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ABSTRACT

The decommissioning of nuclear facilities and remediation of radiological and
non radiological contaminated land is currently being undertaken at some
Magnox nuclear licensed sites in the UK. Sustainability needs to be consid-
ered so that well balanced remediation strategies are chosen that accommo-
date the long time frames decommissioning can take. Sustainable remedia-
tion options assessment involves selecting feasible soil and groundwater
strategies to meet risk reduction goals whilst maximising the environmental,

social and economic benefits.

This study describes two Magnox nuclear decommissioning sites, Bradwell
site in England and Chapelcross site in Scotland. A conceptual site model
(CSM) was developed for land and groundwater contamination at each site.
Identification and screening of suitable remediation strategies was followed
by a sustainability assessment. The Sustainable Remediation Forum UK
(SuRF UK) framework was used, incorporating a Net Present Value (NPV) for
the economic element and a Multi Criteria Decision Analysis (MCDA) was

applied using a software tool called Hiview.

The exercise showed that feasible soil and groundwater remediation strate-
gies were identified using the SuRF UK Framework and Hiview MCDA soft-
ware. The process showed for complex sites it can be timely developing a
detailed CSM but it makes screening remediation strategies a much easier
process although detailed understanding of techniques is required. The study
has shown that a cost estimate can take longer than a sustainability assess-
ment, due to there being limited case studies and examples available within

literature due to commercial sensitivity.

This is the first time the Sustainable Remediation Forum UK (SuRF UK)
Framework has been applied using Hiview MCDA software to two nuclear
decommissioning sites. It is also the first example of applying the SuRF UK
Framework to remediation options assessment for radioactive contaminated
land. The process showed scoring as a single assessor can introduce bias
and that stakeholder involvement for weighting the importance of indicators
would be recommended in order to get a true representation. Applying sen-

sitivity analysis and testing alterations in weightings is crucial in ensuring



that an assessment is robust. Sites with site specific quantitative data re-
sulted in a more robust assessment and remediation strategies which had

the ability to be flexible long term were the more sustainable options.
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Chapter 1 Introduction

The decommissioning of nuclear facilities including the remediation of radi-
ological and non radiologically contaminated land is currently being under-
taken at some of the Magnox nuclear licensed sites in the UK. A report by
the Nuclear Energy Agency (NEA) identified that the four main obstacles to
land remediation occurring on a decommissioning site are site priorities, reg-
ulations, lack of waste disposal routes and stakeholder opinions (NEA, 2014).
The decommissioning process involves reducing the higher hazards and de-

livering the site into a phase called Care & Maintenance.

The remediation of contaminated land and groundwater has been under-
taken at some Magnox sites already following remediation options appraisal.
This thesis will focus on land contamination at two Magnox decommissioning
sites and will undertake a sustainable remediation options assessment in-
corporating a Net Present Value (NPV). The last ten years have seen an in-
Crease in sustainable practices being incorporated into development and
contaminated land. Historically the risk management process for contami-
nated land and groundwater has been perceived as sustainable in its own
right due to controlling the risks from contamination. However, this may not
always be the case, some remediation techniques have their own set of im-
pacts. For example, negative impacts on natural resources and waste crea-

tion and certain plant can consume large amounts of energy.

Sustainable remediation options assessment focuses on identifying the opti-

mum remediation strategy that maximises benefits while limiting the im-

pacts. In 2007, the UK's Sustainable Remediation Forum (SuRF UK) was set

up in order to develop a framework for sustainable soil and groundwater
remediation. Since the issue of the SuRF UK framework, there have been
only three case studies showing its application and none of these relate to
nuclear decommissioning sites and specifically radiological contaminated
land. This thesis will show how the framework can be applied at two decom-
missioning nuclear sites which have radiological and non radiological con-

taminated land and groundwater which require remediation.

Remediating non radiological contaminants is well developed outside of the

nuclear decommissioning industry but remediating radiological contaminated



land and the difficulties that can arise with it such as radiological control and
cost of waste disposal can make this more challenging (Hill, 2010). Although
remediation options assessment has been undertaken for decommissioning
nuclear sites, sustainable remediation options assessment utilising the SURF
UK framework has not. This thesis will be the first application of the SuRF
UK framework at a Magnox nuclear decommissioning site and will be the first
time its been used where radiological land contamination exists. The two

Magnox decommissioning sites which will be the focus of this thesis are:

a. Bradwell Site: Radioactive Caesium- 137 (Cs-137) and Strontium -90
(Sr-90) soil and sub surface water contamination at the site has lead to
several remediation attempts since the late 1970’s. Site investigation
and then remediation by selective excavation and capping of the soil
was undertaken in 2013-2014 (Magnox, 2013 & 2015).

b. Chapelcross site: Chlorinated Solvent soil and groundwater contamina-
tion exists at the site, further site investigation and monitoring has iden-
tified that remediation of the plume is required (Magnox, 2015 &
2014/15).

As part of managing land contamination issues at Magnox sites, a land qual-
ity process has been established, which involves identifying Areas of Poten-
tial Concern (APC's). If land remediation is required, this will need to be
timed around other decommissioning activities and interfaces that could be
occurring within the same vicinity at the site. Decontamination and demol-
ishing of buildings, construction of processing plants for waste, replacement
of underground services such as drains and infilling of voids are all interfaces
which will occur during decommissioning. These are all important consider-
ations which will affect a sustainable remediation options assessment (Mag-
nox, 2013).

In order that effective and efficient clean up of the UK’s nuclear legacy occurs
the Government set up the Nuclear Decommissioning Authority (NDA) in
2005 to oversee the decommissioning process (Rahman, 2008). The NDA
are responsible for ensuring that the right decommissioning options are im-
plemented. All waste products radioactive and non radioactive must be

safely managed by the right skills, resources and correct technology as well



as ensuring local communities are not socially and economically disadvan-
taged. Demonstrating efficient, effective and successful decommissioning
could put the UK Government in a strong position to exploit these unique
resources, skills and technological advancements in other markets. The skills
and techniques developed based on strong safety and environmental cre-
dentials means building of new nuclear plants, decontamination of land and
development of safety and environmental protection systems world wide

could benefit from nuclear decommissioning (NDA, 2015).

There are three stages within the International Atomic Energy Agency (IAEA)
decommissioning process of a site which can be adopted, these are 1. Im-
mediate dismantling; 2. Safestore Enclosure and 3. Entombment. The strat-
egy being taken with all Magnox sites is Safestore Enclosure where high level
radioactive waste is removed and non radioactive buildings and plant are
dismantled. A robust structure is designed to protect remaining radioactivity
in reactor buildings and plant for many decades, known as “safestore struc-
ture”. The sites are then monitored for around 60-70 years known as a Care
and Maintenance Period (C&M) while radioactivity decays to safe levels to
make remaining decontamination and dismantling simpler and safer. This
final stage is known as Final Site Clearance (FSC). In order to prepare for
the C&M phase the decontaminating and dismantling of all buildings outside
the biological shield of the reactor is undertaken and is referred to as Care
and Maintenance Preparations (C&MP) (Bayliss & Langley, 2003 & Rahman,
2008).

C&MP can take twenty to thirty years, in the case of Bradwell site an accel-
erated C&MP date was given for the site to be completed within a five-year
period (2010-2015), which included remediation of the land contamination.
The options assessment and identification of a suitable remediation strategy
was undertaken in 2012, with remediation occurring in 2013-14. As the im-
plemented strategy at the site occurred over a two-year timeframe from
2012- 2014, this study will ensure the same time context is taken into ac-
count when assessing other remediation options against the strategy imple-

mented.

Optimised C&MP is being undertaken at Chapelcross site (commenced in
2013) with the aim to get to an Interim C&M state by 2017. Interim C&M

requires significant hazards to be reduced to a minimum, services isolated



and buildings made secure and where possible no longer manned. Asset care
is undertaken for & years during which the site will continue to be managed,
monitored and maintained. C&MP will then recommence for a period of ap-
proximately 5 years, the site will be reduced to four safe stored reactor
buildings and with all other buildings being decontaminated and demolished
(Magnox, 2014).

Due to Chapelcross site being located in Scotland and Bradwell site in Eng-
land, different regulatory regimes apply. The different regulatory regimes
and how these affect each site will need to be taken into account. A concep-
tual site model will be developed for each site identifying the relevant con-
taminant linkages and screening of remediation strategies to identify those
suitable to go through to a sustainability assessment. Cost estimates will be
created for each remediation strategy and a Net Present Value (NPV) calcu-
lated. The NPV will be used within the sustainability assessment which will
draw on the SuRF UK framework and Brief Case (Contaminated Land: Appli-
cations in Real Environments (CL:AIRE, 2010 & 2013).

This thesis will evaluate remediation options by taking them through the
SuRF UK framework. It will also take account of a NPV under the economic
dimension of the assessment, which is crucial for the Magnox Sites due to
the long time frames through C&M until FSC and cost burdens on future
generations. Sustainable remediation options assessment will become an in-
creasingly important area for nuclear decommissioning, as they have to ac-
commodate a wide range of stakeholders interests as well as being cost ef-
fective. Due to the half life of some radioactive contaminants means new
remediation techniques could occur in the future, so maintaining some flex-
ibility within a strategy may be more beneficial long term. The SuRF UK
framework ensures that the remediation options assessment process con-
siders the variety of issues across the social, environmental and economic
arenas such as cost, flexibility of a remediation and long term intergenera-
tional effects, which ensures that a well balanced remediation option is taken

forward.



1.2 Aim and Objectives

The aim of this dissertation is to evaluate (on the basis of a Sustainability
Assessment incorporating Net Present Value (NPV)) alternative feasible soil
and groundwater remediation strategies for specific land contamination is-
sues for sites moving into Care and Maintenance (C&M). The objectives to

be undertaken in order to achieve the aim are listed below:

Objective a. Identify and describe a specific area of land contamination at

each of two Magnox sites through development of a CSM.

Objective b. Identify and describe suitable remediation strategies which
could be used for each of the two sites and how these will break the linkages
in the CSM for each site.

Objective c. Calculate the NPV and undertake a Sustainability Assessment of
the alternative remediation strategies for each of the land contamination

issues being looked at.

Objective d. Discussion of the NPV and Sustainability Assessment for each
land contamination issue with reference to the literature review undertaken

in Section 2.8.

Objective e. Evaluate and conclude the most suitable remediation strat-
egy(s) for each land contamination issue, taking into account the sustaina-
bility assessment and NPV and what improvements, further work and re-

search can be undertaken.



Chapter 2 Literature Review

2.1 Guidance for managing contaminated land at nuclear licensed
sites

The management of contaminated land at nuclear licensed sites (NLS) can
vary depending if radiological, non radiological or both types of contaminated
land exist. Where radiological land contamination exists, Safegrounds guid-
ance needs to be considered as well as the relevant regulatory regimes.
Safegrounds stands for Safety and Environmental Guidance for the Remedi-
ation of contaminated land on UK Nuclear and Defence Sites and is part of
the CIRIA learning network. Safegrounds does not apply to non radioactive
contamination on a site, but the same overall land quality management sys-
tem described within the guidance can be followed for a nuclear licensed site
whether radiological or non radiological contamination exists (CIRIA, 2009).
The different procedures and guidance for managing contaminated land at a

nuclear licensed site will be looked at in this chapter below:

2.2 Safegrounds guidance for managing contaminated land at

nuclear licensed sites

Safegrounds provides guidance and case studies on good practice manage-
ment of radioactive contaminated land on nuclear sites in the UK (CIRIA,
2015). Safegrounds has five key principles for managing contaminated land,

these are:

1. Protection of people and the environment; To achieve a high level of
protection of people and the environment for the current day and going

into the future.

2. Stakeholder involvement; The site owner should involve stakeholders

to help inform decision making for managing contaminated land

3. Identifying the preferred land management option; A consultative
process should be followed for carrying out assessment of possible op-
tions for managing contaminated land. Factors that should be considered
are stakeholders, health, safety and environmental impacts and tech-

nical, social and financial factors.

4. Immediate action; Areas where there is known or potential contamina-

tion will need to be prioritised and investigated as soon as possible to



determine what action needs to be undertaken. Immediate control
measures may have to be put in place until a suitable remediation strat-

egy has been developed and agreed with Regulators.

. Record-keeping; Records should be kept on any land contamination,
the management options implemented and the decision process that led
to this and where remediation has been implemented the validation rec-
ords relating to this (CIRIA, 2009).

Safegrounds good practice guidance for the management of radioactive
contaminated land on nuclear licensed and defence sites (CIRIA, 2009)
is based on the same principles as the Environment Agency’s (EA) model
procedures for the management of contaminated land- CLR 11 (figure 1)
(EA, 2004). CLR 11 should be consulted alongside the Safegrounds guid-
ance when undertaking the land quality management process so as struc-

tured decision making can be made.



The SAFEGROUNDS Key Principles apply throughout the process:

KP1 Protection of people and the environment (through appropriate control and management)

KP2 Stakeholder involvement

KP3 Identifying the preferred land management option (particularly relevant to options appralsal stage)
KP4 Immediate action (particularly relevant early in the risk assessment stage)

KP5 Record-keeping

Implementation of

Risk assessment Options appraisal remediation strategy

Preliminary land quality
management strategy

Refine land quality Refine land quality
management strategy management strategy

Implement and validate
Immediate controls

Refine land quality
management strategy

=g

Classify and prioritise
areas of contamination

Figure 1. Summary of CLR 11 decision flow diagram with modifications high-
lighted in red to show Safegrounds alterations (CIRIA, 2009).

An overall land quality management system is required whether managing
radioactive, non radioactive or both forms of land contamination. A prelimi-
nary land quality management strategy will be established to provide a basis
of the objectives to be achieved now and in the future for all aspects of
contaminated land on a site. It is a live document requiring continual updat-
ing as more site investigation and data becomes available to refine it (CIRIA,
2009).

The regulation of radiological risks requires that they should be reduced to
be “"As Low as Reasonably Achievable Practicable” (ALARP). The 2006 Office
of Nuclear Regulation (ONR) Safety Assessment Principles (SAPs) for Nuclear



facilities defines the criteria for delicensing being that risk of death is no
more than one in a million per year and therefore land is considered under
the SAPs to be radioactively contaminated if risk is more than this. This is a
requirement under Safegrounds principle 1 to ensure high levels of protec-
tion of people but ensuring that the costs are not massively disproportionate
and society is not put at detriment (ONR, 2006). In the USA certain sites
would have been grossly disproportionate to delicense under the 1 x 106 per
year risk target. These sites have followed the International Atomic Energy
Agency (IAEA) guidance where land can effectively still be delicensed but
has “restricted release” which means restrictions will be applied to ensure
the dose will not exceed an upper dose limit of 300 sieverts per year for its
future use (IAEA, 2009 & CIRIA, 2012).

2.3 Office of Nuclear Regulation (ONR) and Nuclear Installation Act
1965 (NIA65)

For radiological land contamination present at Bradwell site the ONR regu-
lates under the The Nuclear Installations Act 1965 (NIA65) and the EA co-
operate by exercising their regulatory functions (ONR, 2014). The ONR ex-
pects operators to be responsible for safety and will expect thirty-six licence
conditions (LC) to be adhered to. Table 1 refers to the LC’s and LC 34 has
particular importance to the management of radioactive land quality and the
decommissioning process. LC34 ensures that so far as is reasonably practi-
cable, any spread of radioactive contamination is minimised and monitored
on site and doses to workers and members of the public are within accepta-
ble limits and ALARP (ONR, 2014).

The ONR regulate the keeping and use of radioactive material and accumu-
lations in situ. The LCs allow the ONR to control and regulate radioactive
contaminated land amongst other areas on a nuclear site. The EA are in-
volved in remediation of radioactive land where a remediation scheme may
require an Environmental permit for permanent disposals of radioactive con-
taminated groundwater or any excavated soil or rubble (ONR, 2014). The
difference comes down to if the waste is being treated as an “accumulation”
or "permanent disposal”. If a NLS decides to accumulate either in an engi-
neered or natural feature this must be done with intention to take further
action at a later date, such as at FSC to remove the waste which will have

then decayed further by this point. If “disposal” is chosen then this is with



the intention to take no further action apart from monitoring (EA & Natural
Resources Wales (NRW), 2013).

Table 1 Licence Conditions of particular interest during Decommissioning and
Land Quality Management (ONR, 2014)

Licence Licence Conditions
Condition
Number
4 Restrictions on nuclear matter on the site
5 Consignment of nuclear matter
6 Documents, records, authorities and certificates
7 Incidents on the site
11 Emergency arrangements
12 Duly authorised and other suitably qualified and experi-
enced persons
13 Nuclear Safety Committee
14 Safety documentation
17 Management systems
18 Radiological protection
25 Operational records
32 Accumulation of radioactive waste - arrangements must
be in place to ensure the production and accumulation of
radioactive waste on site is minimised and stored under
suitable conditions with records.
33 Disposal of radioactive waste
All radioactive waste must be disposed of in a specified
manner.
34 Leakage and escape of radioactive material and radioac-
tive waste
35 Decommissioning

10



The safety of a NLS (LC 13- Table 1) and its entire lifecycle must be sub-
stantiated and documented within a "Nuclear Safety Case”, so as arrange-
ments are in place should events or emergencies arise (ONR, 2013). The
safety case needs to be proportionate to the extent, nature and potential
harm that may be posed by contamination and the extent it has of migrating.
Many site specific factors will have to be considered when assessing the ex-
tent contamination has of migrating, such as geology, hydrogeology, path-

ways and proximity of identified receptors.

Demonstration of good engineering practices should be applied to control
and remediate the land and any restrictions associated (ONR, 2014). The
Health and Safety at Work Act, 1974 a major piece of legislation governing
the health, safety and welfare of workers and the public at NLS ensures risks
are reduced to ALARP to all activities within the scope of the Health and
Safety at Work Act (ONR, 2014). The safety case has to show that risks to
public as a whole are ALARP. The ONR will expect radioactive contaminated
land to be managed so as the risk to the public is preferably below 1 in a
million per annum (CIRIA, 2009). Best Available Techniques (BAT) should
be used with respect to decommissioning and to minimise radioactive wastes
being created which could have an impact on radiation doses to the public.
BAT means limiting discharges, emissions or waste through implementing

practical, suitable measures (Defra, 2011).

2.4 Land Quality Expectations from Office of Nuclear Regulation
(ONR), Environment Agency (EA), Natural Resources Wales (NRW)
& Scottish Environment Protection Agency (SEPA).

The ONR, EA, NRW and SEPA realise the importance of setting clear expec-
tations for land quality and in June 2014 issued regulatory expectations.
They stated that land quality decisions should be informed by an assessment
of the options, taking account of sustainable development considerations.

Considerations for remediation options assessment included:

- Physio-chemical nature and current state of contaminants;

~ Actual or potential risks to people and the environment under current con-

ditions;
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Pros and Cons of each implemented option;

- Impact that any delay in implementing the option might have upon the

spread of contamination;

- Actual or potential risks, costs of any option;

Nature and volume of any wastes that would be generated, and disposal

routes;

- Lifecycle impacts on people and the environment;

~ Practical issues of implementation associated with each option;

- Intended site end states (interim/ or final);

- Extent to which each option addresses any concerns raised by stakehold-

ers.

The paper recommends consideration of in-situ alternatives other than ex-
cavation. Re-use of materials, sorting and segregation, treatment and ap-
plying protocols for sentencing material and waste from regulatory control
are preferred (ONR, 2014).

"The Decommissioning of Nuclear Facilities” issued by the EA and NRW in
2013 outlines the expectations for managing and disposing of radioactive
waste during decommissioning (EA & NRW, 2013). Operators need to con-
sider all practicable options for the management and disposal of radioactive
waste generated from decommissioning activities and if Low Level Waste
(LLW) is to be generated then options for on site™ in situ™? disposal should

be considered.
2.5 Guidance for non radiological contaminated land

For the two Magnox sites being looked at, the legislative context will differ
due to their location and nature of radiological or non radiological contami-
nation present at each site. Chapelcross site, Scotland has non radiological
contamination, therefore The Contaminated Land (Scotland) Regulations
2000 will apply. Since devolution to the Scottish Parliament for responsibility

for environmental matters in 1999, regulations were made in Scotland to

*1 On-site- Dig it up and put it somewhere else on site (e.g. in a void)
*2 Do not dig it up and declare it disposed of where it remains in-situ. 12



provide legislation for Part 2A (SEPA, 2009). Part 2A is based on applying
the principles of risk assessment and determining if contamination exists by
assessing if pathways and receptors create contaminant linkages which could

lead to significant harm or pollution of controlled waters (CIRIA, 2010).

The Part 2A regime deals with unacceptable risks that land contamination
may pose to human health and the environment and only where unaccepta-
ble risks are clearly identified, should land meet the definition as contami-
nated (Defra, 2012). For many of the Magnox sites permits will exist for
discharges of liquid wastes. These circumstances where substances have
been allowed to enter water in compliance with an Environmental Permit for

the site will not be considered contaminated land or water (Defra, 2012).

Scottish Governments Statutory Guidance was amended in 2006 due to the
introduction of the Water Environment and Water Services (Scotland) Act
2003. The Position Statement for Assigning Groundwater Assessment Crite-
ria for Pollutants (WAT-PS-1-01) provides guidance on compliance points for
hydrogeological risk assessment. It states that a 50m assessment point
should be set from the down gradient boundary of the source. However, it
does recognise there are circumstances where an assessment point of 250m
is reasonable and still protective of groundwater as well as allowing sustain-

able development. These circumstances include:

-Present or planned land use limits the exploitation of the groundwater

resource;

- The topography is steep or inaccessible, which limits development for

activities that require groundwater supply;

- Naturally occurring concentrations of contaminants are in excess of
quality standards, therefore any treatment will render development of

groundwater economically less viable (SEPA, 2014).

2.6 Magnox Company Procedures for Land Quality Management

Management of Land Quality at Magnox Sites is controlled by Company
Standard “Arrangements for the Management of Land Quality (S-154)"
(Magnox, 2013). The Company Standard ensures sites have clear objectives
with deadlines and in line with Safegrounds guidance a land quality manage-
ment system is required. This will require that a land quality strategy and

characterisation plan are generated for radiological, non radiological and
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mixed land contamination that apply three management principles through-
out:

Principle 1: A Satisfactory Land Condition shall be met and demonstrated at
all times, there are no compelling grounds to take regulatory action.
Principle 2: A fit for purpose C&M Entry State shall be determined and im-
plemented, there should not be need for intervention during C&M.

Principle 3: The timing of achievement of the Final End State (which could
be around 80 years into the future, referred to as FSC) shall be justified and
relates to Government policy on decommissioning. The ‘generic arguments’

for leaving radioactive contamination in place or deferring until FSC are:

-The preference of the NDA to retain flexible final site end state definitions
until planning commences for the final stages of restoration;

-The potential benefits from decay of radionuclides

-The increased ease of remediation on an otherwise cleared site of above
ground structures;

-The likelihood of efficiencies in disposal of radioactive waste from remedia-
tion of radioactively contaminated land in the context of dealing with large
volumes of other radioactive waste arising at FSC;

-The non-foreclosure of in situ or on-site disposal opportunities;

-The low risk associated with the contamination (i.e. finite resources are

better spent elsewhere)’ (Magnox, 2013).

Ensuring that a satisfactory land condition is present will require demonstra-
tion of sufficient characterization. Where radioactive contaminated land is
present, a safety case will be required. The standard identifies areas of con-
taminated land as APCs which are listed on an index and site map. The pro-
cess ensures APCs are 'sentenced’ and prior to C&M all APC’s must fall into

one of the below:

- 'Former-APC’ has demonstrated through characterisation not to be con-

taminated; or has been fully remediated;

"~ 'Recorded Contaminated Land Area’ (RCLA). Areas of known or potential
contamination which cannot be sentenced as ‘Former-APCs’ and do not

meet the criteria for an MCLA.

~ 'Maintained Contaminated Land Area’ (MCLA). Areas of contamination that
through C&M will need maintenance of specific physical features or require

a specific monitoring regime;
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Throughout the process options assessment may be required if the answer
is no to any of the three principles. The C&M entry state for Land Quality
requires that there will be an unlikely need for intervention during C&M and
remaining contamination will be routinely monitored to provide assurance

and to detect any movements and significant deterioration (Magnox, 2013).

2.7 CLR 11 and Nuclear Guidance on Conceptual Site Model’s, Risk
Assessment & Remediation Options Appraisal.

CLR 11 (EA, 2004) identifies that a Conceptual Site Model (CSM) is a primary
planning tool required to support the decision making process for managing
contaminated land and groundwater. CLR 11 (EA, 2004) and nuclear specific
guidance such as the Nuclear Industry Group for Land Quality Guidance on
Qualitative Risk Assessment for Land Contamination outlines (NIGLQ QLRA)
the input data required for development of a CSM (NIGLQ, 2012). This in-
cludes information on: History of the site; Spillages/accidents; Regulatory
actions; Appearance of the site; Topography; Geological setting; Hydroge-
ology (flow direction); Surface features; Water and soil quality and other
influences (e.g. if natural contamination or condition of the surrounding
land). NIGLQ QLRA guidance recommends CSM's are best displayed as a
series of diagrams, maps, cross sections and other diagrams, but appropri-
ate to the site conditions (NIGLQ, 2012).

Identifying gaps and any uncertainties in data and information through this
process is important so that further information can be gained and integrated
to refine the CSM (EA, 2004). The NEA and Safegrounds guidance, highlight
the importance of the conceptual model evolving and better understanding
of risks, so as it can be determined whether remedial action is required (NEA,
2014 & CIRIA, 2009). The contaminant linkages in the CSM will need to be
considered to ensure remediation options can demonstrably break the link-
ages (EA, 2004). A minimum of a QLRA is required (NIGLQ, 2012). If this
identifies that further risk assessment is required a Generic Quantitative Risk
assessment (GQRA) will be undertaken and this will determine if a Detailed
Quantitative Risk assessment (DQRA) is required. Routine monitoring is re-
quired to detect any significant or unexpected migration of contamination.
For nuclear sites dependent on the results, LC34 assessments may be re-
quired if it is determined there is potential for off site migration of radiocactive

contaminants (Magnox, 2013).
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CLR 11 provides tiered decision making via flow diagrams for identifying fea-
sible remediation options through its options appraisal process (EA, 2004).
Options Appraisal forms the second stage in CLR 11 model procedures and
focuses on three main stages in the process: 1. Identifying feasible remedi-
ation options, 2. Detailed evaluation of the options and 3. The remediation
strategy (EA, 2004). Safegrounds recommends prior to identifying feasible
remediation options, screening should be undertaken if necessary to identify
those options which are practicable (CIRIA, 2009). Safegrounds recom-
mends screening factors may include: effectiveness or relevance; legality;
time frame; grossly disproportionate in terms of costs/ benefits and technical
practicability. Safegrounds highlights the importance of not screening out on
basis of cost alone (CIRIA, 2009). Screening ensures that clearly defined
Criteria are set so as only those strategies possible of being put into practice
in the time frame are taken forward. Evaluation of the options against
screening factors is important to show the reasons why options pass or fail
and should be clearly recorded (CIRIA, 2009).

CLR 11 refers to screening as “identification of feasible remediation options”
and objectives set to screen options should be site specific and where pos-
sible provide remediation criteria. This criterion should ideally be a measure,
but not necessarily quantitative, so as options can be assessed against it.
CLR 11 states that objectives may want to include: timeframe the remedia-
tion strategy is required within; practicability of implementing/ maintaining;
technical effectiveness; durability; sustainability, i.e. how well the strategy
performs under energy use, material resources, environmental impacts to
off-site locations, such as a landfills; costs & benefits of the strategy; legal,
financial and commercial context of the site and the views of stakeholders

on how unacceptable risks should be handed.

A list of feasible remediation options along with an explanation should be
developed to be assessed in the next stage of options appraisal. Its high-
lighted at this stage that information on the broad characteristics of remedi-
ation options may help in deciding which satisfy the site objectives (EA,
2004).

2.8 Sustainability and Options Assessment Techniques & Tools

Defra has a role in overseeing sustainable development across central gov-
ernment and has incorporated the concept of sustainability into all dimen-
sions of Government. The Sustainable Remediation Forum UK (SuRF UK) has
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developed a framework and set of environmental, economic and social cat-
egories with relevant issues to be considered as indicators under each cate-
gory for an assessment (CL:AIRE, 2010). Table 2 shows some of the sug-
gestions proposed by SuRF UK from a review of published sustainability in-
dicators in 2009 along with indicators used by other industry tools such as:
Golders Sustainability Evaluation Tool (GoldSET); Risk Reduction, Environ-
mental Merit and Costs Tool (REC) and Sustainable Remediation Tool (SRT)
(Beames et al, 2014).

Table 2. Indicators measured under the different Sustainability Assessment
Techniques/ Frameworks (Beames et al, 2014).

CO; Calculator  SRT REC GoldSET  SuRF UK

Environmenial
Clean-up (during operations) ) .
On-site Primary energy and CO, emissions (e.g drilling. ground
extraction and purification}
Energy consumed and C0; emissions produced cleaning soil on-site
Energy consumed and €O, emissions produced Laying clean fill soil
Other air emissions (SOX. NOX, PM10)
Water consumption
Waste generated on-site
Short-term ecological impact an-site
Off-site Energy and CO; emissions produced porting waste soil off-site
Energy d and €O, emissk P workers, s and
Energy consumed and CO; emissions produced treating dumped water off-site
Energy consumed and CO; emissions produced cleaning soil off-site
Sail consumed off-site
Waste generated off-site
Shori-term ecological impact off-site
Site re-use Soil quality
Groundwater quality
Surface water quality
Erosion of contaminated soil
Sediment quality
Free phase product removal
C. P " :

Long-term «ﬂ;ﬁrﬂ impact

>
*
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Economic

Clean-up (during operations)  Total costs
Net present value
Litigation costs
Additional costs due to delays and technology failure
Additional costs duse fo logistical chalk
Technological uncertainty on cost
Permit and regulation related costs
Use of financing opportunities
Local business opportunities created
Local employment opportunities created

Site re-use Increased economic value of area
Reuse of property by developer
Corporale reputation of developer
Local business opportunities created
Local employment opportunities created
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Social

Clean-up (during operations)  Warkers” health and safety
Comsmunity health and safety
Duration of operations
Nuisances and hindrance to

Ethical practioes and local equity
Site security
Uncertainty and evidence
Community involvement
Site re-use Soil vapor intrusion impact on human health
Protection of polable water supply
ion of historical or ly significant buildings or space

LUK LK YWY

v

Public space created
Impacts on the landscape (esthetic)
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Key.
(X) Quantitative.
(0) Qualitative.
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GoldSET one of the tools shown in table 2 is a semi qualitative tool based on
a multi criteria analysis which compares options by scoring performance
against indicators. The methodology follows a five step process of 1. Defining
the problem statement and objectives; 2. Options Development of feasible
solutions; 3. Indicator selection; 4. Scoring and Ranking and 5. Interpreta-
tion and decision making. The indicators within GoldSET are mainly qualita-
tive but are well spread over the three pillars. Quantitative indicators include
total costs, NPV, Co2 emissions, water consumption, waste generated and

duration of operations (Golder Associates, 2011).

REC another tool was developed in 1995 and integrates three separate tools
from a risk reduction, environmental merit and a cost calculation to compare
remediation strategies. REC is based on quantitative data inputs mainly un-
der the environmental and economic pillars of sustainability. It does show
some consideration of social aspects, although this is limited to just three
indicators of worker’s health and safety, soil vapour intrusion impact on hu-

man health and public space as shown in table 2 (Beames et al, 2014).

The risk reduction element of the tool considers exposure to humans, eco-
systems and other receptors and how this will improve as a result of the
remediation. Time is considered within the risk exposure by comparing a do
nothing option with other options so as degrees of risk reduction can be
compared. The environmental element compares the environmental costs
and benefits of remediation and highlights remediation strategies which re-
duce impacts on environmental resources. The cost element is estimated for
the operation of the remediation on a yearly basis and accounts for initial
costs, operational, replacement and overhead costs. The NPV is calculated
for each remediation alternative by applying a fixed discount rate. REC costs
are based on best estimates but apply a safety margin dependent on the

uncertainty within the estimate (Beames et al, 2014).

SRT was developed by the United States Air Force Centre for Engineering
and the Environment (AFCEE) in June 2009. The main aim in developing the
tool was to plan for future implementation of remediation at sites and eval-
uate remediation already in place by comparing it against sustainability met-
rics. SRT can only be applied to sites where excavation, soil vapour extrac-
tion, pump and treat, enhanced in situ bioremediation, permeable reactive
barrier, in situ chemical oxidation, thermal remediation and long-term mon-

itoring/monitored natural attenuation are viable.
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SRT is based on Risk Based Corrective Action (RBCA) tiers, tier 1 a qualitative
level where if a quick evaluation is suitable this may be sufficient, whereas
tier 2 more detailed site specific factors are required. SRT is a Microsoft excel
tool and some of the metrics that are calculated include carbon dioxide emis-
sions, total energy consumed, technology cost and safety/risk of injury to
workers as shown in table 2 (CLU-IN, 2012). The SRT tool can also import
data from a cost engineering software application called Remedial Action
Cost Engineering and Requirements (RACER) (AECOM, 2014).

SuRF UK proposes a tiered approached to sustainable remediation assess-
ment as shown in table 3 overleaf, starting with a tier 1 qualitative appraisal
using a scoring system such as a simple ‘yes’ and 'no’ or ‘good’, ‘neutral’,
‘better’ to see which option is the most suitable. Moving to a more complex
tier 2 semi quantitative method such as Multi Criteria Analysis (MCA) then
tier 3 full quantitative assessment like Cost Benefit Analysis (CBA) (CL:AIRE,
2010). A sustainability appraisal benchmarking exercise undertaken on the
three tiers identified that a tier 1 assessment can take around 0.5-1 days, a
tier 2 can take 1-3 days and a tier 3 can take a week. A tier 1 can work with
generic data, a tier 2 requires more quantified data and a tier 3 would require
site specific data. It was highlighted that it can be difficult for a single as-
sessor to undertake a tier 2 in order to represent all stakeholder views fairly
(Smith & Kerrison, 2013). Sensitivity analysis is recommended as part of an
assessment so as assessors can see how alterations in data, assumptions or
stakeholder views may influence an overall assessment. This will determine
if the assessment is robust or if small changes could affect the overall result
(CL:AIRE, 2010).
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Table 3. Application and available approaches for different tiers of Sustaina-
bility Assessment (Holland et al, 2011).

Evaluation Type Type of Analysis Applicability Available Approaches
Tier 1 Qualitative evaluation based  Smaller-scale sites that have - Checklists
on the most significant time, budget, and resource - Best management practices
sustainability elements of  constraints; demonstrate - Industry guidelines
the project {e.g., energy low risk or reduced - Rules of thumb
consumption, extent of complexity; and would not - Matrices
stakeholder participation)  likely benefit significantly ~ Rating system
from a higher tiered
evaluation
[ Tier 2 Semiquantitative analysis  Sites that are moderately = Spreadstieet-based
that focuses on a few complex or that necessitate - Scoring and weighting systems
site-specific information a greater consideration of - Site-specific characterization
areas to supplement Tier and involvement by - Monitoring data assessment
1 evaluation results stakeholders - Risk projections
- Exposure simulations
- Emission calculations
- Simple cost-benefit analysis
Tier 3 Site-specific, in-depth, Sites that are significantly - Life-cycle assessment
quantitative analysis of complex, may necessitate - Detailed cost-benefit analysis
practices, processes, and significant consideration of - Spatial and temporal boundary evaluation
technologies and involvement by - Energy analysis models
stakeholders, and have - Social return on investment analysis
availability of data ~ Social accounting and auditing
- Net benefit models

The variety of techniques that can be applied to undertake a sustainability

assessment are shown in table 4. It shows the different techniques and their

application under the three pillars of sustainability. The table shows the cov-

erage of each technique under each sustainability pillar and if it covers a

very limited (narrow) to wide ranging (wide) analysis. For example, ecolog-

ical footprint analysis only focuses on appraising a narrow area under the

environmental pillar and will not consider areas such as natural resources,

waste and emissions to air, whereas all these areas (wider) would be con-

sidered under a cost benefit analysis. The tools used to undertake assess-

ments can only be used to guide and aid a decision, the final solution chosen

is down to the assessors and stakeholders (Bardos et al, 2011).
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Table 4. Techniques and tools to apply to sustainability assessments (Bardos
et al, 2011).

Technique Environment Economy Society Type  CLM Application?
Scoring/ranking systems (including Namow to Wide  Narrow to Wide  Narrow to Wide  Both Yes
multicriteria analysis)
Best available technigue (BAT) Namow to Wide Narrow - Qual Yes
Carbon footprint ("area") Narrow - - Quan Yes
Carbon balance (flows) Narrow - = Quan
Cost-benefit analysis Namow to Wide  Narrow to Wide  Narrow to Wide  Quan Yes
Cost-effectiveness analysis Namow to Wide  Narrow to Wide  Narrow to Wide  Both Yes
Eco-efficiency Narrow - - Quan -
Ecological footprint Narrow - - Quan -
Ecosystem services (Vejre et al,, 2009) Wide Both Yes
Energy/intensity efficiency Narrow - - Quan Yes
Environmental risk assessment Namow to Wide - - Both Yes
Human health risk assessment - - Narrow Both Yes
Environmental impact assessment/ Namow to Wide - - Qual Yes
strategic environmental assessment
Financial risk assessment - Narrow - Quan Yes
Industrial ecology Narrow to Wide  Narrow to Wide - Quan
Life-cycle assessment (based) Narrow to Wide - - Quan Yes
Quality-of-life assessment Wide Wide Wide Qual -
Notes:
Qual = Qualitative.

Quan = (Quantitative,

Both = Qualitative and/or quantitative.
(M =G inated Land M t
- = Technique has no known coverage.

2.8.1 Sustainable Remediation Forum UK (SuRF UK) Categories and

Indicators.

The SuRF sustainable remediation White Paper on Integrating Sustainable
Principles, Practices, and Metrics into Remediation Projects outlined the sig-
nificant barriers to implementing sustainable remediation (Ellis & Hadley,
2009). The barriers identified were a lack of a well-defined and agreed
frameworks and metrics within regulatory structures and a lack of incentives
to encourage innovation and adaptation of sustainable remediation practices
(Ellis & Hadley, 2009).

SuRF UK defines sustainable remediation as “the practice of demonstrating,
in terms of environmental, economic and social indicators, that the benefit
of undertaking remediation is greater than its impact, and that the optimum
remediation solution is selected through the use of a balanced decision-mak-
ing process”. SuRF UK has developed "A framework for assessing the sus-

tainability of soil and groundwater remediation” and “The SuRF UK Indicator
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set for sustainable remediation assessment” (CL:AIRE, 2010 & 2011). The
framework although not mandatory provides best practice guidance on
choosing sustainable remediation options and applying the SuRF UK indica-
tors through the options process can make sure a well balanced, under-

pinned decision process is employed (CL:AIRE, 2011).

The overarching SuRF UK set of environmental, economic and social catego-
ries is shown in table 5 overleaf. The SuRF UK framework helps provide a
clear approach to the three pillars to achieve sustainability. However, it is up
to the individual sustainability appraisal i.e. individual assessor or group of
assessors to determine the weight given to each sustainability pillar and if
this should be equal or different justifying the reasons. SuRF UK recommends

that 6 key principles are followed which include:

1: Protection of human health and the wider environment

2: Safe working practices

3: Consistent, clear and reproducible evidence based decision making
4: Record keeping and transparent reporting.

5: Good governance and stakeholder involvement

6: Sound science

SuRF UK strongly advises on early stakeholder engagement in the assess-
ment procedure, as this can help remove the subjectivity and increase con-
fidence within the assessment. The framework recognises that there may be
cases where a single assessor may have to undertake a sustainability as-
sessment, like small or internal projects where stakeholder interests may be
limited (CL:AIRE, 2010). A CL:AIRE case study on a sustainable remediation
options assessment of a shell terminal in Madeira acknowledged that it had
limited stakeholder involvement with only representatives from key stake-
holders. The likely views were considered within the assessment such as
there may be a bias of regulating authorities towards environmental factors
and neighbours and communities towards social factors. But overall it was
considered that a reasonably balanced assessment was undertaken
(CL:AIRE, 2013).
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Table 5. SURF UK overarching categories (CL:AIRE, 2011).

Social Economic Environmental

1. Human Health & 1. Direct Economic Costs | 1. Air

Safety and Benefits

2. Ethics and Equality | 2. Indirect Economic 2. Soil and Ground
Costs and Benefits Conditions

3. Neighbourhood & 3. Employment and 3. Groundwater and

Locality Employment Capital Surface Water

4. Communities and 4. Induced Economic 4. Ecology

Community Involve- Costs and Benefits

ment

5.Uncertainty and Evi- | 5. Project Lifespan and 5. Natural Resources

dence Flexibility and Waste

The benefits of the SURF UK framework and Indicators is a structured pro-
cess that can be followed to guide a sustainability assessment. The catego-
ries and indicators provide areas for stakeholders to think and debate so that
correct indicators can be chosen and justified. The SuRF UK Steering Group
publishes examples of case studies to share experiences, although only three
currently exist on the CL:AIRE website and no new case studies have been
uploaded since 2013 (CL:AIRE, 2013). Useful aids and publications on the
CL:AIRE website such as the URS Tier 1 Sustainable Remediation Assess-
ment Spreadsheet and briefcase aid organisations in undertaking a sustain-
ability assessment (CL:AIRE, 2013 & 2014).

The framework can work for any size of site, project or timescale. The fun-
damental concepts of structure and setting of consistent boundaries make it
robust and easy to follow and as sustainability is a subjective process this
needs to be considered within these decisions. Setting of boundary condi-
tions ensures the assessment is focused from the outset, the system bound-
ary outlines project goals and objectives for which options are compared and
the life cycle sets the inputs and outputs to be included. Two other key
boundaries which SuRF UK requires to be set are a geographical area and

time boundary (Bardos et al, 2011).
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2.8.2 Office Nuclear Regulation Safety Assessment Principles and

Safegrounds guidance for Options Assessment

ONR SAPs for Nuclear Facilities, suggest a number of areas that should be

included in options assessment process, some of these include (ONR, 2006):
e worker and public safety, and those potentially exposed in the future;

e prevention or reduction of the environmental impact, now or in the

future;

e waste minimisation, availability of waste treatment plant and disposal

routes;

e future requirements for investigation, monitoring, surveillance and

characterisation;

¢ technical practicability and availability of technology (Technological
Readiness Levels (TRLs). The NDA provide guidance on a technolo-
gies level of maturity to determine if it is at a level to be used (NDA,
2014)

¢ interaction and dependencies with other facilities (i.e. Low Level
Waste Repository (LLWR) in Cumbria, UK)

e Demonstrating effectiveness of remediation measures;
e possible burdens on future generations;
e costs

Safegrounds states that key assessment criteria of health and safety, envi-
ronmental, technical, social, economic and costs should always be included
in options assessment as well as other factors under these criteria such as
waste management, sustainability and technical criteria. Safegrounds ex-
plains that the outcome of an options assessment is not a decision but it
provides information so as the operator through consultation and involve-
ment with stakeholders can develop a remediation strategy to best protect

people and the environment (CIRIA, 2009).
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2.8.3 Nuclear Decommissioning Authority (NDA) Technological

Readiness for Options Assessment

The NDA has issued a guide on technological readiness levels (TRLs) for its
estate and supply chain. Originally developed by NASA in the early 70’s TRL

was a means of assessing whether emerging technology was suitable for

space exploration. It is now in use across many US Government agency's

and is in common use in the UK (NDA, 2014). TRL refers to a technological
process or technique, its readiness for operations at the present time and its
level of maturity. The levels are on a nine-point scale from level 1 being
basic technological research to Level 9 where a system operates over a full
range of conditions as shown in table 6 below. The benefit of TRLs is clearly

communicating if a technology is ready for use and providing a common

understanding of it's maturity. Stakeholders can also evaluate technologies

through a framework, understanding the process for technological develop-
ment (NDA, 2014).

