii (tassel flower, red) had the highest accumulation of
radium with an accumulation of 3.36Bq/kg in the roots and slightly less was
translocated to the shoots (2.86Bq/kg). The uptake of radium-224 by the plant
increased with an acidic pH. This field study has provided evidence of the use of
some plants to accumulate radium. However it should be taken forward to a much
larger scale and on different types of soil. It should also be noted that due to high
accumulation rates in acidic soil, alkaline soils may require a form of amendment
before the plant is used.
Radium-226
Cattail (Typha latifolia) was used in the phytoextraction and phytostabilisation of
radium-226 in mine tailings by Mirka et al (1996). This field experiment showed an
accumulation of high concentrations of radium-226 in the leaves (276Bq/kg), stems
(248.2Bq/kg) and roots (1,135Bq/kg). This study also investigated and compared the
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amount of radium accumulated by the local animal population. With the figures
presented in this field study it is apparent that this plant can be used on a larger field
scale for the phytoremediation of mine tailings.
In this laboratory scale experiment, Vera Tome et al (2008) successfully applied
rhizofiltration to the remediation of radium-226 and uranium in contaminated waters
using Helianthus annuus L. (sunflower). After a period of two days, 70% of the
radium-226 was fixed in the roots, and essentially the rest was found in precipitate.
Therefore, while remediation effectiveness for radium-226 has been shown at a
laboratory scale for rhizofiltration and should be transferable to full field scale, no full
field-scale applications have yet been performed. If the method is used in the field, the
‘contaminated’ water will still need to be filtered and chemically tested before
disposal to the environment.
Strontium-90
Entry et al (1993) used two fast growing plants Ponderosa pine [Pinus ponderosa
(Dougl. ex Laws)] and Monterey pine (P. radiata D Don) in removing radioisotopes
from contaminated soil through phytoextraction in this greenhouse experiment. In 4
weeks the two plants accumulated concentrations of between 2.62 – 2.63 x 106 Bq/kg
in the roots and 1.66 - 2.47 x 106 Bq/kg in the shoots of both plants. Although not
considered in the research these results also indicate phytostabilisation as well as
phytoextraction. A field study was also successfully applied by Entry et al (1996) to
test the phytoextraction of strontium-90 in sandy soil using a different species of
plant, switchgrass (Panicum virginatum). Five months after the start of the
experiment, the plant accumulated 43.6% of strontium-90. Phytoextraction is ideal for
strontium removal as studies have shown that the radionuclide is not easily leachable
even after persistent rainfall, therefore the contaminant remains in the top 400mm of
the soil which is a reachable depth for the plant roots. As this study has been carried
out on the field, it should now be considered to be transferred on a commercial scale
where the ideal scenario is available.
The above studies have shown the remediation effectiveness for strontium at both
greenhouse and field scale for phytostabilisation and phytoextraction
Uranium-238
Willscher et al (2013) applied phytoremediation in the removal of uranium in an old
uranium mining site, where over 113,000t of uranium was produced in over 40years,
using three plants (Triticale, Helianthus annuus and Brassica juncea). The
phytoremediation was performed by a combination of phytoextraction and
phytostabilisation. Triticale was well suited as a phytoremediation plant due to its
adaptation to the acidic test field conditions, rapid production of plant biomass and
increased amount of extracted uranium per area (70 – 99% accumulated). In addition
to this, it was also discovered that with the necessary amendment the biomass can be
used in the production of biogas with Triticale from the field experiments achieving
14,150kJ/kg of bioenergy following combustion.
In this laboratory scale experiment, Chen et al (2008) successfully used the fungus
AM as an amendment with the plants medic (M. truncatula L. cv Jemalong) and
ryegrass (L. perenne L.) in the phytostabilisation of uranium tailings in a mixture of
sand and soil. Both shoots and roots of the plants saw a dramatic increase in uranium
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concentrations although this was higher in the medic plant. AM application reduced
shoot uptake of uranium but increased its uptake in the root. The data and results of
this study show that both plants can be used for phytostabilisation with or without the
amendment. Therefore, while remediation effectiveness for uranium has been shown
at pot scale for phytostabilisation and should be transferable to full field scale, no full
field-scale applications have yet been performed using this amendment.
Vera Tome et al (2008) successfully applied rhizofiltration to the remediation of
radium-226 and uranium in contaminated waters using Helianthus annuus L.
(sunflower). After a period of two days, 50% of the radium-226 was fixed in the
roots, and essentially the rest was found in the precipitate, with only a small
percentage fixed in shoots and left in solution.
Subsequently Lee and Yang (2010) successfully applied rhizofiltration to remediate
contaminated ground water using two plants sunflower (Helianthus annuus L.) and
bean (Phaseolus vulgaris L. var. vulgaris). Similar to Vera Tome et al (2008) more
than 80% of the uranium was removed after 24 hours and according to the authors the
uranium within the treated water was lower than the national drinking water limit. The
bean cultivar had similar removal potency (between 60 – 80%). This laboratory scale
continuous rhizofiltration clean-up system delivered over 99% uranium removal
efficiency. It is worth noting that the pH of the contaminated medium was acidic and
this appeared to encourage removal of the uranium. However while the
phytoremediation effectiveness for uranium has been shown at pot scale for
rhizofiltration and should be transferable to full field scale, no full field-scale
applications have yet been performed.
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APPENDIX D – EXTRACTS FROM FULL CYCLE OF DST USING CASE
STUDY 1
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Extract from www.frtr.gov website showing description of phytoremediation process
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Extract from www.frtr.gov providing cost analysis data and additional references for phytoremediation
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Screen shot of economic factors considered during verification stage of DST for case study 1
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Screen shot of VRFLDOfactors considered during verification stage of DST for case study 1
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a b s t r a c t
A range of tools have been proposed to support decision making in contaminated land remediation. From a
European perspective it is clear, however, that there are considerable national differences in the decision
support process, and more generally in the extent to which this process supports the selection of less
invasive, alternative remediation options such as phytoremediation, in situ immobilisation etc. (referred to
here as “gentle” remediation technologies). In this paper we present results from the recently completed
European Union ERANET SNOWMAN project SUMATECS (Sustainable Management of Trace Element Contaminated Sites), and critically review available decision support tools in terms of their ﬁtness for purpose
for the application of gentle remediation technologies. Stakeholder feedback indicates a lack of knowledge
amongst stakeholders of currently available decision support tools. We propose that decision support
which focuses on gentle remediation is more strongly incorporated into existing, well-established (national)
decision support tools / decision-frameworks, to promote more widespread use and uptake.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
The management of contaminated soil and groundwater is a major
current environmental issue. In Europe alone, the European Environment Agency (EEA) estimates that soil contamination requiring cleanup is present at approximately 250,000 sites in the EEA member
countries, while potentially polluting activities are estimated to have
occurred at nearly 3 million sites (EEA, 2007). Given the potential
health impacts of the contaminants which are, or which may be,
present at these sites, a range of national and regional legislation
has been implemented to enforce site remediation and the protection
of surface and groundwater resources. This, and planned (e.g. the
European Union Soils Framework Directive, COM, 2006) legislation,
coupled with more stringent waste disposal regulations and the
recognition that “traditional” methods of contaminated land and
groundwater treatment (e.g. disposal to landﬁll, isolation, pump and
⁎ Corresponding author. School of Environment and Technology, University of
Brighton, Brighton, BN2 4GJ, UK. Tel.: +44 1273 642270; fax: +44 1273 642285.
E-mail address: A.Cundy@bton.ac.uk (A. Cundy).
0048-9697/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.scitotenv.2009.08.017

