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1. Introduction
1.1. Spent Nuclear Fuel Final Disposal Program

Nuclear energy technology has émewidely applied in agriculture,
industry, medical science and nuclear power for yeansd is closely
i ntegrated wi t h peopl eds | ipfoducesi n Tai
radioactive waste inevitablySafety managemenof radioactive waste
has become a topic of public concern in recent years. Above all,
radioactive waste final disposal is the focus attention from society.
Radioactive waste management has been not only a technical issue but
alsoa political, economic andocialissue.

Nuclear power has been used in Taiwan since 1978, with three
nuclearpower plans andeach comprising twoeactos. The fournuclear
reactors in Chinshan and Kuosheng are boiling water reactors (BWRS),
and the twonuclearreactors in Maanshan apgessurizedvater reactors
(PWRs). Under the condition opermanent shutdown for Chinshan,
Kuosheng and Maanshan nuclear plgnit is expected to generate about
4,913 MTU spent nuclear fuel (SNF)n total, including 17,890 BWR
SNF assemblies and 4,320 PWR SNF assemblespectively(as shown
in Table1l-1) (y e @, 2019c)

According to the"Radioactive Waste Management Policygvised
and issued on Septembeénd, 1997, the plan for storage and final
disposal of SNFwas required to be strengthened. Thequirements
included active implementation of SNdn-site interim storage program,
searching forthe possibility of SNF reprocessing abroad under the
compliance of international safeguardsgntinuouslyimplementing the
SNF final disposal programand proposing early feasible plans and
implementation planss soon as possible.

The SNF strategy of Taiwan is direct final disposal in Taiwan
territory andisolationfrom human life to decreaséerisk of human and
environmenal hazard.

Sea floor disposal, deep hole disposal, ice layer disposal, space
disposal and deep geological repository have been studied in the

previous researchesn the world Among them deep geological
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repositoryhas beerwidely deened asthe most feasible method for SNF.

In Taiwan, the "Regulations on the Final Disposal Bigh-Level
Radioactive Waste and Safety Management of the Facilities" has also
prescribeda deep geological repositorgs the most feasible disposal

method. (Note:according to the definitiono f AThe Nucl ear

and Radi oacti ve Wa s t the higlalavalgradioachive A ct

waste is SNF for final disposal or the extraction residue produced by
reprocessing. Since there is no SNF reprocessing operation in Taiwan,
high-level radioactive waste refers to SNF.

Taiwan Power Company (TPC) haerformedresearclkes on SNF
final disposal since 1986. According to thi@Nuclear Materials and
Radioactive Waste Management AefTPC submitted thé&iSpent Nuclear
Fuel Final Disposal Program in 2004. The pogram has been
implemented afteapprovalfrom the Atomic Energy Counci(AEC), and
will be reviewed and revised every 4 years in accordance with relevant
regulations.Currenty, the iSpent Nuclear Fuel Final Disposal Pragm
(2018) is thelatestversion approved bAEC in 2020.

According to the fiSpent Nuclear Fuel Final Disposal Program
(2018) 0 thefinal disposal of SNHs divided into fivephase from 2005
to 2055 until the completion of theepository. Theya r esurviey and

Ma t

, O

evaluati on of t he potenti al host rock,

approval , 0 fAidetailed site investigat:.

on

safety analysis, 0 and (Figurepl.sThettargey const

of each phase is presatin Table 1-2.
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Repository
Operation

+ Complete the construction and operation test for the
repository.

* Complete application and acquisition of operating license.

Repository Construction

+ Complete the safety assessment report required to apply for
the construction permit.

* Complete the building license application process and obtain
the building license.

Repository Design and Safety Analysis

» Completion of site feasibility study report.

» Complete the site environmental impact report.

Detailed Site Investigation and Test

* Complete the investigation and assessment of candidate site
and site recommended for detailed investigation.

+ Establish candidate site performance/safety assessment
technology.

—

» Complete the characteristic investigation of potential host
rock and suggest the investigation area of candidate site.

+ Establish potential host rock performance/safety assessment
technology.

Candidate Site Selection and Approval

Characterization and Evaluation of the Potential host rock

Figurel-1: Work plan for theSNFfinal disposal program in Taiwan.

Table1-1: Estimated amount &NF in Taiwan.

Unit 1 fuel Unit 2 fuel Total of fuel
Reactor type Power Plant ) ) X
assemblies assemblies assemblies
Chinshan 3,482 3,484
BWR Kuosheng 5,462 5,462 17,890
PWR Maanshan 2,160 2,160 4,320

Note: the amount of SNF is estimated by Kuosheng and Maanshan power plant operating for 40 years

based on the statistical data of May 2018.

Reference:y

e @ (2019c).
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Table1-2: Name, schedule and target of each phase of the Spent Newt&inal Disposal Program.

Phase Characterization and Candidate Site Selection | Detailed Site Investigation Repository Design and Repository Construction
Evaluation of the Potential and Approval and Test Safety Analysis
Host Rock
Sched|2005 to 2017]2018 to 2028|2029 to 2038|2039 to 2044|2045 to 2055
TargelComplete the |Complete the|Completion ofComplete the|Compltéteconsi
i nvestigationnand assetshsemenstdy report (lassessment reand operatio
of potential |[candidate sitComplete the|required to grepository.
Establish potrecommended flenvironmentalconstruction|Complete appl
performance/ dinvestigation(EI S). Compl ete the|acqui stihogpem aq
assessment tdqgEstablish carn Il icense applilicense.
performance/ g and obtain t
assessment td l'icense.
Mil es|Preliminary 7Complete the|Complete the|Complete the|Complete the
Feasibility Ydesighreeopfosi t{geol ogi calhesyassessment rqgand obtain tHh
Di sposal of 942025. di sposal site2043 ' icense of r ¢
Fuel was rel gCompl etettehetStart the plgComplete und¢gfacility in 2
Potenti al hoginvestigatiofnconstruction|technology v¢gComplethe co
per formance/ s|oft hceandi date |[test and undq2043. t hrepository
assessment tdgEstablish thegfacility in 42Complete the|transportati ¢
established ilperformance/ §Compl ete prellot reepository|2054.
The Technicallassessment tthgrepository degrecesvaggng fifCompl ete the
Assessment Rqgqcandidate sitCompletassibidtransportati qobtain the ofy
Nucl ear Fuel |Propose prionreport (FR) ijdesign in 2040f the reposi
was released|investigation|Complete sitgComplete the
Candidate sit i mpact reportlicense appli
recommendat i ¢ and obtain tH
i nvestigati or l'icense in 2¢(
in 2017.
Note:the schedule may be delayed due to factors such as public g@nitand acquisitonl he schedul e wi | | be revised every

Mat er.i
Reference:y

al s

and Radi

e @ (2019c).

oactive

Wast e

Management
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1.2. Purpose of the Preliminary Safety Case Report

In order to prove that the design and operationtlod repository
conform to safetyrequirements International Atomic Energy Agency
(IAEA) published safety standardsii S SZL3 {IAEA, 2012) which
provides guidance and advice for repository developmentiaddcates
thati t is the repository operatoroés respo
and safety assessment. The safety case, which integrates arguments and
evidences of science, technology, management and operation prtheng
safety of the repository, isseéablished by iteration and collection of the
latest information. The safety case includes site and repository design,
suitability of construction and operation, radiation safety assessment,
and suitability and quality assurance of glfetyrelated worksfor the
repository. It can act as the basis for demonstrating safety and applying
license. Safety case can provide comprehensive information for
stakeholders (such as government authorities, regulatory ag€nc
general public and local people) to obtaumderstanding, recognition,
faith and consensus of the disposal program.

In accordancevith the requiremergof the competentauthority, the
disposaltechnologiesneedto be continuouslyreviewed. According to
the safety case guidance proposed by IAEA, and with the international
peerreview and AEC reviewofi The Techni cal Feasi bil it
Report on Spent Nucl e ®NFDEOGU7eRepor,iamda | Di sp
considering the disposal rpgram phase and host rock geological
properties in Taiwan, théPreliminary Safety Case Reparfthereinafter
referred to as SNFD202eport) would be proposed at the end of 2021.
Because candidate sites of Taiwan have not been chosen yet, experience
from countriesthat do not complete site selection process such as the
United States, the United Kingdom, Canada, and Japan have been
referred to, for thedevelopmentof a generic safely case. Also, a
Aireference caseo0 has been established b
and geological data from previous surweyThe reference case in
SNFD2021report was established based on all the data TPC has from

the investigation data and researdata of the program. Detailed
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investigation reports can be found in the database of TR@plying

relevant analysis technologies, quantitative evidencesiehdeen

proposed. These evidences will be reviewed by the authority and
domestic and international pes, to make sure that disposal technology
in Taiwan is in line with international standards, and to make sure that
the safety of the repository is ensured.

The main purposes of the SNFD2021 Report are as follows:

(1) Advanced international dispostdchnologieshave been referred o
andthe reference case has been assessed to etlseisafety of the
repository.

(2) Results and finding$rom thereport will be fedback to future R&D
program, site survey work, development of engineering design and
related safety assessment activities.

(3) The aim of this report is toteengthen communication with the
stakeholders and builda social consensuodn implementing the

disposal program

1.3. Feedback from SNFD2017 Report
Taiwan Spent Nuclear Fuel Final Disposalo@ram publishedhe

SNFD2017 Report i n 2017, whi ch i ntegr a
survey and description, 0 Arepository
technol ogy, 0O and Nnsafety assessment t

Report studied three potential host rock in Taiw(granites, mudstones,

Mesozoic basement) and achieved three requirements of the competent
authority: (1) whether a suitable granitic rock mass fimal geological

disposal could be identified in Taiwan; (2) whether adequate engineering
capabilities for constructing a geological repository have been
established in Taiwan; and (3) whether adequate capabilities for
assessing the lonterm safety for a repository site have been established

in Taiwan. The SNFD2017 Reportonfirmed that Taiwan has the

feasibility to develop disposal technology, and completed the important

target of Phase I i Char acteri zati on and Eval uat i

Ho st Rock. o The advanced i nternati onal (
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were referred inthe SNFD2017 Report, which can prove the feasibility

and the safety of deep geological repository to the program manager,

competent authority and stakeholders. In 2018, the SNFD2017 Report

passed international peer review and competent authority review in

Taiwan.

The competentauthority considered that each disposal technology

in final disposal program in Taiwan should be continuoushprovedto

ensure relevant disposal technology reasto the best and international

level. The safety oftherepositoryshoulb e enhanced to protec

safety and environment quality. The main feedbacks ftbomcompetent

authority are presented as below:

(1) AiTo confirm whether a suitable granit
final di sposal could be identified in
The reslts have shown that there are sufficient volume of granitic
rock mass in western Taiwan offshore islaadd eastern Taiwan,
which is worth further characteristic investigation fothe deep
geological repository. The geological information should be
continuwously collected, and conceptual model should be applied to
repository design and assessment technology for the following site
selection.

(2) ATo confirm whet her adequat e engi ne
constructing a geological repository have been established in
Tai wan. 0
The SNFI2017 Report has preliminarily introduced the KBS
disposal concept and established the engineering arrangement,
design and verification ofthe repository in Taiwan. The
optimization and feasibility should be continuously refined for the
following application to every candidate disposal site.

3)AiTo confirm whether adequate capabil:
term safety for a repository site hav
The SNF2017 Report has fully understood the methodology and
techndogy of the safety case. The latest international technology
development should still be focused and advanced. In addition,
geological survey has been difficult in Taiwan, leading to the lack
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of parameters, which is necessafpr ensuing safety of the

repository.

1.4. Laws and Regulations

The safety management of radioactive waste is not onfy a
environmental and technological issue, but also a subject matter that
involves political, economic and social consideratiofmegarding the
final disposal of SNF, thre are laws and regulations for candidate site
selection, repository construction, operation and closure. Abovettadl,
Nuclear Materials and Radioactive Waste Management Act (announced
in December 2002), Regulations on the Final Disposal of Higkel
Radioactive Waste and Safety Management of the Facilities (amended in
January 2013) and Regulations on Siting of Higlevel Radioactive
Waste Final Disposal (amended in March 201&aye elaborated as
Section 1.4.1 to Section 1.4.3.

1.4.1. Nuclear Materials and Radoactive Waste Management Act
The act is enacted to administer radioactive material, preventing

radioactive hazard and secure public safety. The main provisions are as

follows:
(1) Article 17: For the construction of treatment, storage and final
disposal faciities of radioactive waste, an application foa
construction license shall be filled with the competent authorities
After the application has been reviewed and approved (by the
competent authorities) to satisfy the following prescription and the
competen authorities hae issued a construction license, the
construction would be permitted
(a) The construction is consistent with the prescription of relevant
international conventions.

(b) The equipment and the facilities are sufficient to secure public
health andsafety.

(c) The impacton the environment complies with the prescription

of relevant regulations.
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(2)

(3)

(4)

(5)

(d) The technology, the management capacity and the financial
basis of the applicant are competent to operate the facilities.
Article 29: The treatment, transportation, storage and final disposal
of radioactive waste shall be done by the producer of radioactive
waste itself solely or be entrusted to the domestic or foreign operator

who is of technical capacity or holds the fatiéis for disposal. The
producer shall be responsible for minimizing the generation amount
and the volume reduction of radioactive wasféne final disposal
program shall be actually proceeded in accordance with the planned
schedule.

Article 37: One who fds to implement the final disposal plan in
accordance with the planned schedule referred to in Paragraph 1 of
Article 29 shall be punished with an (administrative) fine of more
than New Taiwan Dollars Ten Million (NT$10,000,000) but not more
than NT FiftyMillion (NT$50,000,000), and the punishment may be
respectively imposed annually.

Article 46: The operator of nuclear power shall raise from the
nuclear back end operation funds, by way of setting aside at least
two percent (2%) thereof, and transfer fisniob carry on the research
and(/or) the development of operating technology of radioactive
materials and(/or) final disposal.

Article 49: After this law comes into effect, the competent
authorities shall supervise and urge the producer of radioactive
waste to plan the construction of the domestic final disposal
facilities, and ask the producer to resolve the issues as to the final

disposal of radioactive waste.

1.4.2. Regulations on the Final Disposal oHigh-Level Radioactive Waste and

(1)

Safety Management of the Ecilities
The main provisions are as follows:
Article 1: These Regulations are enacted pursuant to Article 21 of
the Radioactive Materials Management Act (following abbreviated

as Athe Acto).
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(2) Article 2: The terms used in these Regulations are defined as
follows:

(a) High-level radioactive waste repositories (hereinafter referred
to as Arepositorieso): repositories
environmentat a proper depth under the ground surface, which
can safely separate the radioactive nuclides from tloshere
for a long time, including the buildings, structures and
equipment on the related ground surface and in the disposal area
of underground tunnels as well as the underground disposal area
used to isolatehigh-level radioactive wastes.

(b) Host rock for dsposal: the geological rock mass used to place
high-level radioactive wastes

(c) Multiple barriers: the multiple combination of natural and
engineered barriers used to isolate or retard the filtering,
leakage and transplantation of radioactive nuclides, idioig
the waste itself, container, buffering and backfill, and stratum.

(d) Personal annual risk: the product of the annual probability of
accidents incurring to the disposal facilities multiplied by the
probability of death due to exposure to the radiationsslby
the accident.

(e) Controlled area for disposal: the area of the ground surface and
the underlayer of the ground surface within the scope of the
repositories, marked with proper signs indicating the boundary
of the repositories.

(3) Article 3: The final dispsal ofhigh-level radioactive wastes shall

be conducted in the deep stratums.
(4) Article 4: The disposal facilities must not be located in the following

areas:

(a) Active faults or areas in which the geological conditions would
affect the safety of the disposal facilities.

(b) Areas with geochemical conditions not favorable for effectively
controlling the spreading of pollution caused by radionuclides

and likely to affect the safetgf the disposal facilities.
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(5)

(6)

(c) Areas with surficial or underground hydrographical conditions
likely to affect the safety of the disposal facilities.

(d) Areas with high population density.

(e) Other areas in which development is prohibited according to any
law.

Article 5: It shall be avoided that the disposal facilities be located

in the following areas:

(a) Where landslide, subsidencand volcanic activities are likely
to occur.

(b) Where the geological structure is likely to change obviously.

(c) Where the hydrological condidns are prone to change.

(d) Where the host rock for disposal is being deteriorated obviausly

(e) Where the bedrock is uplifting or eroding obviously.

If the disposal facilities are located in any of the above areas, the
operators shall bring forward solutions ensure the facilities meet
the safety requirements.

Article 6: The operators of repositories shall submit a plan for

detailed site investigation and then start the detailed investigation

after the plan is approved by the competent authority.

The plan ofdetailed site investigation referred to in the preceding

paragraph shall include the following contents:

(a) Description of the site.

(b) Conceptual design of the operating area of the repositories.

(c) Necessity of drilling or excavation and operation planning.

(d) Reseach and test plan.

