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List of Acronyms

EBS: Engineered Barrier System

EC: European Commission

GTS: Grimsel Test Site

HLW: High Level Waste

HRL: Aspo Hard Rock Laboratory

IAEA: International Atomic Energy Agency
ILW: Intermediate Level Waste

MTL: Mont Terri Underground Rock Laboratory
RTD: Research and Technology Development
THMC: Thermal, Hydro, Mechanical and Chemical
URL: Underground Research Laboratory

WP: Work package

List of key Terms

A list of internally accepted definitions of key terms used to describe the technical specifications
of monitoring equipment is included as annex I. The terms included so far are as follows:

Accuracy: indicates proximity of measurement results to the true value. Note that for repository
monitoring this can be a rather theoretical entity.

Analytical quality control (AQC): all those processes and procedures designed to ensure that
the results of laboratory analysis are consistent, comparable, accurate and within specified limits
of precision.

Bias: non-random or directed effects caused by a factor or factors unrelated to the measured
parameter.

Confounding variable: an extraneous variable in a statistical model that correlates (positively or
negatively) with both the dependent variable and the independent variable.

Correction: value added algebraically to the uncorrected result of a measurement to compensate
for systematic error. The correction is equal to the negative of the estimated systematic error.
Since the systematic error cannot be known perfectly, the compensation cannot be complete.
Correction factor: numerical factor by which the uncorrected result of a measurement is
multiplied to compensate for systematic error.

Dead Band: the range through which an input can be varied without observable response

Drift: an undesired change in the output-input (signal-real value) relationship over a period of
time

Error (of measurement): result of a measurement minus the value of the true value.

Failure: state or condition of not meeting an intended performance.

Hysteresis: that property of an element evidenced by the dependence of the output for a given
excursion of the input, on the history of prior excursions and the direction of the current traverse.
Linearity: the closeness to which a curve approximates a straight line.

Method: the application of a technique for a specific measurement in a specific environment,
including all hardware components necessary to convert sensor signals to (digital) data (wiring,
connectors, converters).

Precision: of measurement is related to the repeatability or reproducibility of the
measurement. Anyhow, the latter are more accurate expressions that should be preferred.
Procedure: a set of written directions defining how to apply a method to a particular
environment, including information on placement of sensors and other hardware, handling of
cross-sensitivities, and validating results. A method may have several procedures as it can be
adapted to a specific need.
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Quality assurance (QA): planned and systematic activities implemented in a quality system so
that quality requirements for a product or service will be fulfilled. It is the systematic
measurement, comparison with a standard, monitoring of processes and an associated feedback
loop that confers error prevention
Random error: result of a measurement minus the mean that would result from an infinite
number of measurements of the same parameter carried out under repeatability conditions.
Reliability: ability of a device or system to perform a required function under stated conditions
for a specified period of time.
Repeatability (of results of measurements): closeness of the agreement between the results of
successive measurements of the same parameter carried out under the same conditions of
measurement.
Reproducibility (of results of measurements): closeness of the agreement between the results
of measurements of the same parameter carried out under changed conditions of measurement.
Redundancy: the duplication of critical components or functions of a system with the intention
of increasing reliability of the system. There are several forms of redundancy, these are:

e Hardware redundancy (duplication, triplication, etc. of systems)

e Distinct functional redundancy, such as both mechanical and hydraulic braking in a car