Table 6. NDA's Technology Readiness Levels (TRLs) (NDA, 2014).

Relative Level of Technology | Technology TRL Definition

Development Readiness
Level (TRL)

System Operations TRL 9 Actual system operated
over the full range of
expected conditions.

System Commissioning TRL 8 Actual system completed
and qualified through test
and demonstration.

System Commissioning TRL 7 Full-scale, similar (proto-

typical) system
demonstrated in relevant

environment.
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Technology Demonstration/ |TRL 6 Engineering/pilot scale,
Technology Development similar (prototypical)
system validation in rele-

vant environment.

Technology Development TRL 5 Laboratory scale, similar
system validation in rele-

vant environment.

Technology Development TRL 4 Component and/or system
validation in

laboratory environment.

Research to prove feasibility | TRL 3 Analytical and experimental
critical function and/or

characteristic proof of con-

cept.
Research to prove feasibility | TRL 2 Technology concept and/or
/ Basic Technology Research application

formulated.
Basic Technology Research TRL 1 Basic principles observed

and reported.

2.8.4 Economic Evaluation and Net Present Value (NPV)

NPV is an economic evaluation tool that applies a discount rate to convert all
costs to ‘present values’ and can support selecting a remediation strategy
by placing a monetary value on each possible remediation so like for like
with costs can be compared between options (HM Treasury, 2011). HM
Treasury sets discount rates which are applicable to the nuclear provision,
this is the estimate of how much it will cost over 100+ years to decommis-
sion and clean up all the UK's nuclear sites (NDA, 2015). The discounted
rates used for the nuclear provision take into account the high uncertainties

surrounding timescales, technology and the societal needs.

Historically provisions were calculated by a uniform 2.2% per annum dis-

count rate until 2011/12, this meant discounted values were always lower
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than the undiscounted totals, this being noticeable for long term provisions.
Changes in the discounting rates have seen rates beyond 10 years remain
at the 2.2% but for the first ten years a negative discount rate is now used
showing the discounted value being higher than the un discounted value.
This has been implemented because the rates need to represent the current
cost of government borrowing and interest on UK gilts is currently less than
the typical rate of inflation in the past (NDA, 2014). There are also many
complexities and uncertainties when it comes to some of the nuclear sites in
the UK, especially critical projects at Sellafield which are still at an early
stage. The new discount rates are more applicable to these circumstances.
The discounted rates from the NDA Annual Report and Accounts 2013/14

taking the above into account were set at:

e Short term rate: between 0 and up to including 5 years, -1.90% per
annum;

e Medium term rate: after 5 and up to and including 10 years, -0.65%
per annum;

* Long term rate: exceeding 10 years, +2.20% per annum.

The implementation of this new methodology in 2012/2013 increased the
nuclear provision by £3.8 billion (NDA, 2014). Therefore, meeting the C&M
dates are important to stay in line with the nuclear provision. Entering C&M
will reduce the costs required from the nuclear provision as reduced man-
agement and monitoring will be needed. Therefore, understanding the land
quality issues early on is important to ensure they are managed with as little

intervention as possible throughout C&M (Rahman, 2008).

The NPV can help complement the sustainability decision making process by
putting a monetary value against remediation strategies. This alone is not
enough to make a remediation sustainable but can help in decisions partic-
ularly where remediation strategies may have scored equal or close. Sensi-
tivity analysis can be applied to a discount rate the same way it is to a sus-

tainability assessment (HM Treasury, 2011).
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2.9 Radioactive and Non Radioactive Contaminated Land

Remediation

This section will discuss the remediation techniques available for radioactive

and non radioactive land contamination.

2.9.1 Remediation of radioactive contaminated land and

groundwater

Experience of remediating radiological contaminated land at NLS is most de-
veloped in the United States and Germany. A report by the NEA in 2014
showed the most common remediation for radioactive and non radioactive
contaminated land is excavation and disposal. Remediation of radiological
contaminated groundwater showed pump and treat and in ground barriers
as the most common approaches, with monitoring and pump and treat most

commonly used for non radiological groundwater (NEA, 2014).

The costs and long term implications particularly for disposing of radioactive
soil and increases in landfill tax for disposing of non radiological soil have
required development of techniques to reduce waste volumes. Reducing ra-
dioactive soils by bulk monitoring via conveyor belts or in situ techniques of

fixing by solidification, stabilisation or vitrification can reduce waste burdens.

A conveyor belt screening plant can include several process, devices and
radiation detectors along various conveyors to ensure that soils are analysed
and non radioactive soils are maximised for re-use. Conveyor belt screening
systems mean that larger rocks can be screened out which are typically ra-
diologically cleaner then the finer soils, which reduces the volume of radio-
active waste soils. These rocks can then be further crushed to reduce their
size to allow radionuclides on the surfaces of them to be detected easier.
(US EPA, 1993).

A conveyor system can be larger and costly, so where space may be limited
large areas of radiologically contaminated soil can also be ‘bulk monitored’.
This ensures the through put of material to meet remediation timescales and
costs. A Gamma Excavation Monitor (GEM) is capable of rapid screening of
large volumes of material, which can then be monitored in 1 tonnes bags via

a High Resolution Assay Monitor (HIRAM) which generates the quantitative
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data to assess the final disposal route. Previous methods of monitoring ra-
dioactive land contamination with hand held probes, then soil sampling and
awaiting gamma spectrometry analysis were slow. If the sampling density
was not great enough, then this could lead to larger areas of soil being ex-
cavated to ensure that contamination was sufficiently removed (Beddow et
al, 2013).

The GEM and HIRAM technology were developed from a drive to monitor
larger volumes of soil to support future decommissioning and remediation of
radiologically contaminated land in quicker timeframes. Nuvia developed the
two techniques of the GEM and HIRAM after 2005 due to output from a Na-
tional Physical Laboratory workshop highlighted the need to be able to mon-
itor larger amounts than previously established limits of 200 litre drums. An
agreement was made with regulators that an increased velume of one metre

cubed was acceptable (Beddow, 2013).

Leaching of contaminants to reduce waste quantities and the impacts on
future generations could help reduce disposal costs and make more efficient
use of the Low Level Waste Repository (LLWR) in Cumbria, UK (NEA, 2014).
Laboratory studies undertaken by Hazen and Tabak, 2005 show strategies
for remediating radionuclides by biotransformation, bioaccumulation/bio-
sorption, biodegradation of chelators, treatment trains and natural attenua-
tion. Other techniques such as electroremediation, phytoremediation and soil
washing have been applied to soils (CIRIA, 2004). Some of the strategies
which have been used to remediate radioactive groundwater include hydrau-
lic barriers, capping and permeable reactive barriers (PRB) (IAEA, 2014).
Examples of the application of some of these techniques at sites are dis-

cussed overleaf.

2.9.2 UK- Excavation of radioactive soils with high resolution assay

monitor

Hunterston A Site in Scotland a Magnox site remediated Cs- 137 contami-
nated land by isolating contamination within a slurry wall with a cap. The
specification of works was issued in 2010 with completion of the final reme-
diation in 2013 (Site Stakeholder Group, 2013). To install the wall, 2000m?3
of overburden soil was excavated and Nuvia provided a GEM for rapid screen-
ing of large buckets of soil. The soil was then placed in 1 tonne bags and run

over a HIRAM to determine levels of contamination and classify the waste
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soil for disposal (Magnox, 2014). Installation of a continuous slurry wall of
311m was keyed 1m into the natural clay and glacial till. An impermeable
cement stabilised cap completed the containment by using site won material

to reduce the environmental impacts (Magnox, 2014).
2.9.3 UK- Phytoremediation trials

Phytoextraction field trials have previously been undertaken at Bradwell site
in Essex. In 1998 Beta vulgaris was investigated to see how it would assist
in the removal of Cs- 137, trials showed that Cs- 137 uptake rates were
greatest at the lowest soil Cs- 137 concentrations. A further phytoextraction
trial in 2000 recommended that in order to increase Cs- 137 removal rates,
availability of Cs- 137 to the plant needed to be increased so more plant
uptake could occur (Watt et al, 2002).

Phytoextraction can be a slow remediation technique especially in the case
of Bradwell Site where Cs- 137 leaked into clay geology where it has the
ability to bind to negative sites on the clay particles (Demmer et al, 2012).
Application of chelating agents before harvesting plants has shown to in-
crease extraction, but still leaves the secondary waste from harvesting the
biomass (Hazen & Tabak, 2005).

2.9.4 United States, Permeable Reactive Barrier for remediating
Strontium 920.

Remediation of a 1000 ft. groundwater plume containing Sr- 90 in Buffalo,
New York, USA was undertaken using at PRB. A pilot trial undertaken in 1999
used a zeolite called clinoptilolite, this was largely effective in removing Sr-
90 but the wall required better design (VanderMeulen, 2012). The pilot de-
sign included a 35ft wall made of steel sheet piling, which was driven into
the ground. This created areas where zeolite was impermeable and lowered
its effectiveness, coupled with the short length of the pilot wall meant that
the groundwater found its way around the wall rather than through it. AMEC
were approached in 2007 to design a new wall and further assessment was
undertaken on two zeolites for their effectiveness demonstrating that a ze-
olite containing 85% clinoptilolite with a mixture of non reactive minerals

was most cost effective.
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The PRB was designed to catch the plume but not allow it off the former
nuclear fuel site into surface water. The wall was constructed in 2010 at
860ft in length and 39 inches wide with a depth of 30ft containing around
2300 tonnes of zeolite, using a one pass trencher to limit workers contact
with the soil. The 86 monitoring wells have shown that the wall is expected
to last for two decades, requiring no care except for continued monitoring.
Re-evaluation in 15-20 years will be required to determine if the zeolite
needs replacing, it may be able to remain in place since the half life of Sr-
90 is 28.8 years, its possible that safe levels will have been met (Vander-
Meulen, 2012).

IAEA, 2014 highlighted key considerations for the performance of a PRB and
the requirement to be able to measure water quality parameters to provide
early warnings of a PRB’s performance. Precipitation of local inorganic
groundwater constituents can build up on PRB walls and reduce the perme-

ability and reactivity of the wall over time.

2.9.5 Remediation of non radioactive land contamination

The extent of non radiological contamination at Nuclear sites is dependent
upon activities and events that have occurred at the site over the years.
Many chemicals like solvents, degreases and oils would have been used and
have potentially leaked to ground due to failure of plant or accidental re-
leases (EA, 2001). The majority of non radiological contamination at NLS in
the UK contains hydrocarbons, chlorinated hydrocarbons or solvents. Reme-
diation techniques discussed below will focus on chlorinated solvent contam-
ination which is the focus at Chapelcross site which will be looked at within
this study. Chlorinated solvents and hydrocarbons are amongst the most
abundant contaminants in groundwater. The biodegradation product vinyl
chloride (VC) from PCE and TCE as shown in figure 2 overleaf is even more
of a threat as it is highly carcinogenic and can accumulate in ecosystems
(Dogan- Subasi et al, 2014).
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Figure 2. Breakdown products of PCE and TCE (The advocate Project,
2015).

At the majority of Magnox sites chlorinated solvent releases as dense non
aqueous phase liquids (DNAPL’s) would have occurred decades ago. Histor-
ically it was believed that if solvents were discarded to ground they would
evaporate, there fore due to the Magnox Sites being operational since the
late 1950’s meant that in some cases solvents were inadvertently discharged
to ground. Further understanding of the effects solvents could have on the
ground and controlled waters and the development or environmental and
waste regulations mean this activity could no longer occur on sites (Magnox,
2013).

DNAPL is likely to have undergone such processes as dissolution into the
groundwater, fractures and diffusion into the matrix of the geology. DNAPL's
can sink below the water table and move into small fractures and pore
spaces, making it difficult to locate and delineate (EA, 2000). It is well doc-
umented for fractured sedimentary rocks that DNAPL can be strongly influ-
enced by matrix diffusion processes due to fractures providing a pathway for
groundwater flow, a large rock matrix porosity and sorption can enable large

storage capacities (Parker et al, 2012),
Remediation approaches such as pump and treat, physical barriers and hy-

draulic barriers were the traditional approach to dealing with DNAPL. Devel-

opments are now moving towards chemical and biological treatments such
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as bioremediation, in situ chemical reduction/ oxidation and application of
surfactants (Kueper et al, 2014). Permeably Reactive Barriers containing
zero valent iron are now frequently used to treat chlorinated solvents, both
in the UK and abroad. Examples of the application of some of these tech-
niques are discussed below (section 2.9.6- 2.9.8). Remedial technology com-
binations may include a combination of physical, chemical and biological ap-
plications as shown in figure 3 in order to remediate DNAPL contamination.

In some cases remediation techniques will often need to be combined and

monitored natural attenuation may form part of a polishing strategy (Kueper
et al, 2014).

Containment Partial source removal plus Complete or near
and long-term containment/long-term complete source
management management removal

Hydraulic displacement, ISCO, surfactants,
air sparging, ISCR, ISB, plus containment
and long-term management options

Figure 3. Different remediation techniques that could be applied to DNAPL

contamination (Kueper et al, 2014).

2.9.6 In Situ Thermally Enhanced Soil Vapour Extraction

The application of thermally enhanced soil vapour extraction (TESVE) to re-
mediate the unsaturated zone at Harwell Site in Oxfordshire was undertaken
over a three-week period. It showed some six months later that Dehaloc-
coides sp. increased indicating that thermal enhancement creates favourable
conditions for dehalogenating bacteria (Provectus Group, 2009). Considera-
tions need to be given to temporary increases in vinyl chloride concentra-
tions that can occur during enhanced bioremediation. Dehalococcoides are
sensitive to pH, and the final reaction of vinyl chloride to ethene does not

seem to occur below a pH of 6 (Kueper et al, 2014).
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2.9.7 Hydrogen Release Compound 3D Microemulsion (HRC/3DMe)

Bioremediation and the use of Dehalococcoides for dehalorespiration of chlo-
rinated solvents has been used widely in the United States (Hazen & Tabak,
2005). It has been combined with other faster working techniques at the
source such as thermal, in situ chemical reduction (ISCR) and excavation.
Products developed by companies like Regenesis such as Hydrogen Release
Compound 3D Microemulsion (HRC/3DMe) is a controlled time release elec-

tron donor for groundwater and soil remediation.

3DMe is designed to optimise anaerobic degradation of contaminants. The
incorporation of lactic acid, an efficient electron donor and long chain fatty
acids, which provide additional electron donating capacity, make 3DMe an
excellent hydrogen source. The fatty acids within the structure are slower to
ferment and provide hydrogen over an extended time period. This process
creates an anaerobic system, which helps increase the number of indigenous
microorganisms to perform enhanced reductive dechlorination. Naturally oc-
curring microorganisms replace the chlorine atoms on the chlorinated con-
taminants with newly available hydrogen effectively reducing the contami-

nant to ethane or ethane (Regenesis, 2015).

A case study undertaken, investigating the biochemical treatment of hexa-
valent chromium and chlorinated volatile organic plumes found that
HRC/3DMe was still effective five years after injection and despite signifi-
cantly contaminated up gradient conditions, still provided a reducing envi-
ronment (Desrosiers et al, 2013). Studies into reductive dechlorination ac-
tivity in fractures and low permeability zones demonstrated that even per-
meability interfaces with limited biological reactive zones can greatly reduce

remediation time frames (Scheutz et al, 2010).

2.9.8 Surfactant & Co solvent flushing

Surfactants can increase the solubility of contaminants, chemical treatment
can be applied directly to soils or the aquifer and may be part of an over all
remediation strategy. Surfactants can have negative effects on bacteria by
disrupting cellular membranes or reacting with proteins. The use of synthetic
surfactants can often be toxic and pose a threat of additional contamination

if not controlled. Bio surfactants possess the same properties but have the
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advantage of being biodegradable and most studies have shown that they

are nontoxic to microorganisms (Kueper et al, 2014).

A case study of a site in Oscada, USA contaminated with perchloroethene
(PCE) is an example where a food grade surfactant called ‘Tween 80" was
flushed through the source zone (Geosynthetic Consultants, 2004). Monitor-
ing detected increased concentrations of volatile fatty acids generated from
the fermentation of ‘Tween 80' (Ramsburg et al, 2004). The residual surfac-
tants and co-solvents left after flushing of the soil occurred changed the
redox potential and served as electron donors to stimulate dechlorinating
microorganisms (Kueper et al, 2014). It should be noted that surfactants
can also have negative effects on the physiology of microorganisms and as
well as stimulating dechlorination can also inhibit growth due to the toxicity

of some surfactants.

Kueper et al, 2014 outlined that surfactant and cosolvent flushing remedia-
tion of source zone areas has received little attention in the last 10 years.
Some of the reasons for this may be due to the high costs, complexity of
implementation, a reduced performance in low permeability geologies and
treating effluent waste created from the process. Some of the main factors
which need to be considered when selecting a surfactant are public and reg-
ulatory perception, biodegradability and degradation products, toxicity to

humans, animals and plants (Mulligan et al, 2001).

The limited uptake of this technology may also be due to the detailed
knowledge of soil microbiology and the fate and transport of the surfactant
and contaminant within the environment. Ensuring accurate control of po-
tential downward or horizontal movement of contaminated groundwater in
order that it does not further contaminate groundwater or migrate beyond a

sites boundary are critical factors to be considered.

By increasing the rate of DNAPL removal to the aqueous phase by surfactants
and cosolvents this then allows ISCO and oxidant addition to clean up the
dissolved DNAPL. Verutek is the the copyright holder of this combined reme-
diation which uses a plant based biodegradable surfactant/co-solvent mix-
ture to desorb contaminants and solubilise NAPL contamination for destruc-
tion in place by an oxidant. Full scale field implementation has been under-

taken in New York, USA for clean up of coal tar contamination and Denmark
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and Australia have undertaken field trials but not in the UK yet, however the
CL:AIRE webpage currently has a request from Verutek to undertake its first
field trail in the UK (CL:AIRE, 2015).
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Chapter 3 Methodology

The methodology will outline and detail how each of the objectives identified

in chapter 1 will be achieved.

Objective a. Identify and describe a specific area of land contamina-

tion at each of two Magnox sites through development of a CSM.

The two Magnox sites with land contamination issues to be assessed will be
Chapelcross, Dumfrieshire, Scotland and Bradwell, Essex, England.
Chapelcross site has non radiological chlorinated solvent soil and groundwa-
ter contamination. The site is at a stage where the QLRA (NIGLQ, 2012),
further site investigation and Generic Quantitative Risk Assessment has in-

formed that remediation is required (Magnox, 2013).

Bradwell site has radiological Cs-137 and Sr-90 soil and groundwater con-
tamination. Remediation was undertaken at the site in 2013/14 after a re-
mediation options assessment identified selective excavation and a capping
system. This study will review the remediation strategy at the site against
other possible remediation options which could have been considered (Mag-
nox, 2012, 2013 & 2015).

A CSM will be drawn for both sites taking into account guidance from CLR
11, Safegrounds and the NIGLQ QLRA (EA, 2004, CIRIA, 2009, NIGLQ,
2012). The CSM will take account of up to date site investigations, monitor-
ing data and in the case of Bradwell what additional knowledge has been
gained from undertaking remediation. The CSM’s will be hand drafted and
drawn up in Auto CAD, this enables flexibility in altering the model through
the developmental stages. The sources, pathways and receptors identified
within the CSM will be documented.
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Objective b. Identify and describe suitable remediation strategies
which could be used for each of the two sites and how these will

break the linkages in the CSM for each site.

Chapelcross site is currently at the point of identifying that remediation is
required but has not been through the remediation options assessment pro-
cess. Chapelcross site has an Interim C&M date of 2017, this will be taken

into account when screening the remediation strategies.

Bradwell site an accelerated decommissioning site with a C&M date of 2015
has been through options assessment and has implemented a remediation
strategy for its radiological contaminated soil and groundwater. The time
constraints on the site meant that the choice of remediation strategy had to
be installed, commissioned and verified by 2015. This study will assess what
other remediation strategies could have met the 2015 date in light of the
further information gained through implementing a remediation strategy at
the site already. The initial options assessment will be taken into account
when setting the objectives for screening and what techniques had been
considered previously (Magnox, 2012). When referring to the date of 2015,
since this is now the present time this process reflects the position of going
through screening and options assessment as if it were still late 2012. This

enables a time context of two years to be considered (Magnox, 2013).

Suitable remediation strategies will be identified for each site and the con-
taminant linkages present. The identification of suitable remediation strate-
gies that are viable to take forward for sustainability assessment and NPV
calculation need to ensure that they have undergone an initial screening
against objectives. CLR11 and Safegrounds guidance on the comparison of
contaminated land management options identifies it may be appropriate to
screen initial remediation strategies on the basis of clearly defined factors or
objectives. Screening factors may include some of the following: technical
practicability, time taken to implement the strategy, durability of the strat-
egy over the design life and site constraints such as space to accommodate
remediation equipment, waste and interfaces with other projects in the vi-
cinity (EA, 2004 & CIRIA, 2009). The objectives, assumptions and con-
straints will be clearly stated to determine what relevant remediation strat-

egies meet these criteria.
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Objective c. Calculate the NPV and undertake a Sustainability As-
sessment of the alternative remediation strategies for each of the

land contamination issues being looked at.

Sustainability Assessment Methodology:

The SuRF UK Framework will be used for the sustainability assessment as it
enables a structured hierarchical framework to be followed using qualitative,
semi-quantitative or quantitative techniques. It represents a wide range of
indicators over the three sustainability pillars. Although it is not prescriptive
on how indicators are to be measured it does ensure that a holistic evaluation
of all three dimensions is taken into account (CL:AIRE, 2011). Incorporating
the calculation of the NPV will help broaden the economic dimension of the
assessment and see how it can influence remediation strategy decisions
(Beames et al, 2014).

A systematic and transparent method for options comparison should be un-
dertaken as recommended within the Safegrounds and CLR11 guidance
(CIRIA, 2009 & EA, 2004). These guidance documents will be considered in
conjunction with the SuRF UK Framework to undertake the assessment at
each site. The Safegrounds and CLR 11 processes of comparing remediation
strategies for options appraisal are well understood but integrating the SuRF
Framework alongside Safegrounds and CLR 11 is not been as widely prac-
ticed. There have been limited case studies showing the application of the
SuRF framework so applying it to Bradwell and Chapelcross Site will see how
the process can influence remediation choices for nuclear decommissioning
sites (EA, 2004 & CIRIA, 2009).

The sustainability assessment will utilise the SuRF UK Brief Case which con-
sists of checklists to help guide and frame a sustainability assessment
(CL:AIRE, 2015). The sustainability assessment will outline what remedia-
tion strategies have been brought forward from the screening. The assess-
ment boundaries of space, time, system and lifecycle will be outlined. The
SuRF UK Indicator Set for Sustainable Remediation Assessment will be used
to determine what categories under the Social, Economic and Environmental
pillars are to be included within the assessment, documenting why catego-
ries are included or discounted (CL:AIRE, 2011). Once the categories which
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are to be included have been established the identification of indicators un-
der each category will be required using the SuRF UK “Review of Published
Sustainability Indicator Sets” (CL:AIRE, 2009). Safegrounds and ONR guid-
ance for options assessment will also be considered (CIRIA, 2009 & ONR,
2006). A sustainability assessment spreadsheet will be developed to evalu-
ate the remediation options. The assessment table will utilise the ‘URS Tier
1 Sustainable Remediation Assessment Spreadsheet’ available on the
CL:AIRE website (CL:AIRE, 2015).

The URS Tier 1 Qualitative spreadsheet will be adapted using scores from 0-
100 instead of qualitative statements such as good, fair or poor (CL:AIRE,
2014). The options will be scored between 0-100 where 0 represents very
poor performance of the option against the indicator and 100 represents
excellent performance. The spreadsheet will record the score given against
each option and a justification for these scores and any uncertainties
(CL:AIRE, 2010).

Safegrounds comparison of contaminated land options suggests a finer scor-
ing scale to be used where more detailed information is available. In the case
of both sites a combination of qualitative and quantitative information is
available. More detailed information is available for Bradwell site from the
remediation strategy which was implemented, such as cost data and infor-
mation on quantities of waste. Chapelcross site will use more qualitative data
but this will be supplemented by quantitative data from calculation of the
NPV. For those indicators where quantifiable information is not available and
only qualitative information, the scoring system will be applied and justified
with a description for the basis of the score. Any uncertainties will also be
recorded in the spreadsheet when undertaking the assessment (CIRIA,
2009).

The URS spreadsheet has various tabs outlining stakeholders, project con-
straints, boundaries, scope and methodology through to the execution of the
assessment. Only the execution assessment tab will be used as the previous
tabs will be addressed through using the SuRF UK briefcase. The assessment
tab of the URS spreadsheet does not include a column for justifications for
inclusion or exclusion of categories, this is included on another tab (CL:AIRE,
2014). In order to keep all my data for the assessment to one spreadsheet
I will add a column for justifications for inclusion/ exclusion of categories;

weights and indicators. A weight will be given to each indicator from 0-100,
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which will try and take account of stakeholders views when undertaking this.
All the evidence based decision making and record keeping is then kept in
one spreadsheet to be entered into Hiview (CL:AIRE, 2010).

Safegrounds guidance acknowledges that it can be useful to have an option
that represents the “Status Quo” or “Do Nothing” as it will provide an abso-
lute indicator of the potential improvement offered by other options (CIRIA,
2009). For the purposes of the sustainability assessment a “Status Quo™
option will be included which will consider each area at each site to have on
going borehole monitoring. This will assume that no remedial action will be
required in this time frame and that the monitoring regime will stay as it
currently is. For Bradwell and Chapelcross the period of C&M until FSC for
both sites is 68 years, with Bradwell sites FSC date being 2083 and
Chapelcross sites FSC being 2085 (Magnox, 2015).

Multi Criteria Decision Analysis (MCDA)

A tier 2 semi quantitative multi criteria decision analysis (MCDA) has been
chosen in line with tables 3 and 4 (section 2.8). A tier 2 assessment allows
weightings to be applied, which reflect stakeholder considerations. The per-
missions and time required to set up workshops with all stakeholders would
not be possible for the assessments so a best account of their views and

opinions will be considered when weighting indicators.

As reviewed in the literature an MCDA (table 4) has a narrow to wide cover-
age under the three pillars of sustainability. This means that MCDA can ac-
commodate a variety of data inputs from monetary and non monetary data,
qualitative data, ranking scales and weighting systems. It is a flexible deci-
sion support process which allows for comparisons within a structured frame-
work. It is up to the assessor or project team under the sustainability as-
sessment to determine the methodology and evaluation criteria for how the
MCDA will be undertaken. For example, will a qualitative scoring system be
applied or will a combination of quantitative and qualitative data be incorpo-

rated within the assessment (De Montis et al, 2005).

MCDA allows for detailed and numerical analysis to be incorporated, such as
NPV within the assessment. However, MCDA is poor where limited infor-
mation is available such as site investigation data or maturity of remediation

options for the site. Therefore, factual information which is not site specific

41



may affect the quality of the MCDA output. MCDA is good where a wide range
of stakeholder views need to be taken into consideration like at Bradwell and
Chapelcross site (CIRIA, 2009). The Department for Communities and Local
Government (DCLG) issued a document called “multi criteria analysis: a
manual”in 2009 to provide further guidance on implementing the technique.
MCDA can be used retrospectively to evaluate a project or can be undertaken
to appraise a proposed scheme. This will work well for Bradwell and
Chapelcross site and the different stages they are being evaluated at. There
are eight steps in the MCDA process shown in table 7 (DCLG, 2009) which

will be taken into account when undertaking the assessment.

Table 7 MCDA Eight Step Process (DCLG, 2009)

1. Establish the decision context.
1.1 Establish aims of the MCDA, and identify decision makers and other key players.
1.2 Design the socio-technical system for conducting the MCDA.
1.3 Consider the context of the appraisal.
Identify the options to be appraised.
3. Identify objectives and criteria.
3.1 Identify criteria for assessing the consequences of each option.
3.2 Organise the criteria by clustering them under high-level and lower-level objectives in a hierarchy.

4. ‘Scoring’. Assess the expected performance of each option against the criteria. Then assess the
value associated with the consequences of each option for each criterion.

4.1 Describe the consequences of the options.
4.2 Score the options on the criteria.
4.3 Chack the consistency of the scores on each criterion.

5. ‘Weighting’. Assign weights for each of the criterion to reflect their relative importance to the
decision.

6. Combine the weights and scores for each option to derive an overall value.
6.1 Calculate overall weighted scores at each level in the hierarchy.
6.2 Calculate overall weighted scores.

7. Examine the results.

8. Sensitivity analysis.

8.1 Conduct a sensitivity analysis: do other preferences or weights affect the overall ordering of the
options?

8.2 Look at the advantage and disadvantages of selected options, and compare pairs of options.

8.3 Create possible new options that might be better than those originally considered.

8.4 Repeat the above steps until a ‘requisite’ model is obtained.

Application of Hiview Software for MCDA

Hiview software is an MCDA tool which has been used within the nuclear

industry and at Magnox sites for options assessment. It has been mainly
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utilised for assessment of radioactive waste management projects. For ex-
ample, locations for underground repositories for radioactive waste for Nirex
were assessed using this model (DCLG, 2009). Hiview will be used to model
the sustainability assessment scores and weights that will be recorded in the
URS spreadsheet. Hiview can be used for group decision making processes
but can also be used as an individual decision making tool, so is suitable for
Bradwell and Chapelcross site. Hiview has the ability to use qualitative and
quantitative data so it can model the NPV and any qualitative scores along-
side one another. As Bradwell has undergone remediation there is quantita-
tive data available from the actual remediation which can be used in the

assessment (Catalyze, 2012).

Hiview bases itself on the same eight steps described in the DCLG guidance
(table 7). The first stage of the software is to build the “value tree” of the
criteria. This will comprise of the starting node titled “Which Remediation”,
which will be the overall decision required. The branching nodes will be the
three sustainability pillars of environmental, economic and social. The appli-
cation of Hiview has traditionally looked at costs and benefits as the branch-
ing nodes from the starting node, so applying the SuRF UK framework to this
software will be the first time it's been undertaken (Catalyze, 2003).

The Hiview software has the benefit of being able to convert scores into value
scales which can then be weighted. Therefore, actual data or qualitative
scores can be entered and will automatically be changed to a scale from 0
to 100, known as preference scores. The scores from the URS spreadsheet
will be entered into Hiview and the option with the highest score will auto-
matically get 100 and the option with the lowest score will get 0 (Catalyze,
2003). There is the ability to inverse scores so for NPV where lower costs
are better a value of 100 will be assigned to the lowest score and 0 to the

highest score.

The gaps between the preference scores of the other options are in the
same proportions to the spread of input scores. A simple example explains
this below:

- Input scores of: Option A: 10, Option B: 20 and Option C: 30

- These would become preference scores of A: 0, B: 50 and C: 100.

Option B would have a preference score of 50 as the input score is half way

between the highest and lowest option.
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Hiview provides a weighting system where all criteria under a node at any
level can be compared. Weights will be given to each category based on a
best account of stakeholders views and opinions which will be documented
as part of the sustainability assessment process. The chosen SuRF UK cate-
gories under the environmental, economic and social pillar documented
within the URS spreadsheet will be inserted into the Hiview software. The
categories will form the branching nodes under the three pillars of sustaina-
bility of the decision tree, where the scores and weights are then input into
the model. The software takes the weight given to each SuRF UK category
and divides this by the total of all the category weights over the three pillars
to give a cumulative weight. The cumulative weight is multiplied with the
preference score created in Hiview to give an overall weighted score (Phillips,
2007). Depending on the number of categories chosen under each sustain-
ability pillar and the weight given to each of these will mean that the overall

weight for each pillar will differ.

Hiview can display a summary of the sensitivity of the whole model, which
highlights areas which require further investigation. A sensitivity analysis will
be undertaken to see where increases or decreases in cumulative weight
under the different categories would influence a change in the overall ‘pre-
ferred option’. The sensitivity analysis in Hiview displays the overall ‘pre-
ferred option’ and highlights the categories where increases or decreases in
the cumulative weight under that specific category would change the most
‘preferred option’. This enables the sensitive categories to be further inter-
rogated to see where weaknesses may lie within the sustainability assess-

ment.

Hiview uses a colour coding system on the chart presenting the sensitivity
analysis. A red bar means that the cumulative weight is very sensitive and
would only require a change of less than 5 points in cumulative weight to
change the most ‘preferred option’. A yellow line requires a cumulative
change in weight of >5-15 points in order for the most ‘preferred option’ to
change and a green line requires a cumulative change in weight of more than

15 points in order to change the most ‘preferred option’ (Catalyze, 2012).

Costs Estimates and NPV Calculation Methodology:
A cost estimate and breakdown will be undertaken for each remediation

strategy at each site to show capital, variable, operational and maintenance
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high level costs. Actual cost data from contractor estimates and cost analysis
available from literature and case studies will be used. The on site Magnox
resource costs involved such as project management, environmental and
radiological monitoring personnel already paid for on site have not been in-

cluded in these high level cost estimates.

External contractor costs have been included for the level of detail required
for this assessment but contractor names have not been disclosed due to
commercial sensitivity. This dissertation will only look at the external high
level costs for purposes of calculating the cost estimate. No contingent cost
has been factored in at this point as this will vary across each strategy. This
will also be dependent on the perceived risk associated at the time of the
works so would be a decision made at a Management level within the project

once at the point of more detailed cost analysis,

The NPV will be calculated by applying the HM Treasury Nuclear Industry
discount rates to the cost estimates (NDA, 2014). The NDA 2014/15 Annual
report and Accounts have not yet been published at time of writing this
methodology so discount rates could alter from those discussed in the liter-
ature (section 2.8.4). The NPV will be incorporated within the Hiview soft-
ware modelling at the same time as entering the sustainability assessment

scores and weights within the model.

Objective d. Discussion of the NPV and Sustainability Assessment for
each land contamination issue with reference to previous literature

review.

The data analysis will discuss the application of the SuURF UK sustainability
framework, categories, chosen indicators for each site and how Hiview soft-
ware was used in modelling the scores and weights. The sustainability as-
sessment and identification of the best scored remediation strategies will be
identified from the output from the Hiview software. The Hiview data and
sensitivity analysis will be discussed. The sensitivity analysis of the highest
scored option will be discussed and compared against the other options to

see how robust the overall weighted score is.

The cost estimates, discount rates and inclusion of NPV under the category

of direct economic costs will be discussed. The results will be reviewed taking
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into account the data used and the affect of any assumptions or uncertain-
ties. Sensitivity analysis can be applied to discount rates in the same way it
would to a sustainability assessment (HM Treasury, 2011). This will be un-
dertaken by comparison and consideration of different discount rates to see

how this could affect the NPV outputs.

Objective e. Evaluate and conclude the most suitable remediation
strategy(s) for each land contamination issue, taking into account
the sustainability assessment and NPV and what improvements, fur-

ther work and research can be undertaken.

Evaluation of the data analysis undertaken in objective d will evaluate which
remediation strategy/s are the most sustainable taking into account the fac-
tors which have influenced the results of the assessment. Reviewing if the
overall objective has been achieved, whilst reflecting on steps required in a
sustainable remediation options assessment process. Evaluating the process
of developing a CSM, screening criteria, identification of suitable remediation

strategies, cost estimating and calculation of an NPV.

Evaluating the feasible sustainable remediation options will determine what
considerations need to be taken into account in the future for remediating
land at decommissioning nuclear sites. The evaluation will address improve-
ments that could have been made if the study was to be undertaken again

and recommendations for future work.
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Chapter 4
Conceptual Site Models & Supporting data

4.1 Conceptual Site Model (CSM) for Chapelcross Site, Dumfries-

shire, Scotland

The CSM for Chapelcross site will focus on an area of chlorinated solvent
contamination of soil and groundwater at the site. CSM’s will be developed

to show the sources, pathways and receptors.

4.1.1 History of Chapelcross Chlorinated Solvent land contamination.

This section will give an overview of the history and events that led to con-
tamination and reasons why remediation is required. Chapelcross operated
from 1959 - 2004 and is now undergoing decommissioning. The site is cur-
rently in the C&M preparation stage with an Interim C&M of 2017 (Magnox,
2014). Figure 4 below shows the location of the site and the former Arma-
ture Treatment Bay (ATB) building which was used for cleaning motor arma-
tures in solvent spray bays. It is estimated that approximately 7 tonnes of
waste spent solvents were accidentally spilt or inadvertently discharged to
the ground over 10-15 years from the ATB (Magnox, 2013).

Gullielands
Burn

Former Armature
Treazment Bay (ATB)

Figure 4. Location of Chapelcross Site and Armature Treatment Bay.
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4.1.2 Previous remediation and site investigations

In 2007 partial remediation by source zone excavation was undertaken at
the ATB area, a 20m by 30m wide excavation with a depth of 2.5m to 3m
was undertaken with 1442 tonnes of solvent contaminated soil disposed off
-site. The excavation was backfilled with clean fill and was meant to be
capped off with tarmac but this did not occur and only gravel was laid con-
sequently allowing rainwater to infiltrate (Serco, 2008). Samples taken from
the sides of the excavations prior to backfilling, showed that high concentra-
tions of tetrachloroethene (PCE) up to 76,000ug/kg were still present in sides
of the excavation at 1.5m below ground level prior to backfilling (Serco,
2008).

Further site investigation was undertaken in 2012/2013 and as part of the
investigation a trial using Regenesis HRC/3DMe (multi phase hydrogen re-
lease compound) was undertaken in two wells in the upper sandstones within
the ATB source zone (Regenesis, 2015). The 3DMe was injected in the sand-
stones from 4m to 7m and 7m to 10m, a total of 2m?. Evidence of changes
at two boreholes (BH55 and BH1 - Appendix 1) suggest that an enhanced

rate of natural degradation occurred.

Time series data from 2002 to 2014 showing the chlorinated solvent con-
centrations within boreholes at Chapelcross is presented in Appendix 1. BH1
in the source zone shows chlorinated ethenes are on a general downward
trend from 2002 to 2014, although all values are above Resource Protection
Values (RPV'S). BH1 time series data graph shows that historically when
Tetrachloroethene (PCE) concentrations have increased and then gradually
reduced in groundwater, this is then followed by an increase in cis 1,2 di-
chloroethene (DCE) concentrations. This can be seen with the August 2008
concentrations of PCE peaking then reducing, followed by DCE then increas-

ing in subsequent months.

The next peak in PCE concentrations in BH1 were observed in December
2012 with a concentration of 1250ug/l and March 2013 with a concentration
of 1290ug/l. The more recent peak in PCE in 2013, could be due to the trial
of Regenesis 3DMe enhancing the microbial degradation and forcing more

parent compound into the dissolved phase (Kueper et al, 2014).
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BH55 in the source area shows in the shallow response zone trichloroethene
(TCE) concentrations have decreased with increases in DCE and vinyl chlo-
ride (VC) since the Regenesis 3DMe injections in April 2012/13. The time
series graph shows that DCE is up to two orders of magnitude higher than
the RPV and VC has increased from 9 pg/l in May 2013 to 499 pg/! in Feb-

ruary 2014, showing that degradation is occurring.

BH56A in the shallow response zone shows high levels of DCE and VC at two
orders of magnitude higher than the RPV. The time series graph shows in
May 2013, that DCE is present at a concentration of 59ug/I. All previous and
subsequent DCE monitoring results show DCE ranged from 877ug/I-
1380ug/l, which suggests that the May 2013 result may be a sampling error
and a possible erroneous result. BH56A in the deep response zone of 17.3-
18.30m bgl shows that DCE and VC were above the RPV's up until February
2014 where concentrations then decrease to below the RPV (SEPA, 2014).

As stated in the literature chlorinated solvents have densities greater than
water meaning migration of DNAPL can be achieved at a considerable depth
and within fractures (EA, 2001). DNAPL also have the ability to enter the
rock matrix where the matrix is composed of weakly cemented, coarse
grained sediments. The St Bees Sandstones are not coarsely grained based
on the petrographic analysis of BH55 and BH56a, describes the porosity as
patchy fine vuggy porosity with pore sizes ranging from <20pm to 500um
with an average of 200 um and no evidence of micro fracturing (Hyder,
2013). Vuggy porosity is caused by the dissolution of calcareous materials,
such as the Sandstone formations present at Chapelcross site. This type of
porosity can resist compression very effectively due to its spherical shape
and is known as secondary porosity. Fractures and vugs are examples of
secondary porosity, whereas primary porosity is intergranular, formed dur-

ing deposition (Crains Petrophysical Handbook, 2015).

Due to the waste solvents being released gradually over the years, coupled
with the pore sizes and limited interconnectivity suggest there is little to
support that free phase DNAPL will have had sufficient force to drive directly
into pore spaces. DNAPL is likely to have migrated to depth below the ATB
through fractures in the St Bees Sandstone which are inter bedded with Mud-

stone. The DNAPL can then slowly dissolve back into the groundwater from
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the fractures at depth. The organic carbon partition co-efficient (KoC) de-
scribes the ability of the contaminant to partition between solid and liquid, a
higher KoC means greater the contaminants affinity for organic carbon in

soil or rock and therefore a slower rate of migration through groundwater.

Chlorinated ethenes have low KoC values therefore are more mobile in
groundwater. The partitioning of chlorinated solvents between the aquifer
solids and water is important in their fate and transport. Chlorinated solvents
are considered moderately hydrophobic and although they partition onto ag-
uifer solids, their ability is not as good as polycyclic aromatic hydrocarbons
(PAHs) or polychlorinated biphenyls (PCBs) (EA, 2003). This can be seen
from the time series data (Appendix A), BH55 within the excavated ATB area
where contamination is present in the upper sandstone and the deeper zone
of BH55 up to 25m depth.

The mid plume time series data from BH 26 show that TCE was generally
decreasing with a slight increase in VC during October 2013 to December
2014. The time series graph for BH26 shows that concentrations of DCE ap-
pear to be seasonally influenced. Peak concentrations occurring in the winter
months, which could be influenced by increases in rainfall infiltrating the
source zone, with concentrations slightly reducing during the summer

months.

BH64 (deep response zone) just down gradient of BH26 in the mid plume
shows that DCE concentrations increased from October 2013 to February
2014, above the RPV. All other chlorinated ethene concentrations were below
their respective RPV. This is likely to be associated with the 3DMe trial up
gradient at BH55 & BH1 and migration of degradation products such as DCE
from the higher concentrations of PCE and TCE observed in the source zone.
BH64 in the shallow response zone shows that all chlorinated ethene con-
centrations fell below their respective RPV’s from December 2012. Although
concentrations of chlorinated ethenes are high at BH26 in the mid plume by
the time they reach BH64 down gradient they have undergone degradation

to significantly lower the concentrations observed.
The time series graph for BH 43 within the distal plume shows PCE has in-

creased slightly from July 2013 forcing more parent compound into the dis-

solved phase, which has subsequently resulted in TCE increasing as well.
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DCE has remained between 54-75 ug/l since August 2011. June 2010 and
January 2011 were the only occasions when DCE fell below the RPV, which
correlates with a decrease in concentrations of PCE and TCE and less break-

down products such as DCE occurring at the same time.

BH 60 in the deep response zone (18-20m bgl) shows that there are no
concentrations of chlorinated ethenes present. However, time series data for
BH 60 at a 10-12m bgl (shallow response zone) shows that PCE, TCE and
DCE are all present and have increased slightly from December 2013, with
PCE and TCE being above their RPV’s (SEPA, 2014). This shows that PCE and
TCE from the source zone are able to migrate to the distal plume without
undergoing degradation. Time series graphs for BH59 down gradient of BH60
show that PCE is present in the shallow response zone (4-6m bgl) but is
below the RPV. The deep response zone (12-15m bgl) shows that no chlo-
rinated ethenes were detected showing. Although small quantities of PCE
may be migrating as far as 800m from the source zone they are generally
within the shallower response zones and are not present within deeper zones

below 12m.