(e) Plan for investigating and controlling the factors likely to
influence the capability of the site to isolatkigh-level
radioactive wastes.

(f) Quality assurance plan.

(g) Restoration plan.

(h) Financial description.

(i) Other contents specified by thrmmpetent authority.
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(7) Article 7: The operators of the repositories shall, during the period

of detailed site investigation, report the investigation progress and

results to the competent authority before the end of February every

year.

During the period ofdetailed site investigation, the competent

authority may dispatch personnel to conduwat inspection at any

time.

(8) Article 8: Multiple barriers approach shall be designed for the

disposal facilities.

(9) Article 9: The disposal facilities shall be designedetosure that the

annual effective dose to any individual in the critical group outside

the facilities is not more than 0.25 mSv.

(10)Article 10: The disposal facilities shall be designed to ensure that

the risk constraint to any individual in the critical groaptside the

facilities is not more thanx10°® per year.

(11)Article 11: The disposal facilities shall be designed to ensure that

the highlevel radioactive wastes can be safely retrigweithin 50

years after disposal.

(12)Article 12: The design of the importardtructures, systems and

components of the repositories shall meet the following

requirements:

(a)

(b)

(c)

(d)

(e)

(f)

Support inspection, maintenance and test, and meet the
requirements for nuclear protection operations.

Prevent expected natural disasters.

Provided with emergencresponse functions.

Ensure the operations dfigh-level radioactive wastes can be
kept at subcritical status under normal operating and expected
accidents.

Provided with protective functions against fire and gas
explosion.

Other requirements specified lhige competent authority.

(13)Article 13: The closure of the repositories shall be designed to

ensure that the underground passages and drilled holes, after being
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sealed, would not become the key routes for the transportation of
radioactive nuclides.

(14)Article 14: The operators shall acquire the right to use the lands
within the controlled area for disposal prior tbe construction of
the repositories.

(15)Article 15: During the operation of the repositories, the operators
shall renew the safety analysis report aaubmitit to the competent
authority for examination every five years.

(16)Article 16: For the closure of the repositories, the operators shall
bring forward a closure plan and a supervision plan according to the
provisions of Article 32 and Article 33 of thEnforcement Rules of
the Act, and submit them to the competent authority for approval
prior to implementation.

(17)Article 17: To apply for exemption from supervision, the operators
of the repositories shall follow the provisions of Article 34 of the
Enforcement Rules of the Act.

(18)Article 18: Where the repositories are exempted from supervision,
the operator shall store the following data permanently and submit
them to the competent authority for examination:

(a) Data about surficial characteristics, boundamgonuments,
tunnels and drilling holes.

(b) Construction methods, materials, structures and important
construction data.

(c) Geological map and geological profile.

(d) Hydrological data.

(e) Position and characteristics digh-level radioactive wastes.

(f) Data about abnorniies or accidents.

(g) Radiation monitoring data.

(h) Other data specified by the competent authority.

(19)Article 19: These Regulations shall become effective as of the date
of promulgation.
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1.4.3. Regulations on Siting of Highlevel Radioactive Waste Final Disposal
The regulations provide the following requirements for potential
sites to ensure the safety tfefinal repositoryof high-level radioactive
waste.
Main provisions are as follows
(1) Article 1: "Regulations on Siting of Highevel Radioactive Waste
Final Disposal" are enacted to ensure the safety tfe final
repository site (following abbreviated as "site") of hitgvel

radioactive waste, and be a reference for site selection and

management.
(2) Article 2: The site shall provide natural barriers to retard the
transmrtation of radionuclides, and prevent the repository from

natural hazard, so as to ensure the repository meet safety

requirements.
(3) Article 3: The site shall nobelocated in areas near active faults or

where geological conditions may affect the safefytloe repository.

(a) Areas within 1 km on both sides and b¢ike area extending for
3 km at both ends othe main fault zone ofan active fault.

(b) Areas within a radius of 15 km from the center of Quaternary
activevolcanic

(c) Areas within a radius of 1 km frothe eruption of hervideroes.

(d) Areas of a single landslide areae greater than 0.1 kfand

cannot be overcome by engineering.
(4) Article 4: Geochemical conditions carot inhibit the transport of

radionuclides and thereby adversely affect the safety tbé
repository
(a) Areas where the pH of groundwater lower than 4.
(b) Areas where the distribution coefficient of stratum to key
cationic nuclide less than 3 ml/g.
(5) Article 5: Hydrologic conditions of surface water and groundwater

cannotadversely affect the safetyf the repository

(a) Water course, including river, lake, reservoir storage area,

drainage facilities, canals, flood channels and flood detention

ponds.
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(6)

(7)

(8)

(9)

(b) Catchment area of existing, under construction reservoir.

(c) Groundwater control area.

Article 6: The siteshall not be located in areas of high population
density, where the population aeity is higher than 600 people/kin

in a town, district or city.

Article 7: The site shall not be located in areas of potential for
landslides, subsidence or volcanic actuit

Article 8: The site shall not be located in areas of potential for
structural deformation, such as uplift, subsidence, folding, or
faulting.

Article 9: The site shall not be located in areas of potential for

foreseeable human action and natural phenoaen

(10)Article 10: The site shall not be located in areas of potential for

regional uplift and erosion.

(11)Article 11: The host rock characteristics listed below shall be under

consideration for site selection.

(a) The depth ofthe host rock shall be greater than@®® fromthe
ground surface.

(b) The host rock hasthe appropriate depth and horizontal
distribution to contain the underground facilities of the
repository.

(c) The thermal properties of the host rock are conducive to
removing the decay heat generated by thehhligvel radioactive
waste.

(d) The hydrological properties of the host rock are low hydraulic
conductivity and low permeability.

(e) The mechanical properties of the host rock are conducive to safe
construction, operation and closure of the repository.

(f) The chemcal properties of the host rock are able to precipitate,

absorh or retard the transportation of nuclides.

(12)Article 12: The site hydrological characteristics listed below shall

be under consideration.
(a) Hydrogeological structures are conducive to the limidatiof
groundwater flow and retardation of nuclide transportation.
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(b) The groundwater flow field is stable and has a low hydraulic
gradient so as not to accelerate the flow of groundwater.

(c) Hydrogeological environment may not adversely affect the
repository ofhigh-level radioactive waste.

(13)Article 13: The site geochemical characteristics listed below shall
be under consideration.

(a) The longterm geochemical evolution of sites shall not adversely
affect barriers ofthe repository.

(b) The redox characteristics of thesites and the chemical
composition of the groundwater shall not accelerate the
corrosion and damage of the canister.

(14)Article 14: The site shall not be located in areas that cannot be
developed according to other laws. The scope and recognition
criteria arein accordance with the provisions of the other laws.

(15)Article 14-1: The selection of the site shall comply with Article 31
of "The Indigenous Peoples Basic Law", and higlvel radioactive
waste shall not be disposeaf in the areas of indigenous peoples

against their wishes.

1.5. Executive Teams (Organizatios)

In this report, program management and technology integration are
implemented by TPC. Analyses and report writing are conducted by the
Institute of Nuclear Energy Research (INER). This report incluties
research results through yearsontributed by all executive teams
cooperating with TPC, which include Industrial Technology Research
Institute (ITRI), the domestic academic usitand the domestic
engineering consulting agency¥he research results consist of multiple
professional fields such as geology, hydrogeology, civil engineering,
mechanical engineering, materials engineering, chemical analysis,
nuclear engineering, radiation protection and information management.
The exective teams of the SNF final disposal program also cooperate
with international institutions, for example, Finni®tosiva Oycompany,

Southwest Research Institute (SwRI1), Sandia National Laboratories
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(SNL), Canadian Nuclear Waste Management Organization N and
Nuclear Waste Management Organization of Japan (NUM@addition,
TPC contracted withSwedish SKB as a technical consultant to ensure

this report meet the basic framework of international safety ¢&sgure

1-2).

Atomic Energy Ministry of
Council Economic Affairs
V V Cooperation and
Taiwan Power Company Consultation Units
NTU
Department of Nuclear Integration and \.(T':l.
Review for Preliminary g0 Back-end Management Compilation of Technical ‘NCU
Preliminary Safety Case Support NCCU

Safety Case Report Review b Project Management R&D Demands

‘ — Report - NTHU
-—
R&D Results Institute of Nuclear GST
Adyvisory Committee Other Units Energy Research Academia Sinica
L ) Sinotech
and Safety Assessment

ITRI

Review for Technical Report

. Technical
Technical Demands
Adviser
. Technology
Peer Review lm"“’f""“"l Transfer
Adviser
SKB
technical

consulting and
integration

Figurel-2: Organization of the Spent Nuclefanel Final Disposal Program.
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1.6. Previous Researchs

TPC completedhe iResearch Program d&pent Nuclear Fuel from
Nuclear Reactors in 1983, and deliveredt to Executive Yuan for
approval and implementation. Soon after, relevant industrial,
governmental, academic and research agencies invested in the planning,
management and research of SiNFinal disposal. In accordance with
fiThe Nuclear Materials and Radioactive Waste Managemen® Aatd
AEnforcement Rules for the Nuclear Materials and Radioactive Waste
Management Ac TPC deliveredheiSpent Nuclear Fuel Final Disposal
Progrand in 2004, aad the program was approved by the competent
authorityin July 2006. The history and resaslof the disposal program
are divided into two parts byhe fiSpent Nuclear Fuel Final Disposal
Prograno in 2004, which ardiFinal Disposal Pilot Programfrom 1986
to 2004, andhe iFinal Disposal Programfrom 2004.

The fiFinal Disposal Pilot Progratmmhad gone through 4 stages,
which were Preliminary Research of Disposal Concept, Initial Planning,
Preparation of Regional Survey, and Investigation and Technology
Development. The results of each stage are as follow:

(1) Preliminary Research of Disposal Concept (1986/05~1988/06):

The basic concepts of sitguidelines site investigation andesign

were determined. The possible methodology and technology of

international SNFfinal disposal were systematically studied and
understood.
(2) Initial Planning (1988/11~1991/06):

The full work plan (1991 version) was completed and proposed that

crystalline rocks, Mesozoic basements, and mudstones are potential

host rock in Taiwan, whicbecame the basis of the following work
plan.
(3) Preparationof RegionalSurvey(1993/08~1998/10):

The investigation technology drill of the crystalline rock test site

was completed, and became the basistforhost rock characteristic

survey. Meanwhile, thetechnology could support the site
investigation and assessmergquirementsof low-level radioactive
waste final disposal plan. In this stage, the conceptual system of
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safety assessment for uncertainty and sensitivity analysis was

developed as well.
(4) Investigation and Technology Development (1999/05~2003/09):
The integrated investigation dhe deep geological croskole test

was implemented in this stage in Taiwarhe research of repository

design concept, preliminary planning of repositotgyout, and

establishment ofa database of granite properties, references,

parameters and scenario analysis were implemented as Wedlse
works became referencef®or the following field survey nuclide

transportation and safety function assessment. M@pentNuclear

Fuel Final Disposal Prograinwas also delivered to the competent

authority for review in this stage, reaching thequirementsof

AEnforcement Rules for the Nuclear Materials and Radioactive

Waste Management AotArticle 37.

AFinal Di sgpmec:al APowrgdi ng t o ASpent N u

Di sposal Program, 0o each planning

since 2005. Two milestones ¢theAi Char act eri zati on
Potenti al Host Rocko phase h a the
SNFD2009 Reort and the SNFD2017 Report.The SNFD2009 and
SNFD2017 Repod demonstrated the development and capability

been

of

disposal technology, and established the basish&fi Candi dat e Si't

Sel ection and Approval o p has ethe

Above

fChar acdreramdt i Eval uati on of Potenti al |

refer to ASpent Nucl ear Fuel yFienal Di s

@, 2019c). The research results since 2018 are presentdébie 1-3
in this report. Additionally, according to AENTf o
Nucl ear Materials and Radioacti ve

TPC has to delivethe implementation result report ahe former year,

rcemen
Wast e

andtheworking plan reporfor the next year to the competent authority,

which will be published on the AEC website.
Forthei Char acteri zati on and Eval u

phase, the main results included integrating the dé¢iom and
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investigation technology (including geology, groundwater, rock and
water chemistry and engineering characteristic) of potential host rock
characteristics. The geological structure of the investigation area was
constructed, and safety assessmerf the repository in the potential
host rock was established, which proposed the characteristic
investigation ofthe potential host rock and the evaluated condition
suitable fora deep geological repository in Taiwan.

FortheaiCandi dat e SitAAppfpebeat oomphase,
development of disposal technology will continue to be reviewed and
improved. On condition that no candidate site has been selected, the
SNFD2017 Report will be the basis to make good use of domestic and
foreign experiences and R&D seour ces to i mprove fnngeol
technol ogy assessment, 06 Ageol ogi cal di s
Al omgr m safety assessment of geol ogi cal
related technologies, and complete this report before the end of 2021
accading to therequestsof competent authority.
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Table1-3: Summary of researelsof the program in recent years.

Improvement of
the suitability of
the repository
andevaluation
of thedesign
project

Year Subject Summary of important achievements
2018 () Based on the study of the anomalous zone of magnet susceptibili

Improvement of | and resistivity, and geological linear structure distribution, the

regional regional and structural geological survey technology of the offsho

characteristics | island crystalline rock arg&-area) is improved.

survey Based on the study of granite mineral composition and the age

technology comparison of igneous rocks, the geochemistry of the offshore isl
crystalline rock has been completed.
With tidal station observation data, satellite altimetry data,
microseismic observation data in the main island crystalline rock {
area of the island, and hypocenter rupture scale analysistdong
monitoring information is obtained.

(2) The technical establishment of the SNF database implementation

the integration of the web interface database are completed.
The analysis of the U, b, and
preliminary study on the related reaction mechanitheradiation
source and the underground radiation hydrolysis mechanisntheanc
exploration of the corrosion effects of the radiation hydrolysate on
canister are completed.

The establishment of 4 sets of hypocenter models, obtainment of
simulatal waveforms of the target station by the simulate method
strong ground motion seismic wave, and comparison of the relevg
data to understand the possible hypocenter parameters of the 19
Hualien offshore earthquake are completed.

The life prediction malysis and construction of the copper shethef
canister, the studgf the corrosion resistance of the copper shell in
detection rate environment, the development of the friction stir
welding and testing technology of copper materials, and the
devdopment of the manufacture and testing technology of cast irg
lining of the canister are completed.

The preliminary establishment of design concepts and design
requirements othe backfill are completed, as a referenceackfill
design.

The comparison and correction of the results oftlksed
compaction experiment and the settlement of the Swedish SKB
canister are completed, as well as the simulation of the settlemen
the canister in the fluid mechanics cycle.

The numerical moddhat simulate strain and stress of the largze
triaxial test equipment, and manufacture of the lavige triaxial
equipment, and the process of assembly, leakage test and axial f
application are completed.

Long-termsafetyanalysis and verificatiostudy of tunnel support
materials are completed.

(3)
Improvement of
safety
assessment

The practices of IAEA SS@3 and other countriegere referred to
the process of postosure safety assessment methods was propos
and a safety assessmeéatabase was initially established.

Based on the simulation analysis of the SI4BD7 reportthe reason
for choosing the numerical model was proposed, the benchmar
verification process was explained, and the uncertainty handling
process and the applicati interface relevance were discussed.
The GoldSim model for the evaluation of colloids was established
promote the migration of radionuclides.

The gas pernability test process and experiments were establishe
and discovered that buffer and backfikaffected by hydraulic
effects and chemical effects.

The longtermsafetyanalysis and verification of lowlkali concrete
or low-alkali mortar as the tunnel support material were complete
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(4) Integrated
technology

technical research on the crystadlirock area of the main island ang
offshore islands are prelimiriby integrated as below:

The longtermsafetyassessment of the geosphere was completed
Groundwater flow analysis model verification and technical
improvement was completed.

The numericamodel of groundwater flow fahe sealevel drop was
completed.

The migration behavior of the radionuclides in buffer, baglitid
disposal host rock was completed.

2019

1)
Improvement of
regional
characteristics
survey
technology

Regional geologicadurvey technology and data analysis were
developed and the spatial distribution of granite rock mass in Taiy
was studied.

Aerial magnetic survey technology and data analysis were impro
The reference case was updated. 3D geologicamotdellingand
display technology were built, atkle evaluation technology for the
impact of deep fluids was estabksh

The granitic gneiss tunnel was taken as the technical constructior
which was a preliminary research on the detection and evaluation
technology of the domestic tunnel excavation damage zone.
Improvement of the statistical study on the fracture par@ame
distribution characteristics and the analysis technology of fracture
rock mass groundwater flow of the granite in Taiwan were comple
Long-term monitoring, GPS continuous observation and time serig
analysis, microseismic monitoring and data asialyvere
continuously carried out.

The construction process and survey technology requirements of
rock mechanics description model, and the parameter characterig
required fortherock mechanics description model at different stag
were studied.