e Information redundancy, see error detection and correction methods

e Time redundancy, including transient fault detection methods

e Software redundancy
Resolution: the smallest change in the underlying physical quantity that produces a response in
the measurement.
Sensitivity: The ratio of change in output magnitude (signal) to the change in input (real value)
which causes it after the steady state has been reached.
Systematic error: mean value that would result from an infinite number of measurements of the
same parameter carried out under repeatability conditions minus the (real) value of the
parameter.
Technique: any chemical or physical principle used to measure a parameter. There are often
several possible techniques available to measure one parameter.
Technology Readiness Level (TRL): a systematic metric/measurement system that supports
assessments of the maturity of a particular technology and the consistent comparison of maturity
between different types of technology. Terminology/methodology is used in different fields of
work with slightly different definitions, as there is no general definition of the TRLs. Nine levels
of readiness are defined, from the lowest, TRL1 “Basic principles observed and reported”, to the
highest, TRL9, which for this field of application could be defined as “Actual monitoring system
operated in a full scale disposal facility”.
Uncertainty: A state of having limited knowledge where it is impossible to exactly describe the
existing state, a future outcome, or more than one possible outcome. For measurement methods,
it defines the confidence interval of the expected outcome. Uncertainty depends on both the
accuracy and precision of the measurement instrument. The lower the accuracy and precision of
an instrument, the larger the measurement uncertainty is. Expressing the uncertainty of
measurement results normally requires the use of the terms standard uncertainty, combined
standard uncertainty, expanded uncertainty, or their "relative" forms. Notice that precision is
often determined as the standard deviation of the repeated measures of a given value. However,
this method is correct only when the instrument is accurate. When it is inaccurate, the
uncertainty is larger than the standard deviation of the repeated measures, and it appears evident
that the uncertainty does not depend only on instrumental precision.
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1.

Introduction

This report summarized the current state-of-the-art of monitoring technology related to the deep
geological disposal of radioactive waste as part of the European 7th framework project
“Monitoring Developments for Safe Repository Operation and Staged Closure” (MoDeRn). The
State of Art report is intended to:
0 Provide an introduction about (i) the parameters of interest for monitoring; (ii) the
components that might need monitoring, and (iii) the associated requirements and
constraints

0 Present an overview of relevant state of art on technologies relevant for use in a
repository context'

Justify this relevance with available references, feedback and experience

Summarize advantages and disadvantages of available technologies for repository
monitoring

0 Propose R&D leads to remove some of the disadvantages
0 Conclude on feasibility and limitations for repository monitoring

In the next two sections, a high-level overview of monitoring in the context of the disposal of
radioactive waste in geological repositories is given to provide the necessary conceptual context
to the discussions in subsequent sections of this report. In Section 1.3, general topics related to
repository monitoring are shortly presented, followed by an overview how the MoDeRn project
has addressed these topics (Section 1.4). Section 1.5 provides the rationale behind this report,
and Section 1.6 gives an overview of the structure of the remainder of this report.

1.1 Geological Disposal and the Safety Case

Currently, geological disposal is internationally assumed to be the only feasible option for the
safe disposal of long-lived radioactive waste in the long term, in order to protect man and the
environment. The long-term safety of geological disposal is currently demonstrated by the
internationally used methodology of the “Safety Case” [1], [2], [3] that provided a contextual
structure that is also assumed to be useful for the elaboration of monitoring strategies (see
MoDeRn Deliverable D-1.2.1 [4]). In the following paragraphs the principles of the Safety Case
are described, including a deeper analysis of role of monitoring in geological disposal within a
Safety Case, examples of monitoring objectives and different options/strategies available to
perform the monitoring and that were used to classify the applicable techniques.

Worldwide, there are forty-seven countries with significant volumes of radioactive waste and
materials, which have arisen from nuclear power generation and from military, medical and
research activities. Many of these wastes will remain hazardous over long periods. The
fundamental objective of geological disposal of these radioactive wastes is to protect people and
the environment from harmful effects of ionising radiation [5].

Geological disposal aims to isolate and contain waste through appropriate design and operation
of the facility, through sitting in a suitable geological environment, and by using an appropriate
engineered barrier system (EBS). The EBS consists of man-made components of the multi-
barrier system including, as appropriate, the waste form, the waste containers, the buffer, the
backfill, the repository seals and other engineered features. Besides the EBS, geological

! Note that not all the reviewed techniques will be required to monitor a repository
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barrier(s) as the host rock that enclosed the facility, isolates the waste from the biosphere,
contains and retards radionuclides and maintain the protective function of the EBS. Any disposal
concept and its engineered barriers must be tailored to the specific geological environment in
which it is to function.

