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Executive Summary

Introduction and Objectives

The Development and Demonstration of Monitoring Strategies and Technologies for Geological
Disposal (Modern2020) Project aims to provide the means for developing and implementing a
effective and efficient repository operational monitoring programme, taking into account requirements
of specific national programmeslThe mainfocus of the project is monitoringf the repositoryand
repositorynearfield during the operational periom support decision making and to build further
confidencein the postclosure safety cas@ncluding verification of the abuilt repository through
monitoring ofprocesses in the short period following emplacement)

Deliverable D2.1 is the summary repdor Task 2.1of Work Package 2, which is focused on
monitoring programme design basis, monitoring strategies and decision mdkirgytask aimed to
address several remaining generic issues not previously addressed in international collaborative
projeds. D2.1 addresses the throughundertaking work related thefollowing objectives:

1 Evaluate the role of monitoring within the patbsure safety case.
1 Evaluate higHevel monitoring strategies.

1 Considerthe range of decisions to be made during repository implementation that will require
information from monitoring.

91 Develop screening methodologies used to develop monitoring parametefolistifferent
national monitoring contexts.

Approach

A questionaire was developed and distributed to collate information about specific niogitor
strategies being adopted in different countriasd the decisionexpected to be underpinned by
monitoring. In parallel, a literature review of monitoring programmelsted to three radioactive
waste disposgirogrammesvas undertake(the Waste Isolation Pilot Plant in New Mexico, UShe

New Low-level Waste Facilities in Dounreay, UK; and monitoring during the construction of the
ONKALO underground rock characterisatiacility in Finland). These programmes were selected to
provide varied case studies illustrating the role of monitoring in repository implementation (such as
decisionmaking), and ways in which monitoring parameters have been scre@ugputs fromthe
literature reviewhave been usetb underpin guidance on monitoring strategies developethisn
report.

The preliminary findings from the questionnaire and literature review were discussed at a workshop
held in December 2015, and these discussions weoeuged as an input into this report. At the
workshop, initial ideas for screening parameter lists were discussed. These were subsequently
developed into a screening methodologgferred to as the Modern2020 Screening Methodology,
which underwent itetave testingusingthree case studiesThe outcomes of this task were presented

at a final workshop held in June 2016, after which $heeningMethodology was further revised.
Feedback from that workshop has also been incorporated tletoversion of he Screening
Methodology presented this report.

Monitoring and the Postclosure Safety Case

Explicit consideration of thpostclosuresafety case, and how monitoriogn be integrated with other
methods to build confidence and demonstrate safeted to be clearly set out to ensure that
monitoring programmes are discussed and developed in a wider coStgety following closure is
demonstrated through multiple lines of reasoning, including conduct of a safety assessment and
comparison of the redslwith safety criteria.Residualuncertainties irthe postclosureperformance

of a repository will be managed the safety casdothby applyingspecific approaches the safety
assessment and through other meashscertainty can be accounted for through mitigation, qualitative
argument, or quantitative assessment approaches, none of which rely on monitoring. The development
of design requirements, and demonstration of compliance with thesaglthrimits, contrts
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(including quality controlland conditionsjs used toverify that the aguilt repository is consistent
with the safety case

However, the repository will bgartially open and accessible for monitoring fegveral decades
during the operational periodnd this provides raopportunity for gathering information on the
performance of the disposal system following emplacement of the waste and th€ &i&tent with
stepwise implementation of geological dispogaliodic updates to the safety cagét be produced
during the operational peripénd information from monitoring will bene input to these periodic
updates.Information from repositorynonitoringcould be compared with the argumenised to build
the safety case to cheakhether the parametof the repository system are evolvingaidomain that

is consistentwith the safety case The results from such monitoring could also form part of an
ongoing stakeholder engagement plamd form part of stakeholder dialogwiring repository
operation

High-level Monitoring Strategies

A range of higHevel strategies can be used to conduct monitadimgng the operational period to
support decision making and to build furtisenfidencen the posiclosure safety caseDifferences in
strategy ardargely a result of differences in national legislation and regulatory requirements, and
differences in geological environment, which drive requirements on the disposal system (and,
therefore, the selected disposal concept) and monitoring system, and ledigrant monitoring
concepts High-level strategy includes considerationvdfiat will be monitored, anadvhereand when
monitoring will take place. For each of these aspects, generidenighstrategy elements have been
identified, each of which has associated strengths and weaknesses:

1 Where: Monitoringn situ, with or without retrieval of monitored componentspnitoring in
a pilot facility; monitoring in an ogite underground research facility.

1 What: Waste packages (and surrounding EBS); dummy packages (and surrounding EBS);
specific elements of the EBS; geological barrier.

1 When: Before repository operation during commissioning; during the period of earliest
waste emplacement; after closure of the repository.

I n addition, t hr ee doacepd exampleshite catrastmg rstrategiesre n g
described in this report

T Insitumonitoringof relativelybroad scope e pr esent ed by Andrads moni

9 Limited monitoring focused on EB8emens/dummy packages, represented by the 8BS
concept.

f Monitoring in a pilot facility, represented I
Decisionmaking Requirementson Monitoring

Previous work has identified that monitoring can support management decisions in a staged
programme of repository developmeniThe accumulation of information progressively enhances
confidence in the design concepiiforming both major programme decisionsand continuous
engineering decisionsThe MoDeRn Projecis an example of previous waqrkn which an overall
strategic approach to monitoring, the MoDeRn Monitoring Workfleas developed.

The main stages in the lifecycle of a reposit@yd therefore the major programme decisions needed

to move between phases, are similar for all programmes, and include decisions on siting, construction,
starting and ending waste emplacement, backfilling, closure aneopesitional provisions. In
addtion, for programmes with a requirement for retrievability, the decision to reverse any of the major
stages or to retrieve waste would need tauggportedoy monitoring data. Such decisions are likely

to involve holistic review of all data collected as part of the monitoring prograemiché¢his aspect of
monitoring is considered in Task 2.3 of the Modern Projetierdfore, specific parameters to support
programme decisions are not considered in this report.
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Engineering decisions are highly programspecific. This report presents examples of how
monitoring data is expected to support engineering decisions in various programmes, in addition to a
more geemric list produced by the IAEA. These include potential future design enhancements
identified by Andra, and decisions associated with the implementation of the German clay concept.

Identifying and Screening Monitoring Parameters

It is widely recognised tit a monitoring programme should be practically feasible, proportionate and
justified in the context of a specific disposal programme. Therefore, it is necessary to identify
parameters to monitor that:

1 Provide information about processes relevant to-gosure safety (and/or retrievability, if
applicable).

9 Offer value in support of the peslosure safety casabove that gained from other aspects of
the wider science programme

9 Are technically feasible to monitor.
9 Are appropriate in the context of otlgarameters proposed for monitoring.

A major outcome of Task 2.1 is the development of a generic approach for identifying such
parameters (the Modern2020 Screening Methodology), which recognises and accommodates the role
of expert judgement, and is adap&ato suit specific needs. The Methodology is visualised through a
diagram Figure E1) and accompaniday a detailed explanation of each of the steps.

The Methodology is intended to be iterated multiple times, and to fit into a process oflbigher
ergagement with regulators and public stakeholders. It is fully compatible with the MoDeRn
Monitoring Workflow.

Modern2020" Deliverable D2.1Final
Dissemination levelPU Pagev
Date of issue of this repo@8/02/2017 © Modern2020



Modern2020° Work Package Deliverable D2.1
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Figure E-1:  The Modern2020 Screening Methodology
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List of Acronyms

BPM: Best Practicable Means

CCA: Compliance Certification ApplicatiofUSA)

COMP: Compliance monitoring parameter (USA)

DiP: Decisionin-Principle(Finland)

DOE: Department of Energy (USA)

DSRL: Dounreay Site Restoration Limited (UK)

EBS: Engineered barrier system

EC: European Commission

EPA: Environment Protection Agency 8A)

ESC: Environmental Safety Case (UK)

ETN: European Thematic Network

EU: European Union

FE: Full-scale Emplacement

FEP: Featurs, evens andproceses

GEOSAF: International Intercomparison and Harmonisation Project on Demonstrating the
Safety ofGeological Disposal

GRA: Guidance on Requirements for Authorisation (UK)

HA: Highly-active

HAZOP: Hazard and operability

HLW: High-level waste

IAEA: International Atomic Energy Agency

ICRP: International Commission on Radiological Protection

ILW: Intermediatdevel waste

IRF: Instant release fraction

LLW: Low-level waste

LTRBM: Long-term Rock Buffer Monitoring

MoDeRn: Monitoring Developments for Safe Repository Operation and Staged Closure

Modern2020 Development and Demonstration of MonitoringdBtgies and Techtampies for
Geological Disposdl Horizon2020

NEA: Nuclear Energy Agency

NLLWF: New Lowlevel Waste Facilities (Dounreay, Scotland)
NRC: Nuclear Regulatory Commission (USA)

OECD: Organisation for Economic Cooperation and Development
PC: Peformance Confirmation

RCRA: Resource Conservation and Recovery Act (USA)

R&D: Researctand development
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RD&D: Research, development and demonstration
RSA 93: Radioactive Substances Act 1993 (UK)
SEPA: Scottish Environment Protection Agency (UK)
SNL: SandiaNational Laboratories (USA)

SSG: Specific Safety Guide

TECDOC: Technical Document

THMC: Thermal, hydaulic, mechanical and chemical
TRU: Transuranic

URCF: Underground rock characterisation facility
URL: Underground research laborator