treat) may not be the most sustainable option, has led to a signiﬁcant
increase in research into the development of alternative in situ and
ex situ treatment technologies for soil and water remediation (e.g.
Cundy et al., 2008). A number of these alternative techniques utilise
an in situ, low-invasive / impact approach whereby plant (phyto-)
technologies, with or without chemical additives, are used for reducing contaminant transfer to local receptors by in situ stabilization
of contaminants (using biological or chemical processes), or plantdriven extraction of contaminants (e.g. Cunningham et al., 1995;
Vangronsveld et al., 1995; Kumar et al., 1995; Ruttens et al., 2006;
Grispen et al., 2006; Chaney et al., 2007). Collectively, these may be
referred to as “gentle” remediation options, i.e. in situ techniques that
do not have a signiﬁcant negative impact on soil function or structure
(Bardos et al., 2008) (Fig. 1).
The application of “gentle”, in situ contaminated land remediation
technologies has been the subject of intensive research and development over a number of years. Although a great deal of progress
has been achieved at the laboratory or bench scale, and at ﬁeld demonstration scale, the application of these technologies as practical
site solutions is still in its relative infancy. In addition, there are
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Fig. 1. Schematic classiﬁcation of “gentle” remediation options.

considerable international differences in their scale of adoption and
promotion. A range of factors may be argued to have limited the
widespread adoption of gentle remediation technologies, including
those of site heterogeneity and uncertainties in the characterisation
of the bio-available or bio-extractable contaminant fraction; the
timescales required for remediation; and general uncertainties / lack
of stakeholder conﬁdence in (and indeed knowledge of) the feasibility
or reliability of some of these techniques as practical site solutions
(e.g. phytoextraction, Van Nevel et al., 2007). One major issue is that a
number of in situ remediation options are available, and thus some
form of decision support is required to allow the user to make an
informed decision on which (if any) is the most suitable technique(s)
for the site requiring remediation or management.
A range of systems and tools have been proposed to support
decision making within the contaminated land arena (e.g. CLARINET,
2002). From a European perspective, it is clear, however, that there
are considerable differences in the decision support process between
European Union (EU) member states, and more speciﬁcally in the
extent to which this decision support process supports, or informs, the
selection of gentle remediation options. Here, we present results from
the recently completed European Union ERANET SNOWMAN project
SUMATECS (Sustainable Management of Trace Element Contaminated Sites), a 13 partner European project focussed on reviewing
the current status of research and application of gentle remediation
technologies across Europe. This paper critically reviews available
decision support tools in terms of their ﬁtness for purpose for the
application of gentle remediation technologies. Stakeholder feedback
on existing decision support tools (in terms of their general utility,
and their application to selecting gentle remediation technologies),
via a questionnaire survey and focussed discussion sessions held
during the SUMATECS project, is presented and evaluated, and conclusions and recommendations for further action / research are
made. While this paper focuses primarily on the European Union
contaminated land arena, the discussion and recommendations
outlined have clear wider implications for contaminated land management and the adoption of gentle remediation technologies in
other geographic regions.
2. Decision support tools (DSTs) for contaminated land assessment and remediation
Bardos et al. (2001) deﬁne decision support as “the assistance
for, substantiation and corroboration of, an act or result of deciding;
typically this deciding will be a determination of an optimal or best
approach”. Over the last thirty years approaches to decision making
in contaminated sites have progressed from largely cost-based