Figure 5 shows that the upper and lower groundwater regime are not totally
isolated from one another, quicker transportation rates in the lower ground-
water of 200-700m/year compared to the upper groundwater of 2-5m/year
could mean that PCE and TCE are transported from the source zone to the

distal plume without under going degradation (Kueper et al, 2014).

Examples of the borehole logs for the site are shown in appendix 1, they
show that the site consists of made ground over glacial till comprising of a
reddish brown clay with sand, gravel and occasional boulders. The St Bees
Sandstone formation beneath the glacial till comprises of medium strong
dark reddish and brown sandstone, with very weak to extremely weak red
brown mudstone layers. This is further underlain by the St Bees Shale For-

mation, which comprises of red siltstone and silty mudstone.

Figures 5 & 6 show the CSM'’s developed for the site taking into account the
time series data from Appendix 1. Figure 6 shows the CSM of the contami-
nant linkages for the site, the principal linkage identified as source 1. Edges

of the excavation from the partial remediation of the ATB in 2007 are still
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contributing to the plume by migrating horizontally through the St Bees

sandstone to the St Bees Sandstone Formation groundwater regime.

Important uncertainties:

- Residual dissolved phase DNAPL at depth below ATB in fractures of the

sandstone;

~ Future impacts on the “Gullielands Burn” and Third Party Abstractions re-

ceptors if remediation is not implemented.
4.1.3 Regulatory Drivers for Remediation of solvent plume

The edge of the chlorinated solvent plume is approximately 800m from the
source and outside the NDA land holding. Dumfries and Galloway Council are
the lead regulator in terms of Part IIA and are expected to identify contam-
inated land within the area for non special sites and enforce remediation.
The solvent plume contamination at Chapelcross has required Dumfries and
Galloway Council to liaise with SEPA as this is a specific requirement when
pollution of the water environment is being considered (SEPA, 2009). Mag-
nox is in the process of pursuing voluntary remediation in liaison with SEPA

and Dumfries and Galloway Council.

Chapelcross site is currently at the stage of identifying remediation criteria

for soil and groundwater by utilising the Environment Agency’s Remedial

Targets Methodology (EA, 2006). This study will look at suitable remediation

strategies that could be used once remedial targets have been set. SEPA
Position statement (WAT-PS-1-01) ‘Assigning groundwater assessment cri-
teria for pollutant inputs’ will be used to help derive assessment points and

limits for the primary receptor groundwater. The assessment point will be
set at 50m from the down gradient boundary in order to ensure groundwater

meets remediation criteria prior to leaving the NLS (SEPA, 2014).
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FIGURE 5

CONCEPTUAL SITE MODEL FOR CHAPELCROSS SITE — CHLORINATED SOLVENT BOREHOLE INVESTIGATION
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FIGURE 6 CONCEPTUAL SITE MODEL FOR CHAPELCROSS SITE — CHLORINATED SOLVENT CONTAMINANT LINKAGES
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4.2 Conceptual Site Model (CSM) for Bradwell Site, Essex, UK, Cae-

sium 137 and Strontium 90 land contamination.

The CSM’s (figure 9 & 10) for the site focus on one particular area of radio-
logical Cs-137 and Sr-90 contamination of soil and groundwater at the
"North End” of the site. For the purposes of describing the CSM and contam-
inant linkages “North End” will be used throughout to describe the area of

radiological contamination.

4.2.1 History and events of Bradwell Cs-137 and Sr- 90 land contam-

ination.

Bradwell Site, Essex, UK operated from 1962- 2002 and is now undergoing
an accelerated decommissioning programme with the aim of the site enter-
ing C&M in 2015 (at the time of writing). This section will give an overview
of the history of the “"North End” and events that have led to the radiological
contamination and reasons why remediation was required. (Magnox, 2013).
Figure 7 shows the location of the site and the “North End” where the

contamination exists.

Figure 7. Location of Bradwell Site and “North End *
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The Original Active Effluent Discharge Line (OAEDL) is the main radiological
APC at the site and operated from 1963 until 1971. Liquid effluent was car-
ried from the Active Effluent Treatment Plant (AETP) within the Radiological
Controlled Area of the site to the cooling water outlet at the East or West
syphon recovery chamber (figure 8). The effluent was then discharged to
the adjacent estuary through cooling water outlets, In 1971 a number of
draw pits along the line of the OAEDL collapsed and damage occurred to the
line with leaking of radioactive liquid to the surrounding soils. The pipeline
was replaced by a new line, with only some sections of the OAEDL removed
along with a quantity of soil. This left a large proportion of the pipeline and
contaminated soils in situ (Magnox, 2013).

% ol Kew
! : Part of OAEDL
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Figure 8. Location of Original Active Effluent Discharge Line and features of
“North End”
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During 1994/5 after the area received unusually high rainfall, the ground
became very saturated raising the water table close to the surface. This
caused contamination already in the soils to rise, which was likely to have
mobilised residual contamination within the pipeline. Partial remediation of
the radioactive soil occurred in 1995. The “Trench Area” shown in figure 8
was excavated and part of the OAEDL and soil removed. Phytoremediation
trials were then undertaken in 1998/ 2000 within the trench area. In 2001
all vegetation was removed from the area around the trench and geofabric
was laid and gravel installed to restrict vegetation growth (Watt et al. 2002).
The area was still required to be radiologically controlled as surface contam-
ination was present preventing general site access to the area (Magnox,
2013).

4.2.2 Site Investigation and Regulatory Drivers for Remediation of
“North End"”.

A series of detailed site investigations in 2012/2013 showed levels of Cs-137
up to 10,000 Bg/g in small areas. The compliance issues associated with the
"North End” were to prevent the migration (LC34) of radioactive contamina-
tion from the licensed site (Golder, 2013 & ONR, 2014). Radioactivity in food
and the environmental (RIFE) sampling undertaken by the Environment
Agency of the area showed that for 2013 gross beta in water from the coastal
ditch was in excess of the WHO screening level for drinking water (1 Bg/l)
but tritium concentrations were below the EU levels of 100 Bg/l. Low con-
centrations of artificial radionuclides (from permitted discharges) were de-
tected in aquatic materials, the highest concentration of Cs-137 was 19
Ba/kg in sediment just along the estuary at Maldon, with Sr- 90 <2.0 Bqg/kg
in sediments. The 2013 report stated that there has been an overall decline

in Cs- 137 concentrations in sediments over the last decade (CEFAS, 2014).

Figure 9 shows the CSM for the "North End” area and some of the investiga-
tive boreholes and sample results which were obtained during the 2012/13
works (Golder 2013 & Magnox, 2013). The CSM shows that Cs-137 is the
dominant contaminant of concern and the highest contamination is found in
locations of former draw pits, gullies, base of the open trench and adjacent
to the OAEDI. Cs-137 has not migrated far from these areas due to the ability
of it to tightly bind to clay (Demmer et al, 2012). There was an uncertainty
surrounding contamination present below the OAEDL as the investigation

only took samples adjacent to it, no drilling was undertaken through the
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OAEDL to take samples beneath. Sr-90 has migrated to the OSB with 10Bg/!
being identified in the Borrow Dyke water in March 2012 (Golder, 2013).

Compliance with LC34 throughout C&M was the major driver for the “North
End” remediation in 2013/2014. The Westward flow of the Borrow Dyke had
carried some of the radioactive contamination across the western boundary
of the Nuclear Licensed Site. Figure 9 shows some of the data from the in-
vestigative borehole works undertaken and figure 10 shows the sources,
pathways and receptors. The main contaminant linkage was considered sur-
face runoff due to periods of heavy rain and past human activities docu-

mented.

In 1993 it was documented that the fire brigade pumped out a large volume
of water from the cooling water bays onto the “North End” slope which could
have mobilised surface Cs- 137 and Sr- 90 contamination down the slope
towards the Borrow Dyke. The C&M safety case for land contamination at
the "North End” was very conservative with a scenario of an infant drinking
2 litres a year of brackish water from the Borrow Dyke was assumed, this
would result in a dose of 0.62pSv/yr. which is below the legal dose limit of
1000 pSv/yr. The Cs- 137 activity in the surface soils of the Borrow Dyke
area is also consistent with natural background levels in the UK and is not
considered a risk to the public so pathways of ingestion of water by site
personnel or public were not considered within the case of the “North End”
(Magnox, 2013).

4.2.3 “"North End” Remediation of radioactive contaminated land.

Following a strategic assessment of options for C&M entry, a remediation
strategy of selective excavation of Cs- 137, removal of the redundant OAEDL
and capping of the area was undertaken in 2013/14. Selectively excavated
soils were monitored via Hi-ram technology into one tonne bags (Beddow,
2013). An agreement was made with the EA for soils <200Bg/g Cs-137,
which are classed as Very Low Level Waste (VLLW) to be re-used as an ac-
cumulation in situ on site until FSC. This reduced the burden of soils having
to be excavated, packaged, transported and then buried at a permitted VLLW
hazardous waste landfill (Magnox 2013).
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Soils >200Bqg/g Cs -137 were sent for direct burial as LLW to LLWR. How-
ever, undertaking full removal of the OAEDL resulted in a large amount of
geotechnically unsuitable VLLW which was determined by the contractor as
not being suitable for re-use and had to be disposed of at a permitted landfill.
The contractor undertaking the work could not be confident in ensuring the
cap would be load bearing for a vehicle if the VLLW was re-used. In hindsight
the project team could have looked into the viability of applying quicklime to
the soils to improve the structure and stabilise the soils for vehicular move-
ments. It would have enabled VLLW waste soils to have remained on site,
reducing the remediation time frame and costs associated with removal and
landfilling.

Only two 1 tonne bags of LLW were excavated when removing the remaining
OAEDL. This shows that the OAEDL and soil below was not as contaminated
as initially perceived (Appendix 11). Installation of a low permeability cap-
ping system that was geotechnically suitable to still allow vehicular access
was laid to prevent surface runoff of contaminants and reduce water infiltra-
tion into the sub surface, reducing migration of Sr- 90 into groundwater
(Golder, 2015 & Magnox, 2013).

Important Uncertainties:

The uncertainties for the “"North End” have been removed through remedia-
tion being undertaken already at the site, although there were some uncer-
tainties which could still affect the choice of remediation strategy chosen in
this study:

~ During the initial remediation a variety of buried materials from plastics,
metals, services were identified which could affect the success of certain

remediation techniques.

~ The variable nature of the VLLW soils encountered and the classification of
some VLLW soil as geotechnically unsuitable for reuse meant that it had
to be packaged, transported and disposed of at a permitted landfill site. If
the project team had looked into the viability of applying quicklime to the
soils then this may have reduced the quantity required to go offsite as

geotechnically unsuitable VLLW,
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FIGURE 9 CONCEPTUAL SITE MODEL FOR BRADWELL SITE, NORTH END. CAESIUM 137 &
STRONTIUM 90 CONTAMINATION OF SOIL & GROUNDWATER — BOREHOLE INVESTIGATION
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FIGURE 10

NORTH CONCEPTUAL SITE MODEL FOR BRADWELL SITE, NORTH END -
CAESIUM 137 & STRONTIUM 90 CONTAMINANT LINKAGES
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4.3 Identification of suitable remediation strategies which could be
used for each of the two sites.

This section will look at shortlisting remediation strategies through estab-
lishment of objectives, assumptions and constraints (EA, 2004). A detailed
description is given in the following sections on why remediation strategies
passed or failed the screening process, with a high level overview of each

remediation strategy for each site given in tables 8 and 9.

4.3.1 Chapelcross Remediation Overview

Chapelcross site is at the position of currently pursuing voluntary remedia-
tion. The identification of suitable remediation strategies has had to take into
account some constraints at the site. The restricted space within the vicinity
of the source zone due to buildings and roadways means limited access for
large plant has discounted certain remediation techniques. This includes
large scale excavation and disposal, soil washing, soil solvent extraction,
thermal desorption/incineration and biopiles/windrows (EA, 2004). Pump
and treat has also been discounted early on as such a technique can take
many years and will not fit in line with the Interim C&M date and objectives

of minimising active systems during C&M (Magnox, 2013).

4.3.2 Objectives, Assumptions and Constraints for remediating the

Chapelcross solvent plume

The objectives are:

1 Demonstrably break the linkages identified within the CSM (figure 6)
in order to meet remedial targets (to be set and agreed with regula-
tors still);

2. Demonstration that a Satisfactory Land Condition can be met for the

Interim C&M date of 2017 so as the site can go into a guiescent state,
acknowledging that monitoring will run past this (Magnox, 2013);

3. The preferred remediation strategy should be one that reduces the
need for further remedial intervention during Interim C&M and re-
quires minimum maintenance and renewal of consumables or re-
placement (Magnox, 2013);

4, To provide cost effective performance and compliance monitoring
post remediation, so as groundwater can be monitored effectively
(Magnox, 2013).
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5. The remediation strategy needs to meet the NDA’s Technical Baseline
and underpinning research and development requirements of a tech-
nological readiness level (TRL) of 7* or above (NDA, 2014).

*A TRL of 7 was included as one of the objectives as due to the short
timeframes required to implement and verify a remediation it needed to be
a demonstrated technique in a similar environment. The requirements
throughout C&M of demonstrating a satisfactory land condition and reducing
the need for further remedial intervention require the remediation to be ro-
bust. Technical confidence was considered within the Bradwell site options
assessment undertaken in 2012 as an attribute for scoring. Instead it has
been considered within the assessment at the screening stage because the

time element is crucial for both sites assessments (Magnox, 2012).

The Assumptions are:

1. It is assumed that other decommissioning activities will not adversely
affect the movement of surface and ground water in the area;

2. A preference has been assumed for remediation strategies that will
not require active systems during C&M, like pumping in line with com-
pany Standard S-154 (Magnox, 2013);

3. The third party extraction approximately 2km away is unlikely to be
affected by the plume (figure 5 & 6);

4, The distal plume edge is unlikely to discharge into the Gullielands
Burn at the current time (figure 5 & 6).

The constraints are:

1: The ATB source area of contamination is sited in an awkward position
near to the entrance of the site and main car park surrounded by
occupied buildings. This area needs to maintain operability whilst re-
mediation is occurring;

2. The generation of hazardous wastes should be minimised:

The end state of the NLS is to be delicensed at FSC with all land
quality issues being addressed so as land is fit for its next use (Mag-
nox, 2013);

4, The site must remain regulatory complaint throughout the full C&M
period to FSC (Magnox, 2013);
5. The remediation strategy must not require a large footprint for equip-

ment, facilities and waste due to constraint 1.
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4.3.3 Screening of remediation strategies for Chapelcross solvent

plume

Monitored Natural Attenuation (MNA) as part of Chlorinated Sol-

vent Remediation Strategy

MNA includes the physical, chemical, or biological processes that occur to
reduce contaminant mass, toxicity and mobility in soil or groundwater. MNA
is typically a component of many chlorinated solvent site remediation strat-
egies (Kueper et al, 2014). MNA has been included within three of the reme-
diation strategy combinations discussed and would continue beyond the in-
terim C&M date of 2017 to act as verification that remediation strategies
have worked effectively (EA, 2001).

1. Air Sparging, Soil Vapour Extraction, Monitored Natural Attenua-
tion (MNA)

Air sparging vigorously blows air through the groundwater to volatilise dis-
solved volatile organic compound (VOCs) which can then be removed via
SVE from the unsaturated zone. The technique is less effective in low per-
meability soils such as the clay present in the upper 2-10m of glacial till at
Chapelcross (figure 5) (United States Environmental Protection Agency (US
EPA), 2012). This may require a heavier duty vacuum to remove vapours
which could raise the water table which is already only between 2.5- 4m
below ground level impeding the effectiveness of (objective 1). Stratified or
highly variable soils mean vapours may potentially migrate outside of a va-
pour extraction area (US EPA, 2012). Air sparging and SVE would be able to
remove sources 1 and 2 (objective 1) but how effective this would be due to
the characteristics of the geology may be limited. The sandstone aquifer at
Chapelcross could be affected by the effects of matrix processes and frac-
tures could provide a pathway for groundwater flow and sorption (Parker et
al, 2012). This means source 3 could take longer to remediate due to back-

wards diffusion.

Once air sparging is completed aquifers have shown to return to pre sparging
conditions and diffusion may still occur, the introduction of oxygen via air
sparging can negatively affect anaerobic conditions required for dehalorespi-
ration of chlorinated solvents to occur (Kueper et al, 2014). This could affect
the interim C&M date of 2017 being met and need for later intervention (ob-

jective 2 & 3) if pre sparging conditions return. Compliance monitoring would
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need to continue for longer to ensure this does not occur so may not be very
cost effective long term (objective 4). SVE has a proven track record in the
UK along with techniques like air sparging so would fulfil a TRL of 7 (objective
5) (Defra, 2010). It would require space for vacuum pumps, control systems,
vapour treatment and a blower for air sparging so would require a large
footprint but may still be applicable if mobile systems could be utilised (con-
straint 1 & 5) (Defra, 2010).

2. In Situ Thermal Treatment (ISTT), Soil Vapour Extraction (SVE),
Enhanced Bioremediation & Monitored Natural Attenuation (MNA)

ISTT involves applying heat to assist in the removal of chlorinated solvents
by either hot air injection, steam or electrical heating and can be undertaken
in a short timeframe from weeks to months thus meeting objective 2 (Defra,
2010). In geologies where contaminants are present in low permeability lay-
ers, technologies like electrical resistance heating (ERH) and thermal con-
ductive heating (TCH) can deliver heat directly to the low permeability lay-
ers. TCH has the ability to be flexible with depth of application but can re-
quire intensive drilling and has a large energy demand (Kueper et al, 2014)

(source 3- objective 1).

ISTT can be coupled with other techniques such as enhanced bioremediation,
which is usually a benefit which results from ISTT due to increased temper-
atures. Changes in the redox conditions after ISTT can increase the amount
of dissolved organic carbon or water soluble organics in the aquifer. An in-
crease in dissolved organic carbon can help stimulate biological activity as
long as appropriate dechlorinating bacteria are present (Kueper et al, 2014).
ISTT would break the linkage of residual chlorinated solvents (source 1- ob-
jective 1) adding to the plume by targeting the source and MNA would be
required to ensure continued reductive dechlorination of the remaining
groundwater plume (source 2- objective 1). Initial monitoring would be fre-
guent becoming less as time series data proved that concentrations were on
a continual down ward trend so cost effective monitoring could be achieved

(objective 4).

A thermal treatment and SVE unit would require quite a large footprint,

equipment could be brought in on a process trailer which will contain heating
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modules, vapour collection, back up generator, control cabins and monitor-
ing system. It has the potential to be sited in a more appropriate area alt-
hough connections and pipework would still need to be trailed into the source
area (US EPA, 2004). ISTT and SVE have been applied at many dry cleaning
shops and industrial sites where chlorinated solvent contamination is present
so would fit a TRL of 7 in its application (objective 5). Waste streams gener-
ated are small such as SVE filters and the remediation would not require any
renewal of consumables or active systems going into Interim C&M meeting
objective 3 (US EPA, 2004).

3. Permeable Reactive Barrier (PRB)

A PRB prevents or reduces contaminant flux whilst allowing groundwater to
flow through a barrier by either immobilising or transforming contaminants
(EA, 2002). A PRB would address the dissolved phase plume (source 2- ob-
jective 1) and the higher contaminated sub soils at the ATB in the vadose
area which are continually adding (source 1- objective 1) to the plume by
intercepting them through the PRB. Due to the depth of the DNAPL and pres-
ence in fractures (source 3- objective 1) at around 25m beneath the ATB
means installing a PRB at this depth would be difficult. Techniques such as
pneumatic, hydrofracturing or injection can install PRB’s to depths of >30ft
(Interstate Technology & Regulatory Council (ITRC), 2011). Zero valent iron
(ZVI) would be injected to form a PRB so as dehalogenation could occur as
the chlorinated solvents pass through the barrier. Previous laboratory and
full scale field applications show some ZVI PRBs have retained performance
for 10 or more years. However, at some sites where injection methods have
been employed decline has been relatively fast with reactive performance
declining within 1-5 years (ITRC, 2011).

A PRB would need to be installed 50m down gradient of the source boundary
so as it intercepts contaminants as they migrate in the dissolved phase
plume (objective 1). Installing a PRB within the car park would cause less
disturbance and would only require temporary relocation of car parking. The
Environment Agency’s screening criteria sheet for guidance on PRBs has
been utilised and has shown that a PRB for the Chapelcross solvent plume
fulfils the criteria as shown in Appendix 3 (EA, 2002).
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A PRB would require minimal maintenance during C&M, although the media
within the PRB would need replacing at some point and would need monitor-
ing to check its performance (objective 3 & 4). More than 200 PRBs have
been implemented since the early 1990’s (ITRC, 2011) and over 80 pilot and
field scale PRBs have been implemented in North America, Europe and the
UK, therefore a TRL of 7 is considered suitable for this remediation strategy
(EA, 2002 & CLU-IN, 2012). Although remediation by PRB takes longer than
other remediation strategies it would be protective of receptors once in-
stalled and could be installed by the Interim C&M date (objective 2).

4. In Situ Chemical Reduction (ISCR), Enhanced Bioremediation &
Monitored Natural Attenuation (MNA)

In situ soil mixing of ZVI and clay would address the highly contaminated
sub soils in the ATB area, demonstrably breaking this linkage (source 1-
objective 1) (Kueper et al, 2014).

The mixture of ZVI and clay would result in a permeability reduction by more
than 99%, which would minimise the contaminant flux to the surrounding
groundwater. The treatment results in two benefits, in that the ZVI degrades
the chlorinated solvents and soil mixing with bentonite reduces permeability
isolating the treated source zone soil from surrounding groundwater (Colo-
rado State University, 2012).

ISCR can be fast and treat high concentrations but requires some soil re-
moval prior to soil mixing but could still meet the C&M date (objective 3)
(Kueper et al, 2014). In order to break the linkages of the dissolved phase
plume (source 2) and DNAPI at depth (source 3) enhanced bioremediation
would be applied. A trial using Regenesis 3DMe at Chapelcross has already
been undertaken in the groundwater (section 4.1.2). Electron donor addition
of Regenesis 3DMe to the groundwater has shown that changes suggest that
an enhanced rate of natural degradation is occurring. A good lateral dispersal
of 3DMe has occurred around 10m. This shows that through a combined
strategy all sources could be remediated (objective 1) (Regenesis, 2015 &
Kueper et al, 2014) ensuring that a satisfactory land condition is met by
2017 (objective 2).

Monitoring would be required throughout the remediation and for some years

after. More intensive monitoring would be required in the first few years to
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ensure parameters are kept at there optimum for enhanced bioremediation.
In order for Dehalococcoides to undertake reductive dechlorination a pH of
above 6 is required (Kueper et al, 2014). At Chapelcross Site pH values of
above 6 have been measured (Hyder, 2013). Dissolved ethene would need
to be measured to show that complete dechlorination is occurring and once
a continual downward trend has been established (objective 4) monitoring

would be able to be reduced.

A TRL of 7 can be considered suitable for this remediation strategy as ISCR
and ISB agents have been researched and developed in recent years with it
being implemented in Europe, UK and USA (objective 5) (Huff, 2011, US
EPA, 2000 & Kueper et al, 2014). The application of ZVI has matured with
enhancements made to its reactivity, longevity and delivery (Kueper et al,
2014). Enhanced bioremediation has been adopted by companies such as
Regenesis and is mainly used as a polishing technology where more aggres-
sive approaches have been applied such as ISCR to high concentration

source zones (Kueper et al, 2014).

5.Surfactant/ Co-solvent Flushing & In Situ Chemical Oxidation
(ISCO)

Surfactants and co-solvents are good for enhancing solubility of DNAPL to
the aqueous phase where ISCO can then rapidly destroy it as discussed in
section 2.9.8 of the literature review (CL:AIRE, 2015). Achieving sufficient
hydraulic control during such a strategy is important to ensure that un-
treated DNAPL does not escape to uncontaminated areas and beyond the
site boundary. This requires detailed data to design a system that delivers
the correct amount of surfactant to the right location whilst maintaining hy-

draulic control.

The incorporation of hydraulic control wells is usually required, with extrac-
tion rates typically higher than injection rates, to ensure adequate control

over the injected chemicals and contaminant (ITRC, 2003).

This combined strategy could deal with source 1 and 2 by the surfactant
removing the mass DNAPL and ISCO treating the dissolved phase plume.
Surfactant/co-solvent flushing at the correct depths would also remove
source 3 (objective 1). When combined with ISCO it would be able to rapidly

remediate the contamination to meet the C&M date (objective 2).
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A better understanding of the application of surfactant/ cosolvent flushing at
depth at Chapelcross would be required need to ensure that further inter-
vention is not needed during C&M (objective 3). This is required to ensure
that the risk of DNAPL still being present at depth and rebounding after initial
treatment does not occur (Stroo & Ward, 2010). Monitoring would have to
be undertaken for several years to ensure that rebound was not occurring

but could still prove cost effective over time (objective 4).

Meeting a TRL of 7 (objective 5) would not be possible as although experi-
mental peer reviewed case studies for flush enhancing chemicals are abun-
dant there are far fewer field based implementations which are in non peer
reviewed publications (CLU-IN, 2015). The uncertainties with the hydraulic
control of injected surfactants/ co-solvents and contaminants being released
into non contaminated areas beyond the site boundary mean this strategy
still requires further validation in a similar environment under the TRL levels

and would not meet this screening objective.

Combining surfactant/ co-solvent flushing with other techniques like ISCO
has gained more coverage since 2000 (Dugan et al, 2010). VeruTEK Tech-
nologies provides surfactant enhanced ISCO. It uses plant based and biode-
gradable surfactant/co-solvent mixtures to desorb the contaminants and sol-
ubilise them for destruction by activated oxidant. It looks like a promising
technology with it being field proven in the US, Denmark and Australia and
VeruTEK now requesting its first field project in the UK (section 2.9.8).
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4.3.4 Bradwell "North End” Remediation Overview

Bradwell "North End” (section 4.2) has already undergone remediation, this
section will look at screening what other remediation strategies could have
been shortlisted through establishment of objectives, assumptions and con-
straints. The original options assessment will be taken into account but other
techniques will also be looked at, in line with current ONR and Magnox ex-

pectations. The initial remediation options assessment looked at:

Defer bulk management with no intervention or remediation;
Defer bulk management with targeted surface intervention;
Defer bulk management with targeted inventory reduction;

Defer bulk management with transport pathway reduction;

- S-S

Defer bulk management with containment of main area with a

barrier;

6. Prompt bulk removal of material, maintain and monitor so as area
could be delicensed at FSC;

7. Prompt bulk management: full early remediation potentially suitable

for prompt delicensing of area (Magnox, 2012).

The identified remediation strategies from this screening process are listed
in table 9 and a detailed description is given on why the remediation strategy
passed or failed. The original chosen remediation strategy that was imple-
mented has automatically been included. Other remediation strategies that
pass the screening process can then be directly compared by undertaking
the sustainability assessment. This will determine if the implemented reme-

diation strategy for the site was the most sustainable choice.

Due to one of the constraints that the remediation strategy should not re-
quire a large footprint for equipment and facilities, techniques such as soil
washing have been screened out early on. Full excavation and disposal have
also been screened out as it does not meet the constraint of minimising the

creation of radioactive wastes. The LLWR has a limited capacity and under-

taking full excavation of the “North End” would put unnecessary pressures

on the LLWR. The costs of disposing of LLW and VLLW wastes would make

this option very costly and would just mean burying the soil elsewhere. This
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is not in line with current ONR and Magnox expectations on radioactive con-
taminated land and looking at in situ alternatives other than excavation
(ONR, 2014 & Magnox, 2013).

4.3.5 Objectives, Assumptions and Constraints for the "North End”

The objectives are:

1. Demonstrably break the contaminant linkages identified within the
CSM (figure 10) for the “North End”;
2. To provide a remediation strategy that reduces the need for further

remedial intervention of the “North End” during the C&M Period and
up to the FSC date of 2083 (Magnox, 2013 & 2015);

3 Remove the need for contamination controls during C&M so as access,
monitoring and maintenance works in the “North End” can be under-
taken during this period (Magnox, 2012 & 2013);

4, To provide cost effective monitoring so as any increase of radioactiv-
ity in soil and controlled water can be detected. (Magnox, 2013);

5. The remediation strategy needs to meet the NDA’s Technical Baseline
and underpinning research and development requirements of a tech-
nological readiness level (TRL) of 7 or above (NDA, 2014);

6. Meet the timescales of the accelerated date for C&M of 2015 (Magnox,
2015).

The Assumptions are:

1. Other decommissioning activities will not adversely affect the move-
ment of surface and ground water in the area, this is of particular
relevance to the turbine hall void and cooling water voids if proposals
change for these to be filled (Magnox, 2013);

2; A preference has been assumed that remediation strategies will not
require active systems during C&M, like pumping (in line with S-154)
(Magnox, 2013);

3. If contaminated soils are left in situ until FSC it is assumed that the
waste volume of contaminated material will not significantly increase*
(Magnox, 2013).

* It [s assumed that a remediation strategy will take into account the processes such as infil-
tration of rainwater and surface water runoff which could increase the spread of contamination
if it is left in-situ. If the pathways are not broken, then this could increase the radioactive waste
volumes to be removed at FSC.
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The constraints are:

1. The Borrow Dyke needs to be considered as a sensitive receptor from
an ecological perspective;

2. The slope at the “North End” has a steep slope down before it flattens
out to the outer security boundary, this could affect the access and
implementation of certain remediation strategies (figure 10);

3. The generation of radioactive wastes should be minimised so as not

to put unnecessary pressures on the LLWR (ONR, 2014 & Magnox,

2013);

4, The site must remain complaint with regulations throughout the full
C&M period to FSC (ONR, 2014);

5 There should be no significant increases in the migration of contami-
nation off site (ONR, 2014 & Magnox, 2013);

6. There should be no significant increase in the volume of land requiring

remediation due to it being deferred (Magnox, 2013);
7 The remediation strategy cannot require a large footprint for equip-
ment, facilities and waste, due to limited space because of other de-

commissioning activities occurring at the same time.

4.3.6 Screening of remediation strategies at the “"North End”

1. Original Remediation implemented: Selective Excavation, removal
of Original Active Effluent Discharge Line (OAEDL) and a Cover/Cap-
ping system

Excavation is still the most widely used technique for removal of radioactive
contaminated soil (NEA, 2014). The aim of selective excavation was to re-
duce the highest levels of contamination so as to reduce the future liabilities
at FSC. The activity criteria chosen was soil >200 Bg/g to be removed, which
was not based on safety assessments but was considered an appropriate
guide as it is the upper limit for some controlled burial sites and was agreed
with senior management, ONR and EA (Magnox, 2013). The estimated vol-
ume >200 Bg/g was <100m3 of soil to ensure the constraints of waste going

to the LLWR was kept in mind and the associated costs (Magnox, 2013).

The criteria of soils >200 Bqg/g to be removed was an objective of the original
remediation strategy but has not been included for this assessment. Cur-

rently de-licensing criteria at FSC requires soils >200 Bqg/g to be removed
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but this could change in the period up to FSC (Magnox, 2013). The period to
FSC could see many technological advancements to suitably deal with soils
>200 Bg/g in a more effective manner. Guidance issued by the ONR, EA,
NRW and SEPA in June 2014 since the “North End” remediation on regulatory
expectations for land quality management at NLS recommended considera-
tion of in-situ alternatives to excavation (ONR, 2014). Magnox Company
Standard also highlights if the contamination is of low risk then it may be
appropriate to leave in place and gain the benefits from further decay in situ
(Magnox, 2013).

The NDA'’s preference to maintain a flexible approach and the future possi-
bility of in situ on site disposal was another reason for removing this objec-
tive so as a more flexible approach could be considered towards other reme-
diation techniques (Magnox, 2013). Removing the >200Bq/g criteria has en-
abled this process to look at what other remediation strategies which don‘t

have to incorporate excavation could be used.

The CSM (figure 9) shows that Cs-137 and Sr-90 are present but Cs -137
has not been detected in the Borrow Dyke water and only at small amounts
in the sediment. This supports surface runoff as the principal contaminant
linkage (source 2, figure 10). The nature of Cs-137 tightly binding to clay,
which is the case at Bradwell Site does not present a pathway of concern in
sub surface waters (Demmer et al, 2012). Removing the objective of soils
>200 Bqg/g being excavated also reduces the risks of mobilising soil during

excavation by wind and rain.

To demonstrably break the contaminant linkages (objective 1) removal of
the OAEDI enabled preferential pathways that existed to be removed. A cap-
ping system removed the pathway of surface runoff, erosion by wind and
spread of contamination by wildlife and reduced infiltration of rainwater.
Capping systems involve placing natural earthen materials which can involve
several layers of soils, non reactive materials or geosynthetic materials over
the contaminated ground (EA, 2010). Geosynthetic materials and a layer of
earthern material were used in capping the “North End”. The cap has a life
expectancy of in excess of 100 years (Golder, 2015) so no intervention dur-
ing C&M is expected (objective 2). This enables contamination controls to be
removed allowing access to the area during C&M (objective 3). An on going

monitoring regime of boreholes, surface water and sediment in the Borrow
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Dyke has been required to validate the cap and will continue for ten years

at which point it will be reviewed (Magnox, 2015) (objective 4).

Selective excavation of radionuclides has been used in many countries and
the UK (NEA, 2014 & Beddow, 2013). Capping and cover systems are used
widely as remediation techniques (IAEA, 2014) therefore a TRL of 7 was
considered suitable (objective 5). Selective excavation and capping was un-
dertaken in a short time frame at Bradwell commencing in October 2013 and
completing in July 2014, achieving the C&M date of 2015 (Golder, 2015)
(objective 6).

2. Capping/ Cover System, with grouting of remaining Original Ac-
tive Effluent Discharge Line (OAEDL), draw pits

A capping system has already been implemented at Bradwell but this reme-
diation strategy removes the requirement for selective excavation and re-
moval of the OAEDL and draw pits and has looked at grouting structures in
situ to prevent preferential pathways (objective 1). A capping system would
address all the objectives in the same way as remediation strategy number
1, except it would not undertake selective excavation. This would reduce the
pressure on the LLWR. On site personnel, public walking by the fence during
the remediation and workers undertaking the remediation would not be ex-
posed to any risks from excavating high activity soils. The need to implement
an on going monitoring regime as discussed under remediation strategy 1
would still be required but could be reduced gradually once confidence has

been gained in the installed cap (objective 4).

Capping and cover systems are commonly used worldwide and within the UK
especially at landfill sites (EA, 2010 & 2014). A TRL of 8 is therefore consid-
ered appropriate as the technology has proved to work in its final form and
under expected conditions (objective 5). Such a system was used at Hunter-
ston A in capping their VLLW area (Magnox, 2014) and is a very quick strat-
egy to install so would meet the accelerated date of 2015 (objective 6).
Although this strategy is similar to the remediation implemented at the site,
it has been given a higher TRL as it would not involve the use of the HIRAM
technology to selectively excavate radioactive soils, which has only been im-

plemented at a few sites, unlike capping systems which are widely used.
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3. Hydraulic in ground barrier and cover system

An in ground vertical barrier would contain the sub surface Sr-90 contami-
nation (source 1) and would prevent any preferential pathways or migration
via the saturated zone from the EDL and gravel lenses (source 3 & 4- objec-
tive 1). A hydraulic barrier would require the installation of catch pits or wells
to collect the sub surface contaminated groundwater either for discharging
via a permitted route or treatment (CIRIA, 2004). This would not meet the
assumption that no active systems are allowed through C&M as it would

require a continued maintenance burden.

A cover or capping system would still be required to address the surface
contamination to ensure no contamination controls during C&M (objective 1
& 3). A temporary operational plant would need to be set up on the site
requiring a large footprint (constraint 7). Most slurry walls have life expec-
tancies of around 30 years or are installed with this duration in mind and
monitored at 5 year intervals (US EPA, 1998). As the half life of Sr-90 is 28.8
years, a barrier may only be required for ~30 years (VanderMeulen, 2012),
which should reduce the requirement for further remedial intervention during
C&M (objective 2). Monitoring would still be required and the barrier would
need around 5 yearly checks to ensure the integrity of it has not been com-

promised and is still functioning (objective 4).

A slurry wall has been previously demonstrated on other decommissioning
nuclear sites such as Hunterston (Magnox, 2014) and are widely used
throughout the construction industry (CIRIA, 2004), therefore a TRL of 7 is
considered suitable (objective 5). Installation would meet the timeframe re-
quired for Bradwell site C&M date (objective 6). The steep slope at the *North
End” with the limited space to the OSB fence means access for installing a
hydraulic barrier would be limited and permissioning would be required over
the Site of Special Scientific Interest (SSSI) outside the OSB (constraint 1 &
2). The constraints of the Borrow Dyke as a sensitive receptor and the SSSI
Blackwater estuary mean that permissions would be required from Natural
England for access which could affect the achievement of objective 6. Euro-
pean protected species such as reptiles and great crested newts are present
in the area so breeding seasons would need to be avoided which could add

delays to commencing the works (objective 6) (Natural England, 2015).
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4. Phytoextraction

Phytoremediation is the use of plants to extract, degrade or contain contam-
inants from the soil or groundwater (Watt et al, 2002). Phytoremediation
would reduce source 2 and the impact of the pathway of surface runoff,
erosion by wind and spread by burrowing wildlife as the root system of the
plants would hold soil together. Sr-90 in sub surface water and Cs-137 in
soil would be reduced by uptake through root systems (source 1, 3 and 4)
(objective 1). No active systems would be required throughout C&M but con-
tamination controls would still be needed for access and maintenance works
to harvest the biomass and associated waste disposal costs (objective 3- not
met). No space would be required for equipment and facilities, except for

when harvesting biomass and waste disposal.

Monitoring of the sub surface water and borrow dyke would be needed
throughout C&M to ensure phytoremediation was consistently removing con-
taminants. Monitoring would be required for a longer duration due to phyto-
extraction being a slow technique (Demmer et al, 2012) and at regular in-
tervals so would be less likely to be cost effective due to the duration (ob-
Jective 4 not met). The trials undertaken at Bradwell site only looked at Cs-
137 removal rates so more trials would need to be done into the Sr-90 re-
moval (Watt et al. 2002).

More recent studies undertaken in 2012 using Cannabis sativa showed that
it can absorb strontium with most absorption occurring in the roots. Obser-
vations noted that caesium did not reach the plant because of its inactive
complex formation (Hoseini et al, 2012). The possibility that another reme-
diation technique may have to be implemented during C&M is higher due to
more investigative trials being required to gain further confidence in phyto-
extraction. Additional requirements such as chelating agents may be re-
quired to help removal rates. Controlling the release of contaminants in line
with phytoextraction removal rates to ensure contaminants do not go beyond
the site boundary would require hydraulic controls which would increase the
costs of this strategy quite considerably (Hazen & Tabak, 2005) (objective 2

could be compromised).

Previous phytoextraction trials have been undertaken at Bradwell site, Cs-
137 removal rates were limited due to the strong adhesions to the clay

(Demmer et al, 2012). Further trials would be required to investigate the
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success of increasing the availability of Cs-137 to the plant and over what
timescales. The US EPA and CLU-IN website (Pivetz, 2001 & CLU-IN, 2015)
show examples of phytoextraction but due to its limited success in trials at
Bradwell a TRL of less than 6 is considered appropriate at the current time
(objective 5). Phytoextraction would not meet the accelerated C&M entry
date as it is a long term remediation option and still requires further labora-
tory and pilot scale investigation before implementing at a full scale level

(objective 6).

5. Permeable Reactive Barrier (PRB) and cover system

A PRB as described under the techniques for Chapelcross site is a barrier
that can immobilise or transform contaminants (EA, 2002). A PRB is the
passive capture operation and in the case of the “"North End” would minimise
the need for active systems during C&M (IAEA, 2014). A cover system would
need to be installed to break the pathway of surface runoff, erosion and
spread by wildlife and it would remove the requirement for contamination

controls over the area during C&M (objective 3).

The PRB would contain a zeolite called clinoptilolite to remediate any sub
surface Sr-90 that migrates through the barrier via ion exchange (source 1
2 & 3). Zeolites are used extensively as ion exchange media in existing
wastewater treatment systems at nuclear sites and have been extended for
use as media within PRB’s treating radionuclides within groundwater. Clinop-
tilolite in particular displays a strong selectivity for the radionuclides, espe-

cially Sr-90 by ion exchange (Rabideau et al, 2005).

The case study discussed in the literature on the use of zeolites in a PRB
showed how they were effective at removing Sr-90 (VanderMeulen, 2012).
Infiltration of rainwater and migration via preferential pathways would be
captured at the point of the PRB allowing for all the linkages to be demon-
strably broken (objective 1). Suitably positioned boreholes and sampling lo-
cations in front, within the PRB and beyond would be vital in ensuring its
effectiveness. The initial monitoring would need to be frequent but would be
reduced once performance was demonstrated, reducing the costs of moni-
toring over time (objective 4). The media within the wall would have to be
checked every 15-20 years (Misaelides, 2011 & VanderMeulen, 2012) to
identify if and when it needs replacing. Some maintenance requirements
would be needed during C&M but would fulfil objective 2 as it is unlikely that
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another remedial technique would need to be implemented on top of this

strategy.

As discussed under the Chapelcross remediation options a TRL of 7 (objec-
tive 5) is considered suitable for PRB's, although limited PRB’s have been
installed to deal with radioactive contaminants the experience and examples
represent that it can be technologically achieved to a robust level. Constraint
1 would prevent this strategy from meeting the timescales required for C&M
entry (objective 6) and constraint 2 would mean implementation and access
rights required would also delay the timescales. The Environment Agency’s
screening criteria sheet for guidance on PRBs has been used and discounted
a PRB on the basis of timescales, effects on the SSSI, access restrictions and

uncertainty over the acceptability of regulators (Appendix 2- EA, 2002).

6 & 7. In situ stabilisation (vitirification or cement)

In situ stabilisation can be undertaken by vitrification using electrical power
to heat and melt contaminated soils to form a glass product or by bind-
ing/mixing contaminated soils with cement or chemicals to make a less mo-
bile form (IAEA, 2014). Pathways of surface runoff, erosion and spread by
burrowing animals would be removed and preferential pathways would be
broken once soil was stabilised or vitrified (objective 1). Space would be
required to accommodate equipment and plant which would take a long time
to install and commission. Stabilisation by cement or chemical binders would
require less space. Both techniques would need to ensure that they stabilise
the surface layer of soil as well as sub surface soil so as objective 3 can be
met. Stabilisation would reduce the need for further remedial intervention

during C&M by fixing the contamination in situ (objective 2).

The strategy would require a groundwater monitoring regime for some time
throughout C&M to establish that the strategy has worked effectively and no
deterioration of the stabilised soils occurs. The frequency may be reduced
over time but ground integrity inspections would be required to ensure the
strategy is still demonstrably breaking the contaminant linkages (objective
1&4).

The US Department of Energy has shown that stabilisation bench scale tests

have been effective using Polyethylene Encapsulation of caesium, strontium,
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cobalt and heavy metals (PERM) (CIRIA, 2004). The majority of stabilisation
techniques occur ex-situ and stabilisation of contaminated soils and wastes
has been used most widely in the USA and some EU member states. It is not
readily used in the UK, partially due to uncertainty over durability and po-
tential contaminant release (EA, 2004). A TRL of 6 has been given for in situ
stabilisation and vitrification. Stabilisation has been used in the UK but would
still require further trials in order to see if it was suitable for implementing
at Bradwell site (objective 5). This would extend timescales which would not
meet the C&M date (objective 6). No full scale field implementation has been
achieved for vitrification and factors such as moisture content can affect the
energy demands and cost to convert contaminated soil into a glassy product
(IAEA, 2014 & CIRIA, 2004).