(2)
Improvement of
engineering
design and
safety
assessment
technology of
therepository

The updated statistics of the use history data of the SNF in the
Chinshan, Kuosheng and Maanshan nuclear power plant were
complete, and the decay heat sensitivitylgsia and the decay heat
relatiorshipcurve under different conditions were completed.
MCNP nuclear criticality safety analysis model was established,
including SNF, canisters and deposition holes. The parameter
sensitivity analysis and propakeonservatre parameter
combinations were completed.

The specification adjustment of the canister and buffer preliminar
design was complete based on the length of domestic SNF.

The analysis ofiniform isostatic load generated by the hydrostatic
pressure and the sviialy pressure after disposal according to
domestic canister specificatiorascompleted. The von Mises stresg
value of the cast iron lining was within the allowable stress value.
The performance analysis of the shear displacement based on th
domestic carsiter specifications was completed to confirm that the
canister can meet the performance requirements.

The mechanical behavior simulation analysis of the unsaturated
bentonite under stress was complete, including the analysis of th¢
instantaneous deformati@and fracture cutoff caused by the weight
the canister antackfill. The evaluation of saturation time and the
calculation of swelling pressure distributiomrgcompleted.
Calculation ofthe backfill's capabilityto resist uplift of the buffer was
completa, and the distribution of the swelling pressure and the
amount of swelling in the buffer were analyzed.

Based on the decay heat information of the SNF of power plants
Taiwan and relevant local geological cd@iahs, the thermal distance
analysis of theepositorywas completed.

The analysis of thiEayoutdesign of the underground facility was
completed, including the amount of fracture shear displacement
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caused by earthquake, and the quantitative evaluatithre o
deposition hole and fracture cutoff.

The objects of 3 simulation areas were completely generated.
DarcyTools was adopted to perform 4 cases of stetatg
groundwater flow field simulation.

The shear force and corrosion effects of canisters anaigse
completed in order to explore the reference evolution assessmen
long-term scale.

According to theengineered barriatesign, undergrounepository
layoutdesign and localized geological parameters, the nuclide rel
pathand neaffield, far-field and biospher&ransportanalysis were
carried out.

The research and analysis of the safety function indicators of the
engineered barriewere completed. The classification and
development of the scenarios, analysis of the-plasiure safety
asseswent dose and risk based on the design of the domestic
repositorywere completed.

2020

(1) Investigation
and survey
technologyof
site suitability

The investigation of the characteristicslod Mesozoic basement in
Taiwan waters had been preliminardgmpleted.

The rock mechanical analysis was carried out with the existing
crystalline rock samples of Taiwan, so as to obtain the related rog
mechanical parameters and study the uncertainties.

Temporary broadband seismic stations and GPS continuous
obsenation stations for surface deformation were deployed in the
Taiwan plate boundary area to conduct ke@ign continuous
monitoring of seismic activity and surface deformation in the plate
boundary area.

(2)

Safety
assessment
technology

The research on nlides inventory and decay heat analysis of SNF
PWR wagspreliminarily studied, as well as nuclear criticality analys
technology.

Based on the laboratory test results of Taiwan crystalline rock an
measurement data of the geothermal gradient, e-thineensional
thermal characteristic evaluation simulation was carried out, and
release path (Q3 path) analysis technology of the fracture cutoff g
disposal tunnel was established.

(3) Database

The database was designed according to the pypperty, format

and existing form of the data. The reports, data, parameters and
related quality files generated by the progatiringthe execution

were digitally preserved, which can be searched and retrieved thr,
the web interface to facilitatedlretrospective process of the
experimental data generation and quality assurance records to er
visibility and tracebility.
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2. Methodology
2.1. Current Status of Disposal Program in Other Countries

There has been amternational referencdor developing safety
cases since the SSG23 Guideline was published by IAEA in 2012
(IAEA, 2012). The integration group for the safety case (IGSC) of
Organisation for Economic Goperation and Development (OECD) /
Nuclear Energy dency (NEA) raiseda number of relevant international
seminars to promote international technical exchange. The overall
international trend has gradually formed a consensus on the practice of
developing safety case The development of SNF disposal safatgse
and safety assessmeanall over the world in recent decade provides
references for Taiwah dechnology development, including important
cases inTable 2-1.

According to the document published by OECD/NEA in December,
2020 (NEA, 2020), the key features and activities for developing a safety
caseinclude: (1) integration of science and technology information, (2)
clarifying the safety case ofthe repository system, (3) excluding and
decreasing the uncertainty, (4) systematically deducing the scenario
development, (5) tracing and storage of knowledge management record.
In addition, the safety case should promote communication and
interaction with stakeblders, and promote the disposgrogram
implemented safely.

Nuclear safety regulatory agencies of various countries have also
continued to improve the regulatory requirements for safety €aker
example, the Radiation and Nuclear Safety Authority (STWKFinland
published Nuclear Waste Disposal Guidelines (YVL D.5) in February
2018, which describethe regulatory requirements for the safety case of
the repositoryin Chapter 9 (STUK, 2018). In addition, the Canadian
Nuclear Safety Commission (CNSC) alswmevised and published a
radioactive waste disposal safety case regulatory document (CNSC,
2021) in January 2021, reflecting the latest international viewpoomts

safety cass.
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Table2-1: Safety case/safety assment of disposal program in other countries

Neogene
sedimentary
rock, Pre
Neogene
sedimentary
rock, volcanic
rocks and
metamorphic
rocks)

Year Country Institut Program Site Report No. Assessment
on purpose
2011 | Sweden SKB SR-Site Forsmark SKB TR-11-01 | Construction
license
application
2012 | Finland Posiva TURVA- | Olkiluoto Posiva 1212 Construction
Oy 2012 license
application
2014 | Netherlands | COVRA | OPERA | Site has not | OPERAPU- General
been decided.| TUD311 safety case,
(Focusing on technological
the of clay development
rock and
halite)
2016 | France Andra Cigeo Meuse/Haute | DOS-AF Stakeholder
Marne communication
2016 | UK RWM DSSC Site has not | DSSC101-01 | General
been decided. safety case,
(Focusing on technological
the crystalline development
rock)
2017 | Canada NWMO | APM Crystalline NWMO- General
rock TR_2017_02 | safety case,
technological
development
2018 | Japan NUMO - Site has not | NUMO TR- General
been decided.| 1802 and safety case,
(Focusing on | NUMO TR- technological
the plutonite, | 18-03 development
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2.2. Methodology of Safety Case

Comparedto SNFD 2017 this reportis a generic safety case report.
This reportrefersto general safety case processtoé NEA MeSA report
(NEA, 2012) and establishes the Taiwan safety case method, which can
be widely applied to different disposal concepts and geological
environments. This safety case method not only focuses on the safety
analysis and its result, but also integrates more evidencespysiszn
and analysis. Furthermore, the safety case flowcklargure 2-1), which
includes safety case elemeantcan illustrate therelationship and
feedback betweethe safety assessment component ahd safety case.

The methodology of safety case adopted in theport can be
divided into (1)background, (2passessment basis, (8afety assessment,
(4) integration of evidence, arguments and analys@Es, feedback to
project managemerdnd (6) others.
(1) Background

(a) Repository development strategy
Define a timeline for the design and construction of the

repository, including milestones and decision points in the

di sposal pl an in accordance with th
Di sposal Programbo approved by t he
stages.

(b) Disposal and assessment pripkes:
Di sposal and assessment principles
principlesodo of repository devel opme
and fiassessment principleso of saf e
the assessment strateghhis reportrefersto the Swedish KBS
3 disposal concept that uses crystalline rock as the disposal
host rock to construca deep repository systemand complies
with the safety principles of the repository to achieve safe
disposal.

(c) Assessment regulatory basis:
The relevant laws and regulationsr dhigh-level radioactive
disposal in Taiwan can be found in Section 1Aksessment
regulatory basis providethe safety indicators
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(2) Assessment basis

(a)

(b)

(c)

Site description and design specification:

Site description and design specification describe the
repositay design and geological environment in detail, and
provide boundary condition for the safety assessmenin this
report, the initial state of theepositoryis described irChapter

4 (including engineered barriesr and natural barriers). The
external factors that may affectthe safety ofthe repository
(including climate evolution, geologicadvolution and future
human actios) are describedn Chapter5, which provides a
reference for the scenario evolution hypothesis of the safety
assessment.

The syrthesis of process understanding and influences between
processes:

First of all, the features/events/processe§HP9 that may
affect the repository must be identified and collected, and
interaction betweerrEPsshould be studied. In FEP$eatures

are theobjects, structures or environmental conditsowhich
might affect the repository. Eventsare transient weather
phenomena or human aotnis which might affect the repository.
Processes are the lostgrm and gradual phenomena which
might affect the repositor By studying coupled processes of
thermal (T), hydraulic (H), mechanics (M), and chemistry (C),
the safety impact on the repository can be evaluat&the
establishment, processing, and analysis of Taiwan's FEPs
databaseare presented inChapter3. The canplex interaction
amongFEPsand the coupling of FH-M-C processes, as well
as current analysis and research of internal processes in Taiwan
are shown in Chapter 6.

Methodology, modelcomputer codesand database:
Therepository geological environment, teraction and impact
between features, events and processes should be described.
The assessment model and parameter introduction in this report
are shown inSection 6.5 In addition, in order to improve the
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guality of the quantitative calculation of safety assessment, it
is necessary to freeze the key parametessdbefore the safety
assessment so that the key parameters used in the subsequent
safety assessment can be traced and ensure the consistency of
the used parameters. The list of key parameters of shtety
assessment of this report is presentedeaction 8.3.
(3) Safety assessment
The assessment basisincluding site description, design
specification and coupling research of internal processesn
descibe the expected initial state of thmepository system, the
evolution of therepository uncertainty, and the correlation between
the FEPsand thesafety functionsof therepository
Safety assessment covers the uncertainty assessment of safety
functions and the evolution ofthe repository and construc
different scenarios. Quantitative analysis of the scenario can be
carried out througha conceptual model, mathematical model, and
assessment model.
Safety functions of the disposal concept currentlyabsished in
Taiwan will be presented ilChapter7 of this report. The initial
state,external factoyinternal process and interactive process of the
repositorysystem are compiled in the assessment basis provided in
Chaptes 4 to Chapter6. Withthe assessment model and key data in
Chapter8, the evolution impact of theepository system inthe
safety case timescale is quantified and discussElde possible
impact of each action on theafety functionsat different time is
evaluated as well. Then ¢hevaluation otherepositorysystem,the
result of uncertainty assessment, and tbafety functionsare
integrated inChapter 9. The factors of FEPs related t®afety
functionsare also connected in this chapter.Ghapterl0, the main
scenario isconstucted and the evaluation extreme value tfe
FEPs scenario is screened. Teentainment safety functioanalysis
and retardation safety functiomnalysis ofthe main scenario are
presented irChaptes 11 andChapterl2. The interference scenario
is analyzed inChapter 13, which supplements other relevant
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arguments supportinghe safety ofthe repository(such as natural
analogue).

(4) Integration of evidence, arguments and analyses
Various arguments related tohe safety of the repository are
compiled in Chapter 14lt illustrates confidence and completeness
of the analyses of the program, review current results, and feed
uncertainties that can be improved back to future R&D projects.
Finally, whether the program has mdeed the goals at thiphase
would be discussed through peer review domestically and
internationally.

(5) Feedback tgprojectmanagement
The relationship between safety assessment and repository
development is iteration. Safety assessment provides Kkey
information for site characterization and engineering design.
Relatively, the data generated blye development and research of
site characterization and emgering design can suppotrtigh-
quality safety assessment. The uncertainty in the safety assessment
can provide research instruction for the following site investigation
and engineering design. The resultstbéinvestigation, design and
assessment in th report will provide feedback for the arrangement
of the following development.

(6) Others
During safety assessment and constructiortlof safety case, it is
also necessary to strengthen the implementation of quality
assurance (NEA, 2082, such aghe useof the same and consistent
dat a, application of Aistandagsnggo pr ot c
FEPs to check the comprehensiveness in the safety assessment. Such
inspections can be regarded as partacfias audit". The purpose
of the bias audit is a comphensive check, which should be
separated from the main line of the safety assessment and maintain
a certain degree of independence, such as inviting external experts
to conduct a peer review. If bias audit can be recognizedhsy
competentauthority, and relevant domestic and foreign technical
review groups, it will further promotéherealization of subsequent
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phase of the disposaprogramand become an important basis for

decisionmaking.

According to the geological characteristic othe referencecase
(Section 4.3.2), this report constructde preliminary concept ofthe
repositorysystem and completespostclosure safety assessmemdsed
on the methodology othe safety casend disposal concepts of advanced

countries in the worldare referred a.

Assessment context

— Repository Disposal and Asscssment
development assessment . bounding rules |
strategy principles (incl. regulatory basis)

¥

Assessment basis

»f [ Site description SyNRcsts of process. Methods, models,
Van(‘i‘:.‘lqslgn influctces bt'twccn computer codes and

specification processes atabascs

Scientific and Safetv asses t
2 : Feedback to alety assessmen
design studies, Expected 1nitial state and
including site management evolution (incl.
uncertaintics)

Safety concept and
safety functions

characterisation

-valuation of implication of
uncertaintics for safcty functions
= A and their evolution
Key uncertaintics

affecting =
calculated Scenmos >
pcrlo:}acrl\;c and Asscssment cascs illustrating Other scenarios
g model/parameter uncertaintics for (c.g
(incl. model and cach q itatively cval 1 qualitatively
data nceds) scenario discussed)

Evaluation of performance

w
-
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£
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(31pne seiq) SurjoIYd ssaudAIsudyadwo))
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Plan for the
management of z 2
remaining Synthesis of evidence, arguments and
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next stage analyses (incl. e.g. analogues)

~ Tateeaction with deciticn
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Sufficient confidence to YES Next
proceed to next stage? stage

Figure2-1: Flowchart of the safety case.
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2.3. Definition of System Boundary
The disposal concept approved by the competent authority used in

this report refers to the KBS disposal concept proposed I8wedish

SKB (Figure 2-2). The KBS3 disposalsystemincludes: (1)nearfield:

areas affected by the decay heat and radiation of spent nuclear fuel.

Nearfield contains theengineered barrielsystem covering canister,

which contains spent nuclear fuebuffer, backfill, deposition holeand

disposal tunnel; (2jar-field: natural barriers such as geosphere and host
rock outside the repository area una¢ted by decay heat and radiation;

(3) biosphere: the area of the environment inhabited by humans and other

organisms.

The boundaries of the disposal system shall be defined prior to the
safety assessmentThe assumptions of boundary condit®rof the
repositorysystem are listed below.

(1) Generally, it is hard to specifically define boundary condisaf
the deep geological repositorywhich should be flexible. While
implemerting safety assessment, different factors correspond to
different boundary conidions.

(2) In this report, theadjacent catchmentirea of the radionuclide
release pointincluding the repository is defined as the assessment
range of the biosphere. Outside of this range is considered as
external factos. The depth ofhe biosphere rangeto the surface of
the host rock. The range can be adjusted according to the
requirementsduring the assessment.

(3) Geosphere ranges to 1,000 m depth, which can be adjusted according
to the requirementsof assessment. For instance, the boundary
condition ofthelocal groundwater model and regional groundwater
model is different.

(4) Future human actins near theepositoryareconsidered as a part of
the repository system, but future human aotis and behaviors
outside the regional area are not directly related to rdygository

system.
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2.4. Timescales
2.4.1. Regulatory Requirements

In terms of the timescales of safety assessment, Taiwan's current
regulations do not specify thidmescaleof safety assessment fdhe

spent nuclear fuel repository.

2.4.2. Timescale of Safety Assessment

The radiation of 1 tonne SNF can attenuate to the le¥eéd tonnes
of natural uranium ore after 250,000 years of de¢&8KB, 2011). For
the safety assessment, the timescale should be set withasonable
margin.

The internaional safety standard and tirmeale can be referred to
Table 2-2. The international dose limitation of higlevel wastefinal
disposal repository is between 0.1 mSv/yr and 0.3 mSv/yr. The dose
limitation in Taiwan is 0.25 mSv/yr which is within the internatal
standards.The internationalrequirementfor the riskis between 1¢
/year and 1@ /year. The requirement for the risk Taiwanis 10° /year,
which is a high standard all over the world.

Considering the relevant international experience and the radiation
effects caused by the SNF, thienescaleof the safety assessmeint this
report is set to 1,000,000 years padbsure.

2.4.3. Timescale ofRepository Evolution
The timescale of repository elttion is an important issue. For
example, the internal processes description in Chapter 6 and the
evolution analysis in Chapter 9 are related to the timescale issue. The
repository evolution is related to the following timescales, which are
described asdllows:
(1) Changes of radionuclide species over 1 million years:
(a) As described in Section 2.4.2, the basic safety assessment
timescale is related to the radiotoxicity of spent nuclear fuel.
The radiation of 1 tonne SNF can attenuate to the level of 8

tonnes ofnatural uranium ore after 250,000 years of decay. The

2-10



timescale of the safety assessment of this report is set to
1,000,000 years postlosure.