approaches in the mid-1970s, through the technology feasibility
studies of the mid-1980s to the risk-based assessment approaches of
the mid-1990s (Pollard et al., 2004). More recently, sustainability
considerations (e.g. carbon footprint, use of recycled materials
and renewable energy resources during site clean-up, social factors
etc.) have also been embedded more explicitly into the decision
support process (e.g. Dixon et al., 2007; USEPA, 2008; US Sustainable
Remediation Forum, 2009). The various changes that have occurred
over the years have aroused interest in contaminated land not just
from land owners, ﬁnanciers and environmental / engineering consultants but also from various stakeholders including: pressure groups,
local councils, residential associations etc. Renn (1992) therefore suggested the need for a decision process that facilitates the involvement
of all affected parties and at the same time produces a prudent and
informed judgement based on expertise and knowledge which would
increase participation of all stakeholders in the decision-making
process. A systematic methodology for the combination of quantitative and qualitative input from scientiﬁc studies of risk, cost and cost–
beneﬁt analyses, and stakeholder views however has yet to be fully
developed for environmental decision making (Linkov et al., 2006).
Generally, decisions should be reached in a clear, concise and transparent manner to reduce bias in contaminated land development. The
decision process should also be balanced and systematic, and founded
on the principles of precision and inclusive decision making (Bardos
et al., 2002). Tools designed to support this decision process (Decision
Support Tools or DSTs) can mainly be represented in two forms; written
guidance (e.g.; Defra and the Environment Agency's CLR11, Environment Agency, 2004) and/or software-based guidance systems (of
which there are several). There is arguably however a lack of trust in
the software approach to decision support, mainly due to lack of transparency (CLARINET, 2002). It should be noted that DSTs serve to act as
a support to decision making, and do not act as a decision-making
tool per se.
Historically, a range of generic decision support techniques have
been made available for the management of land contamination
(CLARINET, 2002). The techniques include: Life Cycle Analysis (LCA),
Multi-Criteria Analysis (MCA), Cost Effectiveness Analysis (CEA) and
Cost–Beneﬁt Analysis (CBA). These techniques have varied methods
of implementation, are used at various stages of the decision-making
process, and have been incorporated into a range of DSTs. For the
purpose of this review, MCA and LCA will be considered primarily.
These two tools are the most widely recognised instruments implemented in collecting detailed information on environmental
decision support aspects and have been widely used in industrial
ecology and environmental systems analysis (e.g. Hermann et al.,
2007; Pollard et al., 2008).
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2.1. Multi-Criteria Analysis (MCA)
The remediation and development of contaminated land have
become a multi-stakeholder issue. This increase in interest has
necessitated the development of effective Multi-Criteria Analysis
(MCA). MCA is a decision-making tool used in environmental systems
analysis to evaluate a problem by giving an order of preference for
multiple alternatives on the basis of several criteria that may have
different units (Hermann et al., 2007). Its techniques can be used to
identify a single most preferred option, to rank options, to short-list
a limited number of options for subsequent detailed appraisal, or simply to distinguish acceptable from non-acceptable possibilities (DTLR,
2001; Zopounidis and Doumpos, 2002). It achieves this by assessing
information in a consistent way, where the different factors are
weighted by means of a score. MCA involves identifying the decision
requirement and criteria of the various processes, scoring, weighting,
establishing an overall result, scrutinising the result and undertaking
sensitivity analysis tests. The technique relies heavily on the judgement
of the decision-making team, which includes stakeholders and experts,
and it is therefore conceivable that results may be biased. Dedicated
consultations and debate are necessary in order to reduce the subjectivity of this form of analysis (Janikowski et al., 2000). This subjective
mode of decision making is believed to be the main disadvantage
of MCA (Hermann et al., 2007). The outcome of the weighting procedure is therefore often determined by whom it includes as much as
by the choice of weighting methods (Hobbs and Meier, 2000).
MCA, however, has been recommended in the development of
DSTs to provide a formal structure for the joint consideration of environmental, technological and economic factors relevant to evaluating
and selecting amongst management alternatives and for organising
the involvement of stakeholders in the decisional process (Kiker et al.,
2005 and Carlon et al., 2006). Therefore it is favoured because of its
transparency, rigorous structure and its intense evaluation of options.
It can also be used in the combination of monetary and non-monetary
values in the decision-making process. A common and popular type
of MCA is Multi-Criteria Decision Analysis (MCDA) which is also known
as Multi Attribute Decision Analysis (MADA). It is a way of looking at
complex problems that are characterised by any mixture of monetary
and non-monetary objectives, of breaking the problem into more
manageable parts to allow data and judgments to be brought to bear on
the different parts, and then reassembling the different parts to provide
a more coherent picture to the decision makers (DTLR 2001). For
example, MCDA is the approach used in the DESYRE DSS (decision
support system for the rehabilitation of contaminated megasites, Carlon
et al., 2006). The implementation of the MCDA involves, but is not
limited to, the following:
– Establishing the context which includes identiﬁcation of the
various stakeholders and key players
– Indication of the various options to be appraised
– Identifying the criteria that would be used to assess the various
options identiﬁed above
– Analysing the various options and awarding scores based on the
criteria
– Assigning weights for the criteria based on their relative importance to the decision-making process
– Combining the weights and the values in order to achieve overall
signiﬁcance
– Studying the results
– Carrying out a sensitivity analysis test to ensure that all necessary
areas / parameters / options have been appropriately considered.
2.2. Life Cycle Analysis (LCA)
Life Cycle Analysis (LCA) is a tool that identiﬁes and quantiﬁes the
emissions and resources used at all stages of a product or an activity's

life cycle. It has been deﬁned as the “compilation and evaluation of the
inputs, outputs, and the potential environmental impacts of a product
system throughout its life cycle” (ISO, 1997). In other words it
employs a ‘cradle to grave’ approach as described in the manufacturing sector. It became popular in the manufacturing industry but its use
has been expanded into a range of other areas, including the
management of contaminated land. According to Blanc et al. (2004),
LCA is gaining widespread acceptance in the ﬁeld of support systems
for environmental decision making. Several examples have been
published on the use of LCA in site remediation: Bayer and Finkel
(2006) assess the use of LCA in active and passive groundwater
remediation technologies; Volkwein et al. (1999) use LCA to complement risk assessment of the primary impacts of contaminated
land and, with this aim in view, compare the results of LCA before
and after remediation; and Diamond et al. (1999) and Page et al.
(1999) both utilise LCA in generic remediation options and case
studies. The application of LCA to land remediation offers the opportunity to make relatively objective comparisons between several
available approaches. For example, some remediation techniques
have high energy consumption for a short period of time (e.g. dual
phase vacuum extraction) while others have low energy consumption
but are required for a long duration (e.g. enhanced monitored natural
attenuation, or pump and treat, which could run for several years
or decades). LCA initiates the comparison of such diverse techniques,
taking into consideration the needs of various stakeholders.
LCA is commonly used in the UK with a recent publication by
Defra (2006a) endorsing its use. It is also popular in other parts
of Europe and has been incorporated into some decision support
tools including Dutch ABC (Assessment, Beneﬁts and Costs, Maring
et al., 2004—discussed below). LCA can, however, be a complex
and resource hungry process and therefore can only ﬁnd acceptance
if used within a competent decision support tool. The key elements
of an LCA are:
−
−
−
−
−
−

Goal and scope deﬁnition
Life Cycle Inventory Analysis
Life Cycle Impact Assessment
Life Cycle Interpretation
Reporting; and
Critical Review

2.3. Cost–Beneﬁt Analysis (CBA)
CBA is the assessment of all costs and beneﬁts that are involved in
various available options. The terms cost and beneﬁt are not used
solely in the ﬁnancial context. Cost can be deﬁned as anything that can
reduce one's well-being while the deﬁnition of beneﬁt is anything that
has the capability of increasing human well-being. The application of
CBA may be regarded as a complex process as it requires mainly
ﬁnancial/monetary input and therefore needs a great deal of expertise
for implementation. Difﬁculties may arise when considering aspects
which may not have an immediately obvious or easily quantiﬁable
monetary value (e.g. an ecosystem, social acceptability of a remediation option etc).