The geological disposal system (the disposal facility and the geological environment in which it
is sited) is developed in a series of steps in which the scientific understanding of the disposal
system and of the design of the geological disposal facility is progressively advanced [6]. The
basis for this understanding of the disposal system and the key arguments for its safety, and an
acknowledgement of the existing unresolved uncertainties, of their safety significance and
approaches for their management, are incorporated into a safety case [6].

Most countries with significant volumes of radioactive waste and materials have programmes to
address radioactive waste management through geological disposal in repositories. These
programmes are at different stages of development, from preliminary planning to operating
facilities for geological disposal, and consider repositories hosted in a range of geological
environments, including different host rocks.

The role of the safety case in these programmes may include:

e Integrating relevant scientific, technical and other information in a structured, traceable and
transparent way and, thereby, developing and demonstrating an understanding of the
feasibility and potential behaviour and performance of the disposal system.

e Identifying uncertainties in the behaviour and performance of the disposal system, describing
the possible significance of the uncertainties, and identifying approaches for the
management, or further treatment, of significant uncertainties.

e Demonstrating long-term safety and providing reasonable assurance that the disposal
facility will perform in a manner that adequately protects human health and the

environment.

e Facilitating communication amongst stakeholders on issues relating to the disposal
facility and explaining why the audience should have confidence in the acceptability of the
disposal facility.

e Aiding decision-making on the authorisation / licensing of radioactive waste disposal and
related issues.

References

[1] Nuclear Energy Agency. Confidence in the Long-term Safety of Deep Geological
Repositories. Its Development and Communication. OECD, Paris, 1999.

[2] Nuclear Energy Agency. Post-closure Safety Case for Geological repositories: Nature and
Purpose. NEA report 3679, OECD, Paris, 2004.

[3] IAEA. The Safety Case and Safety Assessment for Disposal of Radioactive Waste. [AEA
Safety Standard Series, Draft Safety Guide No. DS 355, Vienna, June 2011.

[4] MoDeRn Project (2013). Monitoring objectives and strategies report.
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[5] IAEA (2006a). Fundamental Safety Principles. IAEA Safety Standards for Protecting
People and the Environment. Safety Fundamentals No. SF-1. JAEA Vienna.

[6] IAEA (2006b). Geological Disposal of Radioactive Waste. IAEA Safety Standards for
Protecting People and the Environment. Safety Requirements No. WS-R-4. [AEA
Vienna.

1.2 Role of monitoring of geological disposals in the Safety Case

Monitoring during the implementation of geological disposal can be used to support the
scientific and technical programme, and can be used to build societal acceptability. A general
definition of the term “monitoring” within the context of geological disposal has been defined in
the Monitoring ETN [7] as:
“Continuous or periodic observations and measurements of engineering, environmental,
radiological or other parameters and indicators/characteristics, to help evaluate the
behaviour of components of the repository system, or the impacts of the repository and its
operation on the environment, and to help in making decisions on the implementation of
successive phases of the disposal concept.”

Identified monitoring objectives/roles in support of the scientific and technical programme
include:

e To build confidence in the long-term safety case, including demonstration that the facility
is evolving as expected.

e To build confidence in construction and operation.

e To demonstrate appropriate environmental performance.
e To maintain nuclear safeguards.

e To support stakeholder acceptability.

e To provide information for making management decisions (e.g. retrievability).

The TAEA has defined the role of monitoring programmes in the safe disposal of radioactive
waste [6] as follows:

e “A programme of monitoring shall be defined and carried out prior to and during the
construction and operation of a geological disposal facility. This programme shall be
designed to collect and update the information needed to confirm the conditions necessary
for the safety of workers and members of the public and the protection of the environment
during the operation of the facility, and to confirm the absence of any conditions that could
reduce the post-closure safety of the facility.

e ““Monitoring is carried out during each step of the development and operation of the
geological disposal facility. The purposes of the monitoring programme include providing
baseline information for subsequent assessments, assurance of operational safety and
operability of the facility, and confirmation that conditions are consistent with post-closure
safety. Monitoring programmes are designed and implemented so as not to reduce the
overall level of post-closure safety of the facility.