8. In situ electrokinetic remediation

Electrokinetic remediation can desorb radionuclides from soil in situ and is
undertaken by installing electrodes with a DC current into the ground. It is
most effective in clay soils, which are present at Bradwell, due to the nega-
tive surface charge and high moisture content (IAEA, 2014). Cs-137 and Sr-
90 could both be removed by this remediation strategy, although preferential
pathways may affect the implementation of the technology. The remaining
OAEDL and other underground services containing insulating or metallic ma-
terial would affect the electrical conductivity of the soil (pathway 3) (CIRIA,
2004 & IAEA, 2014). Electrodes would remove the Sr-90 and Cs-137 from
the soil, breaking the pathways of migration via rainwater, surface runoff,

erosion by wind and burrowing animals (pathways 1,2,4 & 5) (objective 1).

Removing all the sources of contamination by electrodes means objective 2
is met as no further intervention during C&M would be required and contam-
ination controls could be removed (objective 3). Monitoring of sub surface
water and the borrow dyke would still need to continue for a period of time
after completion of the remediation to verify that Cs-137 and Sr-90 has been
removed to acceptable levels. It would be able to be reduced over time so

could provide cost effective long term monitoring (objective 4).

Electrokinetic remediation has not been demonstrated in the UK but appli-
cations in Europe have occurred and it is licensed in the USA (IAEA, 2014).
Defra listed electrokinetic remediation as an emerging technology with grow-

ing availability but there have been few field scale case studies which make
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it @ high risk strategy therefore on this basis a TRL of 5 has been given
(objective 5) (Defra, 2010). Electrokinetic remediation timeframes based on
the limited applications and case studies means that it would not meet the

accelerated C&M date for Bradwell (objective 6).
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4.4 Sustainability Assessment Process for Bradwell and Chapelcross
Site

4.4.1 Objective of the Sustainability Assessments.

The objective of the sustainability assessments is to determine the most
sustainable remediation option for Chapelcross and Bradwell Site. The reme-
diation strategies brought forward for sustainability assessment are those
capable of meeting the objectives, assumptions and constraints (table 7 and
8).

The remediation strategies for further assessment at Bradwell site are listed

below and the key associated activities under each are summarised:

Bradwell

Option 1 - Original Remediation implemented: Selective Excavation,

removal of OAEDL and a Cover/Capping system (Magnox, 2015).

- Selective excavation of >200Bq/g soils from the vicinity of the EDL,
trench, South and West side of the trench.

- Monitoring of soils over Hi-ram technology in 1 tonne bags to determine
disposal route. Soils which are <200Bq/g (VLLW) and geotechnically suit-
able are to be re-used as backfill. Soils >200Bq/g (LLW) are to be dis-
posed of to the LLWR.

- Grouting and removal of remaining OAEDL structure by excavation and
monitoring via 1 tonne bags over Hi-ram technology.

- A capping/cover system to be laid over remaining surface soils incorpo-
rating a low permeability geomembrane.

- Monitoring regime to be established for capped area and area outside the
side boundary including the Borrow Dyke for throughout C&M.

- Maintenance regime will be required to inspect the cap system throughout
C&M.

As Bradwell site has already undergone remediation with option 1, this allows

for actual data already available from this remediation to be used within the

sustainability assessment.
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Option 2 - Capping/ Cover System, with grouting of remaining
OAEDL, draw pits

- Grouting of remaining OAEDL line in situ.

- A capping/cover system to be laid over remaining surface soils incorpo-
rating a low permeability geomembrane.

- Monitoring regime to be established for capped area and area outside the
side boundary including the Burrow Dyke for throughout C&M.

- Maintenance regime will be required to inspect the cap system throughout
C&M.

Option 3- “"Status Quo”
- As described in chapter 3.

Chapelcross

The remediation strategies brought forward from the Chapelcross screening
process are listed below and the key associated activities under each are

summarised:

Option 1 - In Situ Thermal Treatment, Soil Vapour Extraction, En-

hanced Bioremediation & Monitored Natural Attenuation

- Mobilisation and set up of thermal treatment unit on the site.
- Installation of wells to apply thermal treatment.

- Installation of SVE units to wells.

- Demobilisation of plant off site.

- Monitoring of indicators to prove bioremediation is occurring.

- Monitoring regime to be established.

Option 2 - In Situ Chemical Reduction, Enhanced Bioremediation &

Monitored Natural Attenuation
- Mobilisation of in situ soil mixing equipment to site.
- Application of ZVI and clay via in situ mixing to ATB soil area.

- Application of 3DMe via borehole wells spaced at 10m over dissolved plume

area.
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- Monitoring regime to be established to monitor parameters for MNA.

Chapelcross site has undertaken trials with 3DMe, so this strategy has a
slight advantage as it has shown to have a positive effect from monitoring
data. The other short listed options will rely on literature and case studies to

score them.

Option 3- Permeable Reactive Barrier
- Mobilisation of equipment to site.

- Pneumatic or hydrofracturing/injection and installation of split winged cas-
ing to control the direction and pathway of the PRB wall (ITRC, 2011)

- Application of ZVI pumped slurry into boreholes (slurry pumped through
the split winged casing makes the soil separate creating an iron treatment
zone) (ITRC, 2011)

- Monitoring boreholes to be installed to monitor PRB performance.

Option 4- "Status Quo”
- As described in chapter 3
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4.4.2 Bradwell Stakeholders and Engagement

The stakeholders that have been involved in the Bradwell “North End” reme-
diation are the ONR, EA, Magnox Lead Team and Technical Specialists. All of
these parties were involved in the remediation development proposals
through to implementation. The remediation of the “North End” involved
many technical meetings so as stakeholders agreed the remediation ap-
proach. Wider stakeholders such as the local community were not directly
involved in the decision process but communications were made via regular
Site Stakeholder Group Meetings that Bradwell puts on locally to let local
people and neighbours know what is occurring and so they can air their con-

cerns and ask gquestions.

This sustainability assessment will not involve any direct discussions with
stakeholders but will take into account their views and opinions as summa-
rised below. This will also be accounted for by applying different weightings
to the chosen SuRF UK indicators to show how this could affect the sensitivity

of the remediation strategy.

ONR:

To ensure that the site is compliant with its LC's for going into C&M and
throughout the period until FSC. Substantiation and documentation as to
how the remediation has met the Safety Case requirements and Independent
Nuclear Safety Assessment must be undertaken to confirm this (Magnox,
2013).

EA:

To ensure that the local environment and receptors are protected from any
pollution on the site (Magnox, 2013). To ensure the site is compliant with
EPR2010 and if radiological waste is excavated and re-used in situ as an
accumulation this must be with the intention to take further action and re-
moval at FSC. The ONR have joint involvement with the EA in terms of agree-
ing stakeholder interests as the ONR will want to ensure that possible bur-
dens on future generations are reduced as well as the existing liabilities at
the site (ONR, 2006).
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Magnox:
To ensure a remediation strategy is chosen that keeps the site compliant
with regulations throughout C&M into FSC with minimal intervention required

during the C&M period at value for money.

Local Community:
The Local Community would want a remediation strategy to be protective of
the local environment but not cause unnecessary disturbance or inconven-

ience to the surrounding community and visitors.

4.4.3 Chapelcross Stakeholders and Engagement

The stakeholders that have been involved in the Chapelcross solvent plume

remediation are SEPA, Dumfries and Galloway Council and Magnox.

SEPA:
To ensure that the water environment is being protected from any pollution
on the site and ensure the site is compliant with regulatory requirements
under Part IIA (SEPA, 2009).

Dumfries and Galloway Council:

Dumfries and Galloway Council are the lead regulator in terms of Part IIA
and will have interest in contaminated land within the area for non special
sites. They will want timely implementation of the remediation strategy to

agreed remedial standards.

Magnox:
To ensure a remediation is chosen that keeps the site compliant with regu-
lations throughout C&M with minimal intervention required during the C&M

period at value for money.

Local Community:
The remediation should not be detrimental, cause disturbance or inconven-
ience to the surrounding fields, owners, local community and visitors to the

area.
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4.4.4 Sustainability Assessment Boundaries for Bradwell “North
End”

This section will establish the boundaries for the assessment of space, time

and component lifecycle as defined below (CL:AIRE, 2010).

Spatial Boundary: This assessment will look at the benefits/ impacts to the
Bradwell site and surrounding area of the site, including the Borrow Dyke,
neighbouring land and residents. It will consider the extent of wider im-

pacts/benefits to LLWR and landfills where remediation involves excavation.

Time: This has been limited to the timescales of meeting the C&M date of
2015, acknowledging that monitoring will go beyond this (Magnox, 2013).

Each remediation strategy will have different durations of monitoring, which
will affect the overall costs. Cost estimates for each option will include any
long term monitoring costs, which will be reflected within the NPV and in-
cluded under the economic pillar of the sustainability assessment. The same

will apply for Chapelcross Site.

Component Lifecycle: The assessment will need to include the manufac-
ture, mobilisation of plant and equipment to site and any demobilisation of

equipment and facilities prior to C&M entry.

Equipment will remain within the radiological controlled area until it is not
required, to avoid unnecessary decontaminaton and recontamination of
items. Only plant or equipment which is explicitly required for the works can
enter the radiological area, so as to avoid un necessary decontamination and

radiological disposal costs if decontamination is unsuccessful.

Where equipment is coming in direct contact with radioactive soil, such as
digger buckets then some assumptions will be made within the cost estimate
to purchase certain pieces of equipment. This will avoid an upfront hire cost
and then a full purchase cost at the end if decontamination is not successful
on certain pieces of hired equipment and they have to be disposed of as
radiological waste. Items of plant like the HIRAM are more easily protected
by raising off the ground and soil is contained within suitable bags to prevent

contamination.
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4.4.5 sustainability Assessment Boundaries for Chapelcross Solvent

Plume.

This section will establish the boundaries for the assessment of space, time

and component lifecycle as defined below (CL:AIRE, 2010).

Spatial Boundary: This assessment will look at the benefits/ impacts to
Chapelcross site and the surrounding area of the site, including the Gul-
lielands Burn, neighbouring fields, land and residents. It will consider the
impacts for on site works due to the proximity of the remediation located on

the main entrance to the site.

Time: This has been limited to the timescales of meeting the Interim C&M
date of 2017, acknowledging that monitoring will go beyond this (Magnox,
2013).

Component Lifecycle: The assessment will need to include the manufac-
ture, mobilisation of plant and equipment to site and any demobilisation of

equipment and facilities prior to Interim C&M date.

4.4.6 Bradwell and Chapelcross Site Sustainability Assessment

In order to undertake the sustainability assessment a developed version of
the URS spreadsheet was used for both sites (table 10 & 11). The table will
include the SuRF UK categories and chosen indicators with justifications for
their inclusion or exclusion from the assessment process. SuRF UK catego-
ries have only been excluded where there is a clear reason that options would
score similarly or certain categories may already be covered under others,

so as to avoid double accounting of scores against options.

Weights were applied taking account of stakeholder views and options were
then scored against a scale of 0-100. The direct economic cost indicator
within each sustainability table has used the NPV for each option. The NPV
was calculated from cost estimates generated, which are presented in sec-
tion 4.4.7 & 4.4.8. For Bradwell site additional quantitative data was availa-
ble for the indicators of Environmental 1- Emissions to air, Environmental 5

- Minimisation of waste generation and Social 3- Disturbance from increased

89



traffic movements. This was due to actual data available from the imple-

mented option 1 at the site.
The qualitative scores, quantitative data and weights were modelled within

the Hiview MCDA software to obtain an overall weighted score for each op-

tion, these results are shown in section 5.1 & 5.2.
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Table 10 Sustainability Assessment for Bradwell Site "North End"

Justification for inclusion/ Exclusion of category

0= Very Poor/ 25= Poor/ 50= Good/ 75= Very

Qualitative Scores

Good/ 100= Excellent

SuRF Category Weight |Indicator to evaluate options uantitative figures Justification for Score Uncertainties/ Assumptions
Those with * (see note *1)
Option 1 Option 2 Option 3
Environmental
Included, different remedial options will have differing
clor:\'j:gisoﬁnfamf:l\?vri]lls ;2 ilt:h;r::fzf’t::;: g;?::;?_u(s;EGF:SA Appendix 13 shows the emissions to air (co2e) from vehicles coming to and from the site for waste disposals and capping materials. Option 1 is has the
2014) ! Emission of pollutants to air worst total emissions at 14.82 tonnes of CO2e being generated from remediation. Option 2 is better in terms of CO2e emissions as it does not involve the
: from vehicular moves to and waste disposal that option 1 does and would create 1.75 tonnes of CO2e. Option 3 would score the best as no movements for waste or remediation
ENV1 Air A o - q 60 from the site (CO2e 14.82* 1.75* 0* materials would be required for the near /short term however if intervention was required during C&M this would change (Defra, 2014).
Weighted 60 as other categories within the Environmental
illar are considered of higher importance. Other activities at ICEENREIGIENE F e
p " " . 9 p N C N dioxide equivalent) (Figures account for co2e generated from vehicles coming to and from site for waste disposal and capping materials, does not include other machinery
the site will also contribute to emissions to air so the “North " o
" o . . such as excavators and fork lift trucks as difficult to get an accurate measurement on the amount of co2e generated from these).
End” remediation would not solely be responsible for this
indicator.
Not included as the condition of the soil and its geotechnical
ENV 2 Soil and ground conditions properties will automatically be included in any remedial N/A N/A N/A N/A N/A N/A N/A
design so as to be protective of constraint no 1 & 2.
Included, some of the processes in the different remediation . Option 2 scores the highest with a score of 70 as it would involve minimal mobilisation of contaminants during remediation with only anchor trenches being
N X - . . Local environment - . X . R
strategies could temporarily mobilise contaminants affecting . . dug and minimal removal of legacy waste from the surface of the area. Installing a cap will remove the primary pathway of surface run off and reduce sub
. Prevention or reduction of X - . X
sub surface and surface waters (constraint no 1) N surface flow (figure 10, pathway 1 & 2). Grouting the OAEDL will remove any preferential pathways (figure 10, pathway 3) protecting the Borrow Dyke
5 P contaminants to surface . . " . X X 3 i~
Groundwater & Surface Weighted 100 because the main aims of the key i going. Option 1 scores slightly lower at 65 as during excavation works there was an increased chance for contaminants to become mobilised at the surface
ENV 3 stakeholders EA, ONR and Magnox is that the local 100 N 65 70 0 and sub surface of the area. This could lead to a temporary flux in future monitoring data until conditions stabilise. This is likely to be only minimal and
Water . X . now and in the future - - N .
environment and receptors are protected going forward into Limit mobilisation of short term. The cap would be protective of the local surface and sub surface waters as described for option 2. Option 3 has been scored poorly at 0 as
C&M. The local community would also want to know that . . although no mobilisation would be created by remediation the main pathway of surface contamination would still remain for throughout C&M. Future
5 . B N contaminants during N N N i N s o N
local habitats and environment are being protected for their e erosion and periods of heavy rain could lead to more contamination entering the Borrow Dyke. The infiltration rate of water to the sub surface would not
. . remediation . - X
own recreational use and enjoyment. reduce the risk of Sr-90 entering sub surface waters (Figure 10).
Not included, the remedial options (except option 3 “status
quo”) will all be intrusive of the area with installing a cap. All
flora and fauna within the area will need removing prior to
20y Ecoleoy any of the options being initiated and a reptile survey will be YA bR WA bR BYR N D2
undertaken prior to any vegetation removal. This will
automatically be included within any remediation choice.
Included, remediation options differ in use of resources and 3 w " p A R 0 q .
3 N . Option 3 “Status Quo” scores the best in terms of having little impact on waste generation and resource use. There would be no creation of LLW/ VLLLW or
creation of waste and disposal routes (constraints no.3) PR 3 5 N n ) 7 . A
. g Minimisation of waste conventional wastes if nothing was done in the short term and no impacts on resources such as aggregate having to be brought to site for capping works.
Weighted 90 because Magnox has an overall responsibility to . - N N . ) .
Rl Gl 6 it iy CRES [ (e i BT &l generation and impacts on Option 2 does not involve a large generation of waste, just from anchor trenches for the cap which totalled 22.98 tonnes and removal of legacy waste from
ENV 5 Natural resources and waste R 9 Y " 90 VLLW/ LLW and conventional 449.52*% 28.01* 0* the area which totalled 10.7 tonnes = 28.01 tonnes total (Figures taken from excavation of just anchor trenches for option 1 - Appendix 10 & 12 for VLLW
so as to limit pressures on the LLWR. EA will also have an N " ) ) . .
. N . . . disposal sites. and conventional waste). Option 1 totalled 449.52 tonnes of waste generated (Appendix 10, 11 & 12- VLLW/ LLW/Conventional waste). A total of 476 x 1
interest in ensuring that all wastes have a permitted disposal N ) 3 LT ¢
e tonne bags were geotechnically unsuitable VLLW which could not be re-used as an accumulation in situ on site and had to be sent to Augean, East
route and that use of natural resources within the ol . q o
VST N Northants Facility for direct burial (LLW Repository, 2012).
remediation is sustainable.
Notes

*1 - Quantitative data will be used for category Env 1, Env 5
Figures with a * have an inverse score, so the lower the figure the better the option

Option 1 - Automatically included: Original Remediation implemented: Selective Excavation, removal of OAEDL and a Cover/Capping system

Op
Option 3- “Status Quo”

n 2 - Capping/ Cover System, with grouting of remaining OAEDL, draw pits




Table 10 (continued) Sustainabi

ty Assessment for Bradwell Site "North End"

Justification for inclusion/ Exclusion of category

0= Very Poor/ 25= Poor/ 50= Good/ 75= Very

Qualitative Scores

Good/ 100= Excellent

SuRF Category Weight [Indicator to evaluate options Quantitative figures Justification for Score Uncertainties/ Assumptions
Those with * (see note *1)
Option 1 Option 2 Option 3
Economic
Included as remediation strategies will have varying costs.
Objective 4 cost effective monitoring will be included in the
ECON 1 Direct economl.c costs and NPy by estl_matlng the number of Ol:lt years monitoring 100 NPV Costs- Total D_|sc.uunt.ed £2,034,156% £1,136,736% £659,793* Calculation for NPV shown in Table 20 and Appendix 7
benefits required. Weighted 100 as Magnox will want to ensure the cost over the continuing life
remediation is value for money but also protective of the of the remediation
receptors identified in the CSM.
The land will not be able to be sold on after remediation as
Indirect economic costs and | there are no plans to reduce the license site boundary until
e 2 benefits FSC so no economical benefits would be directly dependent By N2 WA WA WA N2 YA
on the strategy employed.
Included, different remediation options provide different
traigagreeDse\(/);:n;\gttK;; :Z:,jv :Eﬁr;:;zl::s :;rl e:?:::”;{j . Option 1 scored 65 as the remediation of radioactive contaminated land using Nuvia Hiram monitoring equipment has not been undertaken at many
o Iog'able in SF;miIar T falls e othzr sites ﬁ_] t:e nuclear sites in the UK and enabled staff and contractors to gain valuable skills and knowledge required in order to remediate radioactive land on an
ey ploy future (Bradwelllobjective nos 5= TRL) Oy — accelerated decommissioning site. These skills will be transferable to other nuclear decommissioning sites which may have similar contamination to
ECON 3 o IZ r‘;ent i~ Weighted 40 as although ?t il tolhave reslources 40 apnil Y S 65 50 0 remediate. Option 2 scored 50 as although it would be good at providing experience in remediating radioactive land it is less than option 1 as installation off|
ploy P devgelo o] G skillsigt 5 el ‘zhe main aim of the 9 P a capping system would only involve anchor trenches being installed which would not require the Nuvia Hi-ram as smaller volumes would be generated
remediatio: stgrate B0 el G T 6 6 STl and these would largely be outside of areas where LLW was identified. A capping contractor would undertake a large proportion of the works in a short
y o time frame limiting job opportunities.
nature to be accepted more readily if already proven at
another site and the skilled/ experienced people at available.
Not included as the land will not be able to be sold on even
T Tt p— once remediated as further work will be required at FSC
ECON 4 5 before the land can be delicensed. The induced economic N/A N/A N/A N/A N/A N/A N/A
benefits .
costs and benefits are not dependent on the type of
remediation.
This category has been included because the remediation will None of the options perform particularly well for this indicator, option 1 had the greatest ability to be flexible with excavating, however with the constraints
e dge r)ée o Ty Wik (s Gersiefines) Sreienme at the North End of the slope, excavation of all the hot spot areas was not possible so not being as flexible as anticipated. The total excavation of the
if difficuglties e asyto et el ehieie 2 o OAEDL line also showed that only two 1 tonne bags of LLW (0.95 tonnes) (Appendix 11) were removed in total so the project could have been more
reducing the need for further intervention dilrin caMm Ability of remediation to flexible if more upfront site investigation of the OAEDL line had been undertaken. Investigative holes could have been drilled through the OAEDL to the
ECON 5 |Project lifespan and flexibility: Wei hteg G0 65 08 B e et G stakeholde?s but it 60 change to circumstances, 30 10 15 base underneath to confirm if this needed to be fully excavated and could have been grouted instead. Option 2 would not be very flexible and has scored
i\g/es S ey o v i increasing scope of works. 10 as just installing a cap means that when digging the anchor trenches for the cap if any abnormalities are found then an alternative plan would not be in
megsures A e e r?or —— Iemegtin ythe place for excavating areas and may delay the remediation if different waste routes need to be looked at and set up. Option 3 scored slightly better with 15,
schemep P 9 still poor but by doing nothing means if suddenly during C&M further intervention was needed (objective 2) then at least the area would still be a blank
. canvas and not have a cap to contend with prior to undertaking any other works.
Notes

*1 - Quantitative data will be used for category Econ 1
Figures with a * have an inverse score, so the lower the figure the better the option

Options
Op

Option 3- “Status Quo”

n 1 - Automatically included: Original Remediation implemented: Selective Excavation, removal of OAEDL and a Cover/Capping system
Option 2 - Capping/ Cover System, with grouting of remaining OAEDL, draw pits




Table 10 (continued) Sustainability Assessment for Bradwell Site "North End"

Qualitative Scores
0= Very Poor/ 25= Poor/ 50= Good/ 75= Very
Good/ 100= Excellent
SuRF Category itz (@ el Sl 6 iy Weight Indicator to evaluate options Quantitative figures Justification for Score Uncertainties/ Assumptions
Those with * (see note *1)
Option 1 Option 2 Option 3
Social
Option 2 scores the highest at 75 as the remediation strategy would not involve any excavation of hot spots so would limit radiological exposure to workers. It would reduce the
Included, remediation options all have varying degrees of amount of heavy machinery being used in a tight area as only anchor trenches would need digging. No large open excavations would occur reducing the conventional safety
radiological and conventional safety especially where excavation Worker Safety (radiological) risks for workers. The long term risk to public safety from surface mobilisation of contamination ( figure 10, source 2 & pathway 2) would be removed with the cap being
soc 1 Human health and safety and heavy duty machinery is involved in tight spaces. The long 100 Worker Safety (other conventional 45 75 25 installed . Option 1 scored 45 as this strategy involved incredibly tight working spaces during its implementation in wet periods of weather where workers were near moving
term impacts and protection of risk to the public is important and safety issues) vehicles and excavations. Worker dose would have been higher from the hot spot removal than for option 2 although waste soil bags were removed as quickly as possible from
will need to be protective through C&M to FSC (objective 2) which Public Safety (long term risk) the area. Option 3 “Status Quo” scores 25, conventional worker safety would be good and the worker safety radiologically would be minimal. it would still require workers to
is why the category has been weighted 100. access and maintain the area putting them at risk to surface contamination over a longer period. The risk of spreading surface contamination to the public long term if nothing
was done could also increase especially from erosion and heavy periods of rain.
Included, options differ in their approaches to what will be left for Option 1 scored the highest at 40 as the selective excavation undertaken at the site removed higher activity LLW from the ground which will reduce the amount of legacy until
future generations to deal with. Weighted 90 as the need to FSC. A total of 22.08 tonnes of LLW was removed equating to 34 x 1 tonne builder bags (Appendix 11). The initial estimates that had been predicted for removal of LLW from
ensure what will be passed onto future generations is managed, the area was 286 tonne of LLW equating to 159m3 (Appendix 11). This is a lot less than the original estimate so a score of 40 was given as although its reduced the inventory
soc2 (B e ey controlled and well documented until FSC (68 years time). The %0 Avoid transfer of issues to future 20 25 0 of LLW in the ground and would go towards the interests of the ONR wanting to reduce burdens on future generations it has not removed as much as it could have. This is
ONR will want to reduce liabilities as much as possible. No new generations down to one area adjacent to the Forebay shafts (figure 8), not being fully excavated due to it being a narrow area on the very steep slope that was dangerous during wet
problems should be created from poor management now for periods when works were undertaken. Option 2 scored 25 as it would not reduce any of the legacy to be left until FSC as no excavation would be undertaken, only a cap. Option
future generations to have to resolve. (Bradwell constraint no.5, 3 scored 0 as “Status Quo” approach would actually increase the long term care and legacy if surface contamination was further spread during C&M this could lead to a larger
assumption no. 3 and objective no.4). area affected by contaminants at FSC to be remediated.
q i —_— q q q . Option 1 scored the worst because selective excavation created geotechnically unsuitable VLLW, LLW and conventional waste for off site disposal. Appendix 10, 11 & 12 show
Included as there will be differences between the remediations in Disturbance from increased traffic p . ; A " q q q
. . lorryimovesitolandlfromithelsitelforWastelandirawimaterlals! movements|(lorries)withinithe Fhat there was a total of 4§ vehlcu!ar moves for YLLW, 68 vehicular moves for convennon.al waste ar?d 4 vehicular moves. for LLW, the. importing of the capping materlal
SOC 3 | Neighbourhoods and locality " . " " 70 N L 486* 366* 0* involved 366 moves, totalling 486 increased traffic movements for the local area (Appendix 14). Option 2 would be marginally better in terms of vehicular moves as it would
Weighted 70 as although important does not sit as highly as local area during the remediation N . " " N " . N “ ”
worker and public safety. strategy (short term) only |n\{o|ve the moves associated yvlth capping materials (36§) and .posslbly a feyv gxtra moves for materials to grout the OAEDL. Option 3 “Status Quo” would be the best
overall in the short term as no vehicular moves would be required with no remediation taking place.
GRS a7 ey Not included as any effects or changes to the local community
SOC 4 e W— would automatically be communicated through regular Bradwell N/A N/A N/A N/A N/A N/A N/A
community meetings.
Option 1 scored the best as the information from the site investigation and selective excavation of hot spots has given more data in terms of what has been removed and what
R q q " will be left in situ until FSC. This has been supported by the production of a verification report confirming where all LLW was removed and where VLLW or conventional waste
Included as the different options provide a different degree of . L N L - 5 P o " N N N P
. ‘ validation/ verification of what is being left in the ground until ‘R‘equ‘lrements for \{alld.atlon/‘ has FJeen used as all'1 a(;cumulétlon vylthlﬂ geute'xtlle markers so as tﬁls can be gasny identified at FSC alqng with the 'surveyeq details of locations in thg verification reps)rt. The.
SOC 5 Uncertainty and evidence FSC. 80 verification of contamination being 75 50 40 continual C&M monitoring regime will also monitor the cap and how its performing throughout C&M providing useful information for FSC (Golder Associates, 2015). Option 2 still
i) 610 2 (T G s ) G el o e s (e e left until FSC scores a good score as the information from the initial site investigation was very detailed so will provide a useful record for FSC clearance. The C&M monitoring regime for the
) cap will provide useful information for FSC as well. Option 3 has scored the lowest score although not very poor as there will still be the original site investigation data which
can be kept for FSC and there will be continued routine monitoring regime up to FSC.
Notes
*1 - Quantitative data will be used for category Soc 3
Figures with a * have an inverse score, so the lower the figure the better the option
Option 1 - Automatically included: Original R ion impl ed: Selective Excavation, removal of OAEDL and a Cover/Capping system

Option 2 - Capping/ Cover System, with grouting of remaining OAEDL, draw pits

Option 3- “'Status Quo”
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Table 11. Sustainability Assessment for Chapelcross Site Chlorinated Solvent Plume

Justification for inclusion/ Exclusion of

Indicator to

Qualitative Scores
0= Very Poor/ 25= Poor/ 50= Good/ 75= Very
Good/ 100= Excellent

SuRF Category category Weight evaluate options Justification for Score Uncertainties/ Assumptions
Option 1 ‘ Option 2 I Option 3 ‘ Option 4
Environmental
Option 1 scores the lowest as the supply of electricity to run a thermal treatment and SVE unit would increase emissions to the environment the most out of all
. " . the options. As well as the high energy requirements for heating the soil, the manufacture, mobilisation and demobilisation of plant to site would produce
Included, different remedial options use o . . . " .
" N N . emissions as well. If the remediation did not need to be undertaken in short timescales then lower temperatures of 30C - 40C may be able to be applied to the . .
different techniques/ equipment which " X s ) X . . Uncertainty over energy differences between
e L soil to gradually enhance the onset of bioremediation reducing energy requirements (Kueper et al, 2014). Due to the short timeframes the soil would be heated | . X o
have differing impacts on emissions. X L o " ) - X installation of a PRB and ISCR ZVI soil mixing.
X N — quicker to remove the source zone and help mobilise DNAPL at depth, as the soil is cooling down this would allow for enhancement of dehalogenating bacteria to
. X Weighted 60, not as high as the other Emission of X . L . X .
ENV1 Emissions to air . . 60 . 25 50 60 70 establish (Provectus Group, 2009). Option 2 scores 50 as in situ ZVI mixing would be undertaken in the source zone shallower depths down to around 6m bgl in . .
two categories under Environment as pollutants to air X ) § . . N X X . . Uncertainty over amount of energy required for
o X line with the higher concentrations of chlorinated solvents found in these depths for BH 55/ BHS56A and WS9 (Figure 5 & Appendix 1). This would require energy .
there are other activities on the site - . o g y . X : thermal treatment and how timescales would
ot ol LN (0 CEE G ee for the ZVI mixing equipment and emissions would also be created bringing the clay and ZVI to site. Option 3 scores 60, only slightly better than option 2 as the =gt el S g
well drilling of the 20 boreholes at depths of ~25m would be slightly less energy intensive than option 2 where the ISCR in situ soil mixing would be required over a .
. larger area. Option 4 “Status Quo” scores the best in terms of emissions as no machinery/ equipment or materials would be used, just mobilising people to
monitor existing boreholes at the site, over a longer period until FSC.
Not included as the options to be taken
forward for assessment would score
Soil and ground similarly for effects on soil. The area of
EN2 conditions soil to be treated on site will not need Ry bR Ry W b2 L2 bR by
to support any future services to be
provided from it.
Included, remediation technologies
employ_ed willl e Gl Ediileves) Option 4 scores the lowest as “Status Quo” would result in source zone contaminants continuing to add to the plume and making the local groundwater chemistry
chemicals to treat the groundwater § X ) .
X . worse and possible future effects on the Gullielands Burn and 3rd Party Receptors. Option 1 scores 50 as care needs to be taken when thermally treating the
plume which will affect the release and o i~ . X . K .
A R . source zone as it will cause greater mobility of the contaminants which can remain for several months to a year after shutdown of a thermal unit allowing
mobilisation of the contaminants to the Local environment N N - o . - . B N .
. continued contaminant solubility (EPA, 2004). It is important that parameters for enhanced bioremediation to occur in this period are maintained so as
groundwater (Assumption 3 & 4, Groundwater N : . . . .
Groundwater & N N contaminants are continuously biodegraded and harmful daughter products do not persist for long durations (Kueper et al, 2014). Option 2 scores 65 as ZVI and
ENV 3 Objective 1 & 2). 100 chemistry 50 65 55 0 o L . . . T L X X .
Surface Water . L P clay in situ soil mixing will stabilise the source contaminants and limit water infiltration whilst the ZVI will react and destroy the TCE (Kueper et al. 2014). By
Weighted 100 as this is a key Mobilisation of . . . " K
. ) " applying 3DMe to the groundwater plume will ensure the groundwater chemistry and DNAPL at depth are remediated and 3DMe has shown to be effective for up
requirement of SEPA and Dumfries and contaminants . . . . X . X X .
y o to five years after use (Desrosiers et al, 2013). Option 3 has scored slightly lower then Option 2 due to not having being trialled like the 3DMe at the site. A ZVI
Galloway Council that the remediation " X R X X N I .
. . PRB installed before the 50m assessment point would be able to intercept the plume and at depth through using pneumatic fracturing/ injection to install at a
strategy breaks the linkages in order to N
A suitable depth (ITRC, 2011).
protect the water environment as
identified in figure 6
Not included as the surrounding area is
ENV 4 Ecolo neighbouring fields and disturbances to N/A N/A N/A N/A N/A N/A N/A N/A
Y flora, fauna or wildlife in the area would
not differ enough between the options.
Included, remediation options have
iy |mpac1.:s I Gy & Option 1 has scored the lowest as a thermal treatment plant may need to be built specifically for the site which will use raw materials and energy within its
resource use. Creation of waste from all ) ; . 5 b N " PR o o . . . .
: ) s . making and will require energy for the life of its operation at the site. Once remediation is completed it will need to be demobilised and waste such as GAC filters Uncertainty over operational period of the
of the options being assessed is limited Energy use during L : P " A X
X o . - from the SVE unit will also be generated. Energy to power the thermal plant for up to two years prior to going into C&M will be required. Option 2 scores 50 as thermal treatment plant and the amount of
but will still differ due to the different remediation . . - L § X X A A q A a
Natural resources . ) L . natural resources of clay and ZVI will be required for the in situ mixing and 3DMe for the plume. Option 3 PRB scores 60 as it would not require as much energy electricity which will be required for its
ENV 5 techniques and resources being utilised. 70 Material Resources 40 50 60 70 . X H X I P X . "
and waste . S . o use as option 1 but would require pneumatic fracturing/ injection of 20 boreholes for injecting the ZVI. However the requirement on natural resources would be operational life.
Weighted 70 as it is slightly less used in remediation . o A P Fod a o "
. . less than option 2 where larger quantities of clay and ZVI would be required for in situ mixing. Option 4 “Status Quo” performs the best as no natural resources
important than groundwater and Waste Generation "
) X or energy are required.
surface water protection as this
category is the main aim of the
remediation strategy.

Option 1 - In Situ Thermal Treatment, Soil Vapour Extraction, Enhanced Bioremediation & Monitored Natural Attenuation
Option 2 - In Situ Chemical Reduction, Enhanced Bioremediation & Monitored Natural Attenuation
Option 3- Permeable Reactive Barrier
Option 4- “Status Quo”
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Table 11. (continued) Sustainability Assessment for Chapelcross Site Chlorinated Solvent Plume

Justification for inclusion/ Exclusion of category

Indicator to evaluate

Qualitative Scores
0= Very Poor/ 25= Poor/ 50= Good/ 75= Very Good/ 100=

Excellent

SuRF Category Weight TS Quantitative figures Justification for Score Uncertainties/ Assumptions
for those with * (see *1)
Option 1 Option 2 Option 3 Option 4
Economic
Included, remediation strategies will have varying
costs.
D ey Weighted 100 as the remediation should be value for NPV Costs- Total
ECON 1 money for Magnox and the tax payer and also needs 100 Discounted cost over £1,695,086* £1,328,092* £924,767* £312,390* |Table 19 - NPV and Appendix 6
benefits N N A
to account for the continued costs throughout the life the life of the
of the remediation such as monitoring which is remediation
equally important for future generations.
Not included as all the remediation options have
been chosen on the basis of being undertaken in a
T ——— timely manner (objective 1 & 2). The land will not be
ECON 2 able to be sold on after remediation as there is no N/A N/A N/A N/A N/A N/A N/A N/A
benefits X . N
plans to reduce the license site boundary until FSC so|
no economical benefits would be directly dependent
on the strategy employed.
Not included as all options would provide short term
Employment and employment for the duration of the works and there
ECCRE employment capital is not a large enough distinction between the options YR bR bR bR bR bR bR bR
to score them differently.
The induced economic costs or benefits are not
dependent on the type of remediation installed. Due
Induced economic costs and [to the location of the land on site being remediated it
ECRI benefits would not be sold off prior to FSC as its the main YR WA WA bR WA WA WA bR
entrance point to the site so will not incur any costs/
benefits for the site or surrounding local economy.
Option 4 scores the worst at 15 as “Status Quo” will not have considered any remedial approach and the changing
circumstances that may arise where remedial intervention is required, however it still leaves an element of flexibility if
intervention is required. Option 2 scores the best as the variety of approaches being applied enable more flexibility between
Flexibility of the remediation has been included as the different techniques and if one technique should not be as successful due to problems there is capability within the other . .
. " B R . N N . P . . N Uncertainty over energy required, may be
each option differs with the techniques used and Flexibility to cope with techniques being applied. Option 1 scores 50 as although the initial investment in thermal equipment and energy prices are able to be reduced if lower temperatures
ECON 5 [Project lifespan and flexibility| ability to respond. Weighted 80 as the remediation 80 hangi 50 60 10 15 expensive, by monitoring parameters of the soil and groundwater means that throughout the treatment less or more heat can Ty TS (D Sele 21eid £
needs to have an element of flexibility to change if . changing be applied responding to changes that may be occurring which could help reduce energy costs. Option 3 scores 10 as the only can SL.“ a. Y e N -
circumstances . . . - . - A N maintain conditions for bioremediation.
problems occur. way to install the PRB at the depth in the required location is by pneumatic fracturing/ injection which may encounter
difficulties such as adequate coverage by the installation, if this is so then the flexibility to move to other installation
techniques such as trenching or excavating are limited due the depths required making this strategy inflexible compared to
the others.
Notes

*1- Quantitative data will be used for category Econ 1

Option 1 - In Situ Thermal Treatment, Soil Vapour Extraction, Enhanced Bioremediation & Monitored Natural Attenuation
Option 2 - In Situ Chemical Reduction, Enhanced Bioremediation & Monitored Natural Attenuation
Option 3- Permeable Reactive Barrier
Option 4- “'Status Quo”
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Table 11 (continued). Sustainability Assessment for Chapelcross Site Chlorinated Solvent Plume

Qualitative Scores

0= Very Poor/ 25= Poor/ 50= Good/ 75= Very Good/ 100=

SURF Category Justification for inclusion/ Exclusion of category Weight Indlcatgrpttiz:svaluate Excellent Justification for Score e TS ST EEETS
Option 1 Option 2 Option 3 Option 4
Social
Option 4 would score the best as “Status Quo” would mean the usual yearly monitoring which would involve no machinery, no use of chemicals or
Included, remediation options to be assessed will use drilling would significantly reduce the safety risks. Option 2 scores the lowest score of 40 due to the combination of in situ soil mixing involving larger
different techniques/ equipment and chemicals which machinery working at depth and the use of ZVI and 3DMe which have their own risks which need to be considered when workers are applying them.
have their own safety concerns. Worker Safety Option 3 PRB scores 45 as most PRB's installed under conventional methods of trenching and excavation would be considered to score lower for
SOC 1 Human health and safety Weighted 80, lower than ethics and equality and 80 (conventional safety 55 40 45 70 conventional safety, but by using pneumatic fracturing/ injection in order to install the PRB reduces the degree of conventional safety risk. Option 1
uncertainty and evidence because these two issues) scores 55 due to the thermal treatment plant being likely to have less conventional safety risks than the previous options due to monitoring systems
categories encompass three of the main objectives included within the equipment to check temperatures and parameters.
1,2 & 3 that the remediation strategy must meet.
Option 4 scores the worst for this indicator with 0 as “Status Quo” would mean the solvent plume would be left for future generations to deal with and
could spread further in time affecting the Gullielands Burn and third party abstractions, making remediation even more costly in the future (Figure 6
Receptors 1 & 3). Option 2 scores 65, the best score due to the success of 3DMe having already been trialled at the site (Regenesis, 2015). Applying
. . . . . ZVI mixing in the source area would also reduce the infiltration of water to the area and ZVI will react and destroy the TCE (Kueper et al. 2014). This
Included, options differ in their approaches and will N N " . N
N N . strategy should deal with the source and the DNAPL at depth in order to remediate the area so as no burdens on future generations. Option 1 scores
deal with DNAPL at depth by different techniques | B N o ) . " ) . . .
D () 6 ChEN T Bl G e e S TR G 6 ) TR GRS 50 as thermal treatment would be able to destroy the source zone contaminants in minimal time and would also increase the diffusion rate and Uncertainty over length of time the PRB will be
SOC 2 Ethics and equality . i . o . 95 X 50 65 40 0 solubility of the DNAPL at depth (EPA, 2004). Coupled with enhanced bioremediation and ensuring conditions are kept favourable for this through required for and maintenance burden on future
continual decline after initial remediation to avoid to future generations N N . . N . N :
el o (e A amEniaem (i) respiied (@hesie regular monitoring it would reduce the future risks of contaminants being left at depth for future generations to deal with. Option 3 PRB scores 40 generations.
P 3/ constraint 3 so has beengwe? ezl 95)] because it would be able to tackle the source plume as well as the DNAPL at depth but has not had the trials and investigation that the 3DMe has had
9 : already. A PRB would take longer to remediate the source zone as it would still be continually adding to the plume over time compared to options 1
and 2. There would be longer term maintenance, re injection and monitoring costs for future generations to ensure the barrier continues to work
effectively.
Included, remediation options differ in intrusiveness " Q o N i 1 q PPN q
" . Option 4 “Status Quo” scored 50 as although limited access and disturbance would be required for undertaking yearly monitoring it would still be
and disturbance that will be caused to the grounds N N N . - N . N " . . "
. o h required up until FSC. Option 1 scored 70 because thermal treatment and enhanced bioremediation will cause very little impacts on the surrounding Assumption that the 3DMe for option 2 will be
and machinery used. Permissions required and ’ N " . " 5 . ) 5 N ot o P
. N N N . neighbouring fields as the thermal treatment will be applied to the source zone area on site, not affecting neighbouring fields. Existing boreholes within injected on a 10m x 10m area.
access would cause disturbance in neighbouring Disturbance/ h igh ing fiel R i N | itoring h h L N " f h " .
fields. Weighted 60 as previous access has been TSN ERESS [T the neighbouring fields and vicinity will require regular monitoring however the monitoring period would be over fewer years than option 4, meaning
SOC 3 | Neighbourhoods and locality " N o Pt 60 N P 70 25 35 50 less intrusion in the future. Option 2 scores 25 as 309 injection points would be required which will be intrusive to neighbouring fields as installation Assumption that reinjection of the PRB will be
gained to local fields for the site investigation works, neighbouring fields to " . N . 5 . PP " . N . . p
N N N - will be on a 10 x 10m area which will cause some disturbance and noise whilst the injection is being undertaken. Option 3 scores 35 as the PRB would required in 5 years time based on longevity ZVI
which has not been badly received from the adjacent the site. . : e . 3 P " . ) ) I Py . PPt
o be installed in the car park so 6 additional boreholes would be required on adjacent land so limited intrusion. The pneumatic fracturing/ injection would | being installed by pneumatic fracturing/injection
land owner. However a remediation strategy that N . N . " PR ) P 8 P . 4
Rl 5 B cause some noise and disturbance to neighbouring fields during its installation and if it requires re injection in the future as assumed in 5 years time (ITRC, 2011).
limits this would reduce the disturbance caused to i i
" (ITRC, 2011) the same disturbance would be created again.
the locality.
Not included as any effects or changes to the local
soc4 Commun_ltles and community| community would automat!cally be_communlc'ated N/A N/A N/A N/A N/A N/A N/A N/A
involvement through regular community meetings, keeping
involvement.
Option 4 “Status Quo” scores the worst at 0 as it would keep putting receptors identified in the CSM (figure 6) at risk which could result in regulatory
action being taken. There is no long term robustness with the approach and this could make impacts worse in the future to remediate if the plume
Included, different strategies will need to deal with Cr s i spreads. Option 2 scores the best at 70 due to the trial of 3DMe showing success in a short time period (Appendix 1). Combining this with in situ ZVI
the uncertainty surrounding removing DNAPL at remedia:’criteria (T soil mixing will further reduce the spread from the source zone. Option 3 scores 55 because a PRB would fully intercept the plume and deal with DNAPL
depth and reducing risk of rebound after initial e at depth which would make this a robust solution and validation and effectiveness of the ZVI would be confirmed by monitoring boreholes. Option 1
SOC 5 Uncertainty and evidence remediation. 100 50 70 55 0 scores 50, only slightly less than option 3 due to the application of thermal treatment being over a shorter timescale and having to maintain favourable
. . Long term robustness/ 5 3 . . o A P
Weighted 100 as this category addresses three of the S and consistent bioremediation parameters for future years. Option 1 and 3 have assumed a re application of media in the future to maintain enhanced
; P validation of . v N X . L s
main objectives 1,2 & 3 and needs to be robust so as T bioremediation if required. For option 1 once the thermal treatment plant has been removed then bioremediation parameters need to be maintained
it can deal with DNAPL at depth. . for the future to ensure that if future DNAPL at depth in fractures was to diffuse out after treatment still then the correct bioremediation parameters
would ensure concentrations of chlorinated solvents remain within compliance criteria (EPA 2004). Re mobilisation of thermal treatment plant would
make this option very expensive if the sources did not have enough heat applied on the first treatment to ensure they were remediated.