WIPP: Wastelsolation Pilot Plant (New Mexico, USA)
WMO: Waste management organisation

WP: Work package
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List of Modern2020 Project Partners

The partners in the Modern2020 Project are listed below. In the remainder of this report each partner

is referred to agdicated:
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DBE Technology GmbH DBE TEC Germany
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f\o%v?lunppzoIE?onomiioZSIos(t)eQibaille! © per le ENEA Italy

Empresa Nacional de Residuos Radiactisds. ENRESA Spain
Eidgenoessische Technische Hochschule Zuerich ETH Zurich Switzerland
B Rt esrucle o | eumoice | segu
Galson Sciences Limited GSL UK

Institut deRadioprotection et de Surete Nucleaire IRSN France
'Izl‘gglr;}ale Genossenschéit die Lagerungadioaktiver Nagra Switzerland
Nidia SRL Nidia SRL Italy

Nuclear Research and Consultancy Group NRG Netherlands
ggltiij(;?;lftzr!nstelling voor Radioactieffial en Verrijkte NIRAS Belgium

Posiva Oy Posiva Finland
Radioactive Waste Management Limited RWM UK

gzgg?ctive Waste Management Funding and Researc RWMC Japan

Svensk Karnbranslehantering AB SKB Sweden
Radioactive WastRepository Authority RAWRA/SURAO | Czech Republic
Technicka Univerzita v Liberci TUL Czech Republic
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Glossary

This glossary provides definitions of key terms used in this report. In particular, it provides the
definition of the Modern2020 Screening Methodology andeh@sand concepts used within it.

Access gallery  SeeGallery.

Alternative SeeScenaria

scenario

As-built state The asbuilt state represents the real state of the disposal system at a give
time.

Batch tests A monitoring strategy envisaged by SKB, consisting of smadlale process

or componenspecificin situexperiments, located in the repository but awa’
from emplaced waste, in which copper, buffer materials etc. could be inst:
Batch testgould capture some aspectsEBS evolution, and complement
other monitoring strategies.

Baseline The establishment of baseline (undisturbed) conditions at a site prior to

monitoring undertaking a potentially perturbing activity (such as sinking boreholes,
constructing a repository, giacing waste), usually as partife
characterisation.

Baseline monitoring is defined differently in different programmes (and in
some cases, for different components). For example, in the Swiss concey
baseline monitoring starts at least one yeaotgehny shafts are sunk, while ii
the French concept the baseline is established after repository constructic
before the arrival of any waste.

It is possible that site characterisation activities could evolve during opera
into a means of providininformation abouEBS evolution, and could then be
considered part akpository monitoring.

See als®ite characterisationandlnitial state.

Commissioning  Tests that are carried out in a repository in advance of waste emplacemer

test part of repository commissioning. These testdikety to bemonitored to
provide information about the situbehaviar of repository componentdJse
of commissioning test® undertake such monitorirugn therefore be
considered to be monitoring strategy. Commissioning tests may be inacti
(not involving any waste) or active (involving waste packages) and can be
carried out at a Industmajpilotdsfnegzampld oétkis
monitoring strategy.

Compliance A systematic programme of measures applied (either by a WMO or a

assessment regulatory body) to demonstrate that the provisions of regulations are met
practice. May al sandbe asderardead
demonstrationo.

Construction Monitoring thattakes place during the construction of the repository

monitoring

Current In the French programmgt,is planned that monitoring will be undertaken

structure using asystem of cks with different levels of monitoring. Current structures

have minimal instrumentation and their performance is calibrated against
results fromsurveillance structuresusing keyparameters
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Design basis The set ofequirements andconditions that areaken into account in design.
Many design bases incorporate a hierarchical structure, frordeéngh
requirements reflecting componesafety functions down to detailed design
specifications.

Design premises Term used by SKB to described requirementgyhf met by a repository,
will ensure that postlosure safety is maintained. Design premises relate ti
initial state of the repository, unlikeafety function indicator criterjavhich
are intended to be fulfilled throughout thee-million-yearassessment period.

Designtarget The boundaries within which, at the start of the pbssure phase, the state
the disposal system is designed to fall.

Disposal cell In the French concept for disposal of HL¥disposal cell i excavation in
whichwaste is emplaced. Sometimes also referred to as an emplacemen

Disposal gallery SeeGallery.
Disposal panel = SeeEmplacement field

Dummy package A package with the same or similar properties of interest (e.g. size, packa
materials, thermal pperties) as a waste package, but not containing any w

Element One of thefeaturesor partsthat make up the repository system (e.g. contain
backfill, plug, host rock).

Emplacement Term used in the German programme to descrg®af drifts (including main

field drifts, access drifts and emplacement drifts) and boreholes that make up ¢
of a repository in which some or all of a specific type of waste (e.g. spent-
HLW, ILW) will be emplaced.

Posiva(and other organisationBpasa similar concept calleddisposal panel
consisting of a series of disposal tunnels.

Engineered The mammade components of timulti-barrier systemtypically comprising
barrier system the wasteform, the waste container, the buffer, the backfdltlae plugs and
(EBS) seals.

Engineering Engineering decisiornare based on routine operational monitoring and
decision observatiori e.g. monitoring of the effluent and ventilation stack, monitorir

the position of a tunnel boring machine to decide how to direct it, and
observing the tunnel outline to decide where to grout.

They do not include more significaptogramme decisiongsuch as a decisio
to start or end waste emplacement), which are likely to involve more
stakeholders and consideration of repository monitoring data.

Environmental Monitoring thattakesplace at ground level, primarily undertaken for the
monitoring purpose of characterising changes in the state of the surface environment
which includes people, flora, fauna, water bodies, soils etc.

Features, events Features are distinct pads characteristics of a system. Events are change
and processes  a system that may be characterised by a frequency of occurrence. Proce:
(FEPS) ongoing chemical and physical changes in a system.
FEPs are normally restricted to features, events and processdfipten
relevant for the evaluation of losigrm safety of a geological waste repositol
They are often organised into FEP catalogues, whahlme generic or sie
specific.
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Full-scale A test of a repository sufystem undertaken at approxielgtl:1 scale Such

experiment experiments would usually be carried out in advance of repository operatir
support of safety case development and licence applications, and would
typically be locatedn a separate location to the planned location of dispos:
opetions

Gallery Term used by some WMOs to refer to excavateaels inthe repository
Differenttypes of gallery can be recognigg@énoted by an appropriate
modifier). The termdisposal galleryis usedby ENRESA, NRGand
ONDRAF/NIRAS for exampleto refer totunnelswhere waste will be
emplaced and which will generally be backfilled immediately after
emplacement; anaiccess galleryis usedby Andra, ENRESAand
ONDRAF/NIRAS for exampleto refer to excavations from whichsposal
cellswill be acessed and which may be kept open for a period of time
following waste emplacement.

Industrial pilot A testphase in the French programme, lasting approximately ten years, w
will be undertaken athe repository is progressively constructed. During thi
pil ot phase, bodummyfackagegt ianeo Atae ¢ f
waste packages) will be conducted. Waste emplacement cells will not be
backfilled, although there will be backfilling test zones. This is an example
acommissioning tesiand monitoring of the test form part ofhaonitoring
strategy.

Initial state The state of a system or component(s) of a system at the start of a define
process (such as excavation of a repository or emplacement of waste pac
for example as determined bite characterisationandbaseline monitoring

As with baseline moniting, the initial state may be defined differently in
different programmes and/or for different components. For example, in th
Swedish concept, the initial state of the geosphere and the biosphere is tt
natural system prior to excavation, while theiaistate of the fuel and the
engineered components is that immediately after emplacement.

Institutional Control of a radioactive waste site by an authority or institution designatec

control under national law (such as, but not necessarily, a regulatdg).bT his
control may be active (e.g. monitoring, surveillance, remedial work) or pas
(e.g. land use control). The term is most commonly used to describe cont
over a disposal facility after closure.

The exact definition and requirements of iwgtonal control varies in differen
national contexts.

Long-term The safety of the repository (in terms of the protection of people and the

safety environment) over the timeframe for which the waste emplaced in the
repository remains hazardous. Ofteedithterchangeably withost-closure
safety, as the vast majority of this timeframe will occur after the repository
been closed, and the same processes and arguments are important to bo

Materials testing An activity that forms part of theider scence programmen which materials
for specific purposes (such as buffer materials to be emplaced in depositic
holes and concrete for use in plugs) are developed and tested #dgainst
requirementsin adesign basis
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Modern2020 TheModern2020 Screening Methodoloigya diagranand associated guidanc

Screening that provides an overview of the steps that a waste management organise

Methodology (WMO) may take in identifying and managing a list of parameters, linked t
processes, and repository monitgristrategies and technologies. The list of
parameters will form a basis for repository monitoring system design at ec
stage of an iterative repository monitoring programme that evolves throug
implementation of geological disposal.

Monitoring Defined in the MoDeRnNn Project as
measurements of engineering, environmental, radiological or other param
and indicators/ characteristics, to help evaluaté#haviourof components of
the repository systemy the impacts of the repository and its operation on tl
environment and thus to support decision making during the disposal pro

and to enhance confidence in the

I n this report, it can be aussesdasned

shorthand for Arepository monitor
Monitoring A high-level approach toepository monitdng, including consideration of
strategy whatwill be monitored (e.g. wastdummy packages specificEBS

component), wheremonitoring will be undertaken (e.qg. irpdot facility or

in the main repository, with or without retrieval), andenmonitoring will be
undertaken (e.g. during commissioning, at first waste emplacement, after
closure).