2.4. Cost Effectiveness Analysis (CEA)
The signiﬁcant difference between CBA and CEA is that the beneﬁts
of a project, in the case of CEA, are not monetised. In the context of
management of contaminated land, once remediation objectives have
been agreed CEA provides a framework for deciding the least cost
option to deliver the required remediation standard; it is a relatively
simple balance of the costs of a measure versus its effectiveness, and
whether it meets the remediation objectives of the site.
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3. Critical review of existing decision support tools, and their ﬁtness
for purpose for the selection of gentle remediation approaches
within Europe
Presently, relatively few EU countries have a fully developed
methodology/system for decision making in contaminated land
management. Considerable improvement is necessary for evaluating
sustainability issues more systematically in decision-making procedures as presently a large majority of projects favour conventional and
often non-sustainable technical solutions for contaminated land
remediation (EURODEMO, 2005). Arguably, signiﬁcantly more emphasis is currently placed on the ﬁnancial implications of the
technique, cost saving and proﬁt margins, than on potential environmental impacts, socio-economic implications and stakeholder
involvement. The key drivers of remediation in most European
countries are: (i) risk management (ii) core stakeholders (project
drivers), (iii) timescale and (iv) technical suitability/feasibility. By
comparison, stakeholder satisfaction, cost effectiveness and sustainability are given signiﬁcantly less consideration in current practices
(Fig. 2, CLARINET, 2002). The latter two factors in particular may be
important drivers for the selection and adoption of gentle remediation options (see Section 5).
In terms of decision support guidance and tools, three (national)
examples are discussed below to illustrate current practice in
provision of written guidance, and its ﬁtness for purpose for the
selection and promotion of gentle remediation technologies. Subsequently, we discuss and evaluate a range of software-based decision
support tools developed under regional and other funding programmes. Again, the focus here is on the ﬁtness for purpose of the
tools described for the selection of gentle remediation approaches—a
more generic recent review can be found in Marcomini et al. (2009).
3.1. Example 1: Decision support tools in the UK
Defra and the Environment Agency have developed a written
guidance document / strategy entitled Model Procedures for the
Management of Contaminated Land, also referred to as Contaminated
Land Report 11 (CLR11, Environment Agency, 2004). This document
encapsulates procedural guidance for the whole life cycle of the
management of contaminated sites. It consists of three main stages:
– Risk assessment
– Options appraisal to include the evaluation and selection of remediation options and their suitability for the site
– Implementation of the remediation strategy, including veriﬁcation.
CLR11 is consistent with the requirements of the statutory
contaminated land regime in the UK (Part IIA of the Environmental
Protection Act 1995, and the associated guidance—Defra Circular 01/
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2006 (Defra, 2006b) and proposes a tiered remedial approach to
decision making. Tiers within the options appraisal stage (i.e. the
stage most relevant to the selection of gentle remediation technologies) are indicated below:
(1) Tier 1: Identiﬁcation of feasible remediation options
According to CLR11, a feasible remediation option is one that is likely
to meet deﬁned, site-speciﬁc objectives relating to both pollutant
linkages and the wider management context for the site as a whole.
In this stage the procedures offer two tools for utilisation by decision
makers:
Tool 1 involves a simple set of tables or decision support matrices
which relates (at a generic level) the applicability of different remediation methods to environmental media (soil/water), and the nature
of the pollutant. At this stage a suitable technique is chosen that is
relevant to the identiﬁed pollutant linkage.
Tool 2 is a link to further information on remediation options in
order to assess the technical basis of the remediation techniques.
There are several sources used for this assessment including:
• Environment Agency Remedial Treatment Data Sheets;
• CIRIA, Remedial Treatment of Contaminated Land series reports
(now supplemented by CIRIA C622 – ‘Selection of remedial
treatments for contaminated land – a guide of good practice’
(Rudland and Jackson, 2004))
• Two web-based sources in EUGRIS (the European Groundwater
and Contaminated Land Information System, www.eugris.info)
and CL:AIRE (Contaminated Land: Applications in Real Environments, www.claire.co.uk)
(2) Tier 2: Detailed evaluation of remediation options
This stage drives the decision maker to develop a series of selection
criteria, and CLR11 refers to four decision support tools in this stage:
Tool 1—Carries out a Multi-Criteria Analysis
Tool 2—Collects cost information on the remediation options
Tool 3—Combines the information from the above in a qualitative
Cost Effectiveness Analysis
Tool 4—Examines how the remedial treatment methods can be
combined.
CLR11 also reﬂects the need for the consideration of the environmental impacts of remediation to satisfy management objectives. This
considers the nature and extent of potential effects on the quality of
the environment in a wider and generic context. The model procedure
theoretically considers both aggressive and gentle remediation techniques
without bias, although notably there is little detail given on the range of
available gentle remediation options, with only the generic term “landfarming” being listed in the decision support tables / matrices in tool 1 of
the Identiﬁcation of Feasible Remediation Options tier (described above).
3.2. Example 2: Decision support systems/tools in Germany
Similar to the UK, Germany also has detailed written guidance
documentation used for decision making in contaminated land management (SRU 1990, updated following commencement of the
Federal Soil Conservation Act (1998) and the Federal Soil Conservation and Contaminated Site Ordinance (1999)). The procedure
involves the following stages:

Fig. 2. Key factors in decision making in remediation technology selection (after
CLARINET 2002).