(b) The doses from spent nuclear fuel are dominated by radionuclide
species and their daughter nuclei with longfalate and should
be isolated for long periods to reduce the risk of radiation
exposure. Forlong-term safety, direct radiation to humans is
only a concern in scenarios addressing unintentional intrusion
into the repository.

(2) Timescales of longerm geological processes occurring over
millions of years, including tectonic movements caused by plate
movement.

(3) Timescale of climate change: the timescale range from decades to
millions of years. On the millioryear timescale the timescale of
climate changaes related tothe glacial cycle, so the glacial cycle is
used as the timescale basis in this report.

(4) Timescale of human social change: The record of human history
covers thousands of years. Over the past 100 years, many aspects of
society have changed dratically, either suddenly or within a few
years.

(5) Timescale of bentonite saturationunder the conditions of
crystalline rock environment, saturation of buffer, backfill and host
rock usually takes more than several decades.

(6) Timescale of chemical conditis in host rock returning to natural
conditions after the repository operation: it is expected that
chemical conditions in the host rock can return to close to natural
conditions approximately several hundred years after the repository

operation.
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Table2-2: Summary of dose/risk limits and assessment timescale otlossire
repositories in other countries.

Dose/Risk limit post

Timescale of safety

Nations : Reference
closure of repository assessment
Practgal evgluatlon Practical evaluation [1](2]
Belgium Eﬁiirlgrfg'g mSviyr experience:
Risk 10%/yr. over 1,000,000 years.
, Regulation: o . [3]
Bulgaria Dose 0.3 mSviyr. No specific regulation.
Regulation: Regulatlon: . [11(2]{4]
include the time when
Canada Dose 0.3 mSv/yr. the areatest impact
Risk 10%/yr. g P
occurs.
China No specific regulation. | No specific regulation. | [2]
Czech Regulation: No specific requlation [1][5]
Republic Dose 0.25 mSv/yr. P 9 '
. Regulation: [1][2][6]
Finland Regulation: At least thousands of
Dose 0.1 mSv/yr.
years.
Regulation: [1][2]
Dose 0.25 mSv/yr
Erance (constrain value within | Regulation:
10,000 years, reference| At least 1,000,00Qears.
value for 10,000 to
1,000,000 years).
Regulation: Regulation: [1](21[7]
Germany Dose 0.ImSv/yr. Should have covered
Risk 10%/yr. 1,000,000/ears.
Regulation: [1][8]
Hungary Dose 0.1 mSv/yr. No specific regulation.
Risk 10%yr.
Practical evaluation Practical evaluation [1][2]
Japan experience: experience:

0.1- 0.3 mSv/yr

at least 1,000,000 years

South Korea

practical evaluation
experience:

Dose 0.1 mSv/yr (norma
evolution),

1 mSv/yr (human
intrusion).

Risk 108/yr (Probability
analysis).

No specific regulation.

[1]

Regulation: o . [1]
Netherlands Dose 0.1 mSviyr. No specific regulation.
Slovakia Regulation: No specific regulation. | [1]
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Nations

Dose/Risk limit post
closure of repository

Timescale of safety
assessment

Reference

Dose 0.1 mSv/yr.

Spain

Regulation:
Dose 0.1 mSv/yr.
Risk 108/yr.

No specific regulation.

[1][2]

Sweden

Regulation:
Risk 108/yr.

1,000,000 years.

[9][10]

Switzerland

Regulation:
Dose 0.1 mSv/yr.
Risk 10%yr.

Regulation:

Over 1,000,000 years.

[1][2][11]

United
Kingdom

Regulation:
Dose 0.15 mSv/yr.
Risk 108/yr.

No specific regulation.

[1](2][12]

United States

Regulation:

Dose 0.15 mSv/yr within
10,000 years.

1 mSv/yr between 10,00
to 1,000,000 years.

Regulation:
1,000,000 years.

[1][13]

Taiwan

Regulation:
Dose 0.25 mSv/yr.
Risk 10%yr.

No specific regulation.

[14]

Reference:

[1] OECD/NEA (2007)
[2] Journal of University of South China (2020)
[3] BulgariaGovernment (2004)

[4] CNSC (2006)

[5] Czech Republic (2002)

[6] STUK (2013)
[7] BMUB (2010)

[8] Hungary Government (2003)

[9] SSI (1998)
[10] SSM (2008)
[11] ENSI (2009)

[12] SEPA and NIEA (2009)
[13] EPRI (2010b)

[14] AEC (2013)
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Figure2-3: Radiotoxicity of SNF over time.
Reference: SKB (2011)
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2.5.

Safety of theRepository

2.5.1. Safety considerationdor the Repository

This report refers tothe Swedish KBS3 disposal conceptand

establishes the following safety principles fire repository

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

Therepositoryis in a longterm stable deep geological environment.
The SNF is isolated from human and ground environmeeéntprevent

the impact of human society changes and ldagnclimate changes.
The repository should be located in a place where there is no
economic benefit to future generations in order to reduce the risk of
human intrusion.

Several engineered barriers and the natural barrier are used to
contain SNF (multiple barers).

The primary safety function of the barrgers to contain the SNF in
the canister.

If the safety function of containment fails, the secondary safety
function of the barriesis to retard the release of radionuclides from
therepository

The designand manufacture ofhe engineered barrier should use
natural materials in order to maintain lotgrm safety in the
environment ofthe repositorysystem.

The design and construction o¢lie repositoryshould avoid serious
harm to the longterm performance fothe barrier caused by high
temperature.

The design and construction othe repository should prevent
radiationinduced reactions from serious harm on the ldegm
behavior of the engineered barrier and the host rock.

The design of the barrier should be passive, that is, it can perform

its safety functionswithout any intervention by human.

2.5.2. Safety Functions and Safety Measurements

The safety functionsf the KBS-3 repository system can hivided

into containment safety function ancetardationsafety function as

described below.
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(1) Containment safety function: adopt multiple barrier concept to
prevent radionuclide® release from the spent nuclear fuels. In
addition to the containment safety funchi®f the zirconium alloy
sheath of the spent nuclear fuel itself, the multiple barrier also
includesa canister, buffer and backfill, which are often referred to
as engineered barrier systems

(2) Retardation safety function: when disposed for a long time, the
containment safety functiomails to allow the radionuclides to be
released. There are still multiple barrier systems that can delay or
block the radionuclide®transport after radionuclides are released

into the engineered barrier system.

The safety mesurements based on the above safety function are the
placement of spent nuclear fuel the corrosionresistant canister with
mechanical strength cast iron lining. The canister is surrounded by
bentonite and placed in geposition holeat a depth of more than 300 m
above the surface as required by regulations in section 1.4.3. Under the
safety measurement mentioned above, bentonite can reduce the effect of
shear force caused by fractures @d@position hole and the effect ofhe
isostatc load caused byhesurrounding environment. Bentonite can also
prevent corrosive agents from contacting the surfacéhefcanister and
reduce the canister corrosion. The host rock providesong-term
chemical, mechanical, thermal and hydrological $eéabnvironment. As
a result, the buffer and host rock provitlee canisterwith a longterm
containment barrier.

As if the canister failsthe retardation safety function provided by
the KBS-3 disposal system becomes functional. The safety measurements
considered for the retardation safety function are that fuel, canister,
buffer and host rock can retard the radionuclides reled$e cast iron
lining and copper shell of canisters can preveah inflow of
groundwater. Thebuffer can limit the groundwatefrom flowing into
canistersand limit the release of radionuclides by sorption of bentonite.

Groundwater would slowly flow in the rock fracture netdre canister,
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so numerous kinds of radionuclides would tend to transport by diffusion
andarelikely to beadsorbed by host rock.

This report refes to the Swedish KBS3 disposal concept, and the
disposal system providean effective containment safety function and
retardation safety function. The safety functions provided by each
system component in the dispdssystem are detailed in Chapter 7 of
this report. The safety functions provided by each component of the
disposal system are established based on the research results of Swedish
SKB and the possible evolution of engineering design and geological
environmet, and the safety function indicators and criteria of individual
components of the disposal system are set. Demonstrating that the barrier
meets these safety function indicators and criteria in safety assessment
providesargumentsfor the safety case thdahe barrier will function as
expected as the repository evolution. If the barrier violates the safety
function criteria, further assessment of the impact of the safety function
on the overall disposal system performance is required, but this does not
meanthat the disposal system cannot maintain letlegm safety.

If the safety function indicators criteria cannot be met, the
condition can be developed into scenarios to assess the safety of the
repository, and the results are compared with the safety indisadf
Taiwan to confirm that the repository still meethe requirements of
regulations of Taiwan even if the safety function indicators criteria are
not fulfilled.

2.6. Expert Judgments

As the disposal site has not been decided, this report collects
historical researches to establish the reference case for sfiuty.use
of some analysis methods and data is based on the recommendations of
IAEA SSG-14, referring to common international practicaad using
expert judgment mechanisms to simplify and make assumptions so as to
accelerate the promotion of research and development work and to

establish the safety confidence of the disposal concept.
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There are various forms of expert judgment. For insenairectly
interpret experimental results or judge the impact of anthropogenic
greenhouse effects on future climate evolution to assess possible impacts
on the repository The process of expert judgment includes expert
gualification identification, expertinvitation, convening discussion
meetings and meeting records, which are all made into paper records to
facilitate inquiries and traceability. The documents of expert judgment
include review reports, data lists and meeting records, etc.

2.7. Information/Uncertainty Management
2.7.1. Definition of the Uncertainty
This report refers to international practice methods (NEA, 1997a,;
NEA, 2005; POSIVA, 20182; NDA/RWM/153, 2017) and considers the
classification and property of the uncertainties. In general, the
uncertainties can be divided into three categories: (1) system/scenario
uncertainty, (2) concept/model uncertainty, and (3) data uncertainty
(Figure 2-4). The source of uncertainty can be divided into epistemic
uncertainty caused by lack of background knowledge and aleatory
uncertainty caused by natural variations.
(1) System/scenario uncertainty
It is a comprehensive uncertainty. The main sources include (a)
system evolution, (b) recognition of FEPs and their functions, and
(c) the degree of understanding of the system. The uncertainty of
the system is affected by the factors of FEPs related €ostystem
and the capacity to describe the system. The uncertainty of the
scenario is mainly caused by the setting of the scenawiuich is
not able to fully represent the future evolution. Therefore, whether
the system description and scenario settinglude the identified
factors and processes of FEPs plays an importantimoleducing
the uncertainty ofthe scenario. In practice, different evaluation
cases can be set, and the possible future evolution ofdpesitory
can be fully considered to redudbe impact of the uncertainty of
the scenario.
(2) Concept/model uncertainty
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The main sources of uncertainty in this part are (a) the degree of
understanding of the system and (b) the assumptions,
simplifications, and limitations of the model. The degree of
understanding of the evolution of threpositorysystem will affect
the uncertainty of the assessment. In addition, the model describing
the evolution of theepositorysystem and related effects also plays
a very important role. The classification of mode&lan be divided
into the following three types according to the description of the
repositorysystem:
(a) Conceptual model:
The model is composed of a qualitative description of the
repositorysystem. The uncertainty may come from whether the
understanding othe conceptual model is correct and whether
all related FEPs are included in the model.
(b) Mathematical model:
Mathematical model describes theepository system by
presenting parts of conceptual models with mathematical
equations. The uncertainty mainly m@s from the process of
model simplification.
(c) Computational model:
Computational model describes thepository system all by
mathematical modelkalculation The uncertainty may come
from potential errors in the model calculation process or
time/space at numerical errors.
In the process omodelling, it is inevitable that a certain of
uncertainty may be involved in each step. The uncertainty of
the model can be reduced through model identification, which
is verified by comparing the same types of modelish each
other or through independent review by experts. Verifying and
comparing the calculation results of the models with
experimental results, natural analogue is also a common
method for model identification.
Since it is impossible to veriftheinteraction ofthe future,the
uncertainty of the modemay increaseor decreasewith the
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coverage of the assessmetimescale which needs to be
supplemented by natural analogue or other evidence (STUK,
2014a).
(3) Data uncertainty
This part of the uncertaintynvolves all the input parameters used
in the assessment, and the main sources are (a) the applicability of
the data itself, (bdifferent types of data, (c)lack of data, andd)
the variability in space or time. Since the input parameters of the
model areestablished according to the model requirements, the
uncertainty of the concept/model and the uncertainty of the data are
closely related to some extenthe use of different types of data
also creates uncertainty when calculating probabilities for dehér
scenarios and case®lodel identification and data identification
procedures help maintain the quality of the data used in the
evaluation model and can effectively reduce data uncertainty. In
addition, the data uncertainty can be quantitatively evadalby
deterministic or probabilistic analysis dry combining the above
two to deepen theconfidence of the evaluation results (NEA,
2012b).

Type of uncertainty Main sources of uncertainty

e Uncertainty in systemevolution

[ Scenario uncertainty]— e Identification of FEPs and theirinteractions

Systemunderstanding

[ Model uncertainty ]—— Model assumptions, simplifications and limitations

Applicability of data

[ Datauncertainty ]— EEE Lackofdata

e Spatial and temporal variability
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Figure2-4: Classification of uncertainty.
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2.7.2. StylisedRequirementsof the Evolution Case

In the process of safety assessment, FEPs will be screened through
FEPs, and a database of FEPs will be built to explore the impact of
interactions. Analysis parameters will be set, and quantitative
assessment models will be estalblesl to completely deal with the
various uncertainties that affect the safety functions of tépository
system. Biosphere and othexxternal factos will be simplified in a
fistylisedo way of conservative assumptions. When evaluating the
biosphere orexternal factos with high uncertainty, representative cases
with a high probability or possibility of occurrence are used to describe
the related evolutionary situation.

The biosphere surrounding tliepositoryis located in the boundary
of the repositoy system, which belongs to a part afie repository
system. As a result, the uncertainty thfe biosphere shall be discussed
by the same method dabe repositorysystem. However, there are many
processes that determine the evolutiontht biosphere, whichoccur
extremely unevenly (including multiple biospheres composed of multiple
biosphere objest). In addition,the biosphere may changes dramatically
comparedto the evolution ofthe repositorysystem. Some uncertaiiets
of the biosphere cannot be reducedther. Therefore, it is generally
recommended to describéhe biosphere in astylised way when
evaluating the biosphere.

On the other handa detailed analysis of the climate evolution
processes is not within the scope tlie safety assessment othe
repository. In addition, climate evolution analysis is still a developing
discipline, and some uncertainties cannot be reduced. Therefore, in the
assessment of climate evolution, a reasonable description of possible
future evolution will be done in astylised way along with the
development of this discipline, including the uncertainty. The extreme
climatic conditions that may affect the safety thfe repository(such as

the greenhouse effect caused by global warming) will also be described
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in a stylisedway in order to make the uncertainty considerations in the

safety assessment ofie repositorymore complete.

2.7.3. Management of the Uncertainty

Identifying uncertainty, avoiding or reducing uncertainty, and
uncertainty assessment are the basic strategies focergainty
management (Posiva, 2012, 2017During the management of
uncertainty in this report, parameter sensitivity analysis will be carried
out to understand the importance and relevance of the uncertainty of each
input parameter to the evaluation retsul In addition, therepository
system will maintain a sufficient safety redundancy during the design,
and use conservative assumptions to deal with most of the uncertainties,
and confirm that it can meet the requirements of relevant laws and
regulations.Finally, for the uncertainty of identification, feedback is
provided to the engineering design and site investigation by evaluating
the effects qualitatively and quantitativel@urrently, cata uncertainties
(including random/systematic errors, sample wadility, measurement
method defects and other experimental errors, as well as uncertainties
related totheinterpretation of experimental data, and deviations caused
by data selection) are initially fed back to the model and scenario

uncertainty, in ordeto carry out preliminary uncertainty management.

2.8. Quality Assurance

Quality assurance of thisrogramis based on 10 CFR 60 Subpart G
guality assurance criteria of the United States Code of Federal
Regulations, andefersto Nuclear Quality Assurance (NQA) "Quality
Assurance Requirements for Nuclear Energy Facilities" publishethby
American Society of Mechanical Engineers (ASME). The content is
based on the requirements of 10 CFR 60.1352, andthe quality
assurance criteria of 10 CFR 50 appendixwBiich lists the main points
of quality assurance, the division of powers and responsibilities, and the
operating requirements in ordeQuality assurance of thiprogramalso

strengthenshesafety requirements of IAEA SSR and safety guidelines
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of SSG23, and fully reflects the responsibility of the relevant personnel
for quality assurance ofthe A Spent Nucl ear Fuel Fin.

Programo

2.8.1. Overview

Generally the quality assurance project for the leteym safety
assessment of the SNEpositoryhelpsto ensure that all factors related
to longterm safety have been appropriately included in the safety
assessment. The main purpose of the safety assessment is to confirm the
long-term safety of the repository over time. In principle, it is
determined by omparing the assessment results and the related radiation
dose with the standards.