Normal SeeSenario.
evolution

Observation Term used by some WMOs (for example Andra) to refer to monitoring for
purpose of continuous improvement of knowledge, as distinct from monitc
for regulatory purposes, which is termmdttveillanceby Andra Observation
monitoring will be used to underpengineeringand programme decisions an
optimisation of the design.

Operational Monitoring which takes place in the repository for the purpose of ensuring

safety operational safety, i.e. thefsty of personnel and equipment during operatic

monitoring including any monitoring for the purpose of demonstratiognpliancewith
operational safety regulations. It does not include monitoring undertaken
during operations for the purpose of makprggramme decisionsor building
confidence in the postiosure safety case, which is termegository
monitoring, although some of the monitoring undertaken may overlap witr
repository monitoring.

Optimisation In a general sense, a process whereby design and/edpres are improved ¢
a result of previous experience (including monitoring) to better meet the
various requirements on them, usually involving balancing safety requiren
with cost, effort and efficiency.

However, theprinciple of optimisation islefined by the International
Commi ssi on on Ra dasthé¢ sogdestated proPessad keeg
the magnitude of individual doses, the number of people exposed, and the
likelihood of potential exposure as low as reasonably achievable below th
appropriate dose constraints, with economic and social factors being take!
accounb (1 CRP, 2006) .

To prevent confusi on, use of t he
avoided where possibie this report

Parameter A numerical indicator of proerties.

Modern2020" Deliverable D2.1Final
Dissemination levelPU Pagexiii
Date of issue of this repo@8/02/2017 © Modern2020




Modern2020° Work Package Peliverable D2.1

Performance
assessment

Performance
target

Pilot facility

Postclosure
monitoring

Postclosure
safety

Postclosure
safety case

Post
emplacemet
monitoring

Analysis of theevolutionof the repository system, with the aim of developin
confidence that the system will (or can be designed to) perform within
acceptable bounddJsually includes, but is not limited to, a range of
gquantitative analyses of radionuclide release from, and migration through,
individual systentomponents

Term used by Posiva to describe a measurable or assessable characteris
through which the maintenance ofafety functioncan bequantitatively
evaluated over the entire assessment pelidd.equivalent to théermsafety
function indicatoused by SKB and others.

A representative region of an underground repository, separate from the r
emplacement area, which a small but representative fraction of waste can
emplaced and monitored to provide information on the bebawvicthe barrier
system and check predictive modellot facilities are distinct froldRLs in
that the sole activity undertaken in thés the emplacement and letegm
monitoring of waste. URLs are used for a wider range of experiments but
waste is not emplaced in them. URLSs are considered to be partvatigre
science programmevhereas a pilot facility is considered to bmanitoring
strategy.

Requirements for and on pilot facilities vary between programmes. A pilo
facility is required by the Swiss safety authority, and in the Swiss program
considered to be a direct analogue of the real repository, although there n
no significantthermathydromechanicachemical THMC) interactiors

between them. Monitoring in the pilot facility will take place in parallel witt
repository operations. Waste is not expected to be retrieved from the pilo
facility and so it must fulfithe same safety requirements as the repository.

A pilot facility is also part of the Dutch concept. Such a facility wilhieavily
monitored and will provide important evidence for completion oftifety
case and forprogramme decisionssuch as starig and ending waste
emplacement elsewhere in the repository.

Repository monitoring that takes place once the entire underground repos
has been sealed and is no longer accessible.

SeelLong-term safety.

The postclosure safety case is the synthedisvidence, analyses and
arguments that quantify and substantiate a claimettiesposal facility will be
safe after closure and beyond the time when actwrol of the facilitycan be
relied on It is an integrated methodology using multiple lines of reasoning
should acknowledge the existence of any unresolved issues and provide
guidance for work to resolve these issues in future development stages. |
be updated pestically throughout the lifetime of a repository, including bot
before and after an operational licence is tgdnA postclosuresafety case
includesthe findings of aafety assessmerand a statement of confidence in
these findings.

Repository monitoring that takes place after the emplacement of waste, w
or without some EBS materials, but while underground areas of the repos
are still accessibl® workers
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Process
identification

Programme
decision

Qualification

Quality control

The activities thakead to tte identification of possiblprocesseghat could be
monitored to meet specific objectives or majjectives. This could be done
for examplethrough an analysis siafety functions performance targets
FEPs performance assessmergarameters etc., or through an analysis of t
design basidor particular repository components. Following@ess
identification, a process streeningshould be undertaken to identify the
actual parameters to be monitored.

Significant decision related to the overall programme of geological dispos:
such as a decision to start or end waste emplacement, close part or all of
facility, retrieve waste etc. Such decisions are likely to involve multiple
stakeholders and carefubnsideration of repository monitoring data.

Process of determining whether a system or component is suitable for
operational use, generally performed in the context of a specific set of
qualification requirements.

Processntended to verify that structures, systems and components corres
to predetermined requirements, applied at the point of their construction a

emplacement. Alsorefede t 0 as fiquality assur
controlis used througbut for consistency.
DBE uses the term Aproduct contrc

be used to obtain information about the waste packages instead of contini
monitoring activities.

Redundancy A feature of a monitoring programme or system where duplicate informiatis
obtainedvia more than one method, with the aim of increasing the reliabilit
the information. Redundancy can be applied on different levels, for exam
different types of ensor monitoring the same parameter in the same
component; monitoring different parameters to obtain equivalent informati
about a process; and monitoring of equivalent components in different pai
the repository.

Reference SeeScenaria

scenario

Repository In this report, repository monitoring is used to refer to monitoring of the

monitoring underground repository systdor any purpose. The term is used to

Requirement

Retrievability

Reversibility

Safety analysis

Safety
assessment

distinguish between monitoring of the underground repository system and
types of monibring that could be undertaken during implementation of
geological disposal, for example monitoring of societal attitudes

A need taken into account during design

An overarching term used to refer to removal of radioactiveenfasm a
repository after it has been emplaced.

Term used in many countries to describe the ability to reyecggamme
decisionstaken as part of a phased decisimaking process during the
progressive implementation of a disposal system. It is sometimes used
specifically to refer to the retrieval of waste by reversing the original
emplacement process (fexample in the UK mgramme).

A documented process for the study of safety, consisting of the identificati
potential hazards associated with the operation of a facility or conduct of ¢
activity. Safety analysis is part séfety assessment

Process of evaluating lortgrm safetycompliancewith acceptance guideline
and confidence in the safety indicated by the assessment rBsuftgmance
assessmen a necessary input to safety assessment.
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Safety envelope The boundaries wiin which, at the start of the pedbsure phase, the state c
the disposal system (i.e. the parameters expressing the safety functions
important for postlosure safety) must fall in order to deliver the prdesure
safety functions.

Safety function A purpose fulfilled by aepository system wubsystem(e.g.a particular
barrier) that contributes to the overall goal of safe disposal, for example b
contributing to isolating the waste from the surface environmectntaining
radionuclides.

Scenario A potential evolution of the repository system, arising from a postulated or
assumed set of conditions and/or events. Two types of scenario are gene
considered:

1 Reference scenariprepresenting a hypothetiaal probable evolution
of the repositorgystem

9 Alternative scenario, representing a possible but less likely evolutic
of the repository system compared to the reference scenario, and"
resuls from alternative assumptions about future events and proce
A number of alternative scenasioay be considered to explore
different sets of alternative assumptions.

Screening The process whereby eagiocessor parameter is assessed in terms of its
relevance to the postosuresafety casdandretrievability , if applicable), its
ability to provide valuable information that is not available through any oth
means, and whether it is technically feasible to monitor it. At each of thes
stages a p apakede thefassessmant irfdieatesiit should not |
included in the monitoringrpgramme at the present timBy this means a list
of parameters to be monitored in an implementable and logical repository
monitoring programme is developed.

Site Detailed surface and subsurface investigations and activities at@ site t

characterisation determine its characteristics and conditions, for example in order to asses
suitability to host a repository, enable detailed design, and evaluate the lo
term performance or a repository constructed at the site.

Stakeholder An actor (person, gup, organisation etc.) with an interest in monitoring in
relation to geological disposal of radioactive waste. Can include, but is nc
limited to, members of a WMO, government agencies, regulatory
organisations, advisory bodies, and members of the paditor their
representative bodies. Referred
I n this report, fAstakeholdero is
publicst akehol der 0 peopldiving in thé vcinity ofang t o
existing or planed disposal facility.

Stepwise The preclosure management of a repository, consisting of a series of

management progressive steps which can be taken (or reversed) by mepreggedmme
decisions

Surveillance Term used by Andra to refer to monitoring with regulatory purpose, as dis

from monitoring for the purpose of continuous improvement of knowledge
which is termedbservation According to Andra, surveillance is a legal
requirement and is used to ckehat specified parameters remain within
specified ranges defined in the safety analysis.

The term surveillance is also used in the Dutch programme and is closely
related to monitoring in that monitoring is used as a means of surveillance
waste hasden emplacedin the Dutch programmeusveillance and
monitoring are considered to be importactivaties for ensuringetrievability .
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Surveillance In the French programmgt,is planned that monitoring will be undertaken
structure using asystem of ckés with different levels of monitoringSurveillance
structuresvilbeheavi ly i nstrumented cel | ¢

less instrumented cells. Thegll be among the first structures to be built.
Technical design Term usedy Posivaand SKBto describe a property that the barrier shall fu

requirement (at the latest) at the time of installation.