e “... Plans for monitoring with the aim of providing assurance of post-closure safety are
drawn up before construction of the geological disposal facility to indicate possible
monitoring strategies, but remain flexible and, if necessary, will be revised and updated
during the development and operation of the facility.”
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1.3 General topics on repository monitoring

The work undertaken as part of the MoDeRn Project is focusing mainly on monitoring in support
of long-term safety and there are several challenges to develop such monitoring programmes, for
example:

e (Can in situ monitoring systems provide several decades of maintenance-free, reliable
monitoring without intervention?

e Can information be collected on slow processes when the timescale for monitoring is limited,
compared with the expected evolution of the disposal system?

e (Can monitoring technologies withstand environmental conditions within the repository,
which may include high mechanical and/or hydraulic pressure, chemically corrosive
groundwater, elevated temperatures, and irradiation levels of several Gy/hr near waste
packages?

e (Can monitoring systems be successfully implemented without undermining the integrity of
engineered and natural barriers (for example, through the use of non-intrusive techniques
and/or wireless data transmission)?

Different approaches to monitoring are appropriate during planning, construction and operation,
and after operation. Substantial knowledge and monitoring experience will be available from:

e Decades of science and technology research programmes.
e Site characterisation and monitoring of site baseline conditions.

e Experiments and demonstrations in surface laboratories and underground research
laboratories (URLS).

During construction and operation, monitoring will provide data that can be used to support the
understanding of how the natural and engineered systems are responding to the development of
the repository. This will provide information on operational safety (e.g. the potential for rock
falls), the long-term safety case (e.g. understanding the transient response of the hydrogeological
regime to excavation of the repository), and environmental impact (understanding the impact of
the repository on the surface). Monitoring data will support optimisation of the disposal facility
design. The use of monitoring data in developing the understanding of the site will also play an
important role in responding to any authorisation conditions placed on operation of the facility
by the regulators and in building confidence of stakeholders.

Once the repository is operating, monitoring will play an important role in ensuring safeguards
and in demonstrating retrievability of waste (where this is a requirement of the national
programme).

Monitoring following operation of a repository will be dependent on decisions made by future
generations. Post-emplacement monitoring could extend into the post-closure period (the period
of institutional control). Depending on the national context, monitoring during the early stages of
repository implementation will need to reflect this possibility (i.e. gather baseline information
against which post-closure monitoring data can be compared).

Further information on monitoring of geological repositories can be found in MoDeRn

Deliverables D-1.2.1 [4] and D-2.1.1 [8]. For a general reference, the IAEA TECDOC [9] and
the ETN-report on monitoring [10] can be used.
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The MoDeRn project

The main objective of the EC Seventh Framework Programme “Monitoring Developments for
Safe Repository Operation and Staged Closure” (MoDeRn) Project is to further develop the
understanding of the role of monitoring in staged implementation of geological disposal to a
level of description that is closer to the actual implementation of monitoring.

Work in the MoDeRn Project is undertaken in a comprehensive and coherent programme of
research structured into six interrelated work packages (WP):

WP 1, Monitoring Objectives and Strategies: it will provide a clear description of
monitoring objectives and strategies that (i) appear suitable in a given physical and societal
context, (i1)) may be implemented during several or all phases of the radioactive waste
disposal process, (iii) appear realistic in light of available monitoring technology, (iv) take
into account feedback from both expert and lay stakeholder interaction, and (v) provide
information to support decision-making processes, while developing the licensing basis.

WP 2, State-of-the-art and RTD of Relevant Monitoring Technologies: this work will
result in a description of the technical requirements on monitoring activities as well as an
assessment of the state-of-the-art of relevant technology responding to these requirements
(the subject of this document); it includes a technical workshop involving other monitoring
Research and Technological Development (RTD) projects, leading to the identification of
RTD techniques that enhance the ability to monitor a repository.