Option 1 - In Situ Thermal Treatment, Soil Vapour Extraction, Enhanced Bioremediation & Monitored Natural Attenuation
Option 2 - In Situ Chemical Reduction, Enhanced Bioremediation & Monitored Natural Attenuation
Option 3- Permeable Reactive Barrier
Option 4- “Status Quo”
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4.4.7 Cost Breakdowns for Chapelcross Site

The remediation cost estimates for Chapelcross site are shown in tables 12-

15. Appendix 4 shows the detailed breakdown behind how the individual cost

estimates were calculated. The cost breakdowns were used to calculate the

NPV's for each site which are shown in section 4.4.9.

Table 12 Cost estimate for Option 1- In Situ Thermal Treatment (ISTT)/SVE

& Enhanced Bioremediation & MNA

Option 1

Costings have been taken from ISTT case studies for DNAPL contamination
from Kueper et al, 2014 and from a remediation undertaken by Provectus

Group using TCH for chlorinated solvent contamination,

Capital Costs Cost (£) References

Design & Procurement 165,929 | Kueper et al, 2014

Mobilisation and Demobilisation 137,298

Drilling & Installation of heater bor- 161,894

ings to install heating element and

SVE wells

Thermal and SVE Equipment Installa- 51,954 | Provectus Group, 2009.

tion

Operation and Maintenance 34,636

Variable Costs

Waste GAC- off gas treatment 35,625 | Provectus Group, 2009.

Waste GAC condensate treatment 17,812

Energy Consumption 1,033,302 | Kueper et al, 2014.
Department of energy
and Climate Change,
2015.

TOTAL CAPITAL COSTS (£) 1,638,450

Operations & Maintenance (O&M)

Costs

Soil Sampling (1st Year) 7,808 | Kueper et al, 2014.

g




Validation & Monitoring of 14,431 | Provectus Group, 2009.
Enhanced Bioremediation

Indicators (Year 1)

Year 2 14,431

Yearly monitoring Year 3-7 18,035 | Kueper et al, 2014,
(Total for 5 years) Provectus Group, 2009.
TOTAL O&M COSTS (£) 54,705

NOTES/ ASSUMPTIONS

Based on a 2-year operation, comprising 4 months’ mobilisation, setup, drill-

ing of heater borings and system installation. Active treatment time of 3

months and 1-month demobilisation, 6 month cooling period so as enhanced

bioremediation indicators can then be monitored (Provectus, 2009).

Variable cost of the electricity has been priced based on recommendations

for TCH energy use from Kueper et al, 2014 and priced on March 2015 quar-

terly energy prices from the Department of Energy and Climate Change.
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Table 13 Cost estimate for Option 2 - In Situ Chemical Reduction (ISCR),

Enhanced Bioremediation & MNA

Option 2

Costings have been taken from remedial case studies for DNAPL contami-
nation in a low permeability source area, from Kueper et al, 2014. Regene-

sis 3DMe case study has been used from an example site.

Capital Costs Cost (£) References
Injection of 3DMe at 10m intervals 260,410 | Regenesis, 2010.
(Based on 3DMe trial) Serco, 2008
Design & Procurement in situ ZVI 72,228 | Kueper et al, 2014.
mixing

Mobilisation and Demobilisation in 97,605

situ ZVI mixing

Removal of top 1m of soil, mixed 22,384

with iron and bentonite clay for re-

use

Soil Mixing 249,868

Materials (ZVI1/ bentonite clay) 193,258

Air Monitoring during excavation and 6,507

mixing of soil ex situ

TOTAL CAPITAL COSTS (£) 902,260

O&M Costs

Soil Sampling (1st Year) 7,808 | Kueper et al, 2014,
Validation/ Enhanced Bioremediation 29,802

Monitoring Costs Year 1

Year 2 29,802

Year 3 29,802

Year 4 7,450

Year 5 - Maintenance Activity- Addi- 260,410 | Regenesis, 2010.
tion of 3DMe

Yearly Monitoring for 4 years after 29,800

re-addition of 3DMe

TOTAL O&M COSTS (£) 394,874
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NOTES/ ASSUMPTIONS

3DMe has shown to be effective for periods of 3-4 years therefore consid-
eration needs to be given that future injection may be required if remedial
concentrations have not been met. In order for 3DMe to last 4 years’ opti-
mal conditions are required such as low permeability and low consumption
environments (Kueper et al, 2014).

An assumption has been made that Chapelcross Site will require one fur-
ther future round of 3DMe injections in 4 years’ time based on the area be-
ing of low permeability and the 3DMe trial undertaken showing optimum
conditions. If the first 3-4 years monitoring shows concentrations meeting

remedial targets then this cost may then become a saving.
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Table 14 Cost estimate for Option 3- Permeable Reactive Barrier (PRB)

Option 3

Based on costings taken from the Naval Facilities Engineering Command
(NAVFAC) PRB cost and performance report. A case study of Hunters Point
Naval Yard, San Francisco, California, USA, where pneumatic fracturing/ in-

jection was used to inject ZVI as a PRB in 2008.

Capital Costs Cost (£) References
Design & Procurement 232,413 NAVFAC, 2012.
Mobilisation and Demobilisation 18,408

Drilling & application of ZVI into 224,313 |ITRC, 2011.
boreholes to create PRB NAVFAC, 2012.
Installation of monitoring bore- 30,365 Appendixs
holes

Verification Monitoring 7,032 | NAVFAC, 2012.
TOTAL CAPITAL COSTS (£) 512,531

O&M Costs

Monitoring Costs Year 1 (Quar- 28,128 | ITRC, 2011,
terly) NAVFAC, 2012.
Monitoring costs year 2-4 (6 42,192

monthly)

Maintenance Activities - Addition 242,721

of new media (year 5)

Monitoring costs year 6-10 (6 70,320

monthly)

TOTAL O&M COSTS (£) 383,361

NOTES/ ASSUMPTIONS

An assumption has been made that the reactive media will have to be re-in-
jected every 5 years (ITRC, 2011) if the remedial concentrations in samples
have not been met, this is likely with the highest concentrations being iden-
tified in the source zone which will still be adding to the plume (section
4.3.3). The mobilisation and application of ZVI costs previously used under
capital costs have been applied (NAVFAC, 2012).
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& monthly monitoring would continue after addition of new media if required

up until year 10 at which point if the PRB is still required an assessment of

future viability will need to be made.

Table 15 Cost estimate for Option 4 "Status Quo”

Option 4

Cost (£)

References

O&M Costs

Based on yearly monit

oring continuing.

68 years of annual monitor-
ing

486,064

Magnox, 2015

Appendix 8

TOTAL O&M COSTS (£)

486,064

NOTES/ ASSUMPTIONS

Is based on estimated monitoring costs for just solvent plume area at the site

from contractor’s bill of quantities for one monitoring event per year. Does

not take into account if further intervention/ remedial action is required within

this period of monitoring. Yearly monitoring will be assumed to cover a period
of 68 years throughout C&M to FSC.
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4.4.8 Cost Breakdowns for Bradwell Site

The remediation cost estimates for Bradwell site are shown in tables 16-18.
Appendix 5 shows the detailed breakdown behind how the individual cost

estimates were calculated for Bradwell site.

Table 16 Cost Estimate for Option 1- Selective Excavation, removal of

OAEDL and cover/capping system

Option 1

Actual costs were taken from the contractors cost estimate who undertook
the selective excavation and capping of the “North End” based on a 28-week
programme. Items of equipment which would have direct contact with the
soil were purchased outright due to the likelihood of them becoming radio-
actively contaminated, so as to avoid hire charges and then a purchase

price.

Where comment is given to a “platform for excavating” having to be created
this was required due to surface contamination in the area needing to be
covered in advance of any movement over it. This was required so as per-
sonnel and equipment were protected and to reduce the further spread
within the area and mobilisation of it outside the area through machinery,

people and weather.

Capital Cost Cost (£) Reference
Design & Procurement 200,000 | Magnox, 2013
Mobilisation and Demobilisation 224,718
Management Cost 305,444

Preparation of Area/ Set up for selec- 89,029

tive excavation (platform for excavat-

ing)

Earthworks- Selective excavation 52,788

OAEDL- Preparation works 42,736
Earthworks-Removal of OAEDL/ EDL 101,319

Capping- Excavation of anchor trenches 52,322

Capping system- Liner 103,511
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Capping system - Soil 73,950

Capping system -Gravel 125,345

Reinstating reptile fencing 6,834

Reporting phase 9,952

Waste Disposal- LLW 115,140 | LLW Repository Ltd,
2015,
Appendix 11
(Magnox, 2013)

Waste Disposal- VLLW 248,478 | LLW Repository Ltd,
2014 & 2012.
Appendix 10
(Magnox, 2013)

Waste Disposal-Conventional 24,547 | Appendix 12
(Magnox, 2013)
Green Recycling,
2015,

TOTAL COST (£) 1,776,113

O&M Costs

Yearly Monitoring/ Inspection and 175,000 | Golder, 2015

maintenance costs for 10 years Magnox, 2013

Yearly Inspection costs of cap up until 137,000

FSC (58 years) including maintenance

on cap. (Assumed every 10 years)

TOTAL O&M COSTS (£) 312,000
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Table 17 Cost estimate for Option 2- Capping/ Cover System, with grouting

of remaining OAEDL, draw pits

Option 2

Actual costs were taken from the contractors cost estimate for selective ex-

cavation and then capping. Therefore it has been assumed for just a capping

strategy that the time frame would be reduced from the original estimate of

a 28 week duration to a 10 week duration (4 weeks for preparation of anchor

trenches/ removal of legacy waste, 4 weeks to install the cap and 2 weeks

spare if required).

Capital Costs Cost (£) References

Design & Procurement 200,000 | Magnox, 2013

Mobilisation and Demobilisation 105,247

Management Costs 97,286

Preparation of Area 52,066

Preparation works 42,736

Grouting of OAEDL/ EDL 25,990

Capping- Excavation of anchor 29,868

trenches

Capping system- Liner 103,511

Capping system - Soil 73,950

Capping system -Gravel 125,345

Reinstating reptile fencing 6,834

Reporting phase 5,000

Waste Disposal-Conventional 4,308 | Appendix 12
(Magnox, 2013)
Green Recycling,
2015

Waste Disposal- Anchor Trenches - 6,550 | LLW Repository Ltd,

VLLW 2014 & 2012
Appendix 10

TOTAL COST (£) 878,691

O&M Costs

Yearly Monitoring/ Inspection and 175,000 | Golder, 2015

maintenance costs for 10 years
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Yearly Inspection costs of cap up until 137,000 | Magnox, 2013
FSC (58 years) including maintenance
on cap. (Assumed every 10 years)

TOTAL O&M COSTS (£) 312,000

Table 18 Cost estimate for Option 3 - “Status Quo”

Option 3 Cost (£) References
O&M Costs Based on yearly monitoring continuing.
68 years of annual monitoring 450,000 | Golder, 2015

Magnox, 2013

TOTAL O&M COSTS (£) 450,000

NOTES/ ASSUMPTIONS

Is based on estimated monitoring costs for just “North End” area at the site,
Does not take into account if further intervention/ remedial action is required
within this period of monitoring. Yearly monitoring will be assumed to cover
a period of 68 years throughout C&M to FSC.
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4.4.9 Net Present Value (NPV) for Chapelcross & Bradwell Site

This section presents the NPV for each site which were calculated using the

cost estimates developed in section 4.4.7 & 4.4.8. The estimates enabled

the capital cost of each option to be determined. The timeframe required for

future operation, maintenance and monitoring enabled future yearly costs to

be assigned. The appropriate nuclear discount rate could then be applied to

the years to calculate the NPV for each option.

Table 19 NPV for Chapelcross Site Remediation Strategies

NPV (£) of Remediation Strategy

Discount Rate

Option 1

Option 2

Option 3

Option 4

HM Treasury
Nuclear Discount
rates

(NDA, 2014)

0-5 yrs -1.95%
5-10 yrs -0.65%
10+ yrs 2.20%

£1,695,086

£1,328,092

£924,767

£312,390

Sensitivity applied

0-5 yrs -0.9%
5-10 yrs -0.35%
10+ yrs 3.20%

£1,582,843

£1,311,417

£909,277

£266,274

Option 1 - In Situ Thermal Treatment, Soil Vapour Extraction, Enhanced

Bioremediation & Monitored Natural Attenuation

Option 2 - In Situ Chemical Reduction, Enhanced Bioremediation & Moni-

tored Natural Attenuation

Option 3- Permeable Reactive Barrier

Option 4- "Status Quo”
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Table 20 NPV for Bradwell Site Remediation Strategies

NPV (£) of Remediation Strategy

Discount Rate Optionl Option 2 Option 3
HM Treasury £2,034,156 £1,136,736 £659,793
Nuclear Discount
rates
(NDA, 2014)

0-5 yrs -1.95%
5-10 yrs -0.65%
10+ yrs 2.20%

Sensitivity £2,015,187 £1,117,767 £561,187
applied

0-5 yrs -0.9%
5-10 yrs -0.35%
10+ yrs 3.20%

Option 1 - Original Remediation implemented: Selective Excavation, re-
moval of OAEDL and a Cover/Capping system

Option 2 - Capping/ Cover System, with grouting of remaining OAEDL, draw
pits

Option 3- "Status Quo”

Table 19 and 20 show the calculated NPV for each remediation option at each
site. A sensitivity analysis has been applied to the rates by slightly increasing
them if interest rates were to go up. This shows that the NPV improves as

the negative discount rates being applied become smaller.

Appendix 6 & 7 shows the underpinning calculations behind each of the
NPV’s. Option 1 for both sites has the highest NPV of all the remediation
strategy options. For Chapelcross site option 3 has the lowest NPV after op-
tion 4 of “Status Quo”. At Bradwell site option 2 has the lowest NPV after
option 4 of “Status Quo”.
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Chapter 5 Data analysis

This section presents the Hiview MCDA assessment results for both sites.
Each site was modelled separately through Hiview. Firstly, the description of
the SuRF UK indicators were input into the Hiview software to build the
“value tree”. The “value tree” represents the three pillars of sustainability as
nodes and from these nodes branch the indicators chosen under the envi-
ronmental, economic and social categories. The options for the site being

modelled were entered into Hiview.

The qualitative scores, quantitative data and weights from the sustainability
assessment spreadsheet for the particular site being modelled were input
into the software against each option. The weighted score for each option
are represented in a series of tables that show what indicators contributed
most to the scores for options. A breakdown of data under each of the three

pillars of sustainability and the sensitivity analysis are provided.

A further assessment of altering the weights applied to each criteria has been
undertaken in section 5.3 to see what impact this has on the overall pre-
ferred option. This has been undertaken by increasing and decreasing
weights on certain criteria to see what effect this has on the weighted score

of each option.
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Table 21 Chapelcross Site Remediation Criteria Contribution

= — ——— T

_——— . T

' Which Remediation? Node Data (=]
Wh:ch Remediation? Criteria Contribution *I

Which Remediation? Weight Option 2 Option 4 Cumulative

Option1 Option 3 Weight
Emissions to air | z I CTREY
Groundwater & Surfac ff | r 134
Natural resources & 94
Direct Economic Cost ; ‘ 134
Project lifespan & F ‘ w 10.7
Human Health & Safet r | 10.7
Ethics & Equality 1 12.8
Neighbourhoods & Loc 8.1
Uncertainty & Eviden 134
TOTAL RS 62 SR 000

Table 21 shows the results from the Hiview modelling and the overall
weighted score for each option. Option 2, ISCR, enhanced bioremediation &
MNA scored the highest at 62. Option 3 PRB was second with option 1, ISTT
and enhanced bioremediation a very close third, with only 1 point between

second and third position.
Table 21a shows the Hiview Scores for Chapelcross site. An example is
shown below and overleaf on how the preference score, cumulative weight

and weighted score are calculated in Hiview.

Appendix 15 shows an example of the Hiview calculations for Chapelcross
Site.

Formulae:

Weight given to individual indicator = Cumulative Weight

Total of indicator weights

Cumulative Weight X Preference score = Weighted Score.
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Example:
ENV 1 - Emissions to Air Weight = 60
Total of Indicator Weights = 745

60 = 0.0805 (cumulative weight)
745

0.0805 (cumulative weight) x 55.56 (preference score from table 21a) =

4.47 weighted score
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Table 22 Chapelcross Site Remediation Sensitivity

— -- e S = ————————

b Which Remediation? Sensitivity X
Most Preferred Option: Option 2
Decrease Increase
Cum Wt Cum Wt
Emissions to air m=m| Option 4
Groundwater & Surfac
Natural resources & === | Option 4
Direct Economic Cost Option 4
Option 3 Project lifespan & F
Human Health & Safet Option 4
Ethics & Equality
Neighbourhoods & Loc Option1
Uncertainty & Eviden

Table 22 shows the sensitivity analysis of the most preferred option 2. The
sensitivity table from Hiview displays the sensitivity of the SURF UK indica-
tors by representing them with coloured bars. A green bar means the cumu-
lative weight would have to increase by more than 15 points in order for the
preferred option to change. A 15-point increase in cumulative weight would
be required under emissions to air & natural resources in order for option 2
to change to option 4. A yellow bar means the cumulative weight would have
to change by >5 to 15 points in order for the preferred option to change. A
>5 to 15-point increase in cumulative weight would be required under direct
economic cost and human health & safety to change to option 4. A >5 to 15-
point increase in cumulative weight would be required under neighbourhoods
& locality to change to option 1. A decrease of >5 to 15 points would be

required under project lifespan & flexibility to change option 2 to option 3.
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Table 23 Chapelcross Site Economic Node Data

[ T ¢ TS R TR T TR R IR TR
» Economic Node Data
Economic Weight Option 2 Option 4 Cumulative
Option1 Option 3 Weight
Direct Economic Cost |__ F 134
Project lifespan & F | T P | 07
TOTAL B S i 31 T e e )

Table 23 shows that option 4 “Status Quo” scored the highest weighted score
under the economic node, with the direct economic cost category contrib-
uting most to the weighted score. Option 2 came a close second place with
project lifespan & flexibility being the largest contributing category to the

weighted score.

Table 24 Chapelcross Site Environmental Node Data

Environmental Weight Option 2 Option 4 Cumulative

Option1 Option 3 Weight
Emissions to air [ l 81
Groundwater & Surfac 134
Natural resources & ! - I 94
TOTAL (B sy e 77 Ezies [FaTs0

Table 24 shows that option 3, PRB was the most preferred option under the
environmental node, with the category of groundwater & surface water con-
tributing most to the weighted score. Option 2 came second place with

groundwater & surface water contributing most to the weighted score.
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Table 25 Chapelcross Site Social Node Data

F'_—T-_:;':;. T e T R —

) Social Node Data =

Social Weight Option 2 Option4  Cumulative
Option1 Option 3 Weight

Human Health & Safetf] = [T

Ethics & Equality '

Neighbourhoods & Loc ‘ f

Uncertainty & Eviden §

TOTAL Bl B T UGSTH. Ry [#TaE:

Table 25 shows that option 1 ISTT, enhanced bioremediation and MNA

scored the highest under the social node, with all four categories contrib-

uting fairly evenly to the overall weighted score. Option 2 came second

with ethics & equality and uncertainty & evidence contributing most to the

overall weighted score.
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Table 26 Bradwell Site Remediation Criteria Contribution

e

3 Which Remediation? Node Data 5%
[Which Remedition? Crtena Contrbution |

Which Remediation? Weight Option 2 Cumulative

Option1 Option 3 Weight
Emissions to air T g
Groundwater & Surfac - 125
Natural resources & 113
Direct Economic Cost 18.1
Employment & Employm 73
Project lifespan & F ' 10.9
Ethics & Equality 8.6
Human Health & Safet I 196
Neighbourhoods & Loc 6.7
Uncertainty & Eviden 7.6
TOTAL [ S ey b | 10010

Table 26 shows the results from the Hiview modelling and the overall
weighted score for each option. Option 2, capping/ cover system, with grout-
ing of remaining OAEDL and draw pits scored the highest at 66. Option 1,
selective excavation, removal of the OAEDL and cover/ca pping system came

second with option 3 “Status Quo” coming last.
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Table 27 Bradwell Site Remediation Sensitivity

7 g Which Remediation? Sensmvnty - ‘h

Most Preferred Option: Option 2

Decrease Increase
Cum Wt Cum Wt
Emissions to air == Option 3
Groundwater & Surfac
Natural resources & =s=| Option 3
Direct Economic Cost wm=| Option 3
Employment & Employm  |=s==| Option1
Project lifespan & F Option1
Ethics & Equality === | Option1

Human Health & Safet
Neighbourhoods & Loc === Option 3
Uncertainty & Eviden === | Option1

Table 27 shows the sensitivity analysis of the most preferred option 2. The
sensitivity table shows that there are seven green bars which would require
a cumulative weight increase of more than 15 points in order for the pre-
ferred option to change. In order for option 2 to change to option 3 an in-
crease of more than 15 points (green line) would be required under emis-
sions to air, natural resources & waste, direct economic cost and neighbour-
hoods & locality.

In order for option 2 to change to option 1, an increase of 15 or more points
in cumulative weight would be required under employment & employment
capital, ethics & equality and uncertainty & evidence. The yellow bar under
project lifespan & flexibility means the cumulative weight would have to in-

crease by >5 to 15 points in order for option 2 to change to option 1.
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Table 28 Bradwell Site Economic Node Data

w e e

Economic Weight Option 2 Cumulative

Option1 Option 3 Weight
Direct Economic Cost [ty 181
Employment & Employm | 743
Project lifespan & F | 10.9
TOTAL [e5 [#asED e T s TR [N BEE

Table 28 shows that option 3 “Status Quo” scored the highest under the eco-
nomic node, with direct economic cost contributing significantly towards the
overall weighted score. Option 1 came second with project lifespan & flexi-
bility contributing the most to the weighted score with option 2 in third po-

sition.

Table 29 Bradwell Site Environmental Node Data

Environmental Weight Option 2 Cumulative
Option1 Option 3 Weight

= 2

Emissions to air

75
I
Groundwater & Surfac | 125
Natural resources & { - 11.3
; rore

TOTAL [ PR e AT P AR

hint Uets o

Table 29 shows that option 2 capping/ cover system, with grouting of the
remaining OAEDL and draw pits scored the highest under the environmental
node. The categories of groundwater & surface water and natural resources

& waste contributing most towards the weighted score.
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Table 30 Bradwell Site Social Node Data

TP T A T N == TR W 7 STy mﬁwﬁ“ﬂ
' Social Node Data rEe
Social Weight Option 2 Cumulative
Option1 Option 3 Weight
Ethics & Equality |' SRy RS
Human Health & Safet f§f | ’ 9.6
Neighbourhoods & Locfi | i 6.7
Uncertainty & Eviden i - | 76
TOTAL SR [ e e ) e e A

Table 30 shows that option 1 selective excavation, removal of the OAEDL
and cover/capping system scored the highest under the social category, with
ethics & equality and uncertainty & evidence contributing most to the
weighted score. Option 2 came second with the human health & safety cat-
egory contributing most to the weighted score.
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5.3 Hiview- Analysis of Different Weightings on the Preferred Op-

tion

A further analysis was undertaken within Hiview by altering the weights en-

tered on certain indicators under the three pillars to see what effect this

would have on the overall preferred option and if it changed.

In previously assigning the weights to the indicators I had tried to take ac-

count of all stakeholder views. In order to analyse what effect altering the

weights would have, I have altered them in this instance from a local com-

munity perspective.

Table 31 & 32 show the initial assessment weights and new weights from

1-100 entered into Hiview, which will then calculate the cumulative weight

against each indicator,

Table 31 Chapelcross Site Criteria Weights

Pillar Criteria Initial New
Weight Weight
- Emissions to air 60 80
E Groundwater chemistry/ 100 100
g mobilisation of contaminants
g Energy use, material resources, 70 60
= waste generation
o Direct economic costs and benefits 100 100
5
E) Project lifespan & flexibility 80 60
_ Worker safety 80 70
g Ethics & equality 95 S5
Neighbourhoods & locality 60 100
Uncertainty & evidence 100 80
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Table 32 Bradwell site Criteria Weights

Pillar Criteria Initial New
Weight Weight
= Emissions to air 60 80
g Groundwater chemistry/ 100 100
g mobilisation of contaminants
-g Energy use, material resources, 90 60
c
18]

waste generation

o Direct economic costs and benefits 100 100

5

o

qu: Employment & employment capital 40 70
Project lifespan & flexibility 60 40
Worker safety 100 70

I Ethics & equality 90 95

o

& Neighbourhoods & locality 70 100
Uncertainty & evidence 80 60

I have increased the weighting under criteria for neighbourhoods and locality
and emissions to air as the local community is likely to consider these criteria
of more importance to affecting them and their surrounding environment.
For Bradwell site I have increased the weighting under employment & em-
ployment capital as I believe local residents would consider the opportunity
for new skills and training of people employed at the site especially if local
important.

I have kept the weight for groundwater chemistry and direct economic costs

and benefits the same as it was already 100. I believe the Local Community

would consider tax payer's money being spent effectively as an important

issue and that their local groundwater and environment is being protected.

I have reduced the weights on other indicators which are more important to

regulators such as project lifespan & flexibility and uncertainty & evidence,
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Table 33 & 34 show Hiview outputs from altering weights on each criterion
to a local community perspective and the effect this has on the cumulative

weight of each criteria and the overall scores of options.

The cumulative weights and scores of options from the initial Hiview reme-
diation options assessment have been included to the right and beneath the

tables for comparison.

Table 33 Chapelcross Site - Effects of changes in weighting on scores of

remediation options.

Initial
Hiview
Assessment

Which Remediation? Weight Option 2 Option4 Cumulative Cumulative
Option1 Option 3 Weight Weight

Emissions to air [meart ! . .
Groundwater & Surfac ‘ i 128 134
Natural resources & J | 77 ‘ 94
Direct Economic Cost 151 134
Project lifespan & F I ' 91 10.7
Human Health & Safet 91 } 10.7
Ethics & Equality , 124 128
Neighbourhoods & Loc ' 13.0 I 8.1
Uncenainty & Eviden r 104 134
TOTAL = 1000 | 1000

TOTAL f

Table 33 shows an increase in cumulative weights under criteria such as
neighbourhoods & locality. The changes in the weights show that the overall
preferred option is still option 2, although the score of the option has reduced
from 62 to 57. The difference between the most preferred option 2 and sec-
ond place option 3, now has only 4 points difference. The scores for option
1 and 3 have not been altered by the changes in weight, but option 4 has

improved.

125




Table 34 Bradwell Site — Effects of changes in weighting on scores of

remediation options.

35 Which Remediation? Node Data < .
= | Initial
[1Which Remedration? Criena Contributon I ArsEuaiiveri

Which Remediation? Weight Option 2 Cumulative Cumulative

Option1 Option 3 Weight Weight
Emissions to air . e 104 15 75
Groundwater & Surfac l - 13.0 \ 125
Natural resources & ‘ 78 1.3
Direct Economic Cost 17.3 ' 18.1
Employment & Employmfl| | 121 ’ 73
Project Ifespan & F 6.9 10.9
Ethics & Equality ! 9.5 8.6
Human Health & Safet  fJ | Gkt 96
Neighbourhoods & Loc 10.0 67
Uncertainty & Eviden 6.0 F 76
TOTAL 57 [ 67 ATES D" 100.0 T 1000

4

Initial Hiview Assessment

TOTAL [

Table 34 shows an increase in cumulative weights under criteria such as
neighbourhoods & locality and ethics and equality. The changes in the
weights show that the overall preferred option is still option 2, and the
overall score has increased from 66 to 67. The new weightings have given
a marginally greater difference in scores between option 2 and second
place option 1 than the initial assessment. The score for option 1 has only

reduced by 1 and for option 3 increased by 1 from the initial assessment.

The analysis of the effect of different weightings on the preferred option has
shown that a large difference is required between the indicator weightings
entered into Hiview in order to affect the overall cumulative weight against

each indicator.
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Chapter 6 Discussion

6.1 Development of the Conceptual Site Model’s

The CSM’s (figures 5,6,9 & 10) were developed on the CLR 11 principles of
the need to develop a CSM to support the decision making process (EA,

2004). The NIGLQ QLRA, Safegrounds guidance and ONR LC's were taken

into account especially when developing Bradwell sites CSM. For Chapelcross
site, non radiological contamination was present so the CLR 11 process for
developing a CSM was followed taking into account Part 2A and SEPA regu-
latory guidance. The Safegrounds, NIGLQ QLRA and CLR 11 are good at
guiding the developmental stages for a CSM and outline information that
should be included such as geology, hydrogeology, exact areas of contami-
nation concentrations and contaminant linkages (EA, 2004, CIRIA, 2009 &
NIGLQ, 2012). However the guidance documents discussed do not provide

any detailed examples of how a visual CSM should look.

The NIGLQ QLRA gives a very high level basic drawing of a CSM but this has
no detail on it such as geology, contaminant concentrations or depth. In the
guidance the sources, pathways, receptors and contaminant linkages are
generally shown as being listed separately. This is good to have them clearly
stated but I found it useful to have them listed in a table and presented
alongside the visual CSM. This makes visualising the site easier, where the
contaminants are present and the pathways they take to receptors. This was
important when screening remediation techniques because being able to see
the contaminant linkages enabled an improved understanding of how they
could be broken by different techniques. This was especially important when
developing Chapelcross sites CSM as I had never visited the site so creating

the CSM helped paint a picture in my mind of what was occurring at the site.

In hindsight the process of developing the CSM for Chapelcross site and un-
derstanding the site in more detail would have been made easier if I had
visited. The CSM for Chapelcross site took longer as I had to go over reports
and monitoring data in more detail to establish a basic understanding of the
site. I did not have this problem with Bradwell site as I had visited it before
so had a better knowledge of the “North End” area. CLR 11, Safegrounds
and NIGLQ QLRA guidance do not mention about undertaking a site visit

before developing a CSM, as it is not necessary in all cases.
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However, for complex sites like Chapelcross site where chlorinated solvent
contamination is present, being able to visit the site enables a better under-
standing and see what every day activities and interfaces could affect reme-
diation within the area. This gives an early indication of what decommission-
ing activities could affect investigation and future remediation objectives and
screening. Recommendations on the importance of undertaking a site visit
for more complex sites within guidance would help save time in developing
a CSM. By being able to visually see the APC at a site and other activities
occurring in the vicinity like at Bradwell site enabled better understanding of

site investigation data and faster assimilation into the CSM.

I learnt through the process of developing the CMS'’s, that it took alot longer
than I initially anticipated. The CLR 11 and Safegrounds guidance made no
reference to how long a CSM can take to develop (EA, 2004 & CIRIA, 2009).
The Bradwell CSM took around 15-20 days, as I had visited the site and had
an understanding of the the APC and and reports available. The Chapelcross
CSM took 25-30 days to assimilate the factual and monitoring reports and
develop the CSM,

The CSM's were first developed as draft hand sketches which were drawn up
using CAD software. Once the CSM’s were drawn up in CAD this made the
process of adding information to them easier instead of having to redraw
sketches every time. Through developing the models, I realised early on that
there was a lot of data that I wanted to incorporate, so I decided to develop
two separate CSM’s for each site. In line with NIGLQ QLRA I realised the
importance of providing maps and diagrams of the sites and areas of con-
tamination. An overview of the history that led to the contamination, previ-
ous investigations and regulatory drivers were all important elements to ex-
plain within the text to set the scene for the pictorial CSM’s (NIGLQ, 2012).

A large proportion of time was spent upfront understanding each site and
developing a CSM, this is an important step not to be taken for granted in
the overall land quality management at a site. As there were no detailed
cases studies or examples of developing CSM’s in the literature for nuclear
decommissioning sites, further case studies or examples for developing
CSM's from easy to complex sites would prove useful for future users of the
CLR 11 and Safegrounds guidance. Examples of remediating land at decom-

missioning NLS is limited so this would be useful, as a lot of these sites have
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complex land quality issues, which can sometimes involve radioactive and

non radioactive contaminants.

Sharing examples of CSM’s in the future via networks like Safegrounds would

show what detail is expected for complex land contamination issues that can
exist at some nuclear sites. I have learnt through this study that investing
the appropriate amount of time in developing a CSM ensures that a good
understanding is gained of the contaminant linkages. This makes screening
of remediation techniques much easier and highlights the importance of tak-
ing time to ensure the CSM has the correct amount of detail before deciding

on a management strategy to be taken.

The Safegrounds guidance and the NEA highlight the importance of infor-
mation being fed back into evolving a more refined CSM. I found this was
the case with both sites as I gradually gained a better understanding of the
relationships between the sources, pathways and receptors, this helped re-
duce the uncertainties in the CSM. For example, the site investigation data
from 2012 at Chapelcross site enabled a greater understanding of the depth
and concentrations of contaminants (NIGLQ, 2012 & EA, 2004). This has
helped support screening of remediation techniques as a better understand-
ing of the sources and contaminant linkages was gained prior to undertaking
the second stage in CLR 11 of Options Appraisal (EA, 2004).

The process of developing the CSM for each site was the same in identifying
the sources, pathways and receptors and building these into a model. How-
ever different factors and regulations have to be considered at each site
when deciding how the linkages in the CSM are to be broken due to
Chapelcross having non radioactive land contamination and Bradwell having
radiological land contamination. Bradwell sites radioactive land contamina-
tion falls outside of Part IIA and the Planning regime as it is regulated by the
NIA65 and the LC’s which govern the site. A safety case forms part of the
requirements for radioactive land and ALARP demonstrations. Compliance
with LC’s such as LC34 require that the spread of radioactive contamination
is minimised, monitored and demonstration of BAT is needed for minimising
radioactive wastes (ONR, 2014).

Therefore, the ONR and EA were the main regulatory stakeholders through-

out the process at the site and as not many Magnox decommissioning sites

129



have undergone remediation of radioactive contaminated land, the ONR
have limited experience in regulating and approving such remediation
schemes. This will improve as more sites have to undergo remediation of
radioactive contaminated land and experience, development and improve-

ment of different techniques occurs.

At Chapelcross as the contamination was non radioactive meant that the
ONR were not involved and the Local Authority and SEPA were the main
stakeholders. The experience of Local Authorities and SEPA in regularly deal-
ing with and approving remediation at non radiological contaminated sites
means that guidance on requirements is more developed and clearer. Being
aware of the regulations, stakeholder requirements and concerns are im-

portant when determining how the linkages within the CSM can be broken.
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6.2 Site Characterisation and uncertainties in the Conceptual Site
Model

The site investigations and monitoring data for each site provided a lot of

information which enabled detailed CSM’s to be developed, which has helped

reduce the uncertainty for each sites CSM. Bradwell site had an advantage
that it had already undergone remediation so further information was gained
from the selective excavation and capping undertaken at the site to refine
the CSM. If up front characterisation of the ground beneath the OAEDL at
Bradwell site had been undertaken prior to remediation in 2013/14, this
would have provided the data to confirm that the OAEDL did not need to be
fully excavated. This supports the CLR 11 guidance which highlights the im-
portance of identifying gaps and important uncertainties so that further in-
formation can be gained and integrated to refine the model early on so as to

ensure the correct remediation strategy is chosen (EA, 2004).

The uncertainty surrounding the quantity and variety of buried materials at
the “"North End” could not have been improved with more site investigation
as the distribution was so varied, therefore this uncertainty had to be man-
aged through the screening process (section 4.3.4). Where techniques such
as in situ electrokinetic remediation were screened, this uncertainty had to
be taken into account as the technique is affected by metallic materials pre-
sent in the ground (IAEA, 2014). The CSM’s developed for each site have
taken a lot of time and reiterations but through this process much under-
standing has been gained which has supported the remediation screening
(NIGLQ, 2012).

The CSM developed for Chapelcross site took into account the more detailed
2012/13 site investigation data (section 4.1.2). This detail was added to the
CSM on the depth and concentrations of chlorinated solvents so as a better
understanding of the linkages was known for screening remediation strate-
gies. Through reading the site investigation reports it was established that

DNAPL had migrated at depth through fractures in the St Bees Sandstone.
The DNAPL was then able to slowly dissolve back into the groundwater from
the fractures. The time this will take is an important uncertainty and had to

be addressed within the remediation options screening process.
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The further detailed site investigation proved useful in establishing that
DNAPL at depth is unlikely to have penetrated into the matrix of the sand-
stone (section 4.1.2) (EA, 2001 & Parker et al, 2012). The further site in-
vestigation and time taken developing the CSM has enabled better under-
standing of these linkages for remediation screening (EA, 2004). This sup-
ports CLR 11 and the importance of further site investigation and continu-
ously updating the CSM so it helps feed the right information into the deci-
sion making process (EA, 2004).
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6.3 Setting screening criteria for remediation strategies

The screening objectives, assumptions and constraints were set based on
regulatory drivers, C&M dates and site specific requirements. Most of the
objectives for each site were based on Magnox and NDA requirements for
getting sites into a suitable condition for C&M and ensuring liabilities are

reduced as much for FSC. The objectives for each site couldn’t have been

set without developing the CSM's and having a full understanding of the con-

taminant linkages. Assumptions and constraints were developed from site
specific information gained through developing the CSM. For example, lim-
ited space at Chapelcross and restrictions at the Bradwell “North End” slope
were all information gained through developing the CSM’s and affected the

screening of remediation options.

The detailed level of assumptions and constraints set for each site would not
have been possible without the time taken to develop the detailed CSM’s.
For Bradwell site objectives existed from a previous options assessment
which was undertaken. These objectives were reviewed to ensure those go-
ing forward were in line with recent guidance published and updated infor-
mation in the CSM. Updated regulatory expectations issued by ONR, EA,
NRW and SEPA in June 2014 (ONR, 2014) and the NDA’s preference of trying
to retain flexible final site end states (Magnox, 2013) all supported reasons
to remove criteria on removing soils with radioactive contamination
>200Bqg/g (Magnox, 2013).

The Safegrounds guidance on comparison of contaminated land manage-
ment options does not acknowledge that remediation options may need to
retain some flexibility for the future. As discussed (section 4.3.6) technolog-
ical advancements for remediating radioactive land could improve signifi-
cantly within the 60-70 years of C&M until FSC. This can be seen with con-
ventional remediation approaches moving from physical methods towards
chemical and biological treatments (Kueper et al, 2014). Although physical
approaches such as excavation seem to be the most commonly still used for
radiologically contaminated land, advancements have occurred towards bio-
logical and chemical approaches (Tabak, 2005 & CIRIA, 2004). The USA have
shown applications of zeolite PRB’s for Sr-90 contaminated groundwater as
effective long term solutions (VanderMeulen, 2012). In situ techniques such

as electrokinetic remediation can permanently remove contamination by
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concentrating the contamination as a smaller waste mass to be removed on
electrodes. Application of chemical techniques such as chelating agents to
geologies where radioactive contaminants have become bound, like Cs-137
on clay shows an area where further development and advancement is
needed (Tabak, 2005).

A TRL of 7 or above was one of the objectives for both sites, taking into
account the technical effectiveness consideration under CLR 11 and Safe-
grounds (EA, 2004 & CIRIA, 2009). I believe incorporating a TRL at the
screening stage supported the short time bound objective for each site. It
upheld the Magnox requirements of reducing the need for further interven-
tion during Interim C&M and C&M (Magnox, 2013). This showed how the
time bound consideration influenced the level of technological readiness re-
guired for both sites. If the time was not so tight at both sites then the
screening of options may have enabled less technologically developed op-
tions to progress to assessment, as time would have been available to un-

dertake further developmental and demonstration trials (NDA, 2014).

This highlights the importance of not leaving remediation until the end stages

of moving into C&M as it may limit certain techniques. The importance of

sites encompassing the Safegrounds key principle of “immediate action” and

making sure a programme of prioritised APC's for investigation is undertaken

is important so as the appropriate management strategy or remediation is
not rushed (CIRIA, 2009).
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6.4 Screening of remediation techniques in developing remediation

strategies

The screening of remediation techniques for each site took a long time ini-
tially as it involved establishing a basic level of understanding of a wide range
of techniques. I first started with a high level overview of the supporting
information section in CLR 11 and the “Remediation Options Applicability
Matrix” (EA, 2004). This gave me a guide on what techniques were applicable
to what contaminants at a high level. For a more in depth overview of radi-
oactive remediation techniques, the Safegrounds guidance on technical op-
tions for managing contaminated land was reviewed. This gave more detail
on shortlisting techniques for Bradwell site such as electro remediation, sta-
bilisation and vitrification (CIRIA, 2004).

The development of the contaminant linkages in the CSM’s required going
back to basic principles and seeing how each linkage could be broken by the
remediation technique or combination of techniques (EA, 2004). CLR 11
highlights the importance of having knowledge of the broad characteristics
of remediation options when screening. But neither Safegrounds and CLR 11
highlight that in order to ensure contaminant linkages are broken in the CSM,
further detail is required on what depth and geologies certain techniques are
best suited to so as remediation is effective. Some of the constraints at the
sites such as limited space meant that certain techniques which required a
large footprint for equipment or waste were not viable. In order to under-
stand the detail required in order to fulfil all the objectives, assumptions and
constraints at each site meant a time consuming process of reviewing differ-
ent publications, journals and case studies. This process would have been
undertaking in less time if an experienced consultant in remediation tech-

niques was undertaking the process.

Through the screening process I realised that a detailed CSM, objectives,
assumptions and constraints ensures you can properly look at what remedi-
ation techniques are suitable. The screening process took around 35-40 days
from setting criteria for each site through to selection of options. This high-

lights that for more complex sites, screening can be a timely task.
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The length of time this took is also reflective of undertaking the task for the
first time as a single assessor. Normally this process would involve a group
of stakeholders discussing and agreeing screening requirements. The setting
of screening criteria may take longer amongst a group of stakeholders due
to a wide range of different perspectives and considerations to be taken into
account. The different regulatory stakeholders involved in such a process at
the Magnox sites would mean that when identifying suitable remediation
techniques to screen against this stage is likely to be quicker due to a wider
range of knowledge and experience to be shared. Whereas I experienced as
a single assessor undertaking such an assessment for the first time with
limited knowledge of different remediation techniques meant that further
time was needed researching and developing my knowledge in order to de-

termine which remediation techniques were best suited to each site.

The screening process has shown mean that more than a broad understand-
ing of remediation techniques is required to ensure that the correct options
are taken through for assessment. The evaluation of why options pass or fail
needs to be clearly documented. I found developing an overarching visual
colour coded table showing where options passed or failed gave a good high
level summary. This would be particularly useful when communicating the
screening process to stakeholders who may not fully understand the detailed

documented evidence for why techniques passed or failed.

CLR 11 and Safegrounds guidance could provide more detail on the screen-

ing process particularly in the Safegrounds guidance for complex nuclear

sites. Highlighting within the guidance that detailed CSM’s enable easier set-

ting of screening criteria and developing the right level of understanding of
remediation techniques to ensure contaminant linkages are broken effec-
tively needs are important areas to address within guidance. The use of
summary tables for screening and examples of these within Safegrounds and
CLR 11 would help give clearer ideas and guidance on different formats that

can be applied to current practice to record the screening process.