Trigger value A pre-determinedesut from a monitoring programni@atleads toa
requirement for further action.

Underground A facility developed for the purpose of research and testing related to

Research geological disposal. URLs may be generic (developed at sites that will no

Laboratory used for waste disposal, but provide information that may support dispose

(URL) elsewhere), osite-specific (developed at a site that is a potential site for we

disposal and may be a precursor to or the initial stage of developing a
repository at the site).

Underground A facility developed for the purpos# characterising a geological formation
Rock that is intended to host a reposi
Characterisation of a URCF.

Facility (URCF)
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1.1

Introduction

Background

The Development and Demonstration of Monitoring Strategies and Technologies for
Geological Disposal (Modern2020) Project is a European Commission (EC) project jointly
funded by the Euratom research and training programme-2018 and European nuclear
wase management organisations (WMOs). Pnaiect is running over the period June 2015

to May 2019, and a total of 28 WMOs and research and consultancy organisations from 12
countries are participating.

The overall aim ofthe Modern2020Projectis to provide the means for developing and
implementing an effective and efficient repository operational monitoring programme, taking
into account requirements of specific national programmes. Pidject is divided into six
Work Packages (WPs):

1 WP1: Coordinationad project management.

1 WP2: Monitoring programme design basis, monitoring strategies and decision
making. This WP aims to define the requirements on monitoring systems in terms of
the parameterto be monitored inrepositorymonitoring programmes with ekgit
links to the safety case attie wider scientific programmeésee below)

1 WP3: Research and development of relevant monitoring technologies, including
wireless data transmission systems, new sensors, and geophysical methods. This WP
will also assesthe readiness levels of relevant technologies, and establish a common
methodology for qualifying theelemrents of the monitoring system intended for
repository use.

1 WP4: Demonstration of monitoring implementation in reposttiey conditions. The
intendeddemonstrators, each addressing a range of monitcglated objectives, are
the Fullscalein situ System Test in Finland, thHdighly-active HA) Industrial Pilot
Experimentin France, the Longerm Rock Buffer MonitorindLTRBM) Experiment
in France, ad the Fullscale EmplacemenfFE) Experiment in Switzerland. An
assessment and synthesis of a number of other tests and demonstrators will also be
undertiken, and this will include consideration of the reliability of monitoring results.

1 WRPS5: Effectively engaging local citizen stakeholdersrésearch and development
(R&D) and research, development and demonstraf®RiD&D) on monitoring for
geological disposal.

1 WP6: Communication and dissemination, to include an international conference, a
training school, and the Modern2020 Synthesis Report.

This report isDeliverable D2.1 ofthe Modern2020Projectand is the summary report for
Task2.1 (WP2.1) the first of three tasks in WP2WP2.1 aimed toevaluate monitoring
strategies, consider decisons requiring support from monitoring data, arkvelop
methodologies for screening monitoring parameter. lisisese approachesll be considered
and tested further in Task 2.2, whialill evaluatesafety cases for repositories in France,
Switzerland Finland, Sweden, Germany, the Netherlands, and the Czech Repuldientify
potential monitoring parametersTask 2.3 aims tdevelopdecisionmaking methods, tools
and workflowsfor responding to monitoring informatipand to develop collective oporis

on performance measures and response planning.
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1.2

1.3

Objectives of this Report

This report addresses the following objectives of WP2:
1 Evaluate the role of monitoring within the pasbsure safety case.
1 Evaluate higHevel monitoring strategies.

1 Considerthe range of decisions to be made during repository implementation that will
require information from monitoring.

91 Develop screening methodologies used to develop monitoring parameterfdists
different national monitoring contexts.

Of these objectiveghe primary purpose of this document is the last objective, i.e. to develop
and present a methodology for screening monitoring parameters. The methodology is referred
to as the Modern2020 Screening Methodology. Application of the Methodology will bd test

in Task 2.2 of the Modern2020 Project. The other objectives contribute to the development of
the Methodology and the principles that underpin it.

Scope of this Report

Monitoring is a broad term that is applied in many conteXt®nitoring was definedn the
MoDeRn Project (MoDeRn, 2013a), as:

fiContinuous or periodic observations and measurements of engineering,
environmental, radiological or other parameters and indicators/characteristics, to
help evaluate the behaviour of components of the reposiy@tem, or the impacts of

the repository and its operation on the environmeand thus to support decision
making during the disposal process and to enhance confidence in the disposal
processd

The Modern2020Project (and thereforehis repor} focuses onmonitoring during the
operational period to support decision making and to build further confidence in the post
closure safety caseSuchmonitoring relates to relatively slow, lofigrm processes arid
undertaken in parallel withother monibring that WMOs might include in a holistic
monitoringprogramme Exampla of othermonitoringobjectives include ((MoDeRn, 2013a)

9 To support operational safety

1 To supporenvironmentaprotectionassessment

9 To support nuclear safeguards

9 To support rpository programme governance atdkeholdeengagement

It is recognised that therare overlaps in the parameters monitor@dresponse to these
different objectives As programmes become more advanced, it is anticipated that such
overlaps would be iddified, consolidated and managed as part of a holistitcoherent
monitoring programme. The Modern2020Project is focusing onmonitoring during the
operational period to support decision making and to build further confidence in the post
closure safetycase,as this is where the greatest challenges lie in terms of strategy and
technology, and where the greatest gains can be made through international collaboration.

Throughout this report, it can be assumed
sho r t h a nnobnitdrimgrdurifig the operational period to support decision making and to
build further confidence in the peskosure safety cabe wher e t her e i s

otherwise.

Modern2020 aims to allovdisposalprogrammesclose to licensingo desgn monitoring
systems suitable for deployment in the next decade, and supports progriessnel®se to
licensingand other stakeholders by illustrating htiwe national context can be taken into
account in designingepository monitoring programmes. Therefore, this report presents
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generic approaches and methodologies, illustrated using examplesspexiiic disposal
programmes, and focuses on themes relevant to Modern2020 partners.
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1.4 Approach

In order tocollate initial information about specific monitoring strategies being adopted by
WMQOs, and the decisions they expect monitoring information to underpin, a questionnaire
was developed and distributed to the WMO partners of Modern2020. The responses were
used as a direct input to this report, and were also used as the basis foufolfiscussions

with individual WMOs to evaluate open questions.

In parallel, a literature review of existing monitoring programmes was undertaken. These
programmes were seled to provide varied case studies illustrating the role of monitoring in
repository implementation (such as decisioraking), and ways in which monitoring
parameters have been screened.

The preliminary findings from the questionnaire and literature reviene discussed at a
workshop held in December 20{Smith and White, 2016aand these discussions were also
used as an input into this report the workshopijnitial ideas for screening parameter lists
were discussed. These were subsequently devkiofmeascreeningnethodologyreferred to

as the Modern2020 Screening Methodolagiich underwent iterative testing with three case
studies, broadly representing end member monitoring programmes in terms of their objectives
and strategies.

The outcome®f this task were presented afimal workshop held in June 20{&mith and
White, 2016b) after which theScreeningMethodology was further revised-eedback from
that workshop has also been incorporated into this report.

1.5 Report Structure
The remaindeof this report is set out as follows:

1 Section2 (Understanding Prior to the Modern2020 Projecid Key Remaining
Issue$ summarises previous international work on repository monitoring as a starting
pointfor common understandirgf monitoring strategies and parameter selectmal
sets out the need for specific further wartkModern2020.

1 Section3 (RepositoryMonitoring andthe Postclosure Safety Casgediscusses the
components of gostclosure safety casemethods for addressingncertaintyand
demonstrating compliande a postclosuresafety case, the role of monitoring in a
postclosuresafety case, and the influence thatostclosuresafety case can have on
the design of a monitoring prognane.

9 Section4 (High-level Monitoring Strategiesdiscusses higlevel drategy elements
including where and when monitoring takes place, and what is monitored. End
member monitoring strategies (such as those being considertdg: Modern2020
Projectpartners) are presented together with their strengths and weaknesses and th
safety case drivers for adopting different strategies.

9 Section 5 (Decisionmaking Requirementon Monitoring identifies the main
programme decisions that could be underpinned by monitoring data in different
national contexts and discusses the requirements such decisions place on monitoring
programnes. Types and examplesasfgineeringlecisions thamight be made on the
basis of monitoring results are also discussed.

1 Section6 (The Modern2020 Screening Methodoldglyscusses generic approaches to
developing parameter lists, and preséimésModern2020 Screening Methodology

1 Section7 (Conclusion}¥ presents the main conclusionsWwP2.1, in the form of (i) a
series of common themes between paogmes that can be considered as a set of
figood practice gui delineso, (ii) a di sc
programmes and the reasons for them, and (iii) a recap 8€tbeningMethodology.

1 Section8 (Referencespresents a list of references cited in this report.
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1 AppendixA: Modern2020Task2.1 Questionnairgresentshe questionnaire that was
distributed to Modern2020 WMO partners at the startW#2.1 in order to obtain
countryspecific inputs.

1 Appendix B: Review of Existing Monitoring Programmegxesents a review of
existing monitoring programmes #te Waste Isolation Pilot Plant (WIBPRn the
United States (US}he neaisurface New Lowevel Disposal Facilities (NLLWF) at
Dounreay in the United Kingdom (UKand the ONKALO underground research
facility at Olkiluoto in Finland. These aat examples of how such programmes were
devised with reference to tipostclosuresafety case, and of how monitoring results
have been used in the stepwise management of such facilities.