WP 3, In situ Demonstration of Innovative Monitoring Technologies: the objective is to
develop in situ demonstration of innovative monitoring techniques and provide a description
of innovative monitoring approaches specifically responding to some of the design
requirements of a repository.

WP 4, Case Study of Monitoring at All Stages of the Disposal System: this WP will be
dedicated to a series of case studies illustrating the process of mapping objectives and
strategies onto the processes and parameters that need to be monitored in a given context, the
possible design of corresponding monitoring systems, possible approaches to prevent and
detect measurement errors, and the handling of “unexpected” repository evolutions.

WP 5: Dissemination of Results: the outcome of this work will be a platform for
communicating the results of the MoDeRn Project. Two international meetings will be held,
an international workshop with safety, regulatory and advisory authorities to communicate
current state-of-the-art monitoring approaches and to engage expert stakeholders in the
further development of repository monitoring objectives and strategies, and an international
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conference on repository monitoring. The production and maintenance of a project web site
is also included.

e WP 6: Reference Framework: The final WP will consolidate results from the previous ones
and provide a shared international view on how monitoring may be conducted at the various
phases of the disposal process. The relationship of the MoDeRn Monitoring Workflow to
work being undertaken in the project is illustrated in Figure 1.

Work Package 1: Monitoring Objectives and Strategles

Task 1.2

hlertily wml doseribe
mmil g ohjeclives
and mglemertibion
s

Work Package 22
State-ol-the-art ond ATD of
Relevant Monitoring Technologles

Task L1%
Technical noguirements for
mmitoning the disposal process

Work Package 3. In-situ
demonstration of innovative
monitoring lechnologles

IEGUSS jIeEFy wady pRduj

Task LI:
Yaite plars mod mosnlEoriig rogrmmmes
Tank 1.2:
Hidaivative EBS imonlkirig deimonstrmsge, tie
RAD 12 devolog Cirimeed TEM exporimen
3 B PN
Task 3.3

Inesmatiee w relees serme network. T rmmemresan
demorsdratio, the Grimeel ZigBee cyperiment
Task L4

Inmrrvative EBS imomiioring demodistraim,
Hilihes besier nml niscreseisame experinesds
Tk 1.5:

liusivegtive vitrified wisie disposil drifl
momihonng demonstratson in Hone arpillie

Work Package 4: Case Studly
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the Dkspns-ulgl"m:u:
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=1 Work Package 5 Tk .21
Task 6,1 Work Package 6: i " o i
Eoenl oot Rufurence Erameswni for Dissemination ol Results Mapping of provesses and pammeters

Repository Monitaring

Tank 5.1
Ml Bn Project web

Task 5.2

Figure 1: Relationship of the Preliminary MoDeRn Monitoring Workflow to MoDeRn Project work
package tasks. Note: ZigBee demonstrator is now High Frequency Wireless one
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1.5 Rationale of this report

Providing this state of art of technology will allow the implementer to conduct a realistic
analysis: Based on the monitoring needs, and based on an understanding of available technology
and different approaches (in-situ, non-intrusive or wireless transmission, borehole based, surface
based...), the implementer can provide (i) a realistic description of what and how monitoring can
be implemented; can provide (ii) an informed discussion on current, technical limitations. Based
on the latter, the implementer can further recommend (iii) where future R&D would be most
beneficial and (iv) where only alternative implementation approaches can provide some
monitoring information (e.g. from comparable long-term experiments instead of in-situ
monitoring).

1.6 Report Structure

The present document provides a synthesis of the existing knowledge on applicable monitoring
technologies based on three main sources:
. the applicable knowledge and experiences provided by the project partner [11].

 the results of the Troyes Monitoring Technologies Workshop [12], focused on the applicable
knowledge from monitoring applications with similar technical requirements as:

o URLs and ILW repositories,

o nuclear power plants operations,

o mining, oil and gas operations,

o monitoring of subsurface infrastructures,
o gas storage,

o hydrocarbon exploration or

o CO; sequestration and storage.