− Goal and process: reduction of contaminant exceedances by a
certain percentage. This is similar to the risk assessment stage of
the CLR11 guidance for the UK.
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− Project mobilisation; includes determination of the various
stakeholders, technical experts and ﬁnancial obligations
− Discretionary measures/activities to include site investigations,
preliminary tests etc.
− Development of remediation scenarios
− Technical assessment of remedial options
− Cost estimation
− Cost–Beneﬁt Analysis (economic, technical and ecological issues
are considered)
− Speciﬁcation of remediation objectives
− Remediation proposal
− Decision for remediation (made by authorities working under the
auspices of the German government)
There is no explicit consideration of the environmental impact of
the proposed remedial technique in this decision chain (although
ecological impacts are considered under the Cost–Beneﬁt Analysis
stage), and the speciﬁc incorporation of gentle remediation technologies (or indeed sustainability issues) is minimal.
3.3. Example 3: Decision support systems/tools in Sweden
The Swedish Environmental Protection Agency (SEPA) provides a
broad national (written) guidance on remediation of contaminated
sites, extending from inventory estimation to implementation of
remediation projects. The guidance is given in the form of guidelines
and manuals that are used (as decision support tools) by local
authorities and practitioners taking responsibility for the investigation, remediation and after-care of contaminated sites.
SEPA has released reports covering the following areas:
−
−
−
−
−
−
−

planning and implementation of remediation projects;
inventory, generic investigations and risk classiﬁcation;
environmental soil investigations;
quality assurance;
use of guideline values for contaminated soil;
choice of remediation techniques (including Cost–Beneﬁt Analysis);
setting demands for remediation measures and results

Additional reports on site-speciﬁc guideline values, guidance for
sampling and goals of site remediation are also under preparation.
Experience gained during implemented remediation projects are
documented and published in reports and fact sheets for future
reference.
Furthermore, SEPA has been actively working with new guidance
material for risk assessment and choice of remediation measures.
Material for the investigation process during the remediation of contaminated sites will be covered by the three reports: “To choose
remediation measures”, “Risk assessment of contaminated sites” and
“Guideline values for contaminated sites”, as well as software to
calculate guideline values for contaminated soil. During the development of the new reports, SEPA has performed an analysis of socioeconomic consequences to identify and try to quantify the consequences related to the release of the new guidance material and
new (stricter) generic guideline values for contaminated soil.
Since many large soil remediation projects are ﬁnancially supported by SEPA, the agency has also prepared a very detailed and
continuously updated quality manual for work with contaminated
sites (SEPA 2008). The aim of this document is to provide the user
with rules for management of remediation actions that are ﬁnanced
by SEPA. The manual describes a comprehensive quality system for
the use and management of ﬁnancial means allocated by the SEPA
for remediation of contaminated sites. The document covers all
activities from inventory to implementation and follow-up of
individual projects.
All SEPA guidelines on selecting remediation measures are generic
and theoretically suitable for both aggressive and gentle remediation

techniques. According to the SEPA's guidance for planning and implementation of remediation projects (SEPA 1997), every site remediation project is unique and should start with research and
experimental work. This can be done using established methods
as well as new technologies. Concepts of sustainability and long-term
efﬁciency are often underlined. However, leaving contaminants
on site (as would occur in the case of in situ soil stabilization or
immobilisation of contaminants) is not favoured. The reason given by
SEPA (and indeed often by researchers) is that it is difﬁcult to assess
the long-term effectiveness of such an approach (whereby long-term
changes in soil conditions, plant cover or speciation / bioavailability
of the contaminants may induce future contaminant release). Hence,
a range of gentle soil remediation techniques are often a priori
discounted.
3.4. Software-based decision support systems/tools
A number of software-based DSTs have been developed in Europe
both in-house and under regional or other funding programmes.
Table 1 outlines some of the tools available in the EU.
PhytoDSS is a DST developed under the EU framework funding and
could be described as probably the only available tool that focuses
speciﬁcally on gentle remediation technologies. Its main technology
of focus is phytoremediation, which is further divided into phytoextraction and phytostabilisation. In this deﬁnition, phytoextraction
involves the uptake of selected contaminants by plants, with the
contaminants being stored in the above-ground biomass which is
eventually harvested and disposed or recovered. This process results
in an eventual site remediation through physical extraction, and with
pollutant linkages being managed through the process as a consequence of an established soil and vegetation layer. The process of
phytostabilisation, on the other hand, immobilises the contaminants
(mainly metals and metalloids) through re-vegetation and some
input of chemical immobilisation.
With these factors taken into consideration, a DST was developed
to assess the viability of using vegetation, via phytoextraction and
phytostabilisation, as a means of contaminant management while
weighing cost effectiveness against environmental impacts in comparison with other remediation techniques. For its implementation
PhytoDSS uses the REC model (described below) as a basis for decision support.
REC (Risk reduction, environmental merits and cost) was
developed as part of the NOBIS programme (a Dutch national research
programme on bioremediation, NOBIS, 1995). The primary aim of the
programme was to combine risk reduction, environmental merits and
cost, which had been individually studied and integrated into decision
making, into contaminated land management following changes in
the Dutch legislation. REC does not consider other factors such as
legal, political and social factors which might impact on remediation
choice. The Dutch ABC (Assessment, Beneﬁts and Costs) programme
(Maring et al., 2004) on the other hand could be deemed as a modern
version of REC. It consists of three modules:
− Assessment: This stage appraises the feasibility of different
remediation options. There are about 27 remediation options in
the database of this tool.
− Beneﬁts: This module utilises LCA to assess each remediation
technique. This outlines the advantages and disadvantages of
remediation in potential environmental impact factors such as:
resource, energy input, emissions, hazardous and non-hazardous
waste production.
− Costs: The range of likely costs for each technique is highlighted.
ABC considers both gentle and aggressive remediation techniques
which are outlined in its database.
A range of other decision support software tools have been
developed under various regional and national programmes. For
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Table 1
Overview of selected decision support tools across Europe.
Criteria addressed
Reference/information source