A detailed glossaryf key technical terms used in this repisrprovided at thestart of the
report.
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2  Understanding Prior to the Modern2020 Projectand Key
Remaining Issues

In this section, previous international collaborative work on monitoring strategies and
parameter selection is summarised. This provides the context for the further development of
these topics in the Modern2020 Project. Thaspects are discussed: international work on
monitoring undertaken prior to the Modern2020 Projé8ection2.1); experience from site
specific monitoring programes developed for particularly radioactive waste disposal
facilities (Section2.2); and the need for further work on strategies and parameter selection in
the Moder2020 Project (SectioB.3).

2.1 Prior International Work on Monitoring

Significant work on the reasons f@nd principles qfrepository monitoring has been carried
out by international organisations aimdinternational collaborative projectwer the past two
decades. International guidance on monitoring in the context of radioactive waste disposal
facilities has been prepared by the International Atomic Energn@g(IAEA) (Sectior2.1.1

and Sectior?.1.2 andthe Nuclear Energy Agency (NEA)f the Organisation for Economic
Cooperationand Development (OEC{Section2.1.3. In addition, the EQas addressed
monitoring as part of a European Thematic Network (ET®8ction2.1.4 and withinthe
MoDeRn Project (Sectio®.1.5, which was the precursor toe Modern2020Project

This work collectively constitutes treharecknowledgeand understandingf the international
community regarding monitoringtrategies and parameter selection ahead of the Modern2020
Project The purpose of this section is to provide a sumned this baselines the starting
pointfor the work undertaken ithe Modern2020Project

2.1.1 IAEA Safety Standards

The IAEA establishes and adopts standards for the protection of health, and minimisation of
danger to life and property. These safety standards are not legally binding on Member States
but may be adopted by them, at their own discretion, for use in ahtegulations in respect

of their own activities. The IAEA Specific Safety Requirements -SSRAEA, 2011a)
establish the requirements relating to the disposal of radioactive waste, and Specific Safety
Guidel4 (SSG14) (IAEA, 2011b) provids guidance orthese requirements.

SSR5 contains requirements concerning monitoring programmes in Requirement 21
(Monitoring programmes at a disposal facility), the text of which states:

AA progr amme of monitoring shall be car
construdion and operation of a disposal facility and after its closure, if this is part of

the safety case. This programme shall be designed to collect and update information
necessary for the purposes of protection and safety. Information shall be obtained to
confirm the conditions necessary for the safety of workers and members of the public

and protection of the environment during the period of operation of the facility.
Monitoring shall also be carried out to confirm the absence of any conditions that
couldaffect the safety of the facility after closure.

Monitoring has to be carried out at each step in the development and in the operation
of a disposal facility. The purposes of the monitoring programme include:

(a) Obtaining information for subsequent assments;
(b) Assurance of operational safety;

(c) Assurance that conditions at the facility for operation are consistent with the
safety assessment;

(d) Confirmation that conditions are consistent with safety after closure.
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Monitoring programmes havto be designed and implemented so as not to reduce the
overall level of safety of the facility after closure.

With the presentation of these safety requirements, monitoring is explicitly recognised by the
IAEA as playing an integral part in assuring #adety of a geological repositoryHowever,

SSR5 does not distinguish betwesronitoring to build further confidence in the pastsure

safety case and monitoring for other reasons (e.g. to support operational safety). Some of the
requirements, for exmple the role of monitoring collect and update information necessary

for the purposes of protection and safetye more focused on supporting operational safety
than on building further confidence in the pokisure safety case. In addition, thepeof

SSRS5 is the disposal dodill radioactive wasteincluding disposal of this material to different
types of facilities, e.g. landfills, neaurface facilities, repositories (referred to as geological
disposal facilities), and disposal in boreholeshe Tmonitoring required to build further
confidence in the postiosure safety case and to make management decisions during stepwise
implementation can be different for each type of facility.

NonethelessSSR5 provides important guidance for repository ritoring associated with
building further confidence in the pedbsure safety case. For example, it nthes plans for
monitoring with the aim of providing assurance of safety after closure have to be drawn up
before the construction of r@positoryto indicate possible monitoring strategies. However,
plans have to remain flexible and, if necessary, they will have to be revised and updated
during the development and operation of the facility.

SSG14, the scope of which is specific to underground diaptegilities, provides additional

details regarding the expectations of a monitoring programme, especially the need for
monitoring to provide an input into safety assessments and continuing assurance of operational
safety

Aéperformance mmeused to provideg cordirmatianl ofl assumptions
made i n t h¢fParagmphédl]ly caseod

AA programme of monitoring should be incl
be refined with each revision of the safety case. During the operational period, the
monitoring programme should be used to demonstrate compliance with the regulatory
requirements and licence conditions for operation, including compliance with safety
reqguirements for environ[ReEagpb62hand radi at |

Specifically SSG14 alsostates that a programme of monitoring should be included as part of
the safety case, and should be refined with each revision of the safety case. Within the
Modern2020 Project, this is interpreted to require that monitoring data will be sisedi@put

to periodic updates of the pedbsure safety case. However, the extent to which such
monitoring is focused on the féield or on the neafield (engineered barrier systerBgS)

and neaffield rock, i.e. the focus of the Modern2020 Projeist)an open question. The link
between monitoring and periodic update of the ptsture safety case is discussed further in
Section0.

Additionally, SSG23 (IAEA, 2012) sets out expectations relating to the development of safety
cases and safety assessments for geological disftbeabmphasis ofwhich is on the
performance of the disposal facility and the assessment of its impact after)clasdretates

in relation to monitoring:

ifiThe safety case and supporting assessme
monitoring and surveillance programme for the site and the surrounding area that is
appropriate for the specific disposal facility and for subsequewiew of the
programme. Surveillance and monitoring programmes should be developed and
implemented to provide evidence for a certain period of time that the disposal facility

is performing as predicted and that the components are able to fulfil theiry safet

f un ct[Pavagraph 4.74]
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All IAEA guidance onrepositorymonitoring includes the principle thatrepositoryshould be
designed to be intrinsically and passively safe, with no further actions required from future
generationsfollowing closure and in particular, that longerm safety should not rely on
monitoring after closure(IAEA, 2012) However, the IAEA has also recognised the
importance of monitoringthrough all steps inrepository development reflecting the
significance that many WMOs place @ monitoring within their programmes. These
documents also emphasise the importance of baseline monitoring and contingency plans to
address system behavioowtside of the performance bounds addressed in the safety case
The latter of these topics is addsed in Task 2.3 of the Modern2020 Project.

2.1.2 IAEATECDOC

In 2003, t he | AEA published a Technical Document
Geol ogi cal Repositories for Hi ghhisdeeuwnerdtis Radi o
a key underpinningeferenceo requirements on monitoring the Safety Standardiscussed

in Section2.1. The TECDOCconsides the purposes of monitoringptingthat no increasim

surface radioactivity as a result dfsposal of radioactive waste i repositorycould be
detectedduring any monitoring perigdut that many other objectives could be mEhe five

key purposes of monitoringere concluded to be:

1 To provide inform&on for making management decisions in a stepwise programme
of repository construction, operation and closure

1 To strengthen understanding of some aspects of system behaviour used in developing
the safety case for the repository and to allow furthernigsti models predicting
those aspects

1 To provide information to give society at large the confidence to take decisions on the
major stages of the repository development programme and to strengthen confidence
for as long as society requirethat the rpository is having no undesirable impacts on
human health and the environment

1 To accumulate an environmental database on the repository site and its surroundings
that may be of use to future decision makers

1 To address the requirement to maintain nucksfeguards, should the repository
contain fissile material such as spent fuel or plutoriiom waste.

The report also nosghat routine operational monitoring would be required, in common with
all nuclear facilities and industrial plants

The reportincludes a discussion of potential detriments that may result from monitoring,
including:

1 Radiation doses to personnel
Degradation of materials resulting from delalyile monitoring is carried out
Formation of pattvays for radionuclide migration

1
1
1 Increasedikelihood of human intrusion or ad&r impacts by natural processes
1

Interference with other repository operations.

The report also discusstne immrtance of baseline monitorirag part of site characterisation.
The use of mondring results to meet thebovementioned objectivels covered in detail, and

a suggested monitoring methodoldgyoutlined. This methodology includelrief discussion

of the key issues angpical parameters that might be included in a monitoring programme
(Table2.1), quality assurance of the monitoring activities, reliability of monitoring results and
preservation of records and reporting.

Modern2020" Deliverable D2.1Final
Dissemination levelPU Page8
Date of issue of this repo@8/02/2017 © Modern2020




Modern2020° Work Package Peliverable D2.1

The IAEA Monitoring TECDOC provides a good dission on the varioussues associated
with monitoring to build further confidence in the pokisure safety case, noting that
endorsement of the early programme steps must be based on having sufficielencenin
postclosure safety.

The TECDOC provids examples of the aspects of a safety case that can be tested further on
the basis of protracted monitoring during the gdesure period. However, th@pact on the
passive safety of monitoring tharametershat are listed in the TECDOIfS not discused,

the parameters are not linked to a monitoring strategy or to a safety casgashivézchnical
feasibility of collecting data on the proposed monitoring parameters is also not evaluated.
Therefore,further elaboration of the principles introducedthe TECDOC is required to
identify EBS parameters that can be monitored to provide build further confidence in the post
closure safety case. Further work is also required to provide a method that includes
justification of the selection of these parametior specific programmes in order to define

needs driven repository monitoring programmes.