During the safety assessment, the scientific evaluationthod
repository evolution will be carried out with models. Theoupled
process and mathematical model will be sitated with the
understanding of the phenomenon. The mathematical model will be
converted into code and input data to perfomalculatiors. These
processes need to be recorded to ensure its quality. In addition, the safety
assessment needs to deal with md&Psthat affect longterm safety.

The database that colleciEEPsshould also be used as a tool to check
guality. The database could elaborad@ how the specificFEPs are
included in safety assessment and why others are excluded. Therefore,
the quality assurance project is closely related to the quantitative
processing of the evolution of the FEPs database thedrepository A
complete quality assurance project andajty assurance system can help
plan executives conduct safety assessments in a structured and
comprehensive manner and help reviewers judge the quality and

comprehensiveness of the assessment results.

2.8.2. Objectives of Quality Assurance
The objective of qulaty assurance is to do the right thing and
review the results in the right way, which ensures that the factors related

to long-term safety are included in the safety assessment.
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The design of the quality assurance project can specifically assist
in achievng the following goals:

(1) The programhas followed proper project management procedures,
such as document control procedures.

(2) Previous version othe FEPs database of throgramis considered
in the safety assessment, and all factors related to-teng safety
arein the international NEA FEPs database as well.

(3) The excluded factors have been approved by authoritative experts.

(4) The methodology used for exclusion factors has been approved by
authoritative experts.

(5) The processing method of the mathematicaldmloin quantitative
evaluation and the method of quality assurance in this model are
confirmed.

(6) The quantitative evaluations are properly evaluated by parameters
that have passed quality assurance procedures.

(7) The content of the safety assessment re@ord the response to the

review are completed.

2.8.3. Quality Assurance Project

The quality management system has been established, promoted,
evaluated, and continuously improved in this prograincording to the
task requirements of the disposarogram each éevel of quality
management documents shall be formulated respectively.

Regularly internal and external audits are also implemented to
ensure the effectiveness and efficiency of the procedures in compliance

with the quality management system.

2.9. Risk Assesment
2.9.1. Regulatory requirements

According to the requirements of the SNEpositoryin Taiwan,
such as "Regulations on the Final Disposallifjh-Level Radioactive
Waste and Safety Management of the Facilities" Article 10Saction

1.4.2, it is necessary to ensure thht repositoryshall be designed to
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limit the personal annual risk caused by the radiation to a person in the

key groups outsidéhe repositoryto less than 1/000,000. According to

the dose to risk conversiofactor of 00576V reported innCRP103 the

annual risk limit of one part per million is equivalent to the effective

dose Iimit of B € Svuyear. However, according
requirements in Taiwan, the dose limit used in this report is 13.7

eSvuyeas monde conservative than 18 ¢€Svu

2.9.2. Application

In addition to seting the safety assessment dose and risk targets by
complying with the requirements of the aforementioned domestic laws
and regulations, safety assessment operations are implemented by
referring to international regulations. For example, IAEA SS@
indicated that, "Safety assessment is the process of using appropriate
methods to systematically analyze the facility risk, the capacity of the
site and the design of the facility to meetfsty requirements. A safety
assessment for a geologicakpository should include quantitative
analysis of the overall performance, uncertainty analysis and comparison
with the design requirements and safety standards. Any significant
deficiencies in sciefific understanding, data or analysis that might
affect the results presented also have to be identified in the safety
assessment." The safety assessment should also determine any
significant deficiencies in scientific knowledge, data, or analysis that
may affect the results.

In general, several issues involved in the pokisure safety
assessment athe repositoryare defined as below:
(1) Timescale of safety assessment

As mentioned inSection 2.4, although laws and regulatiomns

Taiwan do not specify thetimescale of postlosure safety

assessment of highevel radioactive wasteepository this report

defines 1,000,000 years pestosure as the timescale folne safety

assessment based on domestic consensus and international

experience.
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(2) Definition of the critical groups:
By the requirements of posilosure safety assessment, the
definition of key groups (such as dose recipients) is based on the
analysis of living habits and environmental characteristics, which
considers the release ardansportof various nuclides and their
migration and exposure paths in the biosphere. The release and
transportpath withthe highest risk are temporarily selected to &de
safety impact on the key groups.

(3) The definition of time evolution period:
For the longterm evolution & the repository postclosure, this
report uses the glaal cycle as the basis for dividing the time

evolution period.

2.9.3. Alternative Safety Indicators

Even though safety indicators of dose and risk can be used to assess
the possible future radiatioeffects of the repository on humans, the
biosphere evolution remains highly uncertain even on shorter timescales.
In safety assessment, it is necessary to make many assumptions against
these uncertainties. As such, alternative safety indicators that do not
require detailed assumptions about the biosphere or future human actions
will often help to supplement dose and risk safety indicators and possible
impacts on the noifhuman biosphere.

According to the Swedish Radiati on
concening safety in connection with the disposal of nuclear material
and nuclear waste (SSMFS, 2008:21), radionuclide concentrations in
groundwater or near surface water, radionuclide fluxes in the biosphere,
etc., can be used aalternative safety indicatorsfor supplementary
instructions. Thesalternativesafety indicators usually have no clear
guantitative benchmark to follow. Althougla comparison of the
assessment results with the concentrations/fluxes of nuclides in nature
may be considered, there may be a problem that artificial radionuclides
have no benchmarks to refer to. At this time, it can be considered to

compare the assessmerdsults with the total concentrations/fluxes of
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t he corresponding U/ b radi onucl i des
caused by each unit intake to compare their overall radiotoxicity.

In addition to the aforementionealternativesafety indicators such
as theconcentrations/fluxes of radionuclides, the hydraulic, chemical or
mechanical states of the repository barriers (for examgieess state or
ionic strengh, etc.), or natural analogiesan be used aslternative
safety indicators to supplement the radoat effects of the repository.
The safety function indicators mentioned in Chapterai®e also an
alternative safety indicators related to the status of the barriers. The
safety function indicators are quantified and compared with the safety
function indicdor criteria to confirmtheir possible impact and can be
used to assess the performance of the overall system.

The important international literature on safety indicators and
reference values is as follows:
(1) The SPIN project (Becker et al., 2002)

As recomnended by theSPIN project the following two alternative

safety indicators can be used to supplement the dose impact of the

repository:

(a) Radiotoxicity concentration in biosphere water: preference for
medium time frames, i.e. several thousand to seveeak of
thousands of years.

(b) Radiotoxicity flux from the geosphere: preference for late time

frames.

The project also reports on reference values that could tentatively
be used for comparisons to calculated concentrations/fluxes of
radionuclides fromte repository.
(2) Finnish activity release constraints (STUK, 2001)
According to the regulations of the Finnish Radiation and Nuclear
Safety Authority (STUK) on the release activity, the release rate of
radionuclides should comply with the following limits:
(a) 0.03 GBq/y for the long i v eednittidg isotopes of Ra, Th,
Pa, Pu, Am and Cm,
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(b) 0.1 GBq/y for Se79, 1-129, and Np237,

(c) 0.3 GBqg/y for G14, CI-36, Cs135, and the longdived isotopes
of U,

(d) 1 GBq/y for Nb94 and Snl126,

(e) 3 GBqgl/y for Tec99,

(f) 10 GBqly for Zr93,

(g) 30 GBqg/y for N+59,

(h) 100 GBq/y for Pd107 and Sml151.

The above limits only list long halfife radionuclides. The potential
impact of their short haltife daughter nuclei has been taken into
account when setting the limits. These radionuclide limits can be
used to assess the possible radionuclides reléagde biosphere
due to the repository evolution after repository closure for
thousands of years.
It should be noted that, when deriving the limits, the Finnish
regulatory authority took into account the possible future evolution
of the biosphere at its cdidate site(Olkiluoto). Therefore, further
evaluation may be required before the limits can be used as a
benchmark for comparison in this report.

(3) SR-site safety analysis reports (SKB, 2011)
In SR-site safety analysis reports, the following four indicatarge
used as alternative safety indicators for the safety assessment:
(a) The release activity limit in Finnish activity release constraints,
(b) Radiotoxicity flux from the geospherna the SPIN project,
(c) Measured concentrations of naturally occurring radionudide

in ecosystems at the Forsmark site or other comparable sites,
(d) Naturally occurring fluxes of radionuclides at the Forsmark
site.
(4) The report of the Nuclear Energy Agency of the Organization for

Economic Cooperation and Development (NEA, 20612

Accordingto relevant laws and regulations in Taiwan, dose and risk
are currently used as indicators to evaluate the reposit®gfety. The
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alternative safety indicators and their reference values currently adopted
internationally can be used as a reference in fhkure to assist in

explaining the doses and risks that may be caused by the repository.
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3. Features/Events/Processes (FEPS)

3.1. Introduction

Inspecting and screening the Feature, Event, Process (FEPs) that
may affect the function ah safety ofthe disposal repository is an
important preparatory work before the implementation toe safety
assessment. Through extensive research on the interaction between
various influencing factors and disposal repository, the safety function
indicators of disposal repository components were determineder the
engineering design premises and geological initial conditioAs the
same time, the reference evolution thfe disposal repository within the
timescaleof 1 million years safety assessment wasnstructed, and
various possible scenarios and cases were developed to quantify the
possible radiation dose impact ofhe disposal repository under
individual scenarios and cases by means of assessment model flowchart.
Finally, the conclusion othe safedy assessment, including the degree of
risk compliance hazard and uncertainty analysis, is obtained by

analyzing the influence of various scenarios.

3.2. FEPs Database of the Reference Case

There are thee ways to establisthe FEPs list The first is togather
people who have an overall concept of thepository system These
people would cooperate witbxperts in various fields to form a working
group andlist and displaythe factorsafter comparison, discussion and
integration The second option is teelect a FEPs list of other plans as
the basis and modify it according to thepository design and site
characteristics of thprogram.The third option is taollect known FER
lists of other counties, and reintegrate the FEPs listsuitable forthe
Taiwan disposal program

The SNF Final DisposalProgramin Taiwan is based on th&wedish
KBS-3 disposal concept, with crystalline rock as the priority for
disposal The mncept of safety functiorirom the Swedish SRSite has
beenintroduced into the safety assessment methodolddwerefore, this

report first refers to the FEPs inventory of the SwedenS& program
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and then conducts a preliminary screening based on the disposal planning
process, background, and reference case adtaristics to select the
appropriateFEPs The FEPsof the external factors and the biosphere are
closely related to the local environment. Therefore, the external factors
were adjusted according to the geological environment of Taiwan
addition tothelocal environment of Taiwan considered in the biosphere
the biospheraelated FEPsin the JapanH12 report were also referred

to. With the abovesteps, the reference case FEPs list was established.
Furthermore, this FEPs list would be compared to ltiternational FEPs
List (IFEP) in the NEA FEPs database to ensure that all relevant factors
have been taken into account.

After the abovestepsand incorporating the recommendations of
recent expert meetingsa total of 439FEPswere included in theFEPs
database of the reference ca8ased on the treatment tie FEPs in the
safetyassessment report, the FEPs in the FBR&base of the reference
case are divided into five categories: (1) initial state, (2) internal

processes, (3) variabde (4) biosphereand (5)external factorgy e
@, 2019a) The classification implications are as follows:

(1) Initial state (18FEPsin total)
This section describes the requiremepfsthe design, manufacture
and construction of the system componefits containment and
retardationsafety functions as well as possible deviations. It also
describes the initial state ofhe canister buffer, backfill, and
underground facilities.

(2) Internal Processes (198EPsin total)
The safety ofthe disposal repository isliscussed from a longerm
perspective in view of the individual or coupling effects of thermal
hydro-mechanicalchemical THMC) processes in thedisposal
repository system componenthe content include SNF, canisters,
buffer, backfill, undergroundacilities and geosphere

(3) Variables (99 FEPsin total)
The variables are minly based on scientific demonstration tfe

internal processes ointeractionmodel analysis and experimental
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design. In the integration analysis of variables, it is necessary to
consider the change of all internal processes on barrier
characteristics over a long time evolution as far as possible

(4) Biosphere (90 FEPs in total)
Based on local climatic conditions, geographical conditions,
hydrological characteristics, cultural and esystem in Taiwanthe
biosphere is divided into seven categories, which are thermal,
hydrology, physicalchemical, radiology, migration, evolution and
disturbance.

(5) External factors (34 FEPs in total)
The external FEPs classification mainly includes climassues,
regional geological processes, futumaman actionsand others.

3.3. FEPs List of the Reference Case
The FEPs data list of this report is based on the FEPs list of the
SNFD2017, wiosedesign concepis alsobased oncrystaline rock and

a deep geolocal repository(y e @, 2019a) Furthemore, from the

FEPs database established in section 3.2, FEPs suitable for the reference

cases in this reponvere selected The principle of factor selection for

the FEPs list is as follows:

(1) Evaluatethelong-term safety of the disposal system, includiRgPs
related to the internal processes and variablesSoiff, canister,
buffer, backfill and geosphere.

(2) SelectFEPslist associated with external conditions and biosphere
based on geological and environmahtharacteristics of reference
cases.For example, theFEPsaboutestimatingthe ancient climate
of reference case, sea level variation caused by global ice age, and
coastline migration could be studied. THeEPs about extreme
regionalclimate, regional cust movement, and futureuman actions
postclosure can also be included and discussiue related factors
of regional influence directly caused hlgeice age are excluded.

3-3



(3) According to the current level of research and technology
development, the relatd FEPs listis screened to explore its impact

on the safety of the repository.
According to the above screening principles, this report establishes

the FEPs data list of reference cases, with a total of 152 factors, as shown
in Table 3-1.
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Table3-1: FEPs List of the Reference Case

Initial state (10FEPsin total)

Number

FEP name

Definition

TWISGen01

Major mishaps/
accidents/
intentional destruction

This FEPs are major mishdpscidents that
occur in the operation and transportation o
packaging plantandrepositores, such as
fires, explosions, earthquakes and floods.
Intentional destruction (chemically and
physically) and improper management are
included in this FEPs, accompaniag
decontamination processes after the accid
occur.

TWISGen02

Effects ofrepository operation

Repository operation wilnainly affect tte
following development of the lithosphere ai
overallrepository The hydrogeological
condition of the bedrocWill be disturbed
while therepositoryis excavated. Different
parts of theepositorymay completet
different timeswhich may encounter
different hydrogeological conditiormsd
affectthe saturation othe bufferandthe
backfill. All these issues are paxf the
expected evolution adherepository but they
are notavailable in the automatic process o
repository evolution through tim&@herefore,
it needs to be properljiscussedn the
evolution oftherepository

TWISGen03

Incomplete closure

The impact otheunclosed and abandoned
repositoryis considered

TWISGen04

Monitoring activities

The purpose of monitoring activitiestis
maintainlong-term safety, including
undergroundoreholemonitoring.

TWISCO1

Defectivecanister

The improper management and damage o
the canister during manufacture, sealing an
transportationAlthough there is quality
controlin manufacturing and sealj, random
defects are still considerddr some common
factors.

TWISCO02

Design deviations canister

Welding or material defectsdused by
geometryor material composition), such as
loss of ductility due to impurities in copper
materials or poor manufacturing methods,
"cold cracking" due to poor manufacturing
methods. Although the manufacturing and
sealing are under quality control, some
random defectare still under consideratio

TWISBu01

Mishapsi buffer

The installation failure or deviation of the
buffer caused by the inflow of groundwater
and the remote control of the suspension
caused the unevenness of thdgfer and/or
reduced the density.

TWISBuU02

Design deviation$ buffer

Although there is quality control, there are
still deviations in theropertiesof thebuffer.

TWISBfTO1

Mishaps- backfill in tunnels

The nflow of water or errors or deviations i
thebackfill placement causagheven
backfill.

TWISBfT02

Design @viations- backfill in
tunnels

Although there is quality control, there are
still deviations in the properties backfill.

Internal Processes (3EPsin total)
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Number

FEP name

Definition

TWFO01

Radioactive decay

Metamorphosis of the radioactigpecies in
the fuelcaused by radioactive decay

TWF02

Radiation attenuation/heat
generation

Energyis transferred to the fuer cavity of
the canister through radiation

TWF03

Induced fission (criticality)

The possibility of nuclear fission and
criticality induced in thecanister

TWFO04

Heat transport

Heatis transferred from the fuel archvity
of thecanistes to thecanistes through
conduction and radiation.

TWFO05

Water and gas transport in
cavity of the canisters

Thetransportbof water, steam and other gas
in thefailed canister

TWFO08

Advection and diffusion

Solute flows in and out of theanister
through advection and diffusion.

TWFO09

Residual gas radiolysis/ acid
formation

The air and water in the intacanistermay
bedecomposed by radiation exposure, and
then the product may be converted into
corrosive gas, such as nitric acid or nitrous
acid.

TWF11

Metal corrosion

The activated substances are released froi
the metal caused by corrosion of the fuel
jacket and other sfem components in the
fuel.