REC (Risk Reduction,
Environmental Merit
and Costs) (Phyto DSS)
ABC (Assessment, Beneﬁts
and Costs)
PRESTO (PRESelection
of Treatment Options)

http://www.eugris.info/display
Multi-Criteria Analysis and Life
Project.asp?ProjectID = 4286&Aw = Cycle Analysis
PhytoDec&Cat = Project
http://www.euwelcome.nl/kims/
Life Cycle Analysis
tools/index.php?ndex=110
http://www.euwelcome.nl/kims/
Assessment based on site-speciﬁc
tools/index.php?ndex=60
characteristics such as: contaminants
present, groundwater geochemistry
and geological conditions
http://www.euwelcome.nl/kims/
Assesses the overall cost of remediation
tools/index.php?ndex=10
techniques
http://www.euwelcome.nl/kims/
Assesses the rough cost of speciﬁc
tools/index.php?ndex=90
remediation techniques such as dig and
dump/pump and treat
Referenced in EUGRIS website but
Approach based on balance between cost,
no obvious links http://www.
environmental compartments versus risk
eugris.info/displayresource.asp?
reduction and reduction in liabilities
ResourceID=4780&Cat=document
Carlon et al. (2006)
Multi-Criteria Decision Analysis (MCDA)

CARO (Cost Analysis
of Remediation Options)
ROCO (ROugh COst
Estimation Tool)
ROSA

DESYRE (Decision Support
System for rehabilitation
of Contaminated Sites
SPeAR (Sustainable Project http;//www.arup.com/environment/
Appraisal Routine)
feature.cfm?pageid=1685
BOSS
http://www.emis.vito.be/boss
(only available in Dutch language)
DARTS (Decision Aid for
Vranes et al. (2000)
Remediation Technology
Selection)
The Sinsheim Model
Volkwein (2000) www.cau-online.de

Principle

Country of origin Target techniques

Risk assessment Cost Sustainability Socio-economic
(environment. factors
impacts)

EC funded project

Yes

Gentle remediation
(phytoremediation)

Yes

Yes

No

EC funded project

Aggressive and gentle techniques

Yes

Yes

Yes

No

Germany

Aggressive and gentle techniques

No

No

No

No

Germany

Aggressive and gentle techniques

No

Yes

No

No

Germany

Aggressive techniques

No

Yes

No

No

The Netherlands

Not indicated

Yes

Yes

No

No

Italy

Aggressive and gentle techniques

Yes

Yes

Yes

Yes

Private
development
The Netherlands

Aggressive and gentle techniques

No

No

Yes

Yes

Not provided (all in Dutch language)

Aggressive and gentle techniques

No

No

No

No

Multi-Criteria Analysis

Italy

Aggressive and gentle techniques

No

Yes

Yes

Yes

Life Cycle Analysis

Germany

Aggressive techniques

No

No

Yes

No

Multi-criteria assessment
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example, ROSA and BOSS are two software-based DSTs that originated from the Netherlands. ROSA is used for the evaluation of
remediation alternatives in line with interpretations of the national
soil protection legislation. Information regarding this software is
not widely available and therefore its preferred remedial technique
(aggressive or gentle) cannot be ascertained. BOSS is a web-based
expert system which is available at present only in Dutch. It targets
both aggressive and gentle remediation techniques but does not
undertake detailed analysis of the wider environmental impacts of
the remediation activity.
Tools developed in Germany include PRESTO (PRESelection of
Treatment Options), CARO (Cost Analysis of Remediation Options),
ROCO (ROugh COst estimation tool) and the Sinsheim model. An
appraisal of these tools shows that they deal mainly with aggressive
remediation techniques and serve as technical efﬁciency tools
focussing primarily on cost estimation. The Sinsheim model, however,
quantiﬁes and evaluates the environmental impacts of remediation
processes. It utilises a streamlined LCA, as described in Section 2,
and produces a summary of LCA results which allows the comparison of different remediation processes. A decision can therefore be
reached on the best possible technique that is environment-friendly.
This DST does not include other core objectives of the remediation
process; costs, socio-economic factors etc. The model is very advanced
in that it utilises the application of a full LCA on assessment of feasible
remediation techniques and therefore could serve as a model for an
efﬁcient DST if all other missing aspects are included. As noted above,
it is not developed speciﬁcally for use on gentle (or in situ) remediation options but does have potential application to these
techniques.
DESYRE (Decision Support System for the Requaliﬁcation of Contaminated sites) is an advanced, Italian-developed GIS-based decision
support system, formulated to address the management of contaminated megasites. The developers (Carlon et al., 2006) of DESYRE
have included in their conceptual design and development the main
aspects pertaining to a remediation process: analysis of social and
economic beneﬁts and constraints, site characterisation, risk assessment, selection of best available technologies, creation of sets of
technologies to be applied, analysis of individual risk and comparison
of different remediation scenarios. These highlighted aspects of the
tool have been encompassed into six interconnected modules which
comprise: site characterisation, risk assessment, socio-economic,
technological analysis, residual risk analysis and decision making.
DESYRE consists of a two step methodology for the selection of an
appropriate remediation technique whereby the ﬁrst step provides
for the selection of feasible technologies, which are then ranked in
the second step where there is an integration of environmental and
technological databases, using MCDA to produce a ranking. This
highly sophisticated, GIS-based, integrated DST deals with a range of
decisions from risk assessment to selection of remediation strategy.
Environmental impacts are considered along with socio-economic
effects, which is very uncommon in most of the existing DSTs.
The technological module holds a database of more than 60 types
of treatment technologies described in terms of contaminant type,
commercial availability, application modalities and different sitespeciﬁc parameters (Carlon et al., 2006). This range of remediation
technologies includes both gentle and aggressive techniques. DESYRE
does not, however, include LCA of its remediation techniques and
its utilisation of MCDA analysis has been found to be subjective
(Hermann et al., 2007) with a tendency to be biased.
DARTS (Decision Aid for Remediation Technology Selection,
Vranes et al., 2000) is a further Italian-developed DST which assists
with the selection of remediation technologies via undertaking an
analysis based on technical, ﬁnancial, environmental and social criteria, combined and weighted in a Multi-Criteria Analysis. Its main
underlying criteria are based on a range of factors including cost,
applicability, minimum achievable concentration, clean-up time