Table 2.1:

IAEA Monitoring TECDOC. From IAEA2001).

Typical parameters and possible measurement methods recognised in the

Category/Purpose of
M onitoring

Typical Parameters

AccessM ethod

Typical
M easurement
M ethods

DEGRADATION OF
REPOSITORY
STRUCTURES

Monitoring of repository
structures/structural
stability of openings

Rock temperatures

Deformation of
openingqorientations
and apertures,
propagation rates)

Rock stress changes
close to repository

Water infiltration rate

Condition of rock
supports

Repository
temperatures, humidity

Resaturation of backfill
and seal materials

Within repository
monitoring including
access from borehole
drilled from the
repository.

Could include the use
of devices that are
installedin situ but
with radio signals or
earth currents for
transmission of data.

In situremote
monitoring of
backfilled openings

Thermocouples etc.
Displacement
detectors

Strain/load sensors
Volume measurement
Strain/load
measurements
Various techniques

Pressure sensors,
moisture detectors,
geophysical technique|
(seismic wave
transmission)

BEHAVIOUR OF
WASTE PACKAGES
AND BUFFER
MATERIALS

Monitoring the condition
of emplaced waste
packages/condition of
buffer

Strain, corrosion current
Package temperature,
humidity close to
packages
Radioactivity in
drainage water
Wastederived gases in
repository air
Resaturation/swelling
pressure in buffer

In situ/remote
monitoring of waste
packages

In situ/remote
monitoring of
environment close to
the package

Radioactivity
monitoring of
repository effluent
water

Monitoring of
radioactive and other
gases in repository ai

In situremote
monitoring of
environmentlose to
the package

Strain gauge, current
meter

Many techniques
available

Various e.g. gamma
detection

Gas analyser

Pressure sensors,
moisturedetectors
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2.1.3

Category/Purpose of | Typical Parameters AccessM ethod Typical
M onitoring Measurement
Methods
NEAR FIELD Repository temperature| Within repository Temperature, moisture
CHEMICAL humidity monitoring (e.g.electrical

INTERACTIONS

Chemical condition of
backfill and
seals/behaviour of
engineered
barriers/integrity of
concrete
structures/changes in
near field
environment/surface
properties of tunnel
walls/repository
resaturation behaviour

Mineral, chemical,
biological changes on
repository surfaces

Changes to water
content, pressure,
chemistry in the near
field when dewatering
ceases (i.e. following
sealing)

Periodic sampling
within repository

Periodic sampling or
continuous
measurements from
within repository

conductivity), pressurg

Various analytical
techniques

Various techniques
based on sampling or
continuous
measurements

CHANGES TO THE
GEOSPHERE

Changes in surrounding
geosphere/interactions
between engineered
barriers and rock
groundwater
system/influence of
alkaline plume

Changes in groundwate
pressures and pathwayj

Changes in groundwate
chemistry e.g. pH, Eh,
dissolved solids,
radioactivity, microbial
activity

Changes in mechanical
behaviour of important
structures in the rock

Changesn mineralogy
Thermal field
Stress field

Monitoring of, and
response to, seismic
events

Access from new or
existing boreholes
plus remote (fo
microseismic)

In-repository, surface
and boreholes

Pressure monitoring
devices, e.g.
piezometers in
saturated zone
tensiometers in
unsaturated zone

Various techniques;
borehole sampling,
gamma ray detection

Electromechanical
gauges, acoustic
emission monitors

Sampling
Borehole logging

Strain/load sensors
plus microseismic

techniques

Seismic wave

detectors
NEA
n2014, the NEA published a report enti
Technical and (NEAOIEtas part & a widecproged on the preservation

of records, knowledge and memory across generatiofisis report summarisegeneral

objectives practices and approachtas monitoring of radioactive waste disposal facilifies
covering both technical aspects of interest to technical specialists and societal aspects related
to the expectations of local communitiasd the needof records, knowledge and memory
preservation following the closure of such facilities

The report provides an important focus on preparing for the implementation of repository
monitoring programmes with respect to parameter selection:

fiThe current, and jstifiable, tendency is to measure as many parameters as possible
SO as to contribute in the most comprehensive way towards both the compilation of a
complex description of the disposal system and the understanding of its performance
under real conditions.With the transition from the repository development stage to
implementation, it becomes necessary to optimise the selection of the parameters to be
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monitored which is motivated by practical reasons since it would be difficult to install
and operate such rge number of monitoring systems over long time periods in the
final disposal system. Thus, the identification of those parameters which would
sufficiently demonstrate the attainment or approach to the passive safety status of the
disposal system woultk of substantial benefit.

l denti fication of such

Afoptimi sedd parameter

and will be specifically addressed within the Modern2020 Screening Methodology (S®ction

and within safety case test cases undertaken in Task 2.2.

The Reversibility and Retrievability Project wasMEA projectthatran from 2007 to 2010,

with implications for monitoring (NEA2011). A major outcome of this work was a generic
Retrievability Scale(R-scale) (Figure 2.1), adaptable to most national programmes and
illustrating stages in thefé cycle of waste, with changing degree of retrievability, cost of
retrieval and passive versus active controlie potential for reversibility and retrievability

are likely to feature in response plans prepared by some WMOs to respaydtem
behaviou outside of the performance bounds addressed in the safety(masg other
responses are possible and these will be identified and discussed with Task 2.3 of the
Modern2020 Project)Reversibility is mandated in law in France (Loi 180 and, therefore

r e p lo additioo, the Rsaale ilustriatesr i n g
lifecycle stages in the implementation of disposal, and provides a useful conceptualisation for
consideration of stepwise monitoring during the repositograjion and closure.

isonedri ver for Andr ads

Disposal cell Access gallery

Waste package backfilling backfilling and/or Repository closure

en}lz{*ﬂt an?rieiling seal‘mi'\

Waste Waste WPackage(s) WPackage(s)
1 Package(s) 2 Package(s) in 3 in sealed 4 insealed
in storage disposal cell disposal cell disposal zone

WPackage(s)
in closed
repository

29

O
RETRIEVABILITY -

\

Waste package slow
degradation

"

Distant future
6 evolution

-

4!

Waste before
disposal Waste in deep

SAFETY ASSURANCE

Costs of retrieval

geological

repository

. =

Passive

safety

Figure 2.1: Graphical description of the-&ale (from NEA, 2011). The figure illustrates
the changing degree of retrievability, and passive versus active contitbis on
waste for the lifecycle stages of a waste packaBering the operational
phase, not all waste packages in the facility will be at the same lifecycle stage.
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214

2.1.5

European Thematic Network

Prior to the NEAReversiblity and Retrievability Project,hie importance of monitoring in
supporting decisions on waste retrieval vea&aluatedduring an EC Concerted Action on the
retrievability of longlived radioactive waste in deep underground repositories (EC, ,2000D)
repository monitoring was identifieé a subject requiring further worlPartly n response to

this, a European Thematic Network (ETN) on the role of monitoring in a phased approach to
geological disposal of radioactive waste was established (EC, 2004). The ETN was a
collaborative effort beveen twelve organisations from within the European Union and
Associated Countriesand built on guidance developed in the IAEA TECDOC (IAEA, 2001
see Sectior2.1.2. It aimed to improve understanding of the options for, and role of,
monitoring during phased geological disposal, and identify how monitoring can contribute to
decision making, operational and pokisure safety and confidence in repository behaviour

The following reasons for monitoring that relate to the stepwise implementation of a
geological repository were identified:

1 Monitoring as part of the scientific and technical investigation programme, including
environmental monitoring

Monitoring of the acceptable operation of facilities
Confirmation of key assumptions of the disposal concept

1
1
1 Maintaining the confidence of future generations
1

Nuclear material safeguards.

The ETN explored the issues involved in monitoring by discus$mg crosscutting and
over | appi:bageline manporing, snonitoring for compliance, monitoring to support
assessments of repository performance, and broader aspects of monitoring, including general
scientific and technological development and the experience @f odhintries. The ETN also
consideredstrategic aspects ofionitoring, general requirements and constraints, and methods
and techniques. A major conclusion was that, while existing and developing technologies give
good prospects for a level of monitorirggppropriate for assisting in stepwise repository
implementation, national programmes would have to determine the actual extent of monitoring
to be implemented. The use whderground research laborator{&RLs) for research and
development (R&D) relatp to monitoring relevant to a repository environment was
emphasised. The report also included country annexes describing the plans for monitoring in
each of the participating countries.

The ETN noted, however, that the extent of monitoring that is apatepor useful to
implement depends on implementation strategies, and stressed that there is a range of
approaches to monitoring adopted by WMOs. No common method for determining the extent
of monitoring, i.e. selecting the parameters to be monitoredgdexadoped within the ETN.

MoDeRn Project

The MoDeRn Projectvas a fouyear collaborative research project thah from 2009 to
2013, with the overall aim to further develop collective understanding of the role of
monitoring in the staged implementation of geological disposal and to provide examples,
guidance and recommendatsothat may be useful to WMOs.