TWF12

Fuel dissolution

If water flows into the cavity of thecanistes,
the fuel may dissolve/transform, causing th
release of uranium and other radionuclides
the fuel matrix.

TWF13

Dissolution of gap inventory

If water enters theanister the material that
has been isolated in the gap between the f
and the sheath will release radilides

TWF17

Radionuclide transport

Theradionuclidedissolved in theanister
are transported by advection and diffusion,
while the gaseous nudes(C-14, Rn222,
andKr-85) may be transported in the gas
phase.

TWCO02

Heat transport

The heat trarmort of metal in the cast iron
lining and the copperanistetis transferred
by conduwtion. If thegap between the cast
iron lining and the copper shell is vacuum,
heat will be transferred by radiation.

TWCO03

Deformation ofcast iron lining

When thecanistelis mechanically loaded,
such aduffer exparsion, the initial stress
will make tre canistematerial elastically
deform However if the stress is large
enough, plastic deformation will occur.

TWCO04

Deformation of copper canister
from external pressure

Coppercanistersare mainly used to prevent
corrosion. The mechanical strength of the
coppercanistelis of secondary importance,
but thecanistermust withstand the loads of
manipulating transportation andisposal.
Copper must havsufficient ductility to
allow the casiron lining to deforncaused
by external loads, regardless of plastic or
creep strain. In addition, the coppamister
must withstand the load caused by the
deformation of the cast iron lining caused K
external pressure.

TWCO09

Galvanic corrosion

If the copper shell is broken and groundwa|
flows in and contacts the cast iron lining, th
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electrochemical reaction on the copper
surface will affect the corrosion of the cast
iron lining.

TWC11

Corrosion of copper canister

Corrosion of coppetanistes uncer the
conditions otherepository

TWC12

Stress corrosion cracking of the
copper canister

Under the conditions dherepository the
possibility of stress corrosion cracking of
coppercanistes.

TWCI15

Radionuclide transport

See TWF17 radionuclide trgmort.

TWBuU02

Heat transport

After thecanisteris set upthe heaenters the
buffer from the surface of theanisterby
conduction or radiation.

TWBuU04

Water uptake and transport for
unsaturated conditions

Under unsaturated conditions, the negative
capillary pressure in theuffer absorbs and
transmits water in the rock around the
deposition hole

TWBuU05

Water transport for saturated
conditions

The flow of water in théuffer under
saturated conditions

TWBuU06

Gas transport/dissolution

The process of gasansportfrom thebuffer.
This gas includes the air existing between
pores in the unsaturated stage and the
hydrogen produced by the anaerobic
corrosion of the cast iron lining in theiled
canistelin the saturated stage. Depending
the state of théuffer and the rate of gas
generation, the gas will be transported by
means of dissolution and diffusion, capillar
two-phase flow, and expansion channels.

TWBuU07

Piping/erosion

The pipe flow forms charels and continuou
water flow in the bentonite and erodes the
hydrated bentonite colloid.

TWBu08

Swelling/mass redistribution

The expansion of thieuffer and other stress
strain related effects that will cause the
redistribution of théouffer quality, such as
thermal expansion, creep, and the interacti
of manybuffers with canistes, neatfield
hostrock andbackfill.

TWBuU10

Advective transport of species

The flow caused by pressure in thaffer
causes the solute and colloid to be
transported in the pore water.

TWBull

Diffusive transport of species

The solute in théufferis transported by
diffusion, including enhanced cation
diffusion and anion repulsion.

TWBuU12

Sorption (including exchangd o
major ions)

The solute in théufferis absorbed by ion
exchange and surface complexation.

TWBuU13

Alterations of impurities

Except formontmorillonite, the dissolution
and secondary precipitation of accessory
minerals and impurities in tHeuffer.

TWBu14

Agueous speciation and
reactions

The chemical reaction of the liquid phase
includes thermodynamics and kinetics.

TWBuU15

Osmosis

The impact on the properties of the benton
buffer (swelling pressurand hydraulic
condugivity) due to the difference ithe
mobility of ions flowing through the
bentoniterock interface.

TWBuU16

Montmorillonite transformation

The deterioration of montmorillonite that
occurs in théouffer.

TWBuU18

Montmorillonite colloid release

Thebufferis squeezed into the cracks of th
rock mass around thdeposition holelue to
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the expansion effect, which may cause the
separation of individual montmorillonite
layers or small groups of mineral layers.

TWBuU22

Cementation

Cementation mainly refers to the change o
the rheological behaviand swelling
properties of théuffer due to different
chemical or mechanical effects.

TWBuU23

Colloid transport

The formation, concentration, stability and
transportof colloids in thebuffer, including
the aggregation of radionuclides and the
radionucides adsorbed by colloidal particle
In particular, it refers to the transfer of the
colloid in thebuffer from the inside of the
canisterto the host rock of thdeposition
hole

TWBuU25

Transport of radionuclides in th
water phase

The radionuclides in thieuffer are
transported by advection, diffusion, seedin
adsorption, colloidal transport, and
radioactive decay.

TWBIfTO03

Water uptake and transport for
unsaturated conditions

Under unsaturated conditions, because the
internal pors of thebackfill are under
negative capillary pressure, water is drawn
from the surrounding rock maasdforms
watertransport

TWBIT04

Water transport for saturated
conditions

Under saturated conditions, ttransporiof
water in the tunnébackfill is mainly caused
by hydraulic gradients.

TWBfT06

Piping/erosion

Due to the water pressure generated at the
junction of the rock mass cracks around th
tunnel and théackfill, thebackfill in this
area produces pipe flow and erosion.

TWBfTO07

Swelling/massedistribution

Themasgredistributionandexpansion of the
backfill in the tunnelincluding thermal

expansion, creep, and the interaction of the
backfill with buffer, rocks, and tunnel

plugging.

TWBIfT09

Substancesdwective transport

Advection ofsolutes (dissolved substances
and colloids in water caused by pressure.

TWBIfT10

Substancesiffusive transport

The diffusion and transport of the solute in
the tunnebackfill, includingenhanced

significant cation diffusion and anion mutua
repulsion.

TWBIfT11

Sorption (including exchange o
major ions)

The solute of théackfill in the tunnel is
adsorbed by ion exchange and surface
complexation.

TWBfT12

Alterations of backfill impurities

Dissolution and secondary precipitation of
accessory minerals amuhpurities other than
montmaorillonite in thebackfill.

TWBfT13

Agueous speciation and
reactions

See TWBuU14: Seeding and reaction of
agueous solutions.

TWBIfT14

Osmosis

The effect of osmosis on the properties of {
backfill (swelling pressurand hydraut
conductivity).

TWBIfT15

Montmorillonite transformation

The metamorphism of montmaorillonite in th
tunnelbackfill and the corresponding
metamorphic effect.

TWBIfT16

Backfill colloid release

The mechanism of the colloid release of th
tunnelbackfill.
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TWBIfT21

Transport of radionuclides in th
water phase

The process of movement of radionuclides
thebackfill by advection, diffusion,
speciation, adsorption, colloidal migration,
and radioactive decay.

TWGe03 Groundwater flow The groundwater flow in theurrounding
host rockduring the excavation, operation
and closure of thespository

TWGe05 Displacements in intact rock The phenomenon of rock displacement
around theepositorydue to mechanical or
thermodynamic loads.

TWGe06 Reactivation Displacenent Thenormaland shear displacements of the

along existing discontinuities | discontinuous surface of the rock mass un
different loading conditions.

TWGe07 Fracturing Bedrockrupture caused by high tension or
stress concentration.

TWGell Advectivetransport/mixing of | The solute is transported by the groundwat

dissolved species flow in the connectindracturesof the rock.
These flow paths wilintersect in some
placesjeadingmixing of water from
different conduction cracks. Advection
results inthe substitution and/or mixing of
different types of water.

TWGel2 Diffusive transport of dissolved| The diffusion andransportof groundwater
substancem fractures and rock| flow in fractures, at this time, the advection
matrix of groundwater is smalDiffusion in the

pores of the rock matrix includes anion
repulsion and surface diffusion.

TWGel3 Formation and sorption of The water in the watdvearingfracturesin
substances the rock mass and the miecoacks in the

rock matrix are stagnairt some phces and
there will be solute seeding and adsorption
on the surface.

TWGel4 Reactionof groundwater/rock | The chemical interaction between immobil
matrix groundwater and minerals in the rock matr

TWGel5 Dissolution/precipitation of The dissolution of minerals on the surface
fracturefilling minerals thefractureand the precipitation of

groundwater dissolved substances on the
surface of thdracture including co-
precipitation of radionuclides.

TWGe24 Transport of radionuclides in th| The integrated appearance of the transpor

water phase

related effects of radionuclides in the wate
phase, that is, advection and dispersion
(mixing), diffusion and rock matrix diffusion
adsorption and species formation, colloidal
transport, and radioactive decay.

External Factors (3BEPsin total)
Number FEP name Definition
TWCIio1 Climate system Components ol The Earth's climate system is composed ol
the climate system five major parts, includinthe atmosphere,
hydrosphere, cryosphere, surface and
biosphere.
TWCIi02 Climate system Climate There are three types of natural climate

forcing

drivers: (1) Changes in the radiation emitte
by the sun. (2) The earth's orbit changes. (
Geological structure. In addition, human
drive can be added, althougtrictly
speaking, human influence is not a part or
component of the climate system.
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TWCIi03

Climate system Physical
process and interaction

The description of climate system processg
and interactions is nelnear, covering
energy budget, radiatioratance,
hydrological cycle, carbon cycle, and
feedback mechanism. The feedback
mechanisrrelated procesis the
enhancement (positive feedback) or
weakening (negative feedbaak) the

initial change of externgdrocesses

TWCIi09

Climate related issues
Shoreline migration

The relativesealevel changes associated
with the adjustment of the glacial equilibriu
have caused coastline migration.

TWCIi11

Climate related issues
Denudation

Descriling the effects of combining all
weatheringand erosion processes, that is,
denudation is the sum of the processes of
abrasion or the gradual reduction of
topographic unevenness.

TWCIi12

Climate related issuesSea
levelchange

FEPs related teealevel changes may
undergo globaldealevelrise and fall)
changes and regional geological changes,
such as balanced movement of the crust.

TWCIi13

Climate change

The effects of global warming, extreme
climates glacialcycles and monsoon
changes.

TWCIil4

Climate related issues
Hydrological/hydogeological
response to climate changes

FEPs related to hydrology and hydrogeolo
such as the response of climate change to
groundwater replenishment in a certain are
sediment load and seasonality.

TWCIi1l5

Climate system Climate in
Taiwan

Taiwan's arrent climate and future climate
evolution.

TWLSGe02

Earthquakes

The distribution of earthquakes in Taiwan
today,andthe catalogue of earthquakes in
Taiwan and the genesis mechanism of
earthquakes.

TWLSGe03

Earthquake/ active faulting

The impact of edhquakes caused by fault
activity ontherepository includingcurrent
distribution and activity analysis of faults in
Taiwan.

TWLSGe04

Volcanism/ Magmatic activity

"Magma" refers to the higtemperature
molten fluid generated inside the eardmd
theso-called volcanic activity refers to the
activity of magma erupting to the surface a
various geological phenomena caused by {
activity. The safetyrelated factors are the
range distribution, activity frequency and
characteristics of volcanic/magmdtigities.

TWLSGe05

Uplift/ Subsidence

Terrain uplift and subsidence caused by
orogenic movement and plate movement,
rock-making bodies or terrain uplift and
subsidence influence.

TWLSGe06

Diapirism/(mud diapir)

This refers to the argillaceous rock deep
underground. Because of its low density an
high plasticity, it arches upwards when
squeezed by the stratum, causing it to
penetrate into the overlying rock.

TWLSGeO07

Hydrothermal activity

FEPs related to higtemperature
groundwater include hydrothermdtexation
of rocks and mineralsuch as densitgriven
groundwater flow and higtemperature
groundwater flow. The safetielated factor
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is the influence of hydrothermal activities o
ground hydrology, underground chemistry
and microbial activities.

TWLSGe08

Mechanical evolution plate

The evolution of past and present mechani
hasanimpact onthe current mechanical
conditions of the plate.

TWOth0O1

Meteorite impact

The consequences of meteorite impact on
safety oftherepository

TWOth02

specialevent- landslide

The phenomenon in which a large piece of
rock or soil suddenly falls and moves dowr
long mountain slope is called a landslide.
The falling soil, rock and cuttings are
extremely unstable, and they often continu
to collapse until the sfie becomes slower,
and then they will gradually stabilize.
Landslides may includienpacs such as
falling rocksand landslides.

TWOth03

special eventmudflows

Earthrock flow refers to the natural
phenomenon of a mixture of materials sucf
as mud, sand rgvel, boulders, and water,
which is produced by gravity and flows fror
high to low along slopes or ditches.

TWOth0O4

special eventsunami

A tsunami is triggered by a submarine
earthquake and causes the sea to undulatg
violently, forming powerful waves.

TWOth05

Special eventsextreme
weather

Extreme weather includes the effects of
floods, extreme precipitation, hailstorms an
lightning. Its impactimescalds short, but it
may have an important impact on the
excavation operation period.

TWOth06

speciheventerosion of
seacoasts and rivers

Coast and river erosion refers to the
interaction between sea water ahdcoast.
As a result of longerm effects, in some
places, the coastline will continue to recedq
and the beach width will be significantly
reduced, or when the front edge of the bea
and the slope of the sea bed become steej
coastal erosion mighttccur. Taiwan Island ig
surrounded by the sea with a coastline of
more than 1,000 km. Coastal erosion has 1
only caused land loss but also the
foundations of buildings in coastal areas m
be hollowed out and collapsed. Coastal-an
wave facilities canot even withstand violent
tides and huge waves.

TWOth0O7

Disaster eventyphoon

A typhoon is a type of tropical cyclone, tha
is, a strong low pressure that occurs in the
tropical ocean. When the maximum wind
speed near the center of the tropical cyclor
reaches or exceeds 17.2 m/s (about 62
km/hr), it is called a typhoon. According to
statistics, on average, about 3 to 4 typhoor
invade Taiwarperyear. During the invasion
they often cause disasters such as strong
winds, heavy rains, flooding, landslides,
mudflows,storm surges, and seawater
intrusion.

TWFHAO01

General considerations

Overall consideration of futufeuman
actionsinvolveswaste management
principles and generational responsibilities
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TWFHAO02

Societal analysis, considered
societal aspects

The occurrence dfuman actionfn the
future may affect important social issues of
therepository

TWFHAO3

Technical analysis general
aspects

Human actionshat need to be considered i
the site selection and designrepository
economic aspects amechnological
development.

TWFHAO4

Thermal impact and purposé
human action

The construction and technology that will
affect therepositoryand functions, including
theconstruction of heat storage, heat pumy
systems, extraction of geothermal heat, an
construction of heating/cooling machirias
therepository

TWFHAO5

Hydraulic impact and purposd
human action

The construction and technology that will
affect therepostory andits functions,
including: sinking wells, constructing
reservoirs, changing the direction of surfac
water (river, lake, sea), or connecting with
other surface water.

TWFHAO06

Mechanical impact and purposi
of human action

The construction and technology that will
affect therepositoryandits functions,
including: drilling holes in rock formations,
building caves, tunnels, building mines, an
building garbage landfills.

TWFHAO7

Chemical impact and purposé
human action

The construction and technology that will
affect therepositoryandits functions,
including: storing hazardous wastes in rock
establishing sanitary landfills, acidizing or
polluting the air, water, soil or rock pans, a
disinfecting the soil.

Biospherg(54 FE

Psin total)

Number

FEP name

Definition

TWBIioHYO01

Groundwater release

The release of radionuclides from the
geosphere to the biosphere in connection
with the discharge or abstraction of
groundwater.

TWBIioHY02.1

Groundwater flow

Part ofstreamflow that has infiltrated the
ground, entered the phreatic zone, and
discharged into a stream channel, via sprin
Or seepage water.

TWBIioHY02.2

Surface runoff

The flow of water that occurs when excess
storm water meltwater or other sources
flows over the earth's surface.

TWBIioHY02.3

River flow

The amount of flow in rivers affects erosior
and deposition.

TWBIioHY02.5

Marine currents

A continuous, directed movement of
seawater generated by forces acting upon
mean flow, such as breaking waves, wind,
the Coriolis effectdensification temperature
and salinity differences.

TWBIioHY02.6

Sea spray

Aerosol particles that are formed etitly
from the ocean, mostly by ejection into the
atmosphere by bursting bubbles at thesai
interface.

TWBIioHY02.7

Flooding

An overflow of water that submerges land
which is usually dry. Flooding will affect the
area over which infiltration talklace.
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TWBIioHYO03

Aquifer recharge

The addition of water to the aquifer either
directly from surface waters or via another
formation.

TWBIioHY04

Precipitation

Precipitation is any product the
condensation of atmospheric water vapor t
falls under grsity.