required, reliability/maintenance and public acceptability. This DST
takes a simple approach to decision making and while it brings
together a selection of factors, it does not consider the wider
environmental impacts of remediation.
The above (and other selected) decision support tools are
summarised and evaluated, in terms of the extent to which they
address the key criteria of risk, cost, sustainability, and socioeconomic factors, and their suitability to gentle remediation technologies, in Table 1. Note that the privately-developed SPeAR® is also
listed for comparison. This tool provides an example of a sustainability-focussed audit tool. While not speciﬁcally a land remediation
decision support tool, it does have broad application in this area,
and consists of a generic evaluation tool designed to enable the
assessment, demonstration and improvement of the sustainability
of products, and projects.
An overview of the various DSTs across the European Union
indicates that the only widely available DST that focuses speciﬁcally
on gentle remediation techniques is PhytoDSS under the platform
of REC, and this DST considers only phytoremediation as a technique.
There are a range of other DSTs that are potentially suitable to the
decision support of gentle remediation technologies, of which DESYRE
in particular has wide coverage of risk, cost, environmental and socioeconomic factors. In terms of national decision support frameworks,
UK's CLR11 framework (and similar systems used or under development in Germany, Sweden, Austria, France and elsewhere) provides a
systematic and practical tool for decision support over the whole
assessment and remediation process, although there is frequently a
relative lack of information on gentle remediation approaches in
comparison with more aggressive technologies, or (in the case of
Sweden for example) certain gentle remediation options may be
discounted due to a guidance framework that favours more aggressive
(i.e. contaminant removal) technologies.
The uptake of the various tools that are currently available, and
their ﬁtness for purpose as seen by the contaminated land
community, are examined in the following section.
4. Stakeholder feedback—Fitness for purpose of existing DSTs
A questionnaire survey was utilised during the SUMATECS project
to gather stakeholder feedback on the ﬁtness for purpose of existing
decision support tools (in terms of the application of gentle remediation technologies), and, more generally, to assess reasons for
hindrance in the uptake of gentle remediation options. Questionnaire
sections that speciﬁcally focused on decision support tools and
systems are shown in Fig. 3. The DST-focused section of the
questionnaire was designed to gather responses on stakeholder
awareness of available DSTs, whether current DSTs are felt to be ﬁtfor-purpose (both in general terms and speciﬁcally regarding the
application of gentle remediation options), and what (additional)
features could usefully be included in a practical DST. The target
participants of the survey included university/research institutions,
regional authority/government, environmental consultancies, remediation contractors, and other key stakeholders (land owners,
investors, and pressure groups). Responses were received from over
10 European countries with 130 participants in total (Fig. 4). Most
respondents were employees in public administrations at a national
or regional level (40%) or employed in local authorities such as county
and city councils (25%). About 20% were from universities and
research institutions and 20% from private consultancies and
companies involved in practical site remediation. When evaluating
and interpreting these results it should be considered that, due to
the sampling methodology and small sample size, they may not be
representative of the general perceptions and opinions of all
stakeholders, administrators and scientists who are involved with
trace element-contaminated site management. On the one hand, the
interviewees were selected by the national SUMATECS participants
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Fig. 3. Page from questionnaire survey related to decision support tools. TECS = Trace Element Contaminated Sites. See text for discussion.

according to their personal criteria and contacts. On the other hand, it
can be assumed that questionnaires were preferentially returned by
respondents with some experience or at least interest in the subject.

So, there will inevitably be some bias towards experts with previous
experience in gentle remediation options.
From the DST-speciﬁc responses to the questionnaire, the survey
indicated that more than half of the participants (58%) were not
aware of any DSTs that can be used to select appropriate remediation
or management strategies for (trace element) contaminated land
(Fig. 5—a further 20% responded “Don't know”). The 22% of the

Fig. 4. Countries of origin of questionnaire survey respondents. n = 130. DE = Germany,
CZ = Czech Republic, SE = Sweden, FR = France, AT = Austria, BE = Belgium, IT = Italy,
UK = United Kingdom, PT = Portugal, and ESP = Spain.

Fig. 5. Participants' awareness of existing decision support tools, in response to the
question “Are you aware of any decision support tools that can be used to select
appropriate remediation or management strategies for TECS sites?”.

Author's personal copy
6140

K. Onwubuya et al. / Science of the Total Environment 407 (2009) 6132–6142

participants with knowledge of existing tools gave an indication of
the various tools available for use. Most of the tools listed were
consistent with traditional (written) guidance documents, and indiated a general lack of awareness amongst the contaminated land
community of many of the advanced (particularly software-based)
tools developed and listed in Table 1. The tools suggested included:
ADEME guideline, Swedish EPA report, Pirtu, DARTS, NSOIL (Dutch
tool), and THERESA 3.0. The questionnaire survey clearly indicated
that the knowledge of DSTs (particularly advanced software-based
DSTs) in the management of contaminated land, at least amongst
the survey respondents, was minimal and there is insufﬁcient
technical know-how regarding the utilisation of DSTs. Over 61% of
our participants were indecisive as to whether the DSTs available
were ﬁt for purpose (which is unsurprising considering the percentage that were not aware of their existence and uses) and 30%
believed that they were. On a similar note, 80% of respondents could
not indicate whether available DSTs were suitable for the application
of gentle remediation techniques. These responses suggest that a
fraction of practitioners are aware of DSTs but there is still a shortage
of knowledge in the ﬁeld and therefore a proper tool has not been
consistently adopted and utilised to cater for decision support needs.
Several comments from a variety of participants included suggestions that existing tools are too general and not sufﬁciently precise,
and training and skill enhancement in DSTs are required for decision
makers. However, a majority of respondents (72%) believe that a DST
that targets choosing remediation techniques would be useful particularly if it is speciﬁc for gentle remediation options. Features that
should be included in a practical DST were listed by survey respondents as including:
− It must support decision making at sites with mixed contamination and integrate both ecological and physicochemical traits.
− It should combine various contaminants and levels of contaminants, various types of soils, climates and plants, surface and
ground water parameters, ecosystem sensitivity and various types
of remediation techniques.
− It should implement a multi-criteria approach.
− It should be pragmatic and detailed.
− It should implement Cost–Beneﬁt Analysis to assess socioeconomic factors
− DSTs should support the communication between all involved
persons and should not give a ﬁxed general solution (i.e. tools
should encourage dialogue and informed decision making by
users, rather than providing a prescriptive solution)
− It should be simple and comprehensible for practical application
− There should be a clear deﬁnition of categories for a transparent
classiﬁcation of assessing the site with a practicable manual for
possibilities of techniques and management
− Tools should include consideration of feasibility, costs and
application range
− Tools should be practicable for smooth execution and coherence
These suggestions mirror those raised during focused discussions
with regulators, practitioners and other stakeholders undertaken in
the SUMATECS project.
5. Discussion
Despite the multitude of tools that have been developed, the
results from the questionnaire survey indicate a lack of stakeholder
knowledge of decision support tools that can be used to support
gentle remediation (and indeed other remediation) options. Many of
the stakeholders surveyed are likely to be using DSTs in the course of
their work via national guidelines (e.g. CLR11 in the UK), but are not
aware that these guidelines form a DST system. Generally, tools
developed or applied need to be easy to use (a tiered approach, in line
with several national guidelines, is arguably the simplest and most