The outcomes of thBrojectwere summarised ia synthesis report (MoDeRn, 20d3andcan

be grouped into four sections: monitoring objectives and strategies, monitoring technologies,
illustrative monitoring programme case studies, and stakeholder involvement. A summary of
the findings for each of these topics is given below.
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Monitoring objectives and strategies

In addition to defining and setting out the main objectives for monitoRigufe2.2), one of

the principal outpwfrom the work on objectives and strategies was the development of the
MoDeRn Monitoring Workflow Figure2.3), a generic structured pmach to developing and
implementing aepositorymonitoring programme, which has been recognised as a useful tool
in developing a monitoring programme. It outlines a -&tetep process for identifying
monitoring requirements and developing these atiefined programme through analysis of
the disposal system.

TheMoDeRn Monitoring Workflow envisagettiree key stages to this process:

1 Objectives and Parameters: Identificatiom@din objectives and subbjectives, and
using these to develop a prelimipgparameter list. Parameters may be identified
through a number of means, including analysis of the safety case (e.g. consideration of
safety functions andeatures, events and procesgEEP3) or to address key
programme requirements such as an alititsetrieve waste.

1 Monitoring Programme Design: Analysis ohonitoring systemperformance
requirements, available technologies and redundancy/overlaps to screen the parameter
list to facilitate the programme design. This will define how, where and datn
will be collected, and specify performance levels, trigger values and action to be taken
in response to these. This stage includes conducting further R&D if required.

1 Implementation and Governance: Conducting a monitoring programme and using the
reallts to inform decision making, including continuous and periodic evaluation of
monitoring resultsvithin periodicsafety caseevisionand other aspects ofdisposal
programme.

Monitoring

To support decision making -
provide relevant information for
step-wise managemaent of a disposal
process

S — —

To support

To suppart confidence bullding -
verification/confirmation,
transparency, traceability

To support the basis for
A - To support Nuclear
repository performance | Environmental |
safety 1 | Safeguards
evaluations pratection |

—

To support the basis of To support pre- Monitoring objectives not
the  long-term safety closure management of tonsidened in detad in this report
case the repository

To support Operational |

Figure 2.2: Overarching goals and main objectives for monitorinfrom MoDeRn
(2013a).
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Identify Main Objectives
and Reasons for
Maonitoring

¥

Identify Sub-Objectives
and their Information
Requirements

v

Identify Processes to
Monitor

v

Develop Preliminary
Parameters List

parameters

Objectives and

A 4 Y

Define Required Describe Potential
performance (Frequency, Techniques and their

Accuracy, Reliability) | Performance

Parameter Screening: 4—’ '
. Conduct R&D to Develop
‘—p| Feasible Parameters and |« » Monitoring Techniques

Techniques ’,

Design Monitoring
Programme

h 4

Conduct Monitoring

4

Consider Impacts on
Disposal Programmes
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S8 v
E g Evaluate Implications(e.g.
= Continue on the safety case) from
‘ﬂ:l g Yes|  Monitoring € Monitoring Results and
£ 0 T Decide Response
90 No
og
[
E&

End Monitoring

Figure 2.3: The MoDeRn Monitoring Workflow.From MoDeRn (2013a).

Monitoring technologies

Technical R& in the MoDeRn Project focused on innovative EBS monitoring technologies

in order to address the specific difficulties of monitoring in a repository environment. The
work was captured in a stavéthe-art report on repository monitoring that provides a
compendium of monitoring technologies (MoDeRn, 2013b). Within the project, R&D was
carried out at several European URLs. Specific developments were made in technologies
including seismic tomography, microseismic monitoring of the excavation damaged zone,
wireless sensors and highnd lowfrequency data transmission, fikoptic sensors, digital
image correlation antechnologies for measurementiofsitu corrosion rates.However, the
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2.2

Project did not assess to what extent these technolagiekl actualy monitor specific
parameters during the operational period for specific repository designs.

Illustrative monitoring programme case studies

Three case studies focused on repository concepts constructed in salt (Germany), clay (France)
and granite (KBSV). The case studies developed illustrative monitoring programmes using
approaches based on the MoDeRn Monitoring Workflow (Figure 2.1). They consisted of both
theoretical considerations and practical demonstrations, and included the use of a variety of
monitoring strategies to avoid compromising the passive safety of emplaced waste.

Stakeholder involvement

Research was also undertaken on public stakeholder involvement in relation to repository
monitoring. This took the form of interviews with specialist®rkshops with stakeholders

and public representatives fromatear facility host communities;JRL site visitswith a

subset of the public representativasd discussiagon the role of stakeholder involvement in
repository monitoring programmest an end-of-project international conference on
monitoringin the geological disposal of radioactive wastde main conclusions were:

1 Many stakeholders believe that monitoring should not be viewed and designed as a
confirmatory process, but rather as a compnshve check of repository performance
with no prior assumptions that it will behave as expected. Furthermore, they believe
that this checking should be linked to an overall science programme including further
R&D on disposal and repository monitoring tairfues.

1 Some stakeholders have expectations regardingcfmmsire monitoring with respect
to preparation for and response to unanticipated events or evolutions.

1 Monitoring can be characterised as a sdehnical activity and could contribute to
building public confidence in the safety of a particular repository project. Monitoring
can contribute to successful repository governance if it is expressed as a practical
commitment to maintain a watch over repository performance and can address
stakeholder xpectations through clear communication of scientific understanding and
the safety case.

Summary of MoDeRn Project Outcomes

The partners in the MoDeRn Project undek a wideranging work programmethat
developed a better understanding of repository rodng, provided developments in the
technologies that can be used to monitor the repository near field, and gravidéerence
framework against which national programmes can be developledvever, the work was
generic or illustrative in nature, and ttoer work was therefore required to allow the collective
understanding developed in the MoDeRn Project to be transferable to specific monitoring
programmes.

Existing Monitoring Programmes

In addition to the theoretical and experimental work described abopertant lessons can be
learned from reviewing the development, implementation and management of monitoring
programmes for existingadioactive waste disposé&hciliies. Three such examples are
reviewed in AppendiB:

1 The Waste Isolation Pilot PlariMIPP), a repository for transuranic waste constructed
in bedded salt in New Mexic€ISA. The WIPP monitoring programme was designed
to address the US concept of performance confirmation, and astagé process
resulted in the reduction of possilst®nitoring parameters toralatively smalllist of
compliance monitoring parameters.

1 The NLLWF, a surface disposal facility for leivel waste developed at Dounreay,
UK, under a similar regulatory regime as a geological repository would be developed
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2.3

The NLLWF monitoring programme demonstrates a strong link to the safety case
prepared against similar requirements for authorisation as will be used for geological
repositories,and also illustrates how a consolidated monitoring programme can be
developed ath managed starting from the consideration of a number of different
monitoring objectives. There are strong parallels between the NLLWF and a
geological repository in terms of the safety assessment approadmatthre of the
postclosure safety case, atite role of monitoring within it.

1 The ONKALO Underground Rock Characterisation Facility (URCF), developed in
crystalline rock at Olkiluoto, Finlandas the first step in the construction of a
geological repository for spent fueThe preliminary identifiation of EBS monitoring
parameters considers objectives, processes and parameters identified through an
analysis of FEPs following by screening against various criteria.

Need for Further Work in Modern2020

The preceding discussion has illustrated thagaifitant body of work has been undertaken

by the international community and in specifiaste disposaprogrammes on repository
monitoring. This existing work has defidethe general principteand defined the role of
monitoring within a geological dig;sal programme. lllustrations of how monitoring might be
implemented have been developed and the overall reference framework for monitoring
established.

However, the preceding discussion has also highlighted remaining generic issues for
repository monitang. The first step in further development of generic monitoring guidance is
explicit consideration of the safety case and how monitoring can be integrated with other
methods to build confidence and demonstrate safety. Such considerations need tdybe clea
set out, along with other themes common to all repository monitoring programmes, as good
practice guidelines that WMOs can use to guide further development of monitoring plans.
Such guidelines must consider the requirement to ensure that monit@iagsydo not affect

the passive safety of the repository, and this can be done by devetmpinagcstrategic
approaches to monitoring in the context of specific concepts and safety cases.

The IAEA Safety Standards provide a clear requirement for mamitasf the repository
during the operational phase, but the monitoring that is required is not necessarily EBS or
nearfield monitoring in support of building further confidence in the mbgsure safety case.

In theory, EBS monitoring could contribute neeting the requirements of the IAEA (should
these requirements be adopted into national regulations). However, the feasibility of EBS
monitoring in support of building further confidence in the prdssure safety case depends to

a large extent on theidh-level strategy adopted in the monitoring programme, and also in
further developments in monitoring technology (as addressed in WP3 of the Modern2020
Project). There is a need to choose parameters that will contribute gertbdic update of

the postclosure safety case during the operational period, but, at the same time, such
monitoring will have to have no significant impact on the mbssure safety case, i.e. such
monitoring will have to avoid affecting the passive safety of the repository.

Although previous work has concludedthmonitoring supports decisianaking, it has not
explicitly described how this might occur. Therefatewould be helpful ifthe preclosure
management decisions into which repository monitoring daight play a role(e.g. a
supporting role through providing information that feeds into a periodic update to the safety
case)weremore clearly set out, including both hitgvel decisions that all WMOs will need

to take, and examples of countgnd concepspecific decions. Such work is planned for
Taxk 2.3 of the Modern2020 Project.

Finally, dthough the MoDeRn Monitoring Workflow has been used by several WM@s (
Posiva 2012and RWM 20149 in progressingmonitoring plans, it is in need of thorough
testing indifferent national contexts, particularly its more detailed aspe€tsthermore,he
MoDeRn Project case studies focused on developing preliminary parameter lists and no
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screeningagainst the postlosure safety caseas applied. In order wevelop andmplement
effective and efficient monitoring programmeas identified by the NEA (2014ajnore
detailed and structured process descriptions for screening approaches must be developed.