« the outcome of the RTD and demonstration activities carried out within the MoDeRn project
(WP2 & WP3).

Emphasis in this report is placed on sensors, signal and data transmission, and local energy
sources, because these are assumed to present the most critical components of a monitoring
system. Aspects related to signal diagnosis (tools) have been included too. All topics will be
discussed within the specific technical requirements imposed by the context of monitoring in
geological repositories.

The report is structured as follows:

e Chapter 1 (this chapter) presents the repository monitoring, describes the background to the
MoDeRn project, and the rationale, objectives and structure of this report

e Chapter 2 gives a condensed overview on the main elements of a monitoring programme and
discusses main components and approaches for monitoring.

e Chapter 3 provides an extensive overview of the state-of-the-art of monitoring technologies
applied in repository monitoring and other related work fields.
MoDeRn M-2.2.2.3 State of Art on MonTech vl 12



e Chapter 4 provides an evaluation of the monitoring techniques presented, highlighting the
main areas for improvement in existing technologies, and finally presents the conclusions
from this study.

References

[11] AITEMIN (2010). MoDeRn Project: State of Art — Initial (M- 2.2.2.2).

[12]  White, M., Morris, J. and Harvey, L. (2010). MoDeRn Project: Workshop on Monitoring
Technologies Report (D-2.2.1).
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2. Overview of a monitoring programme

2.1 Introduction

The objectives of a monitoring programme are dependent on the national context under which
the programme is developed. The national context includes relevant regulations, the nature and
quantities of the waste to be disposed of, the repository design, the geological environment and
stakeholder expectations.

2.2 Components, processes and parameters

First step for designing the monitoring programme will consist on analysing the repository
components, their safety functions and the related relevant processes to determine the
preliminary list of parameters to be included in the monitoring programme. Such preliminary list
of relevant parameters will be then screened upon the measurement feasibility to propose the

adequate/realistic monitoring programme. This process is accomplished and further described in
WP4.

The list included hereafter illustrates about the components and processes that a repository
monitoring programme might cover, based on a generic conceptual design for the engineered
barrier system of a high-level waste (HLW) repository (see Figure 2).

An example of processes in different parts of a repository that a monitoring programme might
cover is provided below, based on a generic conceptual design for the engineered barrier system
of a high-level waste (HLW) repository illustrated in Figure 2.

e Waste disposal packages:
0 Containment of waste.
O Mechanical and chemical stability of waste packages.
e Other engineered components (buffers, backfills, seals and structural components):

0 Containment of waste in repository — resistance to groundwater flow and transport
through the repository.

0 The consistency of thermal, hydro, mechanical and chemical (THMC) conditions
with the assumptions made in the safety case.

e Natural environment (near-field geological environment):

O Minimise perturbation of host rock.

0 Evolution of THMC properties relevant to the safety case.
e Natural environment (far-field geological environment):

0 Rock mechanics, hydrogeological and hydrogeochemical response to repository
development and evolution.

MoDeRn M-2.2.2.3 State of Art on MonTech vl 14



Far-field rock

Backfill
Access Concrete
tunnel / plug
— | Disposal gallery |
A i i~ + >, o v Tk TR e B - Ty x =
A - gt " — I ]
a : BT A P it et T 2 T ; g e ¢
Near-field rock
Seals
Bentonite plug Buffer and waste package

Figure 2: Illustration of the components and layout of a generic conceptual design for the engineered
barrier system of a HLW repository.