As discussed Safegrounds options assessment guidance and CLR 11 are very
limited on the detailed advice they give in regards to applying different re-
mediation techniques or combining techniques. The “Remediation Options

Applicability Matrix”in CLR 11 was a useful starting point but the high level
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nature of the matrix did not give enough detail (EA, 2004). Searching jour-
nals, publications and case studies to understand the detail of a technique
and if it was valid to the site specific requirements had to be undertaken.
CLR 11 guidance could be improved to help this process if a matrix was
developed giving a more detailed breakdown than just the substance the
remediation is applicable to. For example, detail on the different forms of
thermal technique available under thermal treatment and what geologies
they would be best suited to. A matrix which shows the applicability of tech-
niques against factors such as geology, hydrogeology, space required and
waste generated are all useful considerations at screening. Defra project
SP1001 (Defra, 2010) has developed sheets on each remediation technique
incorporating this sort of data, but it would be easier in a matrix, similar to
those in CLR 11. An example of a few of the different in situ thermal tech-
niques for chlorinated solvents and factors that could affect the choice are

shown in an example matrix below.

Chlorinated solvents

Remediation | Applicable Geology - Geology- Space Waste
Media Low High required
(Soil=S permeability | permeability | for plant
Ground
Water= GW)
In Situ Thermal Techniques
Electrical S Can Minimal
Resistance v require a
Heating large foot
print
Thermal s Can Minimal
Conductive v require a
Heating large foot
print
Steam S Can Minimal
Enhanced v require a
Heating large foot
print

CLR 11 and Safegrounds guidance on technical options for managing con-
taminated land do not provide information on which remediation techniques
are good to combine in different scenarios. CLR 11 mentions about combin-
ing techniques but no detail on how to do this. There is published literature
on combining remediation techniques for conventional contaminated land

but for radioactive contaminated land there is little mentioned.
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Due to the C&M phase providing a period where technigues will evolve and
emerge, the ability to have a combined technique gives the option for inter-
changeability when new developments occur. This could possibly make a site
more flexible in the long term and keep in line with NDA preferences of mak-
ing best use of technological advancements that may evolve. Although com-
bining techniques is not as advanced for radioactive contaminated land, it is
an area that requires further development. Combining techniques could ben-
efit sites for the C&M and FSC stages and needs to be a future area for review

and development in Safegrounds guidance in the coming years.
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6.5 Discussion of the sustainability assessment process undertaken

at Chapelcross site and Bradwell site.

The sustainability assessments undertaken worked well using the SuRF UK
framework and briefcase (CL:AIRE, 2010 & 2013). The guidance documents
gave a clear and structured format to follow which made the sustainability
assessments fairly straight forward to undertake. The key boundary condi-
tions of spatial, time and component lifecycle (Bardos et al. 2011) were easy
to set as the majority of them had already been considered through following
CLR 11 and Safegrounds guidance on setting objectives, assumptions and
constraints (EA, 2004 & CIRIA, 2009). This highlights how closely related
the steps in the SURF UK framework and briefcase are to the “screening” and
“identification of feasible remediation options” within CLR 11 and Safe-
grounds. The SuRF UK framework and process of sustainable remediation
options assessment works well alongside CLR 11 and Safegrounds. Refer-
ence to using the SuRF UK framework within Safegrounds and CLR 11 would
ensure greater emphasis on sustainability as part of the overall options as-

sessment process in the future.

SuRF UK strongly recommends as one of its 6 key principles to involve stake-
holders early on (CL:AIRE, 2010). For the purpose if this study this was not
possible with either sites due to the permission, time required of stakehold-
ers and resources to set up workshops. Instead a best account of stakeholder
views and opinions were summarised (section 4.4.2 & 4.4.3) so as these
could be considered when undertaking the sustainability assessment and
scoring options. This is further supported by a case study under SuRF UK of
a remediation options assessment where only limited stakeholder involve-
ment was undertaken with representatives from key stakeholders (CL:AIRE,
2013). This shows that it is not always necessary to have all stakeholders
involved in the process as long as all likely views are considered and taken

into account to make as balanced assessment as possible.

With both sites, stakeholder interest forms a major part of the assessment
especially for regulators such as the ONR, EA, SEPA, Magnox and the local
community wanting to have input and agree with the best way forward. Their
views and opinions were considered as best as possible but required trying
to make sure bias was not introduced when weighting indicators. As a single
assessor this was a difficult task and represented the same findings as the

sustainability appraisal benchmarking exercise discussed in the literature on
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a tier 2 assessment being difficult to undertake as a single assessor (Smith
& Kerrison, 2013). The SuRF UK framework, Safegrounds and CLR 11 high-
light the importance of applying sensitivity analysis when undertaking an
assessment. This was even more important as a single assessor to highlight
any weaknesses in the assessments at each site. The application of Hiview
software meant sensitivity analysis was part of the software output making
this process much easier to undertake using an existing software application

which highlighted where weaknesses existed.

The application of the SuRF UK indicators within the Hiview software were
incorporated quite easily showing the flexibility of the SURF UK framework
into an existing software tool. The Hiview software had previously been used
in options assessment of waste projects at nuclear sites on the basis of costs
and benefits, but had never been used for a contaminated land remediation
options assessment at a nuclear site (DCLG, 2009). Applying the SuRF UK
framework within the Hiview software meant the environmental, economic
and social pillars were considered in place of costs and benefits (Catalyze,
2003).

This was a fairly straight forward application to achieve in the software and
after speaking to an advisor from Catalyze I was able to alter and incorporate
the three pillars of sustainability under three nodes (figure 11 & 12). More
examples of applications of existing tools like Hiview with the SuRF UK
framework would give assessors more ideas on how to implement sustaina-
ble remediation options assessment more readily. As discussed in the liter-
ature, frameworks and metrics are seen as barriers to implementing sus-
tainable remediation practices (Ellis & Hadley, 2009). Provision of further
case studies on the application of different tools for sustainability assessment
in SURF UK, Safegrounds and CLR 11 guidance would help support the in-
corporation of sustainability within the remediation options assessment pro-

cess more readily.

Before looking to undertake the sustainability options assessment, such tools
as SRT REC and GoldSET (table 2) were further researched within the liter-
ature review. SRT and REC have far fewer indicators under the social pillar
of sustainability than the SuRF UK indicators, with both tools more focused

on the environmental and economic pillars. GoldSET has a wider range of
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indicators under all three pillars of sustainability but is only available com-
mercially as part of Golder Associates Services so was discounted from being

used.

The SuRF UK framework enabled an equal focus on all three pillars of sus-
tainability due to the wide range of indicators to be considered under each
pillar. The SuRF UK framework addressed indicators such as possible bur-
dens on future generations which is especially important in options assess-
ment for nuclear decommissioning sites due to the long C&M phase until FSC
and intergenerational effects this can then have. The SuRF UK categories
also took account of considerations mentioned under the nuclear specific
literature on requirements for options assessment (ONR, 2006 & CIRIA,
2009).

Although the SuRF UK framework is not a tool or technique, it has shown
through this study that it can be applied to an already existing tool like the
Hiview software. It was noted through using Hiview that justifications cannot
be recorded within the software for why a score was given. Clear and repro-
ducible evidence based decision making, ensuring record keeping and trans-
parency are two key principles of the SuRF UK framework (CL:AIRE, 2010).
Undertaking the assessment in the URS spreadsheet first meant that instead
of scores being put directly in Hiview, they were recorded in a spreadsheet
and the justifications for the score also recorded. This meant that all the

evidence was kept to support the output from Hiview.

The completion of URS sustainability spreadsheet for each site took 4 -5 days
per site. The inputting of the sustainability assessment data into the Hiview
software, modelling and generating the results took around 2 days per site.
Around 5 days of reading, learning and understanding how the Hiview soft-
ware worked prior to undertaking each of the assessments was done first.
Smith & Kerrison benchmarked that a tier 2 assessment should take on av-
erage of 1-3 days. Having only undertaken a basic tier 1 sustainability as-
sessment once previously I did not have any experience of a tier 2 assess-
ment and completing it as a single assessor may have made it slightly

slower.

The use of the Hiview software extended the time for the tier 2 assessment,

but was a useful piece of software particularly when undertaking sensitivity
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analysis as it provides this as part of the model in an easily interpreted table.
The study showed a tier 2 assessment took longer than the literature dis-
cussed and may have been down to incorporation of a software tool and
being a single assessor. Hiview was unable to record the justifications for
scoring and weighting but implementing the URS sustainability assessment
spreadsheet ensured this was covered. This needs to be a consideration
within future SuRF UK guidance and highlighting to assessors that dependent
on the tool used and if the assessment is being undertaken as a group or

individual will affect the time it takes.
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6.5.1 Chapelcross Sustainability assessment and sensitivity analysis

At Chapelcross site the Hiview results (table 21) show that option 2 scored
the highest of all 4 options in the sustainability assessment however it did
not score the highest individually under any of the three pillars of sustaina-
bility (table 23, 24 & 25). Option 2 was still a strong performer in the eco-
nomic and environmental pillars, although not as strong under the social
pillar, but this did not affect the overall performance and weighted score of

option 2.

The sensitivity analysis at Chapelcross site showed that option 2 is fairly
robust (table 22). The sensitivity of option 2 under project lifespan and flex-
ibility required a >5 to 15 cumulative weight decrease to change to option
3. Option 3 (PRB) would not have been improved under this indicator be-
cause the technique required more detailed research on how flexible it would

be as a combined strategy and if this would increase the project duration.

All of the other options except “Status Quo” involved combining at least two

different physical, biological or chemical techniques in order to break the
linkages. In most cases this helps speed up the project duration and gave
the options greater flexibility due to utilising two techniques, which meant

they performed better under the project lifespan and flexibility indicator.

This shows that in certain cases a combined strategy as discussed in the
literature can give greater flexibility and reduce uncertainty as you are not
then reliant on just one technique (Kueper et al, 2014). However, this would
only be applicable to certain combined remediation techniques where one is
not reliant on the other. For example, if surfactants are applied to leach
contaminants from the soil then a secondary treatment such as biological or
chemical would still be required in order to permanently remove the con-
taminants to ensure they are not spread even further. In the case of remov-
ing the uncertainty surrounding the project lifespan of a PRB at Chapelcross
site, a more detailed design would be required. Incorporation of another
treatment such as a source zone treatment like in situ ZVI soil mixing would
reduce the uncertainty, as this would stabilise and reduce the source zone

that may otherwise be adding to the plume.
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If these improvements were made to option 3, it would mean that the eco-
nomic direct cost would increase. It already scored the lowest on this indi-
cator under the economic pillar so it would have performed even worse. More
resources required for in situ soil mixing would mean that the environmental
natural resources and waste indicator would not score as well. The score
would improve under ethics and equality due to reducing the long term

transfer to future generations.

In order to assess the above effects on option 3, I re-run the model through
Hiview incorporating the source zone treatment of in situ ZVI soil mixing with
the PRB. The direct economic costs were increased by adding the capital
costs for in situ ZVI from table 13, along with altering the indicators of nat-
ural resources & waste, project lifespan & flexibility, ethics & equality and
uncertainty & evidence. The altered scores and Hiview output are shown in
appendix 16. The results show that the incorporation of a source zone treat-
ment alongside the PRB were not enough to make option 3 the preferred
option, although it did increase the score. Option 2 still remained the pre-
ferred option, although the score reduced making the difference between

option 2 and 3 only four points.

The sensitivity analysis has highlighted that step 8 in the MCDA process is
very important and has shown that creating and testing new possible options
ensures that a robust decision is made. SURF UK mentions testing alterations
in data, assumptions and stakeholder views within a sensitivity analysis. The
guidance does not go into the time and detail this process can take at the
end of a sustainability assessment. If examples and case studies of sensitiv-
ity analysis were provided within the SURF UK and Safegrounds guidance
this would give assessors a better idea of how time consuming the process

can be but the importance of undertaking it.

The sensitivity of option 2 under neighbourhoods & locality required a >5 to
15 cumulative weight increase to change to option 1. Option 1 scored well
under this indicator as the strategy involved all on site remediation activities
except for just routine monitoring of boreholes afterwards. The further anal-
ysis of the effect of different weightings in section 5.3 has shown that a large
difference is required between the input weights in order to change the over-
all cumulative weight. Further assessment was undertaken in Hiview by al-

tering the input weight against the neighbourhood & locality indicator. In
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order to change option 2 to 1 against neighbourhoods & locality, the weight
against this indicator had to be increased by at least three times the inputted
weight of 60. This has highlighted that the input weightings against indica-
tors do not have large enough differences in order to affect a significant
change in the cumulative weights. As some of the indicators have been
weighted quite closely in the assessment, the difference between them is

not great enough to affect the overall preferred option.

Option 2 involved more boreholes having to be drilled in neighbouring fields
which would cause more disturbance than option 1. Although option 1 is a
general good all rounder across all indicators under the social pillar, option
2 performs very strongly under uncertainty & evidence and ethics & equality
(table 25), due to the confidence gained from the 3DMe trials. In line with
the literature on MCDA, if the remediation option information is of greater
maturity it will generally perform better against other options where factual

information is only available (CIRIA, 2009).

Option 2 performs better than option 1 across all the environmental and
economic indicators therefore the lower social indicator scores do not affect
its overall weighted score. A qualitative feeling of local community was as-
sessed on my own judgement for the social scores. Literature has shown
that MCDA is better where a range of stakeholder views are taken into con-
sideration (CIRIA, 2009). Although I tried to consider stakeholder views as
best as possible, this assessment shows that the social pillar can be more
difficult to undertake as a single assessor. It is more open to varied views
and opinions which introduces bias to an assessment. This might support
reasons why tools such as SRT and REC discussed in the literature measure
only a limited number of indicators under the social pillar due to the uncer-
tainty that could be introduced when trying to score social impacts (Beames
et al, 2014).

The sensitivity table showed what cumulative weight changes were required
to change the preferred option, further analysis was undertaken in section
5.3 to see what affects changing the weights would have on the preferred
option. The weights were changed purely trying to take account of what a
local community perspective might be to see how this would impact the

overall preferred option.
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In order to try best represent only a community perspective the weights
were increased under criteria which would have the most effect on the local
surroundings and people such as ‘neighbourhoods & locality’ and ‘emissions
to air’. I felt that some weights already given to some criteria such as
‘groundwater chemistry & mobilisation of contaminants’ were already rele-
vant to the importance that a local stakeholder would place. Table 33 shows
that altering the weights has not changed the overall preferred option 2,
although the scores between all four options has become much closer. There
are now only four points difference between option 2 and second place option
3.
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6.5.2 Bradwell Sustainability assessment and sensitivity analysis

At Bradwell site the Hiview results (table 26) show that option 2, capping/
cover system, with grouting of remaining OAEDL and draw pits scored the
highest of all 3 options. The assessment was made easier as actual data
could be used from the option 1 remediation scheme which had already been
implemented at the site. This provided figures on waste generation for the
environmental pillar and costs for capping and waste removal under the eco-
nomic pillar. These figures could also be applied to option 2 as the remedia-
tion technique was similar, just not involving the selective excavation ele-
ments. This gave the Bradwell sustainability assessment an advantage over
the Chapelcross assessment as more mature data was available for the
MCDA assessment (DCLG, 2009). The sensitivity analysis (table 27) supports
this with the overall preferred option being less sensitive than Chapelcross
sites. This supports the literature that a more robust assessment can be

undertaken if the data is of greater maturity.

The sensitivity analysis (table 27) showed that 7 of the indicators required
more than a 15-point cumulative weight change in order to change them
from option 2. This shows that option 2 is not very sensitive to changes in
cumulative weight under these indicators and is a robust assessment. A large
difference in the inputted weights would be required as experienced in the
case of Chapelcross site, in order to affect the cumulative weights against
these indicators and change the preferred option. The only indicator where
>5 to 15 cumulative weight increase to change from option 2 to option 1
was required was under project lifespan and flexibility. This is a limiting in-
dicator under option 2, as option 1 involves excavation whereas option 2
does not have this ability. If excavation was included, then it would reduce
the burden on future generations and reduce the uncertainty about what was
being left but environmental indicators and direct economic cost would have
suffered. Option 1 could have been improved if elements of option 2 were
included such as concreting the OAEDL in situ instead of removing it com-
pletely, which would have reduced the overall waste disposal costs and du-

ration of the project.
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Looking at ways to improve option 1 supports the DCLG MCDA literature on
sensitivity analysis and looking at the advantages and disadvantages of op-
tions to see where a new or improved option can be created (DCLG, 2009).

If option 1 was improved by grouting and leaving the OAEDL in situ then it

would have improved under the indicators of ‘Emissions to air’, ‘Natural re-
sources and waste’, ‘Direct economic costs’ and ‘Neighbourhoods and local-

ity’. However, when looking at the sensitivity analysis and scores under each

of the three pillars for these two options it would still not be enough to

change the highest scoring option 2 to option 1.

In order to further analyse the sensitivity of the Bradwell assessment the
same exercise was undertaken on the indicator weights as had been under-
taken for Chapelcross site. This involved altering the weightings purely from
a community perspective. Table 34 shows that altering the weights has not
changed the overall preferred option, but increased the score of the most
preferred option 2. It has also lowered the score of second place option 1,
although only by 1 point, making the difference between the most preferred
option 2 and second place option 1 greater. The example of sensitivity anal-
ysis at Bradwell site supports the SURF UK framework and the importance of
comparing differences and impacts between indicators at the end of the as-

sessment so as a balanced robust decision can be made (CL:AIRE, 2011).

Safegrounds highlights the importance of the outcome of the sustainability
assessment process not being a direct decision but through consultation with
stakeholders a strategy is then developed. I did not have stakeholder in-
volvement at the end of the assessment but through analysis of the sensi-
tivity and further testing with altering input weights ensures that a robust
process is undertaken. For more complex sites like Bradwell and Chapelcross
stakeholder and regulatory input is important to ensure buy in to the overall
strategy is agreed (CIRIA, 2009).

148



6.6 Status Quo Option and importance for comparison against
options

At both sites the “Status Quo” option scored the lowest out of all options.
Incorporating an option of “Status Quo” within both sites assessments has
shown that the benefits brought from implementing remediation at both sites
outweighs remaining with the option of “Status Quo” at both sites (CIRIA,
2009). It highlights the importance of only using “Status Quo” within an
overall sustainability assessment because if the decision had been made on

the economic pillar of NPV alone “Status Quo” would have come out on top.

The high weighting given to the economic indicator of NPV is appropriate as
its important for the nuclear provision budgeting, but still needs to be bal-
anced against the other indicators to determine a sustainable option. Imple-
mentation of most remediation techniques will involve impacts to emissions
to air and natural resources & waste, whereas continuing with routine mon-
itoring will score attractively under these indicators. This shows the im-
portance of sustainability assessment overall and how status quo can be a
good basis to compare the improvement other options give, but only for this

purpose.
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6.7 Cost estimates at Chapelcross and Bradwell Site

The cost estimates derived for Chapelcross site were the most time consum-
ing element of section 4.0 and took around 15 days. They took longer to
complete than the Bradwell cost estimates because the literature on exam-
ples of remediation costs was limited, hard to find and only applied to site
specific scenarios. This study has observed the same as Kueper et al, 2014
which identified examples of remediation costs as a weakness and developed
case scenarios for sites affected by chlorinated solvent contamination. These
examples were used along with cost data taken from real life scenario case
studies by the USA Naval Facilities Engineering Command, Provectus Group

and Regenesis in supporting my high level cost estimates.

It was hard to find examples of cost data on remediation strategies as a lot
of it is commercially sensitive for remediation contractors so there are limited
published case studies. Due to the date when the cost data was published
some costs had to be indexed up to current day prices. The Kueper et al,
2014 case study costs were in US dollars so an exchange rate had to be
applied to convert them into British pounds. Therefore I had to apply the

rate from the day I undertook the cost estimates.

Site specific considerations were used where possible such as area and depth
in calculating costs. Option 1 at Chapelcross site used TCH which had the
biggest variable cost (table 12) because the amount of electricity required
could change significantly depending on the TCH plant, operational period
and temperatures required. This will also depend on what the remedial tar-
gets are set at, which are yet to be determined for Chapelcross site (section
4.1.3). This will affect the length of application required and the cost. This is
where the detail for the cost estimate is lacking and can show how this has

a knock on effect to the NPV if not detailed enough.

The Bradwell site cost estimates were much easier in comparison as most of
the data was available and could be readily applied to the alternative options
under the assessment, making the cost estimate faster to undertake. Actual
cost data was available from contractors cost estimates and I was also able
to establish the waste disposal costs through quotations given for disposal

of radioactive waste. This made the cost estimates for Bradwell site more
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accurate than those at Chapelcross site and a lot quicker to undertake as
less research was required. However, this would be very unlikely in a sce-
nario where you were developing a remediation strategy from scratch, as
the quantity and quality of data would not necessarily be available. The pro-
cess has highlighted that there can be a lot of assumptions that have to be
drawn at the lower level of cost estimating especially where data is limited
and not as detailed and this can in turn affect the accuracy of the NPV cal-

culated.
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6.8 Discount rates and calculation of NPV at Chapelcross and

Bradwell site

The calculation of the NPV at each site was not a time consuming task once
the cost estimates were completed and the years the costs were being
spread over set. Excel has a function which can calculate NPV as long as
capital and yearly future costs are known. This took around 5 hours per site
to check and enter the cost data to calculate the NPV. The calculation of the
NPV for each site showed that setting a clear time line for a remediation
strategy is important to ensure that the costs are accounted for in the nu-
clear provision, especially if monitoring is required for outer years (NDA,
2015).

I found setting the timeframe for remediation strategies easier at
Chapelcross site because the techniques screened had been previously ap-
plied more readily and were more advanced (table 8). Whereas at Bradwell
site there was uncertainty surrounding the technological readiness of some
techniques (table 9) and being able to meet the tight C&M date. The strate-
gies which made it through screening were capable of being effective for the
C&M period until FSC and had some flexibility if technology evolved and a
new technique could be applied in this period. The process highlighted time
and technological advancement being uncertainties particularly for Bradwell
site, which is line with the literature and the reflection of these uncertainties
within the nuclear discount rates set (NDA, 2014).

The sensitivity applied to the nuclear rates was to reflect the possibility of
interest rates increasing and potentially improving the rates under the nu-
clear provision. Technological developments would improve uncertainties
over time and have the potential to reduce the rates (NDA, 2013/14). There-
fore, the original HM Treasury Nuclear Discount rates used in table 19 and
20 were improved to see what affects this would have on the NPV of each
option. The sensitivity applied to the rates can also be seen in table 19 and
20, with 0-5 years applying -0.9%; 5-10 years applying -0.35% and 10+
years applying 3.20%.
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At Bradwell site the sensitivity analysis on the NPV (table 20) showed that

option 3 "Status Quo” would improve by £98,606 if the discount rates were

improved. This was the largest difference between the sensitivity analysis
applied to the NPV of all three options, showing that the 68-year term until

FSC for continued monitoring was the largest contributor to the difference.

At Chapelcross site option 1 was calculated over a seven-year period, which
meant that only negative discount rates were applied (NDA, 2014). The sen-
sitivity applied (table 19) showed that the NPV for option 1 for Chapelcross
site would improve by £112,243, if the rates improved. This is because op-
tion 1 has the largest capital cost therefore any improvement in the discount
rates within the earlier years where negative rates are applied will mean the

saving for the nuclear provision will be larger.

For option 2 and 3 (table 19) the sensitivity analysis applied showed the
improvement was a lot smaller as the capital costs were less. The assump-
tions drawn for re application of media in line with literature reviewed on
3DMe and injection methods for ZVI (Regenesis, 2015 & ITRC, 2011) would
have been better determined if the remedial targets were known for the site.
This may have given a better indication as to whether these assumptions
could have been removed or kept and may have improved the NPV for each
of these options. Option 4 “Status Quo” was calculated until FSC (68 years)
therefore the sensitivity applied showed a greater improvement in the NPV
compared to option 2 and 3 but not as large as for option 1. This was due to
smaller yearly costs being spread over a longer period so were not affected

as much by the negative rates in year 0-10.

I realised through undertaking the sensitivity analysis on the NPV for each
site that if I had more time further alterations in sensitivity could have been
applied to give further comparison. The sensitivity analysis applied gives a
good comparison between what an NPV would be if the interest rates im-
proved, but additionally sensitivity could have been applied to show what
affect would have occurred if they got worse. Many factors will affect the
nuclear discount rate applied over time from interest rates, regulatory and
governmental changes, alterations to end states of sites and even a signifi-
cant nuclear safety incident could lead to increased liabilities which could

make the rates worse.,
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The application of the nuclear discount rates shows that if you can try and
refine your uncertainties in the first ten years then this could reduce the NPV
(NDA, 2014). Ensuring remediation works fit in with proposed C&M dates for
a site is important so that the site can enter this period with reduced inter-
vention but suitable control over land quality issues until FSC (Magnox,
2013). If sites do not meet C&M dates this puts increased pressure on the

nuclear provision and amending plans, budgets and ultimately more tax
payer's money to support this (NDA, 2014). This process has shown that the
time boundary for calculation of an NPV is equally important as it is for a
sustainability assessment (Bardos et al, 2011). Therefore, the quality of the

data and the level of detail used within costs estimates for an NPV must be

considered in the overall result of a sustainability assessment.

154



Chapter 7 Conclusion

In conclusion:

Feasible soil and groundwater remediation strategies have been cho-
sen for both sites based on sustainable remediation options assess-
ment incorporating NPV, This thesis shows that the SuRF UK frame-
work can be readily applied to remediation options assessment and
radiologically contaminated land and groundwater at nuclear decom-
missioning sites;

The sustainability assessment has shown it is important for the de-
commissioning nuclear industry to consider the social, environmental
and economic perspectives to ensure a robust remediation strategy.
The SuRF UK framework addresses long term liability issues within its
indicators and has shown it can be flexible by incorporating an NPV
under the economic pillar. This is crucial for ensuring intergenera-
tional sustainability at decommissioning nuclear sites;

The assessment has shown that Hiview an MCDA software tool works
well within the SuRF UK framework and highlights the importance of
undertaking a sensitivity analysis to achieve a robust strategy. Weak-
nesses identified under indicators for certain options can be tested by
changing scores, weights or identifying areas for improvement, which
can be re-assessed through Hiview to see the affect on the overall
preferred remediation. Through testing identified weaknesses this
makes the assessment more transparent to stakeholders;

Combined strategies need to be thought about carefully to ensure
that where techniques are interdependent on one another that they
both work in conjunction to ensure overall success of a remediation
strategy;

The research into remediation techniques for radioactive contami-
nated land has highlighted the need for more development in this
area. Trials for techniques such as electrokinetic remediation and
chelating agents to remove and concentrate radioactive waste into
smaller waste quantities require further pilot trials and development.
These techniques could reduce the focus from large excavations of
radioactive contaminated soils and disposal at facilities like the LLWR;
This thesis has shown the importance of utilising a framework like
SuRF UK and how it could be applied to other industries which will

have similar long term liabilities. For example, some of the long term
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issues which are highlighted from ‘Fracking’ such as water pollution,

waste disposal and methane leaks will need to be managed from the
outset to get stakeholder buy in. Implementing techniques like sus-
tainability options assessment from the start of such projects and not
just when remediation is required will help ensure future energy de-

velopments are sustainable in the long term as well.

The SuRF UK framework has shown it can support remediation options as-
sessment by identifying options which balance all three pillars of sustaina-
bility. At Chapelcross site the sensitivity analysis has shown that option 2,
ISCR, enhanced bioremediation and monitored natural attenuation was the
preferred option (section 6.5.1). The sustainability assessment for Bradwell
site has shown option 2, capping/cover system with grouting of remaining

OAEDL and draw pits was the preferred option (section 6.5.2).

The sensitivity analysis was robust for Bradwell site due to quantitative data
available from the implemented remediation at the site. Option 2 was more
sustainable than the original option 1 of selective excavation, removal of
OAEDL and a capping system. The sensitivity analysis at Chapelcross site
highlighted where possible improvements could be made to options. These
were tested for option 3 by adding a source zone treatment and altering the
scores to accommodate this. These were then re-run through Hiview to see
what affect this had on the overall preferred option. Altering the weights
from a local community perspective also enabled the assessment at each
site to be tested further to see how different stakeholder perspectives could

influence the preferred option.

The sensitivity analysis has shown that through analysing where improve-
ments can be made to options, developing new options and the effect this
has on indicators has not changed the overall preferred option in this as-
sessment. It shows that sensitivity analysis is an important task to make an
assessment transparent and testing different theories can be time consum-
ing, but is required to ensure a robust well justified and balanced remedia-

tion strategy.

The CSM for each site has shown that a clear understanding is required of
the area where contamination is present in order to understand the contam-

inant linkages thoroughly to support the screening process. The process of
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developing the CSM can be very time consuming especially for complex nu-
clear decommissioning sites and therefore a site visit is essential. In conclu-
sion developing a CSM to a very detailed level can provide more confidence

in the screening and identification of remediation strategies.

The identification of suitable remediation strategies has shown that a basic
level of understanding of remediation techniques is required. In order to en-
sure contaminant linkages are effectively broken in the CSM further detailed
understanding of techniques is needed, which can be time consuming. A de-
tailed CSM made the process of setting screening objectives, assumptions
and constraints much quicker and enabled a smoother screening process.
Where radioactive land contamination exists and the need for long term in-
tergenerational sustainability is required, remediation techniques that have
the capability to be interchangeable with new evolving technologies will be

more sustainable long term.

The calculation of the NPV has shown that an understanding of developing a
cost estimate is needed and appreciation of the quality of data being used.
The limited examples of cost estimates in literature for remediation strate-
gies has highlighted that assumptions have to be drawn at this level and this
affects the accuracy of the NPV. Having access to actual site specific cost
data makes a cost estimate more accurate and faster to undertake and
therefore the NPV is of a better quality. Undertaking a cost estimate from
only examples in literature has proven to take longer than undertaking a

sustainability assessment.

In order to reduce uncertainties within nuclear decommissioning and im-
prove the nuclear discount rates there will need to be innovations, efficien-
cies and shared learning from experiences of remediating land at decommis-
sioning nuclear sites. The long period of time through C&M to FSC means
new techniques will evolve and emerge. Those sites which have developed
remediation strategies with the ability to be flexible and interchangeable will

be best placed to ensure they remain sustainable up to FSC.
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7.1 Areas for improvements

Due to the nature of the assessment there was no direct stakeholder in-
volvement, although this is not necessary, it would have made the weighting
and scoring of options easier. The views and opinions of stakeholders were
included and reflected in the assessment as best as possible, but this was
particularly hard and some bias may have been introduced through under-
taking the assessment as a single assessor. If the sustainability assessments
were to be undertaken again, stakeholder involvement would be recom-

mended, to ensure the inclusion of a wide range of perspectives.

More time could have been assigned to the weighting of indicators and en-
suring they were representative of the stakeholders. This could have been
undertaken by engaging with different departments at Magnox but also out-
side of the industry and recording the weights different groups would assign
to the indicators. This would have made the assessment more inclusive of a
broader range of stakeholder opinions. A more reliable weight for each indi-
cator could have then been established by taking the average of the range

of weights.

The sensitivity analysis identified where there were weaknesses under indi-
cators, so as further testing of these could be undertaken to see how robust
the preferred option was. It also highlighted where possible improvements
could be made to options to make them score better. The further testing of
sensitivity was limited and could have been extended to re-run the Hiview
models from a variety of stakeholder views to see how this affected the

overall remediation option.

The inclusion of TRL’s within this options assessment for nuclear Decommis-
sioning sites has shown that they can be open to interpretation. Where tech-
niques need to be combined this can make assessing the TRL difficult. If
undertaking this study again I would consider input from specialists when
deciding an appropriate TRL's for a technique, especially where there is more
than one technique and combinations. This would give a more thorough con-

sensus when assigning a TRL level.
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7.2 Recommendations for future work.

Recommendations for future work include additions to CLR 11, Safegrounds
and NIGLQ QLRA guidance. Further guidance within these documents is
needed for where complex sites exist and the importance of taking time to
develop a detailed CSM in these cases. The inclusion of a site visit within
guidance should be recommended for complex sites as it could reduce the

timeframe required to develop the detail in the CSM. More case studies

within guidance on CSM’s for contaminated land at complex sites would help

guide such sites when undertaking remediation.

The Safegrounds options guidance should highlight that some sites will be
best placed to keep their options open and flexible. This would make them
better placed to take advantage of technological change and innovation
which may occur throughout C&M to FSC. The development of a high level
summary table when screening remediation techniques proved useful. Ex-
amples of such formats within the CLR 11 and Safegrounds guidance may
prove useful in giving assessors ideas for communicating screening results
to stakeholders easier. More case studies on the application of sustainability
frameworks such as SuRF UK within Safegrounds and CLR 11 will ensure that
sustainability is considered more readily as part of remediation options as-

sessment in the future.

Further development of the “Remediation matrix” in CLR 11 to include the
applicability of techniques against factors such as geology, hydrogeology,
space required and waste would be particularly helpful at the screening
stage. The development of a matrix to show what remediation techniques
have been successfully combined would also help sites where one technique

is not enough to demonstrably break the contaminant linkages in the CSM.

The further development of a table or additions to the Beames et al, 2014
table (table 2) for tools and techniques for sustainability assessment would
be beneficial, so as other techniques such as Hiview could be added. A rec-
ommendation for the Hiview software would be that an area should be added
within the software to record justifications for scoring and weighting options,
so as all evidence is kept together. Compilation of this data into a suitable

output from the software showing the process, results and justifications
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would be useful. Future application of sustainable remediation options as-
sessment at other nuclear decommissioning sites would give more examples

of the process for sites to follow.

Applying other sustainability frameworks other than SuRF UK would enable
comparisons to be made to determine if any others are better suited to re-
mediation options assessment for nuclear decommissioning sites. As well as
the different frameworks which could be tested, different options assessment
tools such as REC, SRT and GoldSET could be compared against Hiview. By
testing the same site scenarios and remediation options through the different
tools would enable a comparison of the different tools to see how this im-

pacts the remediation option outcome.

The sustainability options assessment has shown that sensitivity analysis is
an important element within the choice of a remediation strategy. It has
shown that a sustainability options assessment can be subjective and de-
pends on the inclusion of a wide range of considerations across different
stakeholder perspectives. Therefore, further work could be undertaken by
getting a wide range of stakeholders from different sectors and professions
to weight the indicators chosen at each site and reasons why. The range of
stakeholder weights could then be consolidated in a table and an average
weight gained for each indicator. This could be run through Hiview to see
what impact this has on the remediation option. This process would be more
pragmatic and representative of a broader range of stakeholders rather than

trying to gauge as a single assessor the likely weight against each indicator.

The mix of radioactive and non radioactive contaminated land and develop-
ment of remediation strategies to deal with these combinations is not avail-
able within a framework or guidance and is an area that could do with im-
proving. There are APC's present at Magnox sites which have mixed radio-
logical and non radiological land contamination, although none of these cases
have required remediation so far. This could be an emerging area where
further research into combining remediation techniques for such cases would
prove beneficial in the future. Further research and development of in situ
remediation techniques particularly for radioactive contaminated land are
required. This will make sites more flexible and reduce the future burdens

on waste disposal facilities such as the LLWR, as well as the large economic
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costs associated with the excavation and disposal of radioactive contami-

nated land.

The USA have established a more flexible approach to site end states with a
“restricted release” criteria, which still enables the site to be delicensed but
restrictions are applied for future use of the land (Safegrounds, 2012). This
may prove useful for some decommissioning NLS in the UK where remedi-
ating radioactive land to delicensing risk criterion could be grossly dispro-
portionate and therefore not the most sustainable choice. The IAEA guidance
on utilising the “restricted release” criteria could be useful in the future if the
ONR and EA were to agree to its use. This would mean more sustainable use
of tax payers money by doing some remediation in order to achieve the
criteria with conditions still remaining on the land. This gives flexibility for
future technological developments to evolve in the next 60-70 years through
the C&M phase. The Safegrounds options assessment guidance needs to
value that in the case of some sites keeping options open and flexible until
FSC and even long term stewardship has to be considered within options

assessment.

Historically short term gains usually triumph over long term consequence,
this is where sustainability options assessment ensures that long term issues
are not forgotten. This is a key requirement for nuclear decommissioning
sites like Magnox which need to ensure long term sustainability for its long

term liabilities.
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Glossary of Terms

AETP Active Effluent Treatment Plant

ALARP As Low As Reasonably Practicable

APC Area of Potential Concern

ATB Armature Treatment Bay

BAT Best Available Techniques

CEFAS Centre for Environment, Fisheries and Aquaculture
Science

CBA Cost Benefit Analysis

CIRIA Construction Industry Research and Information
Association

CL:AIRE Contaminated Land: Applications in Real
Environments

CLU-IN The Contaminated Site Clean-Up Information

caMm Care & Maintenance

C&MP Care and Maintenance Preparations

CSM Conceptual Site Model

DCE Cis 1,2 Dichloroethene

DCLG Department for Communities and Local Government

Defra Department for Environment, Food and Rural Affairs

DNAPL Dense Non Aqueous Phase Liquid

DQRA Detailed Quantitative Risk assessment

EA Environment Agency

EDL Effluent Discharge Line

ERH Electrical Resistance Heating

FSC Final Site Clearance

GEM Gamma Excavation Monitor

GoldSET Golders Sustainability Evaluation Tool

GQRA Generic Quantitative Risk assessment

HIRAM High Resolution Assay Monitor

HRC Hydrogen Release Compound

IAEA International Atomic Energy Agency

ISCO In Situ Chemical Oxidation

ISCR In Situ Chemical Reduction

ITRC Interstate Technology & Regulatory Council

ISTT In Situ Thermal Treatment

KoC Partition Co-efficient

LC Licence Condition
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LLW
LLWR
MCDA
MCLA
MNA
NAVFAC
NDA
NEA
NIGLQ
NLS
NPV
NRW
OAEDL
0&M
ONR
PCE
PRB
QLRA
RCLA
REC
RIFE
RPV

SAP's

SEPA
SRT
SuRF UK
SVE
TCE
TCH
TESVE
TRL

US EPA
VC
VOCs
VLLW
WHO
ZVI

Low Level Waste

Low Level Waste Repository

Multi Criteria Decision Analysis

Maintained Contaminated Land Area
Monitored Natural Attenuation

Naval Facilities Engineering Command
Nuclear Decommissioning Authority
Nuclear Energy Agency

Nuclear Industry Group for Land Quality Guidance
Nuclear Licensed Site

Net Present Value

EA & Natural Resources Wales

Original Active Effluent Discharge Line
Operations & Maintenance

Office of Nuclear Regulation
Tetrachloroethene/ Perchloroethene
Permeable Reactive Barrier

Qualitative Land Risk Assessment
Recorded Contaminated Land Area

Risk Reduction, Environmental Merit and Costs
Radioactivity In Food and the Environment

Resource Protection Value

Safety Assessment Principles

Scottish Environment Protection Agency
Sustainable Remediation Tool

Sustainable Remediation Forum UK

Soil Vapour Extraction

Trichloroethene

Thermal Conductive Heating

Thermally Enhanced Soil Vapour Extraction
Technological Readiness Level

United States Environmental Protection Agency
Vinyl Chloride

Volatile Organic Compounds

Very Low Level Waste

World Health Organisation

Zero Valent Iron
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Appendix 1- Chapelcross Site chlorinated solvent concentrations in
boreholes from 2002 to 2014 & Examples of Borehole Logs.
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Time Series Data Graphs

Chapelcross Site - Borehole 1
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Chapelcross Site - Borehole 43
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Concentration (ug/l)

Chapelcross Site - Borehole 55- Deep Response Zone
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Chapelcross Site - Borehole 55- Shallow Response Zone
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Chapelcross Site - Borehole 56A- Deep Response Zone
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Chapelcross Site - Borehole 56B- Deep Response Zone

OoORLrNWhUIOIN

Feb-13 Mar-13 May-13

e Tetrachloroethene (ug/l) ===Trichloroethene (ug/l)

Jul-13 Oct-13 Dec-13 Feb-14
Date

cis 1,2-Dichloroethene (g/|) e==1,1-Dichloroethene (ug/|) === \/inyl Chloride (ug/l)



Concentration (ug/l)

Chapelcross Site - Borehole 56B- Shallow Response Zone
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Chapelcross Site - Borehole 59- Deep Response Zone
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Dec-13 Feb-14
Date

cis 1,2-Dichloroethene (ug/l) =====1,1-Dichloroethene (ug/l) e====\/inyl Chloride (ug/l)



Chapelcross Site - Borehole 59- Shallow Response Zone

Concentration (ug/l)

Oct-13

e Tetrachloroethene (ug/l) ====Trichloroethene (ug/l)

Dec-13 Feb-14
Date

cis 1,2-Dichloroethene (pg/!) === 11-Dichloroethene (ug/l) =====Vinyl Chloride (ug/I)



Concentration (ug/l)

Chapelcross Site - Borehole 60- Deep Response Zone

Oct-13

e Tetrachloroethene (pg/l) ===Trichloroethene (ug/l)

Dec-13 Feb-14
Date

cis 1,2-Dichloroethene (ug/|) =====1,1-Dichloroethene (jg/|) ======\/iny| Chloride (ug/I)



Chapelcross Site - Borehole 60- Shallow Response Zone

60

50

B
o

20

Concentration (ug/l)
w
o

10

Oct-13

e Tetrachloroethene (pg/l) =====Trichloroethene (ug/l)

Dec-13 Feb-14
Date

cis 1,2-Dichloroethene (pg/|) ====1,1-Dichloroethene (ug/|) ====\/inyl Chloride (ug/l)



Concentration (ug/l)

Chapelcross Site - Borehole 61- Deep Response Zone

Oct-13

e Tetrachloroethene (ug/l) === Trichloroethene (ug/l)

Dec-13 Feb-14
Date

cis 1,2-Dichloroethene (ug/|) ======1,1-Dichloroethene (jg/|) ======\/inyl Chloride (ug/!)



Concentration (ug/l)

Chapelcross Site - Borehole 61- Shallow Response Zone

Oct-13

e Tetrachloroethene (ug/l) === Trichloroethene (ug/l)

Dec-13 Feb-14
Date

cis 1,2-Dichloroethene (pg/|) === 1,1-Dichloroethene (jg/|) =====\/inyl Chloride (ug/!)