valid approach), and should incorporate sustainability measures (via
Life Cycle Analysis, Cost–Beneﬁt Analysis or similar). The inclusion
of sustainability measures (particularly ecosystem services or the
value of restoring or preserving soil function), coupled with recent
moves in promoting sustainability in contaminated land management
(e.g. Bardos et al., 2008, USEPA 2008, US Sustainable Remediation
Forum 2009) could arguably beneﬁt the adoption of gentle remediation technologies. In addition, forthcoming legislative changes may
inﬂuence the current decision support process for, and act to support
the application of, low intensity gentle remediation options generally,
particularly the proposed European Union Soil Framework Directive
and its emphasis on the consideration of maintaining soil function
at sites (COM 2006). The potential use of gentle remediation technologies as part of integrated site solutions, at large, homogeneous
and/or mixed contaminant sites should also be considered more
widely e.g. where gentle remediation options are applied in combination with other methods, using a zoned approach.
Given:
(a) the apparent lack of stakeholder knowledge on gentle
remediation-orientated DSTs,
(b) comments received from stakeholders via the questionnaire
survey and during focussed discussions held during the
SUMATECS project, and
(c) the large number of existing (competing) DSTs which operates
as “stand alone”, speciﬁc tools, many of which only examine
some aspects of the remediation process,
it seems logical, rather than producing more software tools of high
complexity, that decision support for gentle remediation is more
strongly incorporated into existing, well-established and utilised
(national) DSTs / decision-frameworks, to promote more widespread
awareness, use and uptake. The recommended basic format of a
gentle remediation-focused DST is that it should take the form of a
simple checklist or decision matrix, integrated (where possible) into
existing national framework guidelines / DSTs as a tier, probably at
the options appraisal stage (or equivalent, following the initial risk
and site assessment stages). This decision matrix or checklist should
clearly state (based on current knowledge and ﬁeld trials) the
capabilities of gentle remediation options in broad terms, allowing a
decision to be made on their potential use, and then should refer the
user to a bundled information package on gentle remediation options
(an outline structure of this tool is shown in Fig. 6). Three key points
to note regarding this are (a) this delivery model assumes that
incorporation of the DST into national framework guidelines will
promote its more widespread use; (b) that as new technologies, and
information on existing technologies, are developed there is an
iterative system for introducing this information into the DST (e.g.
Agostini and Vega 2009); and (c) the choice of remedial option (e.g.
aggressive vs. gentle) may actually be pre-determined by earlier
decisions made in the project design phase, e.g. during planning and
setting key remediation objectives. For point (a), the SUMATECS
survey did not evaluate the routes by which practitioners discover
and evaluate new remediation methods, and so further research
should address the most effective means to inform practitioners
about DSTs and new technologies. For point (b), there is a clear need
for regular updating both of DSTs, and, in the model described above,
the bundled information package on gentle remediation options. A
web-based resource such as EUGRIS or EURODEMO, or a dedicated,
readily-updated database such as that piloted under the SUMATECS
project (http://w3.pierroton.inra.fr:8000/users/welcome) may provide the best option in this case. Finally, for point (c), the DST model
outlined above is invoked at the point of implementing the
remediation design or during options appraisal. This may limit the
extent to which it can drive the application of gentle remediation
technologies, if key decisions on the remediation project scope and
process have been made at earlier project planning / design phases.
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Fig. 6. Recommended form of gentle remediation focussed-DST—diagrammatic outline. Notes: 1 Decision matrix / checklist should be clear and straightforward to use, e.g. a spreadsheet or
tick box, including consideration of contamination level, main pollutant linkages, type of contaminants, timescales for remediation, depth of contamination, and other evaluation or
exclusion criteria. 2 Bundled information could include the EUGRIS website (www.eugris.info), or other databases, and / or a list of case studies showing the ﬁeld application of gentle
remediation options. Note that there are other possible insertion points of the gentle remediation decision support tier, at the site / risk assessment and the implementation stages e.g. to
examine the questions “Should we implement gentle remediation technologies” and “Will the proposed remediation scheme be approved by the relevant regulatory authority”?.

Longer term work undertaken during and following the SUMATECS
project is examining the production of a gentle remediation-focused
decision support “tier” that can be operated as part of existing
national decision support tools / frameworks (initially for CLR11, and
subsequently for other national decision support frameworks). Even
given the above caveats, the structure of this DST may help to generate wider awareness of the potential of gentle remediation options,
and promote their more widespread use and uptake.
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remediation technologies. In general, decision support tools need
to be easy to use (a tiered approach, in line with several national
guidelines, is arguably the simplest and most valid approach), incorporate sustainability measures, and consider the potential use of
gentle remediation technologies as part of integrated site solutions
i.e. in combination with other methods, using a zoned approach. To
promote widespread use and uptake, the recommended basic format
of a gentle remediation-focused DST is that it should take the form of a
simple checklist or decision matrix, integrated (where possible) into
existing national framework guidelines / DSTs as a tier, probably at the
options appraisal stage (or equivalent, following the initial risk and
site assessment stage). This decision matrix or checklist should clearly
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made on their potential use, and then should refer the user to a
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