TWBIioHY06

Evapotranspiration

Transfer of water from the soil to the
atmosphere by evaporation from the soil a
transpiration in plants.

TWBioMCO01

Erosion(wind, water, floods)

Relatively continuous change in the landfo
due to the action of windravater. Water
erosionis produced by rainfall, surface
runoff, river water and occasional floods th
remove surface soil material or plants.

TWBioMC02

Soil conversion

Natural evolution of some environmental
media could result ithe formation or loss of
soil. Natural processes likke ageing of
lakes or changds river courses may lead tq
lake or river sediments becoming laadida
lowering of the water level can have the
same effect.

TWBioMC4.2

Adsorption/Desorption

Sorption oradhesion onto the solid surface
a layer of ions from an aqueous solution ar
the reverse process. Parameters like chen
form, Eh, pH and the presence of other
chemical species influence the retardation
processes, including ion exchange and
complexatbn processes.

TWBioMCO05

Weathering

Weathering is the disintegration and
decomposition of rock and regolith into
smaller pieces. Weathering can be chemic
or mechanical.

TWBIioRAO1

External irradiation processes

Potential exposures to contaminated sosirc
resulting in an external irradiation of the
human critical group considered in the
assessment

TWBIioRA02.1

Inhalation exposure processes

Incorporation of radioactivity intthe body
due to breathing air, including aerosols of
resuspended dust and gases.

TWBIioRA02.2

Ingestion exposure processes

Incorporation of radioactivity in water or
contaminated substances via ingestion.

TWBIioRAO3

Resource usage

Human habits in the natural and agriculturg
contaminated resources usage could lead
source fohuman exposure.

TWBIioRAO05

Water filtration

Filtration of water for drinking purposes or
for other purposes.

TWBIioRA06

Air filtration

Filtration of air by natural or artificial
mechanisms.

TWBIioRAO7

Ventilation

Active ventilation of houses or rooms withi
houses.

TWBIioRAO08

Food processing

Preparation of food which may modify
contaminant concentration in the final
material consumed.

TWBIioRA09

Location/shielding factors

Shielding and other reduction factors for
calculation of external radiation doses.

TWBIioRA10

Diet

Consumption rates of different products.

TWBIioRA11

Ploughing

Ploughing is an agricultural practice which
turns over the soil.
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TWBIioRA12 Soil fertilization Fertilization with contaminated crop
residues, ashes, green manure or cattle
manurecould add activity to the soil.

TWBIioMI01.1 | Transport processes between | Natural processes leadingtteetransport of

surface waters and porous med contaminated water to the porous media o
vice versa.

TWBIioMI01.1.1 | Percolation Movement of contaminatedater through
the soil layers into the water table.

TWBIioMI01.1.2 | Capillary rise Upwards transfer of water through soil laye
above the water table due to capillary force
caused by evapotranspiration.

TWBIioMI01.1.4 | Infiltration The flow of contaminatt water from the
surface to soil layers. The amount of water
entering the unsaturated zone controls
groundwater recharge.

TWBIioMI01.2 | Transport of suspended Transport of suspended sediments with

sediments flowing water.

TWBIioMI02.2 | Rock falls Transport 6 solid material by rock falls.

TWBIioMI02.3 | Resuspensiordeposition The resuspension of material into the
atmosphere and subsequdaposition.

TWBIioMI02.4 | Sediment resuspension Resuspension of sediments due to flowing
water.

TWBIioMI02.5 | Sedimentation The gravitational settling and deposition of
suspended particles within water bodies to
form sediments.

TWBIioMI02.7 Bedload transport Transport of particles in a flowing fluid alon
the bed. Bed load moves by rolling, sliding
and hopping.

TWBIioMI03.1 Gastransport Transport of gases and volatile material in
the atmosphere.

TWBIioMI04.1 Plant uptake Uptake of radionuclides by absorption and
biological processes of plants from surface
media.

TWBIioMI04.2 | Translocation The internal movement of material fraane
part of a plant to another.

TWBIioMI04.3 | Senescenchtterfall/excretion Organic material of organism that falls to th
ground.

TWBIioMI04.4 | Interception Interception is the fraction of wet and dry
deposition of elements that is retained on
vegetatiorand does not immediately
infiltrate into the ground.

TWBIioMI04.6 | Intake by animals Consumption and inhalation by animals.

TWBIioMI04.7 | Internal transfer within animals| The transfer of material from animal feed t¢
tissues which may be consumed by other
biota and humans.

TWBIioMI04.8 | Intrusion Intrusion is defined here as the process
whereby organisms (including humans) en
the repository byfor examplelocomotion,
drilling or growth.

TWBIioMI04.9 | Bioturbation The redistribution and mixing of soil or
sediments by the activities of plants and
burrowing animals.

TWBIioMI05.1 | Irrigation The use of contaminated water from surfag
water bodies or a well to irrigate crops.

TWBIioMI05.2 | Well supply Extraction of water from an aquifer.

TWBIioMI05.3 | Recyclingof solid materials Recycling of solid materials.
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TWBIioMI05.6

Dredging of sediments for soil

Human actions may cause significant

movements of solid materials: dredging of
sediments from lakes, rivers and placemer
on soil.

TWBIioMIO05.7

Earth work

Human adbn may cause significant
movements of solid materials. These actio
are exclusively building activities.

TWBIioMI06

Importexport

Importexport is the process whereby
something is transported into/out of the
model domain.

TWBIoEV01

Sealevel changes

Alteration in the level of the sea relative to
the land. Sedevel change would affect
coastal aquifex:

TWBIioEV02

Topography changes

The change of topography involves the thrg
dimensional change of terrain, surface, ang
landforms.

TWBIioEV04

Agricultureand aquaculture
changes

Agriculture and aquaculture are the main
food supply of human, and will be the most
important pathways to estimate human
exposure in the future.
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3.4. Comprehensive Analyses
In this report, the treatment and related safety functionF&Ps

considered in the reference case will be elaborated in Chapteto

Chapter 7. The contents are briefly shown as below:

(1) Initial stateand variationgChapter4):
Description of the initiaktate of the disposal repositorgnddetails
of radiation source items SNF), and engineered barrier are
described in Section 4.Zhe geosphere and biosphere are described
in Section 4.3 The dsposal repositorylayout is describedin
Section 4.4 Monitoring is described in Section 4.5

(2) External factors Chapter5b):
For climaterelated issuesthe impact of the glacial period othe
repositoryis considered, as aeribedin Section 5.2 The issues
related to tectonic evolution are described in SecttoB. Future
human aciions which considerthe impact of unintentional human
intrusionaredescribed in Section 5.4

(3) Internal processesChapter6):
The safety ofthe disposal repository is discussed from a leteggm
perspective based on individual orH-M-C coupling effects in the
disposal system. The contents include the design of components of
the disposal repository such &NF, canister, buffer, backfill and
geosmere, and the mechanism of-H-M-C coupling in the
geosphere. The internal processes are described in Chapter 6

(4) Safety functions and safety function indicatoGh@pter7):
In the safety assessmenthe safety function of each system
component should be e@monstrated to maintain isolation,
containment and retardation of the repositoaypdto ensure that the
exposed populationwill not be significantly affected by
radioactivity. The safety functiemare descriked in Section 7.2
Containment safety functiomdicators are described in Section 7.3
Retardation safety function indicators are described in Section 7.4

Key issues of evolution over time are described in Section 7.5
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Influencing factors of the evolution of safety function indicators

over time aredescribed in Section 7.6
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4. Initial Stateof the Repository
4.1. Introduction

The comprehensive description of the initial statetlod repository
system is one of the main bases for the safety assessment. In general, the
initial states of the geosphere and biospherere defined before the
excavation periodThrough site investigations, the initial state tdfe
geosphere and biosphere can be obtained, amnéference case can be
established for the followingerformance assessmentttife engineeing
facility and safety assessmeafter closure For an engineered barrier
system, theinitial state is defined at theime of completion of
deposition/installation for an individual deposition hole.

The initial state of the engineered banmrigystem is largely obtained
from the design specifications of theepository including allowable
tolerances or deviations. Besidethe manufacturing, excavation and
control methods have to be described in order to adequately discuss and
handle issues ofthe initial state caused by thencomplete design
specifications.

This chapterbriefly describesthe initial stateof the engineered
barrier systemgeosphere and biospherand layoutof the repository
Understanding of initial state dherepositoryis the basis for the safety

assessment.

4.1.1. Overview of the System

As mentioned inSection 2.5, the final disposal concept is based on
an international recognizedeep geological repositoryBy referring to
the disposal concept of advanced countries, crystalrocks are adopted
as the host rock. The SNF would be vertically disposed at approximately
500 m depth underground in a stable stratum (natural barrier). The
release of radionuclides would be contained and migration would be
retarded bythe multiple-barrier system, which is built witha natural
barrier and engineered barrier (canister, buffer and backfill) to reduce

the radiation influenc®n human.
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As mentioned in Section 1.1, 4,913 MTU of SNF (corresponding to
2,571 canisters in the repository) needs be disposedThe disposal
facility has been subdivided into a number of components or sub
systems which are shown as below:

(1) Source term(SNF).

(2) Castiron lining and copper sheltanister.

(3) Buffer in the eeposition hols.

(4) Disposal tunned and backfill

(5) Other undergrounagpaceand backfill (e.g. transport tunnel, shaft,
central areaetc.)

(6) Plug.

(7) Investigationboreholesand sealing material

(8) Host rock

(9) Biosphere.

4.1.2. Initial State FEPs

The understanding ofhe initial state ofthe repository system is
one of the main bases fdahe safety assessment. The initial statethé
engineered barrier system is described according to variabldsediEPs
database in Section 3.2 anlde FEPs list of the reference case in Section
3.3.

4.2. Source Term and Initial State
4.2.1. Initial State related to Long-Term Safety of theRepository
At the point of safety assessment the early stage postlosure,
the considerations ofhe initial state ofthe repository system are as
below:
(1) Influence from SNFdeca heatin the canisteron the shortterm
thermal evolution of theepository
(2) Quality of welding/sealing canister.
(3) Strength ofcast iron lining
(4) Influence on density of buffer after installation.

(5) Influence on density of backfill after installation
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4.2.2. Format for Descriptions of the Initial State

The initial state of different components othe repository is
described in thisection Firstly, the safety functions of each component
and its design functions will be considered, and the corresponding
specifications for each design function will be proposed. Finally, the
design specifications of each component are produced, which are
regarded as the initial states.

The following subsections will quantitatively explain the initial
state of the source tem, canister, buffer and backfillmeanwhile,
backfilling of shafts and ramps, grouting materiadad plug will be

describedby referring to relevant studies

4.2.3. Source Term

BWR fuel assemblies of Taiwan are mainly designed by
manufacturers such as GE, ANBPC, and Areva, with initial uranium
enrichment rangig from 0.71 wt% to 4.064 wt%PWR fuel assemblies
of Taiwan are mainly designed by Westinghouse, with initial uranium
enrichment ranging from 1.603 wt% to 4.75 wt%he amount of SNF
used in this reporuntil the end of 2019 is based on the "Final Disposal
Plan for Spent Nuclear Fuel (2018 Revision)" (Taipower Company,
2019c) for the related analysis and technical advancements, as shown
in(Tablel-1).

After the SNF assemblies are discharged from the core, they are
expected to be stored for 50 years (wet and dry storage) for cooling and
decay before disposal, and the disposal operatiqriasned to start after
2055, and 50 canisters per year will be processed starting fronshfe
of Chinshan nuclear power planBased on the conservative calculation
method provided in NUREG RG 3.54 Revision 1 (US NRC, 1999) and
CR-6999 (US NRC, 2010)the decay heat power generated by every
bundle of SNF after 2055 calculated. The average value of SNF decay
heat power at the first year of SNF disposal in each power plant

(including the expected SNF generated by Kuosheng and nsfaan
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power plans with the conservative assumption of decay heat power) and
the average heat load ¢fie canister are calculated. Taking the largest
average heat load of canisters in the first year of disposal at each nuclear
power plant and adding a conservative value of 50 WKES2010a), the
decay heat source of all canisters during disposal is about 1,200 W.

The radioactivity of SNF is extremely high, and they emit large
amounts of decay heat, including fission products/activation products
(FP/AP) such as T®9, Cs135, and 1129, and actinide (AC) such as
Np-237, Pu239, Am243 and Cm247. Some of thesewuclidesare alpha
emitting nuclides with half-lives of hundreds of thousands of years.
SCALE/ORIGENS (ORNL, 2011) program developed by Oak Ridge
National Laboratory (ORNL)was used in the assessmeBtased on the
operating history and fuel design information of the three Taiwan
nuclear power plants, the burnup 8NF at each plant was evaluated,
and the cooling time from the discharged date to the planned disposal
date was taken into account to estimate the radionuclide inventory. In
addition, the number of canisters was used as the weighting to calculate
the weighted average of the inventory after considering the overall
canister loading characteristics of thepository

The radionuclideswere identified primarily according to the
following process Figure 4-1):
(1) Fission/activation products:

Theidentification wasmainly based on the radiotoxicity index (RI)

and haltlife of the fission/activation products. The radiotoxicity is

calculated as follows:

RI(t)=A(t)xDCF (4-1)

where,
RI(t): radiotoxicity index, [Sv].
A(t): activity of radionuclide in SNF, [Bq].
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DCF: dose conversion factor, [Sv/BqlThe dose conversion factors
from ICRP 119 report (ICRP, 2012)ereusedin the calculation
t: disposal time (yr).

According to radionuclide identification (SKB, 2010h) anthe
calculation results, firstly, the radionuclides withradiotoxicity
index greater than 0.1 Sv and a hdlfe greater than 10 years were
selected; then the radionuclides withradiotoxicity index lower
than Cs137 and S+90 within 1,000 years afterisiposal and those
with radiotoxicity index close to zero within 10,000 years after
disposal were excludedThere were 13 radionuclides identified
including S¥k90, Cs137, Tc99, Zr-93, Pd107, 129, Cs135, Sn
126, Se79, C-14, CI-36, Ni-59, and NB94.

(2) Actinides and their daughter nuclides:
By excluding the radionuclides with a haliffe of fewer than 10
years and no activity contribution among the actinides and their
daughter nuclides, a total of 21 radionuclides, including the
following nuclides, ould be identified:
(a) 4N series: P2 4 0 YX2J3 6 Y-R32.
(b) 4N+1 series: Cn2 45 Y A2md 1 YNB 7 Y23 3 Y-R29.
(c) 4N+2 series: Cn2 4 6 Y-R4 2 Y-R3 8 ¥2J3 8 ¥YAU3 4 Y-Th

230YR& 6 YRID.

(d) 4N+3 series: Am2 4 3 Y-R3 9 Y23 5Y-RP81YR27.
The initial inventoy of the 34 nuclides mentioned above (mole
numbers of nuclides in each canister and the amour8NF in each

canister are shown in Section244) is shown inTable 4-1.

4-5



ORIGEN Analysis Results

l

Actinides and its Daughters

Exclude the following nuclides:

* Half-Life T,,<10 year

» No Activity Contribution in
Decay Chain Series

|

Hundreds of
Radioactive nuclides

Fission Products & Activation Products

Exclude the following nuclides:
* Half-Life T;,<10 year
* Radiotoxicity <0.1 Sv

Selected 23
nuclides

|

Selected 21
nuclides

Fission Products & Activation Products

Exclude the following nuclides:

* Radiotoxicity is much lower than Cs-137 and
Sr-90 in hundreds of years to one thousand

years

» Radiotoxicity approaches 0 after 10,000 years

Selected 13
nuclides

l

Final Selection of 34 nuclides

Figure4-1: Screening process of theajorradionuclides.

Reference: Tsai (2016)



Table4-1: Initial inventory of the major radionuclides (34 in total).

Nuclides mol/canister
Fission / C-14 3.25x 1@
Activation CI-36 7.00x10
product Ni-59 6.39x16
Se79 1.87x10¢
Sr-90 5.35x10
Zr-93 2.37x10
Nb-94 2.97x16
Tc-99 2.43x10
Pd107 6.93x10
Sn126 5.00x106
1-129 3.73x10
Cs135 9.83x10
Cs137 8.52x10
Actinide series | Pb-210 1.06x1&
Ra226 1.49x16¢
Ac-227 4.79%x10°
Th-229 5.28x16°
Th-230 4.28%x10
Pa231 9.62x16°
Th-232 1.30x16
U-233 1.50x16
U-234 2.55x10
U-235 6.74x10
U-236 5.20x10
Np-237 6.60x10
U-238 8.08x160
Pu-238 1.75%x10
Pu-239 4.24x10
Pu240 2.65x10
Am-241 1.12x10
Pu242 8.51x10
Am-243 1.97x10
Cm245 4.40%x 167
Cm-246 7.66x10°




4.2.4. Canister
The canisteris composed ofa ductile copper shell on the outside

and a high-strength cast iron insert, square channel tube ladicdn the

inside refering to the design concept of the Swedish KBS disposal
system. HEsic safety functions are containment and retamdatiof
radionuclides so thatthe long-term safety of the repositorgan be
maintained In order to achieve the aforementioned goals, the canister

must have the following design functions (POSIVA and SKB, 2017):

(1) Withstand corrosionithe copper shell ofthe canister is made of
highly pure copper to avoid corrosion coupled to grain boundaries.
Oxygen contentgan only be allowedip to tens of ppm.