Concentration (ug/l)

Chapelcross Site - Borehole 64- Deep Response Zone

110
100
90
80
70
60
50
40
30
20
10

Dec-12 Feb-13

e Tetrachloroethene (ug/l) == Trichloroethene (ug/l)

Jul-13 Oct-13 Dec-13 Feb-14
Date

cis 1,2-Dichloroethene (ug/|) === 1,1-Dichloroethene (ug/l) e=====\/inyl Chloride (ug/l)



Concentration (ug/l)

Chapelcross Site - Borehole 64- Shallow Response Zone

80

70

60

50

40
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20

10

Dec-12 Feb-13

e Tetrachloroethene (ug/l) =====Trichloroethene (ug/l)

Jul-13 Oct-13 Dec-13 Feb-14
Date

cis 1,2-Dichloroethene (pg/|) === 1,1-Dichloroethene (ug/|) ===\/inyl Chloride (ug/l)
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BT

Drililng _Methoci R:;tary Cored Borehole Dlameter Casing Dlameter ; =
140zm to 9.20m 200mn to 1.50m BOHEHOLEE‘}O' BH26
Equlpment Knebel Coordinates 32167447 E T
{Nattona) Grid) 569479.68 N
Drill Flutd AirfHist | Ground [evel 72.31 mOD
Orlentatlon (°} 90 Logged by  Complled by  Checked by
Dates Drilled  Start  23/11/2003 BC rej C
End 2371172003 02/12/2003 05/12/2003 1170572004
Water W S
Date [Casing Dﬁ%;eh SamPlaJCm:Bucu:}W Hf‘{:;s Depth Lovet | |
& |Depth tH;h Depth (m)  jroet 10 — Fr!?lgt;‘re Description of Strata IIQ‘S";T svel [kegend
Time | (m} |Roem 70 |sc |rap | E58
4 Fram Yo [ % [ % | % |{mm) {m)
23/11 MADE GROUND: Tarmacadanm. ¢0.20) b
0.20 | 72,11
MADE GROUND: Grey gravel of crushed
(0 + 0.00-1.00 g concrete and other aggregates, L (0.70)
0.60 PID 57pph
0.90 | 71.41
Boulder CLAY. - punct
1.00 PID 71ppb ]
X L e |
(100} [ 1.,00-2.50 | 30|30 | wA P
-~ 2.00 P10 43pph P e
F (3,60) Sl
. 3.00 PID 28pph - T
€100 | 2.50-4.70 | 31|31 | ma ! | ==,
L 4.00 PID 63ppb - iy
4 (N N— . 4.50 | 67.81
A Probably firm, becoming firm to stiff, F€0.10)
red broun, sand¥ gravelly CLAY, Gravel 4.60 | 67.71
i is subangtlar, fine to coarse limastons
- 5.00 PID 313ppb || and sandstone. Sand is fine to coarse. 55
- o Occasional cobbles,
3 Hoderately usak, lncnllr mederately r
(100) | 4.70-6.20 | 83|80 | 21 strong, fractured locally thinly cross H
laminated, red brown fine to Cofme L
?rained SANDSTOHE. Fractures closely
X ocally very closely spac [
. 6.00 subhorizontal and accasiuna[‘fnclfnsd 50 [.(2.85)
- PID 163ppb | to 60 degress, surfaces stained gray [
brown, penetrating <1mm.
¢to0y | 6.20-7.20 100 94 | 42
[ 7.00 PID 129ppb L
€100) L 7.20-7.70 |100} 93 | &4 . : 5 L 7,45 |64.86
) Weak, thinly laeminated, highly fractured
red brosn BUDSTONE. ractures very
¥ closely spaced, randomly orientated and
. B.00 PID 29ppb {:redommantly drilling induced. Surfaces [.
B ocally stained grey. .
Between 7.70m end 8.20m: non intact (1.55)
[ (Oritling induced).
€100y L 7.70-9.20 (1004 98 7 X
23/11]1.50 | oRY [ Foderately strong, red b 090 83 =
i L ‘oderately strong, red brawn . i i
Bredominaxtly fine and medium grained 9,20°| 63,17
vuosmue. / X
C End of Borehole L
- 2
Remarks 1  Groundwater was not apparent during drilling.
f:;'if,;’_,‘{}:uﬁ Prior to boring a Cable Avoidance Yool (CAT) survey was carrfed out. An inspection pit was hand-cug to 1.00m
depth and rescanned using the CAT to check for services. Services were not lccated,
3 Background PID monitoring 18 to 26ppb.
Scala 150
Projsct Contract No, 239630
f’ﬁﬂﬂ CHAPEL CROSS ]
b [
B st e SERCO ASSURARCE Figure No.
IR BK26 (1 of 2)




Hyder

Rotary Borehole Log

BH56b

Praject Project Na Ground Level {m ADD) Start Date
Chapelcross Solvent Plume Investigation UA004495 75.13 20-11-12
Client Casting (OS) Northing [0S) Einish Date Scale
Magnox 321819.2 569488.1 29-11-12 1:50
SAMPLES TESTS 5% PROGRESS STRATA tnstallf
8 Type/ Ter% [IF (min| =% pate Casing Py nstal
) R ipth i pth, Level | Backfill
§ Depth | Type | {17 esults m e ] Time Waoter Description Detail Legend | [ihickness)
o & 20/11/2012 MADE GROUND: Grass over dark 2B20”
g - 15:30 Dry| brawn very clayey fine and ZRZRZ
=r medium SAND with frequent roots 1 e A
§ o Nand rootlets. [MADE GROUND] A (4 14 14
i MADE GROUND: Strang grey / 2RA0%
gt CONCRETE. [Concrete] 4 ¢4 14
[ MADE GROUND: Dark grey angular {’ ;: f//
2L fine and medium GRAVEL of A 1A LA
g. ig/&é/zﬂll igneous [l)ii:hologies‘ [MADE ¥l E
: ROUN
r A 14
!5 r 5&{[}3,’2012 Firm reddish brown sandy slightly - 1 ¥ 6
v : gravelly CLAY. Gravel Is subangular r ’; ’/’ :,
5L and subrounded fine and medium i il |7
or f igneous lithologies. [Glacial Till} [ /; ’/# //,
$l - Rotary openhole drillling. — 1t (120 1 {
- o A A
2 Red brown slightly sandy CLAY. — % ,/; ¥l
zf [Glaclal Till B r % //J %
dr g r240 727313 K1 ¥
=18 95 | NI Very weak locally weak reddish i L Y RY.RY
o
=F 70 | 110 brown fine and medium L % { %
é - 45 195 SIANI::STOI;"IE. Fralctures are very I ; /’ A
B closely and closely spaced # o L/ 17
9’ - subhorizontal and 45° undulating Z'SiD -3.00 fNon-Intact with black - ¥4 ¥4 b
gl PID1 | 0.000ppm rough with clay infill. [ST BEES staining on fracture surfaces. = 4 1 ¥
ef SANDSTONE] L ZRZBZ
/]
ar r /4 ; ;
gL : 4
i : 407
2l 3.60 - 3.90 Weak with black [ A 1A 1
§ [ = staining. - 2R%50%
i PID2 [0.100ppm | % B | ; A
2t : 3.95-4.40 Subvertical fracture B el E
ut with clay smear. L /] % ;‘
s - 4 ¥4 VA
8 : 11
3[ L VA V4 P4
£l 4.70- 4.80 Non-intact. L 4 4 ¢
Zr .90 - 4. i r v, 2
g__— PID3 | 0.000ppm 4.90 - 4.95 Non-intact. - ;f ,/: ;
ar ; A 14 1
8l C “RZ0%
Br & 5.50- 5.70 Subvertical fracture. N 20305
SF co+-+ 585 69.28?’ .5 /]
ar 30 Very weak dark reddish brown 4 ¥4 é
z[~ PID4 | 0.000ppm 100 MUDSTONE. Fractures are very LA 1 1/
er 140 closely and closely spaced o KlEE
g o subhorizontal stepped smooth g // /z /I
g with clay smear. [ST BEES z ; ;’
st SANDSTONE] 6.45-6.55 Non-intact, 855 __68.5804 [4 14
gr 70 Weak dark reddish brown fine ZR%
3L 130 SANDSTONE. Fractures are closely ’/’ :5
g L 190 spaced subhorizontal undulating v
I 100 rough with a clay smear. [ST BEES rA ¥4
5- r PID5 | 0.100ppm as SANDSTONE] ; ;
af % 4 P
=r // f/z
gt 1
& i 1
et 2l ¥
&L PID6 | 0.000ppm -k % ;
E L 8.20- 8.40 Fractures are very HE 4 1
s 00 closely spaced. 11Fes0  66.63 ’(’ 5,:
oF 100 | NI Weak dark reddish brown fine S Y RY
o 75 110 SANDSTONE interbedded with very ; {
2r 175 weak MUDSTONE. Fractures are ; /-‘
3 very closely and closely spaced ViR
-1 o PiD7 | 0.000ppm subhorizontal undulating and 8.60-9.35 Mudstone. ZRZ
ar stepped with clay inflll. Locally { f
BN non-intact. [ST BEES SANDSTONE] 2072
o 11
=r VA V.
s 9.50-9.60 Mudstone. ] Y
Bf A P
g L 9.80- 9,90 Mudstone. 7| V]
2 DRILLING TECHNIQUE FLUSH DETAILS WATER OBSERVATIONS HOLE/CASING DIAMETER WATER ADDED
2 From To | Technique From To |Rtrn %] Flush Type Date/Time St;ltke '%I-ff Casing | Sealed %ﬂf Depth c"’ﬂi Depth | From To Volume
% 0.00 1.20 | Inspection Pit 240 | 5440 | 50 |Water 150 2.40 150 2.40
w| 1.20 2.40 | DC 146 54.40
8| 2.40 | 54.40 | Rotary Cored
E
w
w
z
s}
g
& | Remarks Termination Depth:
E unal?k to dete;'rlline waterst;kes:s n%gs:gd I;E tﬂ; use :f‘\ga?tgr T;.S_%m
il sty rtaken 29.40 - 30.40m a .70 - 41, .
E g:ﬁeﬁro eﬂte";er:'\nlﬂ:d‘in E:;!neefs instruction. " 54 40{1’!
g
& -
o TR o man Al depths in metars ‘unhn otherwise stated) £quipment Used Centractor Legged By Checked By
< All diameters in mm {unless otherwise stated} i
é AGS %“‘E"“ Tt re upm'w, Thimm mnlﬁ;;’hemm ated) Wheeled mounted Massenza MI6 Hyder Consulting Ltd P DH



Hyder

Rotary Borehole Log

BH56b

Projct Project No. Ground Level {m AQD) Start Date
Chapelcross Solvent Plume Investigation UA004495 75.13 20-11-12
Client Easting [0S) Northing (0S) Fimsh Datz Scale
Magnox 321819.2 569488.1 29-11-12 1:50
SAMPLES TESTS g 3 PROGRESS STRATA Instal/
- ta
& Type/ TCR% [IF (min| B [pate Casi . ns
o Bx ng Depth, Level | Backdill
§ Depth | Type | "Ar Results :gnb% 5;;} @ lfime Water Description Detall {thickness]
=F PIDE T T000PPM | 100 Weak dark reddish brown fine IR R 4 S
E4N 90 SANDSTONE interbedded with very | 10.10-10.15 Mudstone. L YRYRY
21 80 weak MUDSTONE. Fractures are 10.25-10.30 Mudstone. F 205 ;’
&r very closely and closely spaced + 4 14 ¥
. B subhorizontal undul?itllng and o ;‘ { {
N stepped with clay Infill. Locally 10.60-10.70 45° T 4 11 1
%_ novintact, [STBEES SANDSTONE] | 1030713 40 sorgrociore: e, - 4 1 |/
2r (continued) 10.80 - Open fracture infilled with -+ ’/’ ’/’ ’/’
Elng PIDS | 0.000ppm clay. o 1040%
r A ¥4
g' r ZRARA
& 11,20- 1140 Mudstone. r 1 ¥ b
=F 100 Ja155 e3sal) ] 1]
al 0 [ Medium strong locally weak - A VA P
L 75 | 120 reddish brown fine SANDSTONE. - A 1A 1
g: 225 Fractures are:éuse&spacedlocally z ’/, 6
- medium spaced subhorizontal 11.80- 12.00 Non- i L /] b
SE PID10 | 0.000ppm undutating rough locally with a an-intact #8 204 .n/"
gl clay infill. [ST BEES SANDSTONE] k Ry Ry
gl o 1 W 1
i T 78790%
e[ 1|2.4€J|— 12.9Q Fractures are very HE //4 4 P4
- closely spaced. .
g_ Y space L v ; ;
3L 100 -k /; 287
- PID11 | 0.000ppm | 100 ZBZ04
o 95 1
gr ZR207
5_ 13.50-13.52 15mm fracture (3.85) ; /’ /‘/
§: infilled with clay. é é Z
g' 707 R
L Yl ¥4 V4
r PID12 | 0.000ppm 14.00- 1no. stepped fracture. A { ;
%-— 21/11/2012 2.40 //’ ’} ’/’
[ 18:00 2.60 v ; {
=T 012 2. 4 14 14
%: 1350 08:00 3.30 20707
g &5 14.50 - 14.90 Subvertical fracture. |* "/’ //’ ’/’
L . A P
Et 14.40 - 15.50 Fractures are very . ¥4 ¥4 ¥4
er PID13 | 0.000ppm closely spaced, e r ; 5 ;
zl . L A V4 P
al : 4 8 A 1A 1
ar 15.30- 15.35 Non-intact. : ‘1540 sa.73[ |4 |7
Zr 35 Medium strong dark reddish i f// ZRZ
= 120 brown fine SANDSTONE i 2 14 ¢
EL 250 interbedded with very weak '+ ZRZRZ
2F MUDSTONE. Fractures are closely - -/“ ',; 7‘
or 30 spaced locally very closely and - ARANAS
3“ PID14 | 0.100ppm 50 medium spaced subhorizontal = A 1A 1A
2r bt undulating rough with a clay [ AHARA
g- smear. Mudstone has black r ¥ /I ;
o] 8 staining on fracture surfaces. [ST H L L1
<t BEES SANDSTONE] r vl VA v
st : 17
2t 16.45-17.00 Mudstone. r 1 ¥4 1
3 - 2h5N%
o PID15 | 0.000ppm - YRYRY
gr C %0303
: Ty
or L
zf L v v
gr £ [ 1
L 17.50 - 17.70 Mudstone. N
s - A1 7
=L PID16 | 0.000ppm T Y RY B
ol ik 1 Vi
i i U0
= + A A P
or + 4 ¥4 v
i 5 Wik
n: r A 1A /;
gL -~ 18.75-19.00 Mudstone. O
- = A VA V.
g. PID17 | 0.000ppm | oo C A
i = U
=
ar - Zh%R%
=r F A A FA
sr + AR
g -+ 1 V1 1
8L T 4 11 1
& 2
E L R o 174 LA 1A
= DRILLING TECHNIQUE FLUSH DETAILS WATER OBSERVATIONS HOLE/CASING DIAMETER WATER ADDED
Er from | To [Technigue From | To |Rtrn % Flush Type Date/Time ta;e _R:f-f}e Casing | Sealed Bﬂ? Depth CESIHE Depth | From | To | Volume
<]
w
w
Q
3
w
(7]
]
E
5 Remarks Termination Depth:
& | Unable to determine watemrthes:s rrgs:gd i;\c""h; use :f“vsq’tgrflush.
Y rack bility tests undertaken 29,40 - 30.40m and 40.70 - 41.70m,
E ﬂ:mﬁ;m"r:lnagdezzincel‘s instruction. 54.40m
g
2 FIR e AII: :nmhn lnn?euntlun:esganmﬁ:mﬁa Equipment Used Contractor Logged By Checked By
hallors. All diameters in mm (unless arwi stal
§ AGS ém Tima Is exprassad hhmm {unless otherwiss stated) Wheeled mounted Massenza M16 Hyder Consulting Ltd P DH
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yder

Rotary Borehole Log

BH56b

HYDER SITE INVESTIGATION SERVICES GINT LIBRARY VER 2.3A (ISSUE2).GLB Log $IS ROTARY BOREHOLE LOG WHC-UKR-CA-FS-ONCA_TEH

Project Project Ma. Ground Leve! fm AOD) Start Date
Chapelcross Solvent Plume Investigation UA004495 75.13 20-11-12
Client Casting {05) Harthing {OS) Fimish Date Scale
Magnox 321819.2 569488.1 29-11-12 1:50
SAMPLES TESTS L w PROGRESS STRATA
Type/ TCR% ¥ [min E% Date Casing Depth, Level g"“ﬂ_‘ﬂ
o 2 , Leve ackfi
Depth | Type | '} Results :gém ;;_;; =& T ater Description Detail {thickness)
r PIDIS [ C.000ppm Medium strong dark reddish 19.95 - 20.15 Mudstone. | ARPRS
[ brown fine SANDSTONE [continued) N 4 4 1
r Interbedded with very weak 20.15-20.40 Fractures are very L %0505
- MUDSTONE. Fractures are closely closely spaced. : + [ /’ /’
r 100 spaced locally very closely and e r I 4 A
r 95 medium spaced subhorizontal TRiLILE //' ’/’ s
K 90 undulating rough with a clay : ' ZR7R7
L smear. Mudstone has black : B A VA A
C staining on fracture surfaces. [ST 20.90-21.00 Mudstone. : [ ZRARA
L BEES SANDSTONE] fcontinued) : L 4 F; A
r . 2 17
3 21.20-21.35 Mudstone. : sR4 0%
C : Wik
H ‘A ¥4 V4
F 21.60-21.85 Mudstone. : 4 A
. . ZRZRZ
- 100 4 2 % ?“
95
r o 22.10-22.20 Mudstone. 4 14 14
. onceb223s s2zl [ 2
r 340 Very strang dark reddish brown r ’// F' :{
C 600 fine SANDSTONE. Fractures are f A A7
[ 1050 medium and widely spaced I 4 V4 P4
L subhorizontal undulating rough L ; 7/ }'
L with a slight clay infill (<1mmj. [ST g B vA VA U
- BEES SANDSTONE] o ; f 1]
t 22/11/2012  2.40 -+ 1 ¥ 1
I 18:00 310 o (/’ //1 ’/’
r 1 R L
r o 08:00 2,30 r 7707
- 100 23.35-24.00 Mudstone. - r4 14 14
: : 200
. = 11 141
r r 2R304
- : 190
: : 197
(! L 7]
: : o
[ N 4 1
- £y : 73 0] 7
A vA VA
- - 1 7
- 0
: L
: 1
: r
i AN
F A
[26.20-26.30 | ES1 | PID19 | 0.000ppm 100 26.10- 26.35 Mudstone. fj '3 :ﬁ
i 100 26.35-26.40 Fractures are clasely ZR%R%
" 100 spaced, A PA FA
B 26.45-26.50 Mudstone. ZRARA
- A VA ¥4
: 7070%
[26.90-27.00 | £S2 | PID20 | 0.000ppm 26.80-27.00 Mudstone. tl vl v
L ZRZB%
i (9.65) ;; ;; {’
L A 1A
" ZR% %
[ 4
. 100 X 2l V)
B 100 r ZBARA
2 100 I 1 1
3 5 4 7
C L vl
: S 40 0
: SR 1
o . 7
: - 197
L 23/11/2012  2.40 28.60 - 28.70 Mudstone. : r 20204
[28.80-28.30 | ES3 | PID21 | 0.100ppm {14:00 3.30 4 L A 14 14
L 100 ! : : — 20307
L 90 08:00 4.60, i L A A LA
- : - ZR%0%
+ - F ZRZRZ
B : L 7 ¥ Yl
v : [ 2R2R2
[ 29.70-30.10 Mudstone, : - 7 14 12
DRILLING TECHNIQUE FLUSH DETAILS WATER OBSERVATIONS HOLE/CASING DIAMETER WATER ADDED
From To | Technique From To |Rtrn %| Flush Type Date/Time Stﬁltke i]l_ze Casing | Sealed %_?;? Depth Canj;'_'g Depth | From To Volume
Remarks Termination Depth:
Unable to determine waterstrikes as masked by the use of water flush.
Packer permeability tests undertaken 29,40 - 30.40m and 40.70 - 41.70m. 54.40m
Borehole terminated on Engineer's instruction.
s Park A"gw‘hi'ﬂrrlmtcﬁ![un:!ss:tﬂ':-mil::mud‘a} Equipnient Used Centractor Logged By Checked By
All diametars In mm (unless e stats
“m]s“;md s l“"‘m:hamlumm Wheeled mounted Massenza Ml6 Hyder Cansulting Ltd 1] DH
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J AGS 3_1.GDT <<DrawingFleSpac>> 30/01/2013 15:28:27

HYDER SITE INVESTIGATION SERVICES GINT LIBRARY VER 2.3A (ISSUE2).GLB Log SIS ROTARY BOREHOLE LOG WHC-UKR-CA-FS-O1\CA_TECHNICALV

Project Project No. Ground Level {m AOD) Start Date
Chapelcross Solvent Plume Investigation UA004495 75.13 20-11-12
Client Easting (0S) Northing (08) Fimish Date Scale
Magnox 321819.2 569488.1 29-11-12 1:50
STRATA
SAMPLES TESTS S 58 PROGRESS e Install/
T min| B¢ [Date Casing S o " , Level | Backfill
Depth | Type RP:" Results é&g{z - =5 Time Water Description Detail Legend | (ehickness]
B Very strong dark reddish brown ¢l V1V
= fine SANDSTONE. rracture;are ; ;‘ '{
medium and widely space
[70.30-3040 | ES4 | PID22  0.000ppm subhorlizontal undulating rough '/’ 3 ’;
e 100 with a slight clay infill (<1mm). [ST 30.35 - 30.60 Mudstone. ; 7l 17
E 100 BEES SANDSTONE] (continued) /J /f //f
: ” A Y
L ARZARZ
a 2R50%
L A 14 1
‘ 20207
3 18507
‘ A0 0
.70-31.80 | ES5 | PID23 | 0.000ppm
Pl 31.75-31.90 Mudstone. 40504
r 100 i1 114
L 75 30 Strang dark reddish brown fine {/ {’ .{,
L 55 | 110 SANDSTONE interbedded with very A fA LA
L 165 weak MUDSTONE. Fractures are Vi V1 V1
o very closely and closely spaced ’/I 9 '//
L subhorizontal undulating rough 32.45 - 32.60 Mudstone. (1.20) iR R
B with clay smear. Localiy 20707
r non-intact; recavered as angular /] 7 ;
[32.80-32.90 [ ES6 | PID24 | 0.000ppm fine to coarse gravel. [ST BEES )‘ ANS
u SANDSTONE} Ry
- 26/11/2012 2.40 .90 - 33, i
' 18:00 3.90 SRSl Mudewing 33.20 41.935; 5; 5/,
N 100 | 110 27/1172012 .80 Very strong dark reddish brown X
L 100 | 240 08:00 4.60) fine SANDSTONE. Fractures are 33.20- 33.40 Mudstone. 11 ¢
L 100 | 660 medium and widely spaced ; ./ /]
- subhorizontal undulating smooth. vl b ;{
B [ST BEES SANDSTONE] ,{ ; 7
: o
[34.00-34.10 | ES7 | PID25 | 0.000ppm vl ’/‘
N L ¥ ¥4 V4
r 100 T 24
: % : oy
H 90 Fo(2.80) 1A v
- : 107
r L i V'
- - A
‘ : oy
B A
§ F 487
[35.60-35.70 | ES8 | PID26 | 0.000ppm 35.50- 35.70 Weak mudstone. r 205R%
3 1o0 ; A1 1
r 100 [36.00 35.130] 14 [
C 100 28 Strong dark reddish brown fine L 7 ; '{
- 110 and megiurn S.?!;«I‘DSTCi(NEdﬂi N - /; ,:/, //,
o Iinterbedded with weak reddis 36.20 - 36.40 . o
B - brown MUDSTONE. Fractures are Mudstone. - % ;: ;:
T very closely and closely spaced r YRY%RY
r subhorizontal undulating smooth 36.55 - 36.70 Mudstane. C ARANS
i locally with black staining. [ST BEES o yRe Y
r SANDSTONE} L V4
[ L 20202
- - Al
[37.10-37.20 | ES3 | PID27 | 0.000ppm 37.10- 3725 Mudstone, - 207202
L 100 L A 1A 1A
C 85 X 287073
- ?5 [ (3.40) % ; ?’
L L 3.
[37.70-37.80 { ES10 | PID28 | 0.000ppm 37.65 - 37.85 Non-intact [ f-‘/r //a r}
r mudstone. 'L i
L 37.95 - 37.97 Open fracture . e ¥4 ¥4
B (22mm) with black staining and 4 YRR
- rounded surfaces. o ,{; ?: {
B N BB
E L '/ 4 ?i
L L 4114 1
- 38.60 - 38.70 Mudstone. - ARANS
L 100 E ARANZA
X 100 L C) ¥ ¢
(39.00-39.10 | ES11 | PID29 [ 0.000ppm | 95 39.00 - 39.20 Mudstone with 45° C yRYRY
F fracture. T .{, {, f
N 39.30 - 39.35 Mudstone, :[39.40 3573 2 i 2
L 210 Very strang dark reddish brown ! i sRAN4
o 800 fine SANDSTONE. Fractures are b + A 1A LA
b 2020 widely spaced locally very widely 5 - {’ s {l
+ subharizontal undulating rough. e A 1A A
- [STBEESSANDSTONE} |  ioiiin. B “RZR%
DRILLING TECHNIQUE FLUSH DETAILS WATER OBSERVATIONS HOLE/CASING DIAMETER WATER ADDED
From | To |Technique From | To [Rtrn %| Flush Type Date/Time Stﬁf"ke R-};e Casing | Sealed %I;.e Depth cgjl;_'g Depth | From | To | Volume
Remarks Termination Depth:
ble i rstrikes as masked by the use of water flush.
:’J::ker ‘:r?:::;?hﬁ:;:eunde::ken";;do -30.40m and 40.70 - 41.70m. 54.40m
Borehole terminated on Engineer's instruction.
Bt marrt Al depths In meters {unless m:erwim mﬁ% Equipment Used Contractor Logged By Checked By
s ters In m less otherwise stat it
;..!,.,"""" #:r:hk"‘:l::ss“ﬂ hmh(m“nmﬁnlm otherwise stated) Wheeled mounted Massenza MI6 Hyder Consulting Ltd IP DH



Hyder

Rotary Borehole Log

BH56b

Project Praject No. Ground Leve! {m ACD) Stat Date
Chapelcross Solvent Plume Investigation UA004495 75.13 20-11-12
Cliem Easting [05) Narthing (05) Finsh Date Stale
Magnox 321819.2 569488.1 29-11-12 1:50
SAMPLES TESTS 8 PROGRESS STRATA
@ . £ = Install/
8 Type/ TCR% [TF [min| ¢ [pate Casing o _ Depth, Level
T Result: SCR¥% H pth, Level | Backfill
§ Depth ¥pe | o esults 2o r:;:] @ ltime Water Description Detail {thickness)
af Very strong dark reddish brown A ARA
sk fine SANDSTONE. Fractures are A tA 1A
St 100 widely spaced lacally very widely /4 1A A
st o0 subhorizantal undulating rough. ; // »'//
=r 100 (ST BEES SANDSTONE] (continued) i P
L 4 Vd T
L AR
i 4
it o
B 40304
CRZBL
£t v
v L ¥4 ¥4 ¥
sF 27/11/2012 2,80 - ZRZ2RA
ak L ViV
ar 18:00 4.20 1 20707
S 100 ! - + “RsR4
ar gg 08:00 4.60 41,95+ Fracture with black [ /j :;‘ ':';
: E staining. o S= g
& C
or L
3r 42.45 - Fracture with black N
= stalning and clay smear. N
=18 L X
w
al r =g N
g » 43.15 3 a=a
L 43.05 - 43.15 Non-intact L H=nln
E [43.10-43.20 | ES12 | PID30 | 0.000ppm mudstone. r H
£ 100 g !
ot 98 L g
i o5 F o (830) 3
o B
al L A
- 43.30 - 44.45 Fractures are closely L ;
= spaced. [ X
=13 o
i5:44.20-44 30| €513 | PID31 | D.000pPM .
s i .
& L
o r L
3t - 202082
ek - A 1A 14
al 100 L 1 Ve
= v /‘ v
ZF 95 - 7% 2
=1 80 - /// /|
i 0
ar I /o
& [45.30-45.40 | £514 | PiD32 | 0.000ppm r f////‘ 7
-4 45.30- 45.55 Mudstone. B ’///J| ¥
E [ L ,///, z
&l 45.70- 45.75 Non-ntact. r ?///, ¢
or r ,///’-‘ 3
L = | tA
% 3 46.10- 45° fracture. [ z/////f //,
L 100 i B
g 98 e 2%
g 2% 2
i a5 : /)
< r // A [/
2r -r Voo Vi
5 T ) G
18 it 22204
G- - 774 1
A
gt '+ 2%
L NS l/// 2
§ [ L ///ﬁ 72
2r r s v,
2[47.50-47.60 | ES15 | PID33 | 0.000ppm 47.50 - 47.65 Non-Intact r //': g
St sandstane with clay Infill. 47.70 27.43 {//; é
ul 100 | 35 Weak dark reddish brown & _///, A
§ 3 80 | 100 MUDSTONE. Fractures are closely ///// e
Wi 70 | 145 spaced locally very closely spaced f/// f,
§ r subhorizontal stepped smooth clay ///:, 2]
I infill and black staining on fracture f//’:/ Z
Eqn 28/11/2012 2,40| surfaces. Locally weathered to + { 44 ¥
5 [48.40-48.50 | ES16 | PID34 | 0.000ppm 18:00 4.20] clay. [ST BEES SANDSTONE] :{}:; 4
o X -
gf i 08:00 460 27
of 100 48.55 - 48.90 Strong sandstone. ’///4 ¢
18 oA v
L { 7% v
2F /,/“1 g
st - /A V)
gt L7224 1A
iy 24%
g:49.50-49. 60 | ES17 | PID35 | 0.000ppm 100 o ///: ;
48 100 [ //// s
B A
ar 80 L7474 1]
g [ o &,
g DRILLING TECHNIQUE FLUSH DETAILS WATER OBSERVATIONS HOLE/CASING DIAMETER WATER ADDED
E From | To |Technique From | To |Rtrn %| Flush Type Date/Time Sty‘ke 'ili%e Casing | Sealed %?ale Depth CEDS.“TE From | To | Volume
o
w
8
g
w
w
g
é Remarks Termination Depth:
& | Unable to determine waterstrikes as masked by the use of water flush,
1| packer permeability tests undertaken 29,40 - 30.40m and 40.70 - 41.70m, 54.40m
2 | Barehole terminated on Engineer's instruction. .
=4
w B EB oo e Alldepths in meters (unless otherwise stated) Equipment Used Contractor Logged By Checked iy
o o All diametars in mm {unless ctherwise stated
lg AGSEES B feam s o e SEA st!ned] Wheeled mounted Massenza MI6 Ryder Consulting Ltd P DH



Hyder

Rotary Borehole Log

BH56b

Project Project No. Ground Level (m ACD) Start Date
Chapelcross Solvent Plume Investigation UA004495 75.13 20-11-12
Client fasting {0S) Northing {0S) Finish Date Scale
Magnox 321819.2 569488.1 29-11-12 1:50
SAMPLES TESTS 5% PROGRESS STRATA
3 T TCR% [TF (min| &5 i install/
5 ype/ It CR% 2k [Date Casing : § Depth, Leve!
E Depth [ Type | oo Results go’:‘:% v % Nime Water Description Detail Legend [I:I'nF:‘?I'cness) Backflll
L Weak dark reddish brown L 2o BA
§ L MUDSTONE. Fractures are closely (4.90) ’// ARS
St spaced locally very closely spaced o //// 14
3 100 subhorizontal stepped smooth clay '//// r4
2F 50 infill and black staining on fracture ///j 7
AL 85 surfaces. Locally weathered to 50.60 - 45 fracture, N ’/// 4
e clay. {ST BEES SANDSTONE] : 22/ )
o (continued) X ’;’ //f r
[T =
B A )
E [ ////J A
0 : A b
551.50-51.60 | £518 | PID36 | 0.000ppm 51.40 - 51.50 Strong sandstone. L /7,/; 1/
Q
al 100 724 b4
o 75 51.75-51.85 Strong sandst {//‘ 2
§ F 50 . - g sandstone. 2% ,;
af &asy
5] L s
ak
=l
3 L 8
ef 52.60 22.53|
zf 220 Strang dark reddish brown fine . R .
Els 300 SANDSTONE. Fractures are
ar 610 medium space[d subhorizontal {0.60)
L planar rough. [ST BEES 52.90- 53.10 Subvertical fi :
g___ = SANDSTONE] ubvertical fracture. AL T 21.93]"
S 95 | 65 Weak dark reddish brown L
=13 40 95 MUDSTONE. Fractures are closely
3 r 195 spaced subhorizontal stepped and
F undulating smooth. [ST BEES 53.50 - 53.60 Strong sandstone. L
3 [ SANDSTONE] (1.20)
n - Lo TV
P
%: 29/11/2012  2.40 5 2] 14
E r 14:00 4.60| End of Explaratory Hole 54.40 20.73 //',’.4 {a
gr r
gl N
e L
a -
e
4 g
ar -
Er d
ar N
al )
zL
i L
g - [
i r -
i '
ar C
E;- L
sf :
=1 -
er C
&r [
ar -
ar L
E18 L
gt g
yr L
2L r
2 =
gf L
al L
i i
cl
] L
afr -
@l L
gL L
st L
ar- L
et :
5t X
d -
ar C
gt C
&
o~ -
-4 5 -
St C
g DRILLING TECHNIQUE FLUSH DETAILS WATER OBSERVATIONS HOLE/CASING DIAMETER WATER ADDED
E —
; From | To [Technique From | To [Rtrn %| Flush Type Date/Time StXEE ﬁll_ge Casing | Sealed %j’_;e Depth Cgs_lr-ug Depth | From | To | Volume
o
[
w
o
E
]
z
&
=
<
| Remarks inati :
E Unakble to detel:nlulne waters:.‘dkeskas r;;s:;d l;yﬂt‘hce use gf‘vsa?tgr‘lltish. Termination Depth:
P ility tests lertaken 29.40 - 30.. L .70 - 41.70m.
2 B?:ﬁemree;emr::inlagd on E:Emeef:insh-u:ﬂnm me 54.40m
w
=
G o o All depths in meters {unless otherwise stated) Equipment Used Contractor
B Pl EiEeeent Ly i meters In mm (unlass otherwiz stated Pl & ‘ S2REEL Y Ehacksdly
g AGS :“;"&,'L‘,h Tmel:s expres:er&;‘l:h:;nﬁnlcs;xhemla n!ztad] mounted Mig Hyder Consuting Ltd P DH



Hyder

-\ Rotary Borehole Log

BH61

Prajoct Projcct No. Ground Level {m ACD| Start Date
CHAPELCROSS SOLVENT PLUME PHASE 2 UA004495 60.61 23-09-13
Client Casting (AOD) Northing {AOD) Finish Date scale
MAGNOX 321251.0 569326.3 27-09-13 1:50
SAMPLES TESTS 58 PROGRESS STRATA
R Install/
Type/ TCR% [iF min| & [pate Casing o e 4 Depth, Level | Backfill
Depth [ Type | “ig Results :gm maxd =3 Time Water Description Detail Legend | (thickness) :
L Soft brown slightly sandy CLAY gl ¥ 4
L with frequent rootlets. .20 604114 (4 /]
[ [Togsoll] /| e ) AN
[ Firm reddish brown slightly sandy ¥
F CLAY. r A1
r [Glaclal Deposits] [— —F (o0 A :' //
3 [Pt ] V1
C [Pl o AL
N - — — 1%
B — — T120 ssaf{fiV{p
I Rotary openhole drilling. Eeas il / j ;:
- —_—— L V.
ir Boulder clay (Driller's description). L A
st |Glaclal Deposits] L AR
st , 100
2r L sIzasey
= & i
3N B d
5 ——1 A1)
3- piepiiog S ¢l 2
- T — /]
ar AN
sl A4
it Al
7r * 4141414
f = 11
e r 2R20282
U
o (CR (I R
aL SRR
<p
Cf 1
al 4 ¥4
al ] 4]
o il
L A 14 14
8t Har
cl
B 41414
=0 212 5"
o =
8 - 74 V. A /
L /)
é B 11414 14
e 117
#F
o] A1A4714
il 4
=y A 14 7
ﬁ = Rotary apenhole drilling. 10 .
ot /]
! Aty
33 Weathered brown sandstone /
= 6.20-730(C PID1 | 0.00ppm S0 | 80 (Driller's description). | 2
&[ ;(51 19255 ST BEES SANDSTONE] F A1)
zt Medlum strong dark reddish N /] ]
at brown medium SANDSTONE. L # 73 4
asF Fractures are closely spaced P (130) A (A
%‘ I 6.90-700]es subhorizontal and 45° undulating o : ] 1
i rough with black staining, 6.80-7.30 Non intact with a clay - ; A1
=l [ST BEES SANDSTONE] infill. N v
er PID2 | 0.00ppm I VIVIFL D
ol 7.30-850|C 100 B A 1A |- ;
ar r750  ssap] ¥l
90 n n p
et 50 30 Medium strong light reddish E A 14 14
ok 100 brown fine SANDSTONE. Fractures L AlALARA
ar 210 are very closely to medium spaced L 1715
I subherizontal and subvertical I {0.90) i A
¥ 8.00-810|E5 undulating rough with black = 1 d
ar staining. [ ]
>[ PID3 | 0.00ppm [ST BEES SANDSTONE] N B
1 -[840 5221|H
ofF 5 Weak dark reddish brown medium B )
e[ 8.50-1000C 100 | 70 SANDSTONE Interbedded with [ B
af 60 | 120 extremely weak dark reddish S Sl
g F 10 brown MUDSTONE. Fractures are 8.70- 8.85 Subvertical fracture. r H.
F extremely closely to closely spaced T .
E r sutéh?rlzontal andhsubvhenlcfal N o
o undulating smooth with a cla 910-9.15 M } 1 g
st pba [ 0.00ppm inil Y udstone SCECI
§ L [ST BEES SANDSTONE] 5.30- 9.40 Mudstone. L A
S 9.50-9.60 | €5 [ H
1 L
o -
EE: L 24/09/2013 650 4.70- 9.80 Mudstone. + H
z B 18:00 | R AR e S |- -5 [ 10.10 =4
F DRILLING TECHNIQUE FLUSH DETAILS ‘WATER OBSERVATIONS HOLE/CASING DIAMETER WATER ADDED
-4 - -
E From | To |Technique From | To |Rtrn %] Flush Type Date/Time St&ke El%e Casing | Sealed %‘i’ale Depth (%?Iang Depth | From | To | Volume
&| 0.00 1.20 | Inspection Pit 1.20 | 6.20 | 100 | Air 3.20 3.20 2.70 150 6.50 150 ..
o] 1320 | 520 |Rotary Open Holed | 6520 3750 | 0 |Water 136 | 3750 fa0
8| 6.20 | 37.50 | Rotary Cored
[
w
w
z
S
g
a Remarks Termination Depth:
@ | Borehole terminated on Engineer's instruction.
g 37.50m
E
b Wb AH :fpths in Teters((uniess utnerwi;: stated) £quipment Used Contracter Logged By Checked By
= All dlamatars in mm (unless otherw!
g [ Erd Time s exprassed Rhmm (uniess otherwise n]atea] Track mounted Massenza Mi4 1B SITE INVESTIGATIONS P cw



Hyder

Rotary Borehole Log

BH61

Project Praject No. Ground Level {m AOD) Start Date
CHAPELCROSS SOLVENT PLUME PHASE 2 UA004495 60.61 23-09-13
Cliert Easting {ADD) orthing (AOD) Fimsh Date Scule
MAGNOX 321251.0 569326.3 27-09-13 1:50
SAMPLES TESTS 58 PROGRESS STRATA /
m X Install
Type/ TCR% [IF (min| B (pate Casing - : Depth, Leve! | Backfil
Depth | Type | "§i77 | Results e | ave =8 e Weitor Description Detail Legend | (ihicinese)
[10.00-11 00T 100 | s0 25/05/2013 : Y147
L eips |o 90 | 130 08:00 Medium strong dark reddish b 241
r 0oppm | g5 | 230 brown mecium SANDSTONE. s 2zl
- Fractures are closely and medium [ ;’/ 4
- spaced subherizontal undulating - V¥4 ; ?‘
r rough. I 2 // 287
- {ST BEES SANDSTONE] 't 2N
L € w7
[11.00-11.30 | 10.80- 1110 Subvertical fracture, - //7’; %
[11.00-11.10{ES |PIDE |0.00ppm T /// [
r 95 L oess  pZAYlY
£H1.30-1250 | C 75 + ;/, ; 7
g [ 55 11.50-11.70 45" fracture. o ///
ol ;’/’ A4
8- 0
cf AN
8 PID7 | 0.00ppm 12.00- 12,50 Fractures are ///, 1t
o extremely closely spaced. ,/// A v,
4 A0
Spasoam|c S0 1265 4786174 11 /)
r 0[5 Weak dark reddish brown 2517
E?"12.8[:»-:2.90 ES 45 | 70 MUDSTONE. Fracturesr = . - ’/// v
[ 105 extremely closely to closely space: 2111
9k subhorlzontal and ;ubvlerticar 12.90- 13.05 Non intact. —  (0.80) ///;‘ 1 4
vE lanar smooth with a clay smear. L
el PIDE | 0.00ppm foTBEES SANDSTONE) " 13.20- 1325 Non Intact. %5 41/
] 13.45 47.16 ,/; vl
o 80 Medium strong dark reddish % ¢ &
af 130 brown fine SANDSTONE. Fractures LA
<[ 250 are closely and medium spaced 2515
2k subharizontal planar rough. /// 1A ¥
— = |ST BEES SANDSTONE] ’(73 7%
w
ar pios fo.00ppm | 93 AN
ol A ¥
al 14.40-14.60 Fractures are very 251512
et closely spaced. ;/// A A
ar A
2 4.90-15.00 | €5 A
ot ?// A1
g r PID10 | 0.00ppm ,///// 1%
i A
L 1%
74
Shis.50-16.90 | o 15.60 45.01177] 141
@ L 50 | 10 Weak dark reddish brown B L. v
or 30 60 MUDSTONE Interbedded with ///’ ¥
oF 90 medlum strong fine S.GENDSTONEA {// al4
] I Fractures are extremely and very . 7114
©16.10-16.20 | S closely spaced stepped smooth 15.95-16.10 Sandstone. ©95) 21141
= N PID11 | 0.00ppm stained black. r ’//
3N [ST BEES SANDSTONE] N A
el : 11
48 90 Medium strong dark reddish 1
ar 130 brown fine SANDSTONE. Fractures AR
ar 210 are closely and medium space /4
Z£016.50-17.30 | C 100 subhorizontal planar rough. {0.80) r/; Al
B 100 [ST BEES SANDSTONE] 211 4
er PID12 | 0.00ppm 80 241217
@[17.30-18.80 | ¢ o5 oS g 17.35 43.261771 111
ar 75 10 Weal:)k dark reddlsgelggmén h /7/ A V1
[ - 90 MUDSTONE inter led wit
| i 80 | 140 medium strang fine SANDSTONE. r 741414
wi Fractures are extremely and very :// 4
§ L closely spaced stepped smooth /A 4 ;
wl- stained black. <& 4
1 [ST BEES SANDSTONE]
% r PID13 | 0.00ppm -
£t
2l (2.50)
ar
g[18.80-2030 | C 100 i
e a5 18.90 - 19.10 Sandstone.
ar 85 L
e PID14 | 0.00ppm
i [19.30-19.40 | ES 19.25 - 19.40 Sandstane. ;
18 C
rr -19.85 40.76
st 80 - H
g DRILLING TECHNIQUE FLUSH DETAILS WATER OBSERVATIONS HOLE/CASING DIAMETER WATER ADDED
S From | To |Technigue From | To [Rtrn %] FlushType|  Date/Time | STAKE | RE€ | Caging | Sealed | R0 | Depth | CBVE | Depth | From | To | veroms
5 At To Dia, Dia,
©
w
&
>
o
w
w
z
2
& | Remarks Termination Depth:
5 Borehole terminated on Engineer's instruction.
E 37.50m
w
a 2 Housa All depths in meters (unless otherwlsa stated) Equipment Used Conlractor Logged B Checked B
o BURE  siion bunarud geed By y
- All diameters i nless otherwlse stated
§ e = Tima 1 expraseod Rhinm fortets ohorwion sted)  T18CK mounted Massenza Mia JB SITE INVESTIGATIONS P Py



Hyder

Projoct

CHAPELCROSS SOLVENT PLUME PHASE 2

Client

MAGNOX

Rotary Borehole Log

Project No.