The definition of technical requirements for the monitoring of a repository will be based on
considerations on the potential objectives that must be achieved in a set of given environmental
conditions, while respecting repository safety, both operational and post-closure. A list of
potential monitoring requirements was provided in MoDeRn Deliverable D-2.1.1 [8] and a
preliminary list of parameters of interest for most repository monitoring programs’ was
identified and compiled too:
e Temperature
Mechanical pressure
Water content & humidity
Hydraulic pressure
Radiation
Displacement
Deformation
Gas concentration (Oxygen, Carbon Dioxide, Hydrogen and Methane)
Gas pressure
pH & Eh
Concentration of colloidal particles
Alkalinity

Currently, it can be stated that no conclusive list of relevant parameters exists. A workflow to
provide such a list for a given programme was developed in WPI1, and the usefulness of the
approach was evaluated for specific examples (cases) in WP4. Thus, the list of parameters
provided above is based in first instance on expert judgement and therefore it should be noted
that only a few of them could be required in the real case. It should be noted too that the topics
discussed in this report are involuntarily biased by the expertise present by the performance of
actual research projects, often performed in-situ, and should not be understood in a way that this
list is considered relevant for the purpose of monitoring in a way as addressed in the MoDeRn

? Given the variety of national contexts, not all parameters may be necessary or of interest for
monitoring on each case, while others related to a very specific objective, may need to be added.
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project. Although efforts where made to present a complete enough list, it cannot be excluded
that the list of technologies discussed in the next chapter is incomplete.

2.3 Monitoring options/strategies

The current approach to monitoring programmes in the operating phase would place reliance on
the use of classical wired instrumentation that should be removed as soon as the different
repository areas are being sealed. The general view is that the use of cables for data transmission
or energy supply could affect the behaviour of the engineered barriers and therefore they would
not be acceptable, unless it can be demonstrated that this is not the case or if monitoring makes
use of pilot facilities or a dedicated test disposal drift.

Thus one solution to maintain operational monitoring systems during the early closure phase
(repository-based monitoring) is the use of wireless data transmission systems provided with
some kind of energy supply to the isolated sensors to allow monitoring information to be
provided for long periods after isolation.

It is recognised that, even with some of the proposed solutions being considered in this work,
these alternative monitoring systems and monitoring programmes could not be sustained over the
very long timescales after repository closure. It is for this reason that safety cases do not rely
upon monitoring. However, monitoring systems/programmes will provide a means in the short
term for tracking the system and comparing against expectation. Such monitoring systems can
provide a basis for confirmation and confidence-building.

The repository-based monitoring, if feasible, will provide information during a relatively short
period of time after repository closure and thus complementary monitoring techniques such as
monitoring the repository from observation boreholes or from the surface, which can be
maintained over longer periods of time, should be considered. Other aerial monitoring systems
such as satellite interferometry could also be used to provide monitoring information.

In consequence the applicable monitoring technologies have been structured in the following
sections:

« Repository-based monitoring,

« Borehole-based monitoring,

« Surface-based monitoring and

« Aecrial or Remote monitoring systems

As the main interest of MoDeRn project is the monitoring to be carried out during the
operational and the early post-closure phases this report will pay more attention to those
techniques that are more suitable for that period, which are the repository and borehole-based
ones.

There are well known techniques whose characteristics can be easily found elsewhere and that
have been successfully applied for decades (e.g., temperature measurement) which are therefore
treated within the document in a succinct way. On the contrary, those techniques that have not
been fully described up to date (as the relative humidity measurement) or are more recent or
novel (as the fibre optics or the wireless transmission) are described in more detail.
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3. Monitoring Technologies

3111

In this section, the state-of-the-art of monitoring technologies suitable for a repository
monitoring programme is summarised according to the main sections and parameters identified
above. For each parameter a high-level summary of the monitoring technology is provided,
covering all or most of the following points:

O A brief rationale: why measuring such parameter
Available techniques and main characteristics
Accuracy and range of application

Long term performance and reliability
Installation topics

Particularities

Data acquisition units

Conclusions

O O 0O 0o oo oo

References to obtain more details if required

3.1 Repository-based monitoring

There are different approaches to take measures in a repository. Classical wired sensors are the
most widely used and represent a standard, reliable and well known solution in most cases.
Sensors based on fibre optics have been developed more recently and their use is increasing
progressively as they can have some advantages with regard to classical sensors, but still they are
wired sensors. Wireless data transmission techniques, based both on low and high frequency
bands, in combination with classical sensors are being considered lately to avoid cabling through
the repository barriers. All 