The followingsectionsof this report address several of thgsestions:

T
T
T
T

Section3 considers the role of monitoring within the safety case.
Sectiond discusses higlevel monitoring strategies.
Section5 considers the decisions that could be underpinned by mawjtori

Section6 provides generic methods for developing lists of monitoring parameters.
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3  Repository Monitoring and the Postclosure Safety Case

This sectiompresents digh-level overview of the relationship eg&positorymonitoring to the
postclosuresafety case. This includes discussion of the scope and purpose of a safety case,
and the role of safety assessment and performance asseswantieint it (Section 3.1);
definitions of, andnethodaused tcaccount foyuncertaintiesn the safety casend the role of

guality controlandthe wider science programniecheckng compliance with the safety case
(Section3.2); andconclusions regardinthe role ofrepositorymonitoring in apostclosure

safety case (Sectidh3).

The discussion of thpostclosuresafety casen this sectionis highlevel, the information
does not present a detailed review of safety case approddoes.detail can be found in, for
example the guidance documentzroduced by the IAEAhat arediscussed in Sectia?) and
project and workshop reports producedhyNEA, such as:

1 Summary ofthe stateof-the-art in the safety case for deep geological disposal of
radioactive waste (NEA, 20D}t

1 Overview of nethods for safety assessment of geological disposal facilities for
radioactive wastéMeSA Initiative) (NEA, 2012)

Postclosuresafety case for geological repositor{BiEA, 2004a).
Management ofincertainty in safety cases and the role of (idEA, 2004b).

Establishing andommunicating confidenca the safetyof deep geological disposal
(NEA, 2002a).

1 The hardling of timescalesin assessing posiosure safety of deep geological
Disposal(NEA, 2002b).

1 Development and communication of confidence in the angn safety of deep
geological repositorieNEA, 1999).

9 History and achievementsof the ProbabilisticSystem Assessment Group (NEA,
1997a).

9 Lessondearnt from ten performance assessment studies (NEA, 1997b)

Further information on programnspecific approaches can be found in the major feasibility
studies, safety assessments, {piasure safety cases afidence applications that have been
produced by waste management organisations over the last four decades.

3.1 Scope and Purposef a Postclosure Safety Case

A postclosure safety case is the synthedigvidence, analyses and arguments that quantify
and sibstantiate a claim thadisposal facility will be safe after closure and beyond the time
when activecontrol of the facility can be relied onlt is an integrated methodology using
multiple lines of reasonindncluding both qualitative arguments andestific evidence, and
guantitative arguments based on safety assessment and performance assd@dsmeafiety
case includesa statement of confidence in theasguments. It should acknowledge the
existence of any unresolved issues and provide guidanagork to resolve these issues in
future development stages. It will be updated periodically throughout the lifetime of a
repository, including both before and after an operational licence igedran

The main components of a generic safety case avensind-igure3.1. These components are:

1 The safety case contexifhe safety case context provides the scope and purpose of
the safety case.

1 The safety strategyThe approach that will be taken in site selection and facility
design to comply with the safety objectives, principles and criteria, to comply with
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regulatory requirements and to ensure that good engineering practice has been adopted
and that safety and gtiection are optimised.

9 The facility description: The facility description is a record of all of the information
and knowledge about the disposal system and provides the basis on which safety
assessment is carried out.

9 Safety assessment Postclosure afety assessment is theverall process of
performing quantitative assessments of the radiological impact of the facility for the
period after closureWithin the safety case, the performance of the facility against the
guantitative safety standards is exatbd using a performance assessmeRor
assessment of the padosure performance of the facility, the performance
assessment involves developing an understanding of how, and under what
circumstances, radionuclides (and chemotoxic substances) migtliehsed from the
repository,andhow likely such releases are

9 Limits, controls and conditions: The safety case is used to assist in the establishment
of limits, controls and conditions to be applied to all work and activities that have an
influence on e safety of a facilittand to be applied to the waste that will be disposed
of in a facility (see Sectio.2.3.

9 Iterationand design optimisation: Iteration addsign optimisation is the process of
making decisions on design options. Optimisation is defined by the International
Commi ssion on Radi ol ogi c a trelaked prdcesstd keeapn (| C
the magnitude of individual doses, the number afpbe exposed, and the likelihood
of potential exposure as low as reasonably achievable below the appropriate dose
constraints, with economic and soci al f ac:

1 Uncertainty management: Uncertainties in the safety aessthe result of incomplete
knowledge of the repository system or how it will perform in the future. Uncertainty
management within the safety case is, arguably, the most significant aspect in relation
to repository monitoring during the operationalipdrin support of building further
confidence in postlosure safety. Uncertainties are defined in Secto®.],
management of uncertainties is discussed ini@est2.2

1 Integration ofsafety arguments: Integration ofsafety argumentsis the activity that
combines the available evidence, arguments and analyses to thateotisat the
repository will be safe.

1 Involvement of interested parties atige regulatory body (or bodies)This activity
relates to dialogue processes undemeds part of building confidence in the safety of
the disposal facilityand as part ajaining authorisations

1 Application of management systems: The regulatory body (or bodies) and the
operator are required to put in place an appropriate management system to ensure the
guality of all safetyrelated work and activities. Of particular red@ee to repository
monitoring isquality control during emplacement, backfilling and sealjsge Section
3.2.3.

A safety case can be regarded as a process thaingally evolves through the
implementation of geological disposal in a repository, rather than a product produced at a
fixed point in time. Each safety caseollatesthe state of knowledge at a particular stage of
repository implementation, and incligéhe identification of uncertainties, unresolved issues
and guidance on work to resolve these before the next stage of implementation. It is therefore
an essential input to important decisions concerning the reposiarfigty cases can be used,

for exanple, to demonstrate the feasibility of geological disposal, to support siting, as part of a
licence application, and to support continued operation and closure of a repository. The latter
two uses are of relevance to the scopde@Modern2020 Project.
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Figure 3.1: Components of a safety cagerom IAEA (2012).
Accounting for Uncertainty in a Postclosure Safety Case

Types of Uncertaintyin a Postclosure Safety Case

As notedin Section3.1, a postclosuresafety case presents arguments regarding safety of
geological disposal over long periods. One of the key componentpadtalosuresafety

case is uncertainty management, wheneautaintyis incomplete knowledgef the system.

This uncertaintycan be identified and characterised, and there are many different methods of
accounting for it such that it can be shown tihat repository will opeate safelydespite this
uncertainty as long as the assumptions in plestclosuresafety case hold true

Two categories of uncertainty are widely recognisee, for example, Wilmot, 20Q2)

1 Epistemic uncertainty (subjective uncertainty)kisowledgebased uncertaintyfor
example data collected during site characterisation or laboratory experiments that may
be used to define parameter values or probability density functions. Epistemic
uncertainty may be reduced by the acquisition of more data, althbigycould be
difficult and/or expensive.

1 Aleatory uncertainty (stochastic uncertainty) is uncertathigt hasa random or
seemingly random element, such @ediction of specifictectonic events, climate
change and future human activities. Additios#éhdy cannot provide additional
guantitative information that will reduce aleatory uncertainty.

In the context of assessing thestclosuresafety of a radioactive waste repository, the main
types of uncertainty that will need to be addressed are:

1 Uncertainty in the future evolution of the disposal system (scenario uncertainty).
1 Uncertainty in the models used to represent this evolution.

9 Uncertainty in the parameter values used in the modelling programme to evaluate the
potential consequences of Baeos.

The first two are largely a consequence of aleatory uncertainty, while the ntigiirdy
represents epistemic uncertaintidiowever, different safety cases may classify epistemic and
aleatory uncertainty in different ways, and, as a result, alscessldincertainties using
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different methods.A more detailed discussion of uncertainty in the safety case is provided in
PAMINA (20009).

The need for uncertainty managemeningt unique togeological disposalof radioactive
waste but geologicaldisposal requires some specific consideratidos example, owing to
the long timescaleaddressed in the pestosure safety case

One particular example of timescale considerations is demonstration of the performance of the
multi-barrier system withrespect to the functions they are required to proviflgure 3.2
illustrates the processes that contribute favourably to safety within the Swiss disposal concept
for spent fuelhigh-level wastg HLW) and intermediatdéevel waste (ILW)and the timescale

over which these processes operate (Nagra,)2002ese processes are subject to uncertainty

For example, the exact value of the instant release fraction'(IRFifficult to determine,

and, thereforethe radionuclide inventory that could be released soon after féslurgcertain
(Johnsoret al, 2004) In systems that provide safety over much shorter periods, it may be
possible to include monitoring of perfoance as part of an overall strategy to dealing with
uncertainty monitoring is part of the approach for demonstrating safety during repository
operations. However, for peslosure safety, demonstration of safety cannot be undertaken
by monitoring the pcesses illustrated iRigure 3.2. Instead, uncertainty must be addressed
through a series of other methods. The types of approaches adopted-dloqost safety

cases are briefly summarised in Sectoh2

Figure 3.2 Key processesphenomengcontributing positively to longterm safety, and
the time frames over which they are expected to operate, in the Swiss concept
for longlived wastedisposal in Opalinus ClayFrom Nagra (2002).

! The IRF is thefraction of the inventory of more mobile radionuclides that is assumed tealody
releasedrom HLW or spent fueliponcanisterfailure.
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