UA004495

Easting [AOD)

3212510

Grourd Level [m ACD)

60.61

Northing (AOD)

569326.3

Start Date

23-09-13

£inich Date

27-09-13

BH61

Scale

1:50

SAMPLES

TESTS

PROGRESS

STRATA

Depth

Type | TYPC/

o

Results

TCR%
SCR%
RQD%

max)

IF {min

Water
Strikes

Date Casing
Time Water

Description

Detail

Legend

Depth, Level
(thickness)

Install/
Backfill

ingFleSpac>> 27/11/2013 09:21:15

LESWA004485 - CHAPELCROSS PHASE 2GPJ AGS 3_1.GOT <<Drawi

LJLEN INLINLE " L N ML B B Py o e e

70.00-70.10

[20.30-21.60

N
2

or g T T T

[T Ty rr

w

LB BLLILEE T B 2 I S B B e

RLARLAR I B S e e B B oy

ES

PID15
c

FID16

1.60-22.90

PID17

2.70-22.80
2.90-24.40

PID18
3.40-23.50

PID19
4.40-25.60

PID20

5.60-26.30

PID21
6.30-27.80

PiD22

7.80-23.30

PiD23

8.40-28.50 | ES

PID24
9.30-30.80

0.00ppm

0.00ppm

0.00ppm

0.00ppm

0.00ppm

0.00ppm

0.00ppm

0.00ppm

0.00ppm

0.00ppm

95
75

90
70

100
70

100
100

100

130 25/09/2013 6.50
260 18:00 3,20,
26/09720

08:00

Medium strong dark reddish
brown medium SANDSTONE
interbedded with very weak dark
reddish brown MUDSTONE.
Fractures are closely and medium
spaced subhorizontal undulating
raugh with occasional black
staining.

[ST BEES SANDSTONE] {continued)

25

100
100

100
65

100

95
165
295

26/09/2013 6.50
18:00 3.20

08:00

Medium strong dark reddish
brown fine and medium
SANDSTONE. Fractures are closely
and medium spaced subhorizontal
undulating rough.

ST BEES SANDSTONE]

20.45-20.70 Mudstone.

20.95-21.20 Mudstone.

21.50 -21.60 Mudstone.

21.75-21.85 Mudstone.

22.75-22.90 Mudstone.

23.20 - 23.40 Mudstone.

23.60-23.75 Mudstone.

24.15-24.40 Mudstone.
24.25-24.35 Non intact

24,95 - 25.10 Mudstone.

26.65 - 26.90 Subvertical fracture.

27.20 - 27.60 Undulating
stratification.

28.40 - 28.60 Fractures are very
closely spaced.

a5
200
350

b

LA SR N B RN M B B B B e

&
S
€
5

v
A
2212
24y
o,
/////
7%
777,
02/
///
///

~

AN — AANN

-

AR MARATORTONAY

SN SSUIRNNS

LR B N LN L L S L B B L B B B B B

A [ 29.60 31.01

RN OB AT

{3.85)

N N N A N N N N S N SN S SN SN SSY

AXN

DRILLING TECHNIQUE

FLUSH DETAILS

WATER OBSERVATIONS

HOLE/CASING DIAMETER

WATER ADDED

From To | Technique

From

To  |Rtrn %] Flush Type

Date/Time

Strlke Rise
At To

Casing

Hole

Casln
Dig, e

Sealed Dia.

Depth

Depth | From

To | Volume

Remarks
Borehole terminated on Engineer's instruction,

Termination Depth:

37.50m

HYDER SITE INVESTIGATION SERVICES GINT LIBRARY VER 2.4 - 25-04-13 GLE Log SIS ROTARY BOREHOLE LOG LAGEOTEGHNICS\GINT\GINT PROJECT FIl

122)
B

i

s Basines Pk

" All depths In meters {unless otherwise stated)
All diameters In mm (unless otherwlse stated)
Time Is expressed hhmm (unless otherwisa stated)

Equipment Used

Contractor

Track mounted Massenza M4

1B SITE INVESTIGATIONS

Lapged By

P

Checked By

cw



Rotary Borehole Log

BH61

Hyder
Projuct Project lo Ground Level (m AOD) Start Date
CHAPELCROSS SOLVENT PLUME PHASE 2 UAQ004495 60.61 23-09-13
Client Easting (AOD) Northing (AOD) Finish Date Scale
MAGNOX 321251.0 569326.3 27-09-13 1:50
SAMPLES TESTS oy PROGRESS STRATA
Type/ TCR% [IF [min ‘E% Date Casing Santh [ Emst:#{
i E 3 pth, Leve I
Depth | Type | "\° Results é&gﬁg riajr) E3 Time Water Description Detail (thickness) at
- Medlum strong dark reddish /;f/f
F brown medium SANDSTONE Yoy
3 PID25 | 0.00pRm Interbedded with very weak ////
r MUDSTONE. fractures are closely //// ¥i
i and medium spaced undulating ////f
B rough with a clay Infill A
[ST BEES SANDSTONE] {continued) /// 4
[30.80-31.50 | C 100 70
- 100 = )
r 85 r 2570
C PID26 | 0.00ppm r ////{
X - s
%
£l31.5033.00 | € 100 r //////
3f 100 C A
of 100 F 7%
g - 7z
£ 31.30 - 32.90 Siltstone laminae. I //// 2
&F PID27 | 0.00ppm r 1/ /////
A
i : 7
gt r %
S 33.00-34.50 | ¢ o I ////f// ¥
: '/
M piD2e | 0.00ppm | 100 't //,;////
oF + LA b
ot L N A2
gl r ;’//;;J 4
<[ : f/ < 7/
& g %%
g 2
g - PID29 | 0.00ppm F f//f///// v
H . 34,20 - 34,40 Mudstone. I ///{’/’: y
ol G o V. V.
gpasossn0fc 00 F 72 ///// 5
: P
I 27/09/2013 650 i ///// 2
o %ﬂ%——g‘—zﬂ 34.90 - 35.20 Mudstane. - //// f
M 30/09/2013 r A1
! PID30 | 0.00ppm 08'00 r /// A1
st Z g2
2F 35.50 - 35.60 Mudstone. - N
N [
e[ L
o]
ir] I8 -
St [
£r PID31 | 0.00ppm -
Ef 36.20 - 36.40 Non Intact. [
I
EF L
Er 36.50 - 36.70 Mudstone. 4N
 [36.70-37.50 | C 100 r
Q
zF 95 L
5 90 T+
of PID32 | 0.00ppm 't
gf S 30/09/2013 6.50 iy -
It 10:00 320| EndofExploratoryMele | oo F37.50 232200 - H.
=18 L
2+ C
ir -
[ L
>[ L
£t .
(<] 5 =
E[ L
o
1 -
gL N
3
ar B
o
e L
ir i
af -
- =
aF [
-4 5 L
gL E
g DRILLING TECHNIQUE FLUSH DETAILS WATER OBSERVATIONS HOLE/CASING DIAMETER WATER ADDED
S from | To |Technique From | To |Rtrn %| Flush Type Date/Time Strlke | Wise Casing | Sealed Hole Depth | C2sing From To | Volume
E At To Dia. Di
o
2]
<]
z
B
3
&
@ | Remarks Termination Depth:
& | Barehale terminated on Engineer’s Instruction.
g 37.50m
w
@ HaLHovse. All depths In meters (unlass otherwise stated) Equipment Used Contractor Logged B Checked By
o PUER  sicion b puk P! Bged By ¥
o All diameters | i herwise stated
§ AGSET e e e ad)  Track mounted Massenza M4 18 SITE INVESTIGATIONS P oW



Hyder

Rotary Borehole Log

BH64

TECHNICS\GINT\GINT PROJECT FILESWAQ04495 CHAPLECROSS SOLVENT PLUME.GPJ AGS 3_1.GDT <<DrawingFisSpac>> 30/01/2013 15:28:50

\CA_TECHNICALVGEQ
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Project Project No. Ground Leve’ [m ACD) Start Date
Chapelcross Solvent Plume Investigation UA004495 72.04 06-12-12
Cliet Casting [0S) Morthing {0S) Firush Date Scale
Magnox 321628.1 569514.6 10-12-12 1:50
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o i o ;, /] ﬂ
o t 06/12/2012 10.50 [ VA ¥/ ﬁ
r = |18:00 0.20 ra0.s0 15404 A4 (A
3 100 | NA 1 Dark reddish brown sandy CLAY N % A
S 45 | NA 08:00 1.60| with medium cobbles and boulders E 4 14
- 40 | NA content. Cobbles and houlders are - .’/ ’/
r of sandstone. [Glacial Till] - 4 )‘
- - (1.10) s 1’
I B ' A ¥4
r 10.90- 11.60 Boulder of I AR
[ sandstone. E ARAR%
r —T11.60 6044 7
[ Reddish brown siity slightly N 114 14
- graveilly fine a;td medium SAND. L { 17!
Gravel Js angular fine and medium L 'A VA
[11.90-12.00 | ES2 of sandstone. [ST BEES - 7 {
E €0 SANDSTONE] [ (10 F 207
L o x r s %
L B I 4 4 :;
! Lo X T1g0 s93f 2 f/,
L NI ry weak dark reddish brown
L o s 500 | s 25 (7/12/2012 12.001 yyDSTONE interbedded with 12.80-12.90 Sandstone. 40y ¥l K11
=< - PIDL | 0.035ppm 70 B - weak SANDSTONE. Fractures are 43,10 58.94 L7
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r 90 5 - -%“N randomly orientated stepped I A 1A
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F brOW‘;\e f‘ijge 3AT%§DNE , v A 1A
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r and very weak MUDSTONE 13.85-13.50 Mudstone. 1 ¥4 5':;
r 100 Flracti.lres are verytr‘.!nsely ar}d
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100 . 2 A
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K rough. [ST BEES SANDSTONE] 2 : (1.65)
r 18.35- 30" fracture
L 100 :
o 95 :
- 90
[ -[719.10 52.94
B 30 ‘Weak dark reddish brown
L 110 MUDSTONE interbedded with very | 19.20-19.25 Norrintact.
r 180 weak MUDSTONE. Fractures are
L very closely and closely spaced 19.40-19.50 Mudstone. {0.90)
r subhaorizontal undulating smooth
o with a clay infill. [ST BEES 19.70 - 19.75 Mudstone. L
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r £e 18:00 240 1 20.00 52.04f.: ‘.-
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Appendix 2- PRB screening criteria sheet for Bradwell Site
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Guidance on the use of PRBs for remediating contaminated groundwater

Table 2.2 Summary of Screening Criteria to Assess the Feasibility of PRB
(Section 2.3)
Feasibility
Screening criteria High Intermediate Low
A. Technical screening factors (Secw
Site characterisation and plume /(/\x’ell defined ; Poorly defined
definition (heterogeneity)
Contaminant amenability to Track record of use of ontaminant properties Significant doubt or lack
treatment PRB technology to treat suggest that treatment can of evidence that
fg@mﬁmtr e be achieved. contaminant is traceable
Pollution potential of daughter < Less polluting than pareQ Equally polluting More polluting than
products — parent (reclassify as high
if design can also treat
daughter products)

Source of groundwater
contamination

Combined effects of multiple
contaminants

Remobilisation of
contaminants

i

Aquifer heterogeneity
(complexity) and isotropy

Long-term performance of

PRB

Flow direction

Depth of aquifer

Eliminated or being
removed

All contaminants of
concern amenable to

treatment
[ “Process destructive or }BE\‘
of desorption/re- )

mobilisation represents ng’
risk to receptors

Relatively homogeneous
aquifer (e.g. Sand &
Gravel)

esign-will incorporate. -
measures to rehabilitate or
replace PRB. Track
record of performance of
proposed PRB

Consistent flow rate,
direction and level

"

Shallow aquifer (less than
20 m)

NPT O -
- Controlled and timescale
for removal is short to
medium term

Some contaminants wil
require additional
treatment

M&ierately heterogeneous
aquifer (e.g. indurated
sandstones)

T 2edavesS osed

Sr- @
a’reg..l-—ﬂc L

Aquifer between 20 and
50 m deep.

Continuing release such
that timescale to achieve
remedial objectives is
unacceptable to
stakeholders

Contaminants can impair
effectiveness of PRB

Risk of desorption or
remobilisation of
contaminants (reclassify as
high if design allows
replacement of reactive
material)

Highly heterogeneous and
anisotropic (e.g. karstic
limestone) such that
uncertainty that PRB can
deal with contaminant flux

Risk of clogging or loss in
reactivity of reactive
material (reclassify as high
if design allows
replacement of reactive
material)

Uncertainty associated
with whether PRB can
accommodate variations in
water level or flow
direction with time.

Deep aquifer (greater than
50 m). Reclassify to
“‘intermediate’ if plume is
well-defined and less than
10 m thick.

Environment Agency NC/01/51
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Guidance on the use of PRBs for remediating contaminated groundwater

Table 2.2 (continued)  Summary of Screening Criteria to Assess the Feasibility of PRB

(Section 2.3)
Feasibility
Screening criteria High Intermediate Low
B. Regulatory screening factors
Receptor o receptors identified Receptors present (low PRB will not protect
risk. PRB design will risk) receptors, i
protect identified adverse effect on a
receptors. European site.
j( Insufficient time for
el design and construction of
M\a Lo PRB before unacceptable
hewve impact at receptor, i.e.
M PRB unacceptable as sole
remedial solution.
Maintenance ( The long-term operation Des:gn does not allow for
of the PRB can be 1"_, hu-l-'ﬁ rehabilitation or
f ﬁ :\% decommissioning of PRB
Time frame - Uncertainty over time
be achieved in an M z :, period for remedial
acceptable time frame et objectives to be achieved
stakeholders
Can be monitored onitoring can be - Monitoring cannot be
implemented to verify implemented to verify
treatment proces treatment process : S‘ acHe.
Acceptability to regulator Relevant authorisations No policy objection. ? Relevant permits .
obtained. No policy Technical concerns. refused. Policy Ne ek
objection. Technical ? *  objections in principle. ol re<,
support provided. A : tasS #
\-—-_.__._./ h -

C. Practical and financial constraints

[ «;
atid aue
Cost benefit Favourable in relation to s P
other remedial options
' pepadd N
Financial provisions Long-term, legally- ong-term, non-legally P
binding budget provisions binding budget provision'\s = —t
secured secu:ed
e . *
Access Access available i Access posstble Buildings/services
N N CceesS
construction, doe =

rehablhtatlon and/or

Monitoring locations Access possible Limited /no access
(including off-site if required -

by nature of site)
/’-'__—l
OVERALL All high/ intermediates High, medium and lows, One or more show-
but no “show-stoppers” stopping criteria present,
No lows or design can be or No factors of high
modified
N.B. Criteria shown in bold will normally preclude the use of a PRB as the sole remedial option i.e. are “show stoppers”.

It indicates the need to use a different remedial technology in isolation, or in combination with a PRB,

Environment Agency NC/01/51 25
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Guidance on the use of PRBs for remediating contaminated groundwater

- CAOLFB

(crosS{ -\ avent plore”

Table 2.2 Summary of Screening Criteria to Assess the Feasibility of PRB
(Section 2.3)

Feasibility
Screening criteria High Intermediate Low
A. Technical screening factors (section 2.3)
Site characterisation and plume Well defined . Poorly defined
definition (heterogeneity)
Contaminant amenability to Track record of use of ontaminant properties Significant doubt or lack
treatment PRB technology to treat suggest that treatment cap of evidence that

contarminant be achieved. contaminant is traceable
Pollution potential of daughter Less polluting than parent More polluting tha
products v parent (reclassify as hip
£ if design can also treat
"G"‘ daughter products
|~

Source of groundwater Eliminated or being Controlled and timeseale Continuing release such
contamination removed for removal is short to that timescale to achieve

medium term remedial objectives is

unacceptable to
o stakeholders
’._’_ﬁ" T —— s

Combined effects of multiple All contaminants of Some contaminants will Contaminants can impair
contaminants concern amenable to require additional effectiveness of PRB

treatment

Remobilisation of

contaminants of desorption/re-
mobilisation represents no
risk to receptors

Aquifer heterogeneity Relatively homogeneous

(complexity) and isotropy

Process destructive or rate

aquifer (e.g. Sand &

— DNAPL &K

YRS io\'—'?

Spar=

<
Moderately heterogeneous
aquifer (e.g. indurated

2

Gravel) sandstones)

Long-term performance of Design will incorporate  ~ — Cq-é;f l‘&I et

PRB measures to rehabilitate or  noe l 4 U\c,h-—wLQ
replace PRB. Track (s Jeran laCorer—
record of performance of E l o a -

proposed PRB
Technology
—/——‘_-—‘\ D

Flow direction Consistent flow rate

o

e~—

Depth of aquifer
20 m)

direction and level

Shallow aquifer (less than

»

—

Aquifer between 20 and
50 m deep.

Risk of desorption or
remobilisation of
contaminants (reclassify as
high if design allows
replacement of reactive
material)

Highly heterogeneous and
anisotropic (e.g. karstic
limestone) such that
uncertainty that PRB can
deal with contaminant flux

Risk of clogging or loss in
reactivity of reactive
material (reclassify as high
if design allows
replacement of reactive
material)

Uncertainty associated
with whether PRB can
accommodate variations in
water level or flow
direction with time.

Deep aquifer (greater than
50 m). Reclassify to
“‘intermediate’ if plume is
well-defined and less than
10 m thick.

Environment Agency NC/01/51



Guidance on the use of PRBs for remediating contaminated groundwater

Table 2.2 (continued) Summary of Screening Criteria to Assess the Feasibility of PRB
(Section 2.3)

Feasibility
Screening criteria High Intermediate Low
B. Regulatory screening factors e =

Receptor No receptors identified / at Receptors present (low PRB will not protect
risk. PRB design will risk) receptors, or will have an
protect identified adverse effect on a
receptors. European site.

Insufficient time for
design and construction of
PRB before unacceptable
impact at receptor, i.e.
PRB unacceptable as sole
remedial solution.

Maintenance The long-term 0peration¢"‘7 ) E s\.__ A L.QEL"@;__- Design does not allow for

rehabilitation or

of the PRB can be
guaranteed t EE} Yf decommissioning of PRB

Remedial objectives ¢ Uncertainty over time
be achieved in an period for remedial

acceptable time frame to objectives to be achieved
stakeholders

onitoring can be
implemented to verify
treatment process

Time frame

Can be monitored - Monitoring cannot be
implemented to verify

e treatment process

.y

Acceptability to regulator van Horisationse. No policy objectio Relevant permits
/obtained. No policy echnical ¢ ke refused. Policy
objection. Technic et objections in principle.

ort ided. m{g&l (Aa(.j‘hk J @k / Major technical concerns.

C. Practical and financial constraints [ocar AN *j T -

Lol
Cost benefit avourable in relation to ™~ P(of.ado g;t:;_r Other remedial options
(_ other remedial options a%his TRD A provide more favourable

v et M.J\M cost benefit

Financial provisions Long-term, legally- Long-term, non-legally- No long-term budget
binding budget provisions binding budget provision provisions
secured secured "’F o JC‘-‘-“GJ
e ‘_p__) qu'& 7
Access Access available @;s posmble) Buildings/services

el prevent access for
prid o eraer *'U COnstELCuo;
8‘1 w rehabilitation and/or
alCedS ﬁ M[L‘ hidbaf decommissioning of PRB

]
Monitoring locations bC r‘% cess p0551ble Limited /no access
(including off-site if required been qiven "ﬁ

by nature of site) f"’ M&M (H

—S
Access available

OVERALL All high/ intermediates High, medium and lows, One Or more 51_10“”
but no “show-stoppe stoppmg criteria present,

No lows or design can be No factors of high
modified Moty ﬂtjk '$ +-L\_Mde§' ibility Tating

N.B. Criteria shown in bold will normally preclude the use of a PRB as the sole remedial option i.e. are “show stoppers”.
It indicates the need to use a different remedial technology in isolation, or in combination with a PRB.

Environment Agency NC/01/51 25
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Appendix 6 - Chapelcross Site NPV calculations

NPV Calculation - Option 1- ISTT/SVE ; Enhanced Bioremediation &
MNA
HM Treasury Nuclear Provision Sensitivity Applied
Discount Rates

Discount Rate yrs -1.9% Discount Rate yrs -0.9%

lo-5 = 0-5 =
INPV (£) (1,695,086)| |NPV (£) 1,582,843
Initial Investment -1638450 Initial Investment 1638450}
Year 1 -22239 Year 1 -22239]
Year 2 -14431 Year 2 -14431
Year 3 -3607 Year 3 -3607
Year 4 -3607 Year 4 -3607
Year 5 ~3607 Year 5 -3607
Discount Rate yrs -0.65% Discount Rate yrs -0.35%
5-10= 5-10=

Year 6 -3607 Year 6 -3607
Year 7 -3607 Year 7 -3607




NPV Calculation ~ Option 2 - I;CR, Enha-nced Bioremediation& MNA
HM Treasury Nuclear Provision Sensitivity Applied
Discount Rates

Discount Rate yrs -1.9% Discount Rate -0.9%
0-5 =
NPV (£) (1,328,092)] |NPV (£) (1,311,417)
Initial Investment -902260 Initial Investment -902260]
Year 1 -37610 Year 1 -37610]
Year 2 -29802 Year 2 -29802
Year 3 -29802 Year 3 -29802
Year 4 -7450 Year 4 -7450
Year 5 -260410 Year 5 -260410
Discount Rate yrs -0.65% Discount Rate yrs -0.35%
5-10= 5-10=
Year 6 -7450| |Year 6 -7450]
Year 7 -7450 Year 7 -7450I
Year 8 -7450| [Year 8 -7450|
Year 9 -7450| |Year 9 -7450|




NPV Calculation - Option 3 - PRB

HM Treasury Nuclear Provision
Discount Rates

Sensitivity Applied

Discount Rate yrs -1.9% Discount Rate -0.9%

0-5 =

NPV (£) (924,767)| |NPV (£) (909,277)
Initial Investment =512551 Initial Investment =512531
Year 1 -28128 Year 1 -28128
Year 2 -14064 Year 2 -14064
Year 3 -14064 Year 3 -14064
Year 4 -14064 Year 4 -14064
Year 5 -242721 Year 5 -242721
Discount Rate yrs -0.65% Discount Rate yrs -0.35%
5-10= 5-10=

Year 6 -14064 Year 6 -14064
Year 7 -14064 Year 7 -14064
Year 8 -14064 Year 8 -14064
Year 9 -14064 Year 9 -14064
Year 10 -14064 Year 10 -14064




NPV Calculation - Option 4 - “Status Quo”

HM Treasury Nuclear
Provision Discount Rates

Sensitivity Applied

Discount Rate -1.9% Discount -0.9%
yrs 0-5 = Rate
NPV (£) (312,390)| NPV (£) (266,274)
Initial -7148| |Initial -7148
Investment Investment
Year 1 -7148| |Year 1 -7148
Year 2 -7148| {Year 2 -7148
Year 3 -7148] |Year 3 -7148
Year 4 -7148| |Year 4 -7148
Year 5 -7148| |Year 5 -7148
|Discount Rate -0.65% | |Discount -0.35%
yrs 5-10= Rate yrs 5-

10=
Year 6 -7148| |Year 6 -7148
Year 7 -7148| |Year 7 -7148
Year 8 -7148| {Year 8 -7148
Year 9 -7148| |Year 9 -7148
Year 10 -7148| |Year 10 -7148
Discount Rate 2.20% Discount 3.20%
yrs 10 yrs + Rate yrs 10

yrs +
Year 11 -7148| |Year 13 -7148
Year 12 -7148] |Year 14 -7148
Year 13 -7148| |Year 15 -7148
Year 14 -7148| |Year 16 -7148
Year 15 -7148| |Year 17 -7148
Year 16 -7148] |Year 18 -7148
Year 17 -7148| |Year 19 -7148
Year 18 -7148] |Year 20 -7148
Year 19 -7148| |Year 21 -7148
'Year 20 -7148] |Year 22 -7148
Year 21 -7148] |Year 23 -7148
Year 22 -7148| |Year 24 -7148
Year 23 -7148| |Year 25 -7148
Year 24 -7148] |Year 26 -7148




'Year 25 -7148| |Year 27 -7148
Year 26 -7148| |Year 28 -7148
Year 27 -7148| |Year 29 -7148
Year 28 -7148] |Year 30 -7148
Year 29 -7148] |Year 29 -7148
Year 30 -7148| {Year 30 -7148
Year 31 -7148| {Year 31 -7148
Year 32 -7148| [Year 32 -7148
Year 33 -7148| |Year 33 -7148
Year 34 -7148| |Year 34 -7148
Year 35 -7148} |Year 35 -7148
Year 36 -7148| |Year 36 -7148
Year 37 -7148| |Year 37 -7148
Year 38 -7148| |Year 38 -7148
Year 39 -7148} |Year 39 -7148
Year 40 -7148] {Year 40 -7148
Year 41 -7148| |Year 41 -7148
Year 42 -7148| |Year 42 -7148
Year 43 -7148| |Year 43 -7148
Year 44 -7148| |Year 44 -7148
Year 45 -7148| |Year 45 -7148
Year 46 -7148| [Year 46 -7148
Year 47 -7148| |Year 47 -7148
Year 48 -7148| |Year 48 -7148
Year 49 -7148| [Year 49 -7148
Year 50 -7148| |Year 50 -7148
Year 51 -7148| |Year 51 -7148
Year 52 -7148| |Year 52 -7148
Year 53 -7148| |Year 53 -7148
Year 54 -7148| |Year 54 -7148
'Year 55 -7148| |Year 55 -7148
Year 56 -7148| |Year 56 -7148
Year 57 -7148] |Year 57 -7148
'Year 58 -7148] |Year 58 -7148
Year 59 -7148| |Year 59 -7148
Year 60 -7148| |Year 60 -7148
Year 61 -7148| |Year 61 -7148




Year 62 -7148] |Year 62 -7148
Year 63 -7148/{ |Year 63 -7148
Year 64 -7148] |Year 64 -7148
Year 65 -7148| |Year 65 -7148
Year 66 -7148{ |Year 66 -7148
Year 67 -7148| |Year 67 -7148




Appendix 7 - Bradwell Site NPV calculations

and a Cover/Capping system

NPV Calculation -Option 1 - Selective Excavation, removal of OAEDL

HM Treasury Nuclear Provision
Discount Rates

Sensitivity Analysis

Discount Rate -1.9% Discount Rate -0.9%

yrs 0-5 =

NPV (£) (2,034,156)| [NPV (£) (2,015,187)
Initial -1776111| |Initial -1776111
Investment Investment

Year 1 -16500] |Year 1 -16500
Year 2 -16500] |Year 2 -16500
Year 3 -16500] |Year 3 -16500
Year 4 -16500| |Year 4 -16500
Year 5 -16500( |Year 5 -16500
Discount Rate -0.65% Discount Rate -0.35%

yrs 5-10= yrs 5-10=

Year 6 -16500] |Year 6 -16500
Year 7 -16500] |Year 7 -16500
Year 8 -16500( |Year 8 -16500
Year 9 -16500] |Year 9 -16500
Year 10 -26500]| |Year 10 -26500
Discount Rate 2.20% Discount Rate 3.20%

yrs 10 yrs + yrs 10 yrs +

Year 11 -1500] |Year 11 -1500
Year 12 -1500] |Year 12 -1500
Year 13 -1500( |Year 13 -1500
Year 14 -1500] |Year 14 -1500
Year 15 -1500| |Year 15 -1500
Year 16 -1500] |Year 16 -1500
Year 17 -1500] |Year 17 -1500
Year 18 -1500| |Year 18 -1500
Year 19 -1500] |Year 19 -1500
Year 20 -11500] |Year 20 -11500
Year 21 -1500] |Year 21 -1500
Year 22 -1500{ |Year 22 -1500




Year 23 -1500| |Year 23 -1500
Year 24 -1500} [Year 24 -1500
Year 25 -1500| |Year 25 -1500
Year 26 -1500] |Year 26 -1500
Year 27 -1500} |Year 27 -1500
Year 28 -1500{ (Year 28 -1500
Year 29 -1500] |Year 29 -1500
Year 30 -11500| |Year 30 -11500
Year 31 -1500] |Year 31 -1500
Year 32 -1500| |Year 32 -1500
Year 33 -1500| |Year 33 -1500
Year 34 -1500} |Year 34 -1500
Year 35 -1500]| |Year 35 -1500
Year 36 -1500] |Year 36 -1500
Year 37 -1500]| |Year 37 -1500
Year 38 -1500]| |Year 38 -1500
Year 39 -1500| |Year 39 -1500
Year 40 -11500] |Year 40 -11500
Year 41 -1500( |Year 41 -1500
Year 42 -1500] {Year 42 -1500
Year 43 -1500] |Year 43 -1500
Year 44 -1500] {Year 44 -1500
Year 45 -1500{ |Year 45 -1500
Year 46 -1500] |Year 46 -1500
Year 47 -1500{ |Year 47 -1500
Year 48 -1500] |Year 48 -1500
Year 49 -1500{ |Year 49 -1500
Year 50 -11500j |Year 50 -11500
Year 51 -1500]f |Year 51 -1500
Year 52 -1500| |Year 52 -1500
Year 53 -1500] |Year 53 -1500
Year 54 -1500] |Year 54 -1500
Year 55 -1500]| |Year 55 -1500
Year 56 -1500] |Year 56 -1500
Year 57 -1500| |Year 57 -1500
Year 58 -1500| |Year 58 -1500
Year 59 -1500] |Year 59 -1500




Year 60 -11500]| |Year 60 -11500
Year 61 -1500} |Year 61 -1500
Year 62 -1500] |Year 62 -1500
Year 63 -1500] {Year 63 -1500
Year 64 -1500| |Year 64 -1500
Year 65 -1500{ |Year 65 -1500
Year 66 -1500]| |Year 66 -1500
Year 67 -1500] |Year 67 -1500
Year 68 -1500{ |Year 68 -1500




NPV Calculation -Option 2-Capping/ Cover System, with grouting of
remaining OAEDL, draw pits

HM Treasury Nuclear Provision
Discount Rates

Sensitivity Analysis

Discount Rate -1.9% Discount Rate -0.9%

yrs 0-5 =

NPV (£) (1,136,736)| |INPV (£) (1,117,767)
Initial -878691| |Initial Investment -878691
Investment

Year 1 -16500] |Year 1 -16500
Year 2 -16500( |Year 2 -16500
Year 3 -16500| (Year 3 -16500
Year 4 -16500] i{Year 4 -16500
Year 5 -16500]| |Year 5 -16500
Discount Rate -0.65% Discount Rate yrs -0.35%

yrs 5-10= 5-10=

Year 6 -16500| |Year 6 -16500
Year 7 -16500/{ |Year 7 -16500
Year 8 -16500] |Year 8 -16500
Year 9 -16500( |Year 9 -16500
Year 10 -26500] |Year 10 -26500
Discount Rate 2.20% Discount Rate yrs 3.20%

yrs 10 yrs + 10 yrs +

Year 11 -1500| |Year 11 -1500
Year 12 -1500] |Year 12 -1500
Year 13 -1500( {Year 13 -1500
Year 14 -1500} |Year 14 -1500
Year 15 -1500] |Year 15 -1500
Year 16 -1500] {Year 16 -1500
Year 17 -1500] {Year 17 -1500
Year 18 -1500§ |Year 18 -1500
Year 19 -1500] (Year 19 -1500
Year 20 -11500{ |Year 20 -11500
Year 21 -1500{ [Year 21 -1500
Year 22 ~-1500§ {Year 22 -1500
Year 23 -1500| |Year 23 -1500
Year 24 -1500| |Year 24 -1500
Year 25 -1500] |Year 25 -1500




Year 26 -1500| |Year 26 -1500
Year 27 -1500] |Year 27 -1500
Year 28 -1500| |Year 28 -1500
Year 29 -1500] |Year 29 -1500
Year 30 -11500/{ |Year 30 -11500
Year 31 -1500] |Year 31 -1500
Year 32 -1500] |Year 32 -1500
Year 33 -1500| {Year 33 -1500
Year 34 -1500] |Year 34 -1500
Year 35 -1500] |Year 35 -1500
Year 36 -1500] |Year 36 -1500
Year 37 -1500| |Year 37 -1500
Year 38 -1500] [Year 38 -1500
Year 39 -1500] |Year 39 -1500
Year 40 -11500} |Year 40 -11500
Year 41 -1500| |Year 41 -1500
Year 42 -1500] |Year 42 -1500
Year 43 -1500] |Year 43 -1500
Year 44 -1500] |Year 44 -1500
Year 45 -1500{ |Year 45 -1500
Year 46 -1500] [Year 46 -1500
Year 47 -1500| [Year 47 -1500
Year 48 -1500| |Year 48 -1500
Year 49 -1500| |Year 49 -1500
Year 50 -11500} |Year 50 -11500
Year 51 -1500} |Year 51 -1500
Year 52 -1500| |Year 52 -1500
Year 53 -1500] |Year 53 -1500
Year 54 -1500} |Year 54 -1500
Year 55 -1500{ |Year 55 -1500
Year 56 -1500} |Year 56 -1500
Year 57 -1500} |Year 57 -1500
Year 58 -1500] |Year 58 -1500
Year 59 -1500] |Year 59 -1500
Year 60 -11500] |Year 60 -11500
Year 61 -1500] |Year 61 -1500
Year 62 -1500| |Year 62 -1500




Year 63 -1500] |Year 63 -1500
Year 64 -1500] |Year 64 -1500
Year 65 -1500] |Year 65 -1500
Year 66 -1500] {Year 66 -1500
Year 67 -1500{ [Year 67 -1500
Year 68 -1500| |Year 68 -1500




NPV Calculation - Option 3 -“Status Quo”
HM Treasury Nuclear Provision Sensitivity Analysis
Discount Rates
Discount Rate =1.9% Discount Rate -0.9%
Iyrs 0-5=
NPV (£) (659,793)| |NPV (£) (561,187)
Initial -15000] |Initial -15000
Investment Investment
Year 1 -15000] |Year 1 -15000|
Year 2 -15000| [Year 2 -15000|
Year 3 -15000| [Year 3 -15000}
Year 4 -15000| |Year 4 -15000}
Year 5 -15000| |Year 5 -15000}
Discount Rate -0.65% Discount Rate =0,30%
yrs 5-10= yrs 5-10=
Year 6 -15000| |Year 6 -15000}
Year 7 -15000{ |Year 7 -15000
Year 8 -15000{ |Year 8 -15000
Year 9 -15000] |Year 9 -15000
Year 10 -15000] |Year 10 -15000
[Discount Rate 2.20% Discount Rate 3.20%
yrs 10 yrs + yrs 10 yrs +
Year 11 -15000{ |Year 11 -15000
Year 12 -15000] |Year 12 -15000
Year 13 -15000] |Year 13 ~15000|
Year 14 -15000| |Year 14 -15000)
Year 15 -15000| |Year 15 -15000]
Year 16 -15000| |Year 16 -15000]
Year 17 -15000| {Year 17 -15000]
Year 18 -15000| |Year 18 -15000]
Year 19 -15000] |Year 19 -15000
Year 20 -15000| |Year 20 -15000}
Year 21 -15000] |Year 21 -15000]
Year 22 -15000]| |Year 22 -15000
Year 23 -15000| |Year 23 -15000
Year 24 -15000] |Year 24 -15000
Year 25 -15000] |Year 25 -15000
Year 26 -15000| |Year 26 -15000




Year 27 -15000] |Year 27 -15000
Year 28 -15000j |Year 28 -15000
Year 29 -15000]| |Year 29 -15000
Year 30 -15000| {Year 30 -15000
Year 31 -15000f |Year 31 ~15000|
Year 32 -15000| |Year 32 -15000]
Year 33 -15000f{ |Year 33 -15000
Year 34 -15000} |Year 34 -15000
Year 35 -15000| [Year 35 -15000}
Year 36 -15000| {Year 36 -15000)]
Year 37 -15000| |Year 37 -15000
Year 38 -15000{ |Year 38 -15000
Year 39 -15000} |Year 39 -15000}
Year 40 -15000] |Year 40 -15000
Year 41 -15000] |Year 41 -15000
Year 42 -15000] {Year 42 -15000
Year 43 -15000| |Year 43 -15000
Year 44 -15000} |Year 44 -15000
Year 45 -15000] |Year 45 -15000
Year 46 -15000| |Year 46 -15000
Year 47 -15000f |Year 47 -15000
Year 48 -15000]| |Year 48 -15000
Year 49 -15000{ |Year 49 -15000
Year 50 -15000j {Year 50 -15000
Year 51 -15000{ |Year 51 -15000
Year 52 -15000] |Year 52 -15000
Year 53 -15000{ {Year 53 -15000
Year 54 -15000{ |Year 54 -15000
Year 55 -15000]| |Year 55 -15000
Year 56 -15000| |Year 56 -15000
Year 57 -15000] |Year 57 -15000
Year 58 -15000] |Year 58 -15000
Year 59 -15000] |Year 59 -15000
Year 60 -15000| |Year 60 -15000
Year 61 -15000| [Year 61 -15000]
Year 62 -15000/ |Year 62 -15000]
Year 63 -15000| |Year 63 -15000]




Year 64 -15000| |Year 64 -15000|
Year 65 -15000| |Year 65 -15000}
Year 66 -15000] |Year 66 -15000
Year 67 -15000|( |Year 67 -15000
Year 68 -15000| |Year 68 15000




Appendix 8 - Contractor cost data for borehole monitoring

(Magnox, 2015).

Contractor Cost Data

CHX Site Contractor Borehole Monitoring Costs

item Quantity Rate Amount (£)

Monitoring Technician 5 £187.00 935
p.day

Experienced Ground Engineer 5 £327.25 1636.25
p.day

Geoenvironmental laboratory testing - - 1750.11

Preparation of Health and Safety docu- - - 792.63

mentation and Safety Risk Assessment

One master copy of the Monitoring Report - - 1200
Digital data in AGS transfer format = - 119
All other expenses incurred where an over ) £71.50 a 715
night stay is required. night for 2

people

Total (£) 7147.99




Appendix 9 - Contractor costs for installing boreholes
(Magnox, 2015).

CHX Site Contractor Borehole Drilling Costs (for PRB)

tem Quantity Rate Amount (£)
Experienced Ground Engineer 10 £238.00 2380
p.day
Ground Engineer Specialist 10 £326.40 3264
p.day
All other expenses incurred where an over 10 £7150a 1430
night stay is required. night for 2
people
Rotary Drilling - - 22499.25
Preparation of Health and Safety docu- - - 792.63
mentation and Safety Risk Assessment
Total (£) 30365.88




Appendix 10 - VLLW Waste created from “"North End” selective ex-
cavation

VLLW (Geotechnically unsuitable)

Area Number of Bags | tonnes References
(1 tonne)

Selective Excava- 57 33.15| Magnox, 2013

tions

OAEDL/EDL 327 231.45

Anchor trenches/ 11 8.89

drilling cores

Legacy soil/ 12 5.67
concrete

North End 69 53.4
concrete
(primarily OAEDL
and other
excavated
pockets of made
ground)

Total Bags 476 332.56

@ 20 bags per 24 Loads
vehicle

Total vehicular 48 vehicular
moves to and moves
from site




Appendix 11 - LLW Waste created from “"North End” selective

excavation

LLW

Area Number of Bags tonnes References
(1 tonne)

Selective 32 21.13 | Magnox, 2013
Excavations

OAEDL/EDL 2 0.95

Totals 34 22.08

Bags were split 2 loads
between 2
HHISO's

Total vehicular |4 vehicular
moves to and moves
from site




Appendix 12 - Conventional Waste created from “North End”

selective excavation

Conventional Waste

Area

Number of Bags
(1 tonne)

tonnes

References

Selective
Excavations

16

9.5

OAEDL/EDL

95

66.26

Anchor trenches/
drilling cores

24

14.09

Legacy soil/
concrete

5.03

North End
concrete
(primarily OAEDL
and other
excavated pockets
of made ground)

Totals

144

94.88

Magnox, 2013

Total no. of waste
skips

34

Inclusive of
other
conventional
waste arisings
from the area.

Total vehicular
moves to and from
site

68 vehicular
moves
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Appendix 15 - Chapelcross Site Hiview Calculations

Total of
SuRF UK Indicator Preference
Cateory Weight| Weights [Cumulative weight|Option Score Weighted Score
1 0 0.0805x0=0
Emissions to Air 60 60 /745 = 0.0805 2 55.56 0.0805 x 55.56 = 4.47
3 77.78 0.0805 x 77.78 = 6.26
4 100 0.0805 x 100 = 8.05
1 76.92 0.134 x 76.92 = 10.33
2 100 0.134 x 100 = 13.42
Groundwater & | =45 100/745 = 0.134 X
Surface Water 3 84.62 0.134 x 84.62 = 11.36
4 0 0.134x0=0
1 0 0.0939x0=0
Natural
2 33.33  [0.0939 x 33.33 = 3.13
Resources and 70 70/745 = 0.0939 a
Waste 3 66.67 0.0939 x 66.67 = 6.26
4 100 0.0939 x 100 = 9.4
1 0 0.134x0=0
i i 2 24.48 0.134 x 24.48 = 3.29
Direct Economic | 100/745 = 0.134 X
Cost 3 51.39 0.134 x 51.39 = 6.9
4 100 0.134 x 100 = 13.42
1 80 0.1073 x 80 = 8.59
i i 2 100 0.1073 x 100 = 10.74
Project Lifespan | g 745 80/745 = 0.1073 X
and Flexibility 3 0 0.1073x0=0
4 10 0.1073 x 10 = 1.07




Human Health &

50

0.1073 x 50 = 5.37

Safety 80
Ethics & Equality 95
Neighbourhoods 60

& Locality
Uncertainty & 100

Evidence

1
2 0 0.1073x0 =0
80/745 = 0.1073 X
3 16.67  |0.1073 x 16.67 = 1.79
4 100 0.1073 x 100 = 10.74
1 76.92  |0.1275 x 76.92 = 9.81
> 100 0.1275 x 100 = 12.75
95/745 = 0.1275 X
3 61.54 |0.1275 x 61.54 = 7.85
4 0 0.1275x0 = 0
1 100 0.0805 x 100 = 8.05
> 0 0.0805x0 = 0
60/745 = 0.0805 X
3 2222 |0.0805 x 22.22 = 1.79
4 55.56  |0.0805 x 55.56 = 4.47
1 71.43  |0.134 x 71.43 = 9.59
2 100 0.134 x 100 = 13.42
100/745 = 0.134 X
3 78.57  |0.134 x 78.57 = 10.55
4 0 0.134x0 = 0




Appendix 16 - Hiview Reassessment of Option 3 Incorporating Source Zone Treatment

{8 Which Remediation? Node Data (=23

Which Remediation? Criteria Contribution [

Which Remediation? Weight Option 2 Option 4 Cumulative
Option1 Option 3 Weight
Emissions to air 8.1

Groundwater & Surfac I

134
Matural resources & I 94
Direct Economic Cost I 134
Project lifespan &F || 10.7
Human Health & Safet [{ 107
Ethics & Equality | 12.8
Neighbourhoods & Loc i 81
Uncertainty & Eviden ] 134

52 61 57 46

TOTAL 100.0

The Hiview remediation criteria contribution table shows what effect adding ‘In Situ ZVI’ source zone mixing has on the score of option 3.



SuRF UK Category

Weight

Option

Input Score

Preference Score

Weighted Score

Option1 £1,695,085.5 0.00 0.00

Option 2 £1,328,092.2 26.54 3.56
ECON 1 - Direct Economic Cost- NPV

100 Option 3 £1,566,617.0 9.29 1.25

Option 4 £312,390.0 100.00 13.42

Option1 50.0 63.64 6.83
ECON 5 - Project Lifespan & Flexibility .

Option 2 60.0 81.82 8.79
Flexibility to cope with changing circumstances 80

Option 3 70.0 100.00 10.74




Option 4 15.0 0.00 0.00
Option1 50 76.92 9.81
SOC 2 - Ethics & Equality 95 Option 2 65 100.00 12.75
Avoid transfer of issues to future generations Option 3 60 92.31 11.77
Option 4 0 0.00 0.00
Optionl1 50 71.43 9.59
SOC 5 Uncertainty & Evidence 100 Option 2 20 100.00 13.42
Compliance with remedial criteria (TBD)
Long term robustness/ validation of remediation Option 3 65 92.86 12.46
Option 4 0 0.00 0.00

The above table shows only the indicators where the input scores were changed under option 3 in line with adding ‘In Situ ZVI' source

zone treatment along with a PRB.