(2) Withstandisostatic load the canister should be able to withstand
pressures from buffer swelling pressure andwrowater pressute

(3) Withstand uneven swelling pressunde buffer could have different
densities due to the neaniform distributions of groundwater in the
deposition hole duringaturation Therefore, théduffer could cause
uneven swelling pressure® the canister, which the design ¢tiie
canister needs to take into consideration.

(4) Withstand rockshear force after the closure of thedisposal tunnel
an earthquake might trigger shear movemerfttbe rock fracture
surroundingthe deposition holeand rok shear forcecould be
imposed on the canister and theiffer. Thus, the canister design
needs to consider this factor.

(5) Radiation dosethe canister should help meet thadiationrelated
regulations mentioned in Section 1.4n addition, to avoid
groundwater radiolysis and buffer bentonite material being
influenced by radiation, the radiation dose rate at the surface of the
canister must not exceed 1 Gy(ROSIVA and SKB, 2017)

(6) Criticality: the canister must be designed tosere the criticality
safety(i.e., Effective Multiplication FactgrKesf must not exceed 1)
However, for conservative safety consideration reasons, a 5%
deduction is further imposed and therefore, the effective
multiplication factor must not exceed 0.95KB, 2010c; POSIVA
and SKB).
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The design requirements corresponding to the above design
functions are shown iffable 4-2.

Insert and tube are the main components to resist external force
basedon their geometric shape and material strength. The ductile and
corrosionresistive copper shell on the outside ganotectthe SNF well
even when large deformation is generated under shear displacement or
uneven pressureThe copper shell ione of the important barriers to
avoiding therelease of radionuclides from the canist&he thickness of
the copper shellis deermined according to the corrosion resistance
requiremens of the disposal environment and the evaluation results of
shielding effectivenessl'he copper thickness dhe canister is the same
as the design concept of the Swedish kBSConsideringhe deposition
hole without suffering the erosion of the buffer, the thickness of the
copper shell of 5 cm can resist corrosion for at least 1 million years.
When the buffer is severely eroded, ttheckness ofthe copper shelkan
still maintain sufficient sdety functions of canistersfor quiet a long
time to reduce theadiotoxicity of radionuclides

Because ofthe difference in component sizebetween BWR and
PWR, the canister will be loaded witlh sets of PWRSNF assemblies or
12 sets of BWRSNF assembliesBased on the estimated amount3MF
in Taiwan (Table 1-1), 2,571 canisters (1,49for BWR and 1,080 for
PWR) will be needed.

In addition, accordingto Section 4.23, the decay heat of each
canister during disposalWas estimated conservativelyThe desiged
value of heat load of the canister and decay heat cweee formulated
under consideration of 50 canisters being placed every.yElae initial
thermal power of the canistavas set as 1,200 W. In addition, based on
the maximum length of the fuel rod in Taiwan, and the necessary gap for
installation, the canister specifications are as follows:

(1) The overall length: BWRanisteris 4,906 mm, andhe PWR canister

is 4,835 mm.

(2) Outer diameter: 1,050 mm.
(3) Copper thickness50 mm.
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(4) Insertlength: BWR canister is 4,643 mm, PWR canister is 4,573 mm.

(5) Diameter of Insert: 949 mm.
(6) The relevant design specifications of the canister are summarized in
Table 4-3 and shown inFigure 4-2 to Figure 4-6. The material

specifications are shown ihable 4-4.
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Table4-2: Design functions and requirements of the canister

isostatic load

Containment

Functlpn of Character Design requi r-teene m|
design safety

Withstand swelling pressure of the buffe

Withstandeven (10 MPa) and groundwater pressure at t

repository depth (5 MPgPOSIVA and
SKB, 2017)

Withstand Withstandbuffer swelling pressure
unevenisostatic | Containment betweer8 MPa andlO MPa(POSIVA and
load SKB, 2017)

Withstand shear movement over
Withstandshear deposition hole O
force from the | Containment m/s for a buffer with the maximum
fracture allowed shear strength (POSIVA and

SKB, 2017)

Radiationdose

Radiation effects

Therepositoryshall be designed to ensun
thattheannual effectiveloseto a person
outside theepositorywill not exceed
0.25mSv (Regulatiorfor the Final
Disposal of High Level Radioactive
Waste and Safety Management of the
Facilities, Article 9)

Avoid the impact of radiation on
the buffer, the radiative hydrolysis

Surface of groundwater, and the effects of Dose rate at the canister surfdge 1 G
dose X (POSIVA and SKB, 2017)

SNF neutrons and gamma rary

the canisters.

Avoid excessive energy release t

affects theengineered barrieand

surrounding rocks. It needs to be mainteed in a subcritical
Criticality Substantial changes in the state The effective neutron multiplication|

inventory of radioactive species
may lead to an increase in nuclea
species released from disposal

sites.

factor needs to be less than 0.95 (POSI
and SKB, 2017)

Table4-3: Design specifications of the canister.

Common dimension for canister (mm)

Copper shell
BWR 4,905
Total length (A) PWR 4.835
Interior length BWR 4463
PWR 4,443
Wall thickness (T) 50
Outer diameter (B) 1,050
Inner diameter (C) 850
Inner diameter (E) 952
Inner diameter (F) 821
Inner diameter (G) 850
Diameter, lid (H) 953
Corner radius (1) 10
Dimension (K) 35
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Dimension (L) 50
Thickness, lid (M) 50
Dimension (N) 60
Dimension (P) 75
Thickness, base (Q) 50
Dimension (R) 50

Insert

Diameter (D) 949
Thickness of 60
bottom (B)
Interior length(C) | 4,533
BWR Edgedistance(H) | 33.3
Dimension (N) Drill depth 90 mm
Length (A) 4,643
Thickness of 80
bottom (B)
Interior length (C) | 4,443
PWR Edge distance (H) | 37.3
Dimension (N) Drill depth 100 mm
Length (A) 4,573
Insert channel tubes
Channel tube corneadius (I) 20
Distance between channel tubes (K 30
BWR Distance between compartments (J 210
Channel tube cross section (L) 160x160
Channel tube thickness (M) 10
Channel tube corner radius (1) 20
Distance between channel tubes (K 110
PWR Distance between compartments (J 370
Channel tube cross sectifln) 235x235
Channel tube thickness (M) 12.5
Steel lids
Diameter (E) 910
Lid thickness (F) 50
Dimension (G) 5°
Il nitial ther mal | 1,200
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Table4-4: Material specifications of the canister.

Copper shell (BWReanister) | 7,500 kg
Insert with lid(BWR-canister) | 13,700 kg
Weight of [2nister with fue(BWR- 24,600 kg24,700 kg
the canister) '
canisters Copper shell (PWRanister) | 7,500 kg
Insert with lid(PWR-canister) | 16,400 kg
Can_ister with fue(PWR- 26,500 kg26,800 kg
canister)
Elastic modulus 120 GPa
Poisson's ratio 0.308
Copper Density . 8.9x103kg/m3
shell Copper purity >99.99%
Elongation >40%
Creep ductility >15%
Average grain size <800 &m
Elastic modulus 166 GPa
Poisson's ratio 0.32
Density 7.2x103kg/m3
- >267 MPa (tension
Insert Yielding strength >270 MPa Ecompre)ssion)
Ultimate strength >480 MPa (tension)
J2mm > 88 kN/m
Fracture toughness in 0°C | J1c > 33 kN/m
Klc > 78 MPa(m)1/2
Elongation >12.6 %
Elastic modulus 210 GPa
Poisson's ratio 0.3
Steel lid Density 7.85x10%g/m3
Yielding strength >335 MPa (tension)
Ultimate strength >470 MPa
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Figure4-2: Specifications of copper shell of the canister.
Reference: SKB (2010l).
Note: the unit is mm. A=4,905; B=1,050; C=850; T=50; E=952; F=821; G=850; H=953; 1=10; K=35;
L= 50; M=50; N=60; P=75; Q=50; R=50.
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Figure4-3: Specifications of cast iron lining of the canister.
Reference: SKB (2010l).
Note:the unit is mm. H=33.3; N=45; |=20; K=30; J=210;16; M=10; A=4,573; B=60; C=4,643
D=949.

Figure4-4: Specifications of steel lid of the canister.
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Reference: SKB (2010l).
Note: the unit is mm. E=910; F=50; G=5°.

4905.0

4645.0

1050.0 9‘.':‘2‘0

- “4643.0— ——

Figure4-5: Specifications of copper shell and cast iron lining of the canister.
Note: the uniis mm. The AA crosssection is shown dsigure4-6.

S48.0
a10.0

0.0

50
10500

A-A

Figure4-6: Crosssection of the canister

Note: the unit is mm.
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4.2.5. Buffer

The buffer is one of the engineered barriers in the repository. The
buffer is installed in the deposition holes and it will fill the space
between the canisters and the host rock. The design functions of the
buffer include the following item¢SKB, 2010c)
(1) limit advectivemasstransport,
(2) limit microbial activity,
(3) filter colloids,
(4) keep the canister in position in the deposition hole,
(5) not significantly impair the barrier functions of the other barriers,

(6) maintain the barrier design function in a longrm perspective.

The design functions, properties, and design requiresarftthe
buffer are shown imable4-5. The reference buffer is bentonite clay and
its main composition is montmorillonite. Sufficient montmorillonite
content of the bentonite can provide appropriate hydraulic conductivity
and swelling pressure. In addition, the harmful substances content of
bentonite should be limited, such as sulfi@edsulfur, which may reduce
the performance of the buffer or cause enister to corrode.

MX-80 bentonite will be the raw material for the buffer, and its
characteristics were investigated through experimeibsperiments on
swelling pressure and hydraulic conductivity under different bart
densities were carried outsing distilled water and cation strength of
2.54 mM synthetic groundwater (the chemical composition and content
are shown inTable4-6, based on the graowdwater composition in Section
4.3.2). The experiment results are shownkmgure4-10 andFigure4-11
to provide reference properties for design and to ensure that the designed
specifications meet the design requirementdccording to the
experiment results, the dry density of M&0 bentonitewith a swelling
pressure of 3 MPa is about 1,498 @ , which is equivalent to a
saturated density of 1,95 @ . The dry density of the swelling
pressure of 10 MPa is about 1,659 % , which is equivalent to the
saturated density of 2,05 @ . When tke dry density of MX80
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bentonite is above 1,10E @ (equivalent to the saturated density of

1,700 E@ ), it can satisfy the condition that the hydraulic conductivity

is lower thanp m m/s. Thereforethe saturated density of the buffer

is 1,950 E@ to 2,050 E@® , which can meet the overall design

requirements inrable 4-5.

The buffer installed inthe deposition holeconsistsof compacted
blocks and pellets with specific density. The specifications of each
component of the buffer will be designed according te specifications
of the deposition hole and the design requirements of the thickness of
the buffer (see Section.2.6), mainly including solid blocks above and
below the canistering-shaped blocks around the canister, pellets filled
in the gap between ehbuffer block and the deposition hole wall. The
reference specifications of buffer blocks and pellets are presented in
Table4-7. The geometry specifications of buffer blocks are presented in
Figure 4-7. And the design requirements for manufacturing and
installation of the buffelare presented ifable 4-8.

A schematic of the canister and buffer installation in the deposition
hole is shown inFigure 4-8 and as follows:

(1) Bottom of the canister: installed a solid block wiahheight of 575
mm and a diameter of 1,650 mmThe groove is designed according
to the footing of the bottom ofthe canister to facilitate the
installation and positioning of the canistéseeFigure 4-5).

(2) Around the canisterting-shaped blocks are designed tamaund the
canister according to the dimensions of the canister and deposition
hole. Thering-shaped block has an inner diameter of 1,070 mm and
an outer diameter of 1,650 mm. And consider the height of the
canister, onering-shapedblock with height of 8® mm and 5ring
shapedblocks witha height of 800 mmwill be usedwhich will be
stacked from the bottom to the top.

(3) Above the canister: the block above the canister is designed to fill
the hollow in the canister ligseeFigure 4-5). On top of it, 2 solid
blocks with a height of 500 mmwill be used
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(4) Upper part with connecting bevelfilled with solid blocks and

pellets.

According to the deign requirementsthe saturated density of each
part of the buffer in the deposition hole should be between 1,950 and
2,050 E @m® after installation and saturatiohe saturation density of
the buffer in each part of the deposition hatas calculatedaccording
to the reference specifications of buffer blocks and pelletsich are
shown in Figure 4-9. The average saturated density is 2,0E9%m?
(average dry density is 1,598 @ ), which fulfills the density of the
relevant design requirements imable 4-5. Figure 4-10 shows the
relation between MX80 bentonite dry density and swelling pressure, and
Figure4-11shows the relation between MEO bentonite dry density and
hydraulic conductivity. It can be seen that under the saturated density
condition after buffer installatiomnd saturationthe swelling pressure
is larger than 2 MPa and the thnaulic conductivity is lower thanp 1

m/s, which fulfills the relevant design requirementsTable 4-5.
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Table4-5: Design functions, properties, and design requirements of the buffer

Design function

Properties

Design requirements for longterm safety

Limit advective
mass transport

Properties that affect
swelling pressure and
hydraulic conductivity.

According to the safety function indicator for lim
advective mass transport, the hydraulic
conductivity of the buffer should be less than

p T m/s and the swelling pressure should
exceed 1 MPa.

Fulfilled for the swelling pressure required with
respect tahe capabilityto eliminate microbes and
not damage the canister for expected shear
movements.

Limit microbial
activity

Properties that affect
swelling pressure.

According to the safety function indicator for lim
microbial activity, the swelling pressure shall
exceed 2 MPa.

Fulfilled for the swelling pressure required with
respect tahe capabilityto eliminate microbes and
not damage the caster for expected shear
movements.

Filter colloids

Properties that affect
tortuosity and size of
pores.

According to the safety function indicator for filtg
colloid, the drybuffer densityshall exceed 1,000
kg/me.

Fulfilled for the swelling pressure reged with
respect tahe capabilityto eliminate microbes and
not damage the canister for expected shear
movements.

Keep the canister
in position in the
deposition hole

Properties that affect
swelling pressure.

According to the safety function indicatfmr
prevening canister sinking, the swelling pressurg
shall exceed 0.2 MPa.

Fulfilled for the swelling pressure required with
respect tahe capabilityto eliminate microbes and
not damage the canister for expected shear
movements.

Not significantly
impair the barrier
functions of the
other barriers

Properties that affect
swelling pressure and itg
distribution, stiffness ang
shear strength.

The swelling pressure of the buffer sHadlless
than 10 MPa tdulfill the safety function indicator|
limiting the pressure applied to the canisters an
rock.

The swelling pressure of the buffer after
installation and saturation should be less than 1
MPa, to prevent too high shear impacttbae
canister.

Properties that affect the
chemical conditions
aroundthe canister.

The content of organic carbon should be less th
1 wit%.

The sulfide content should not exceed 0.5 wt%
the total mass, corresponding to approximately
of pyrite.

The total sulfur content (including the sulfide)
should not exceed 1 wt%.

Maintain barrier
design function
and its longterm
durability

Properties that affect the
ability of the buffer to
uphold and maintain the
minimum swelling
pressure, maximum
hydraulic conductivity,
acceptable stiffness and
shear strength, tortuosity
and siz of pores and
chemical composition.

The design requirement
geometric requirement
requirements that may
buffer and t Hie.indiaipstaked 1

mass and saturatensity).

Properties that affect the
ability of the buffer to

After swelling the buffer should uphold the
minimum swelling pressure 2 MPa and the
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uphold and maintain the
minimum swelling
pressure, maximum
hydraulic conductivity,
acceptable stiffness and
shear strength, tortuosity
and size of pores and
chemical composition.

hydraulic conductivity should not exceqd 1t

m/s independently of dominating cation and for
chloride concentration up to 1 M.

After swelling the shear strength of the buffer
must not exceed the strength used in the verifyi
analysis of the canist@r resistance against shear
force.

Properties that affect the
heat transport through
the buffer.

According to the safety function indicator for res|
buffer transformation, theetperature of the buffeg
should be less than 100 °C.

The buffer geometry, water content and distanct
between deposition holes should be selected sy
thatthetemperature in the buffer is less than
100°C.

Referencedh SKB (2010c¢); Posiva and SKB (2017).

Table4-6: Chemical composition of the synthetic groundwater.

Component Molecular mass Weight (g)
(1 1&1,0)
NacCl 58.44 0.0572
N a N;O 84.99 0.0504
K,S Q 174.27 0.008
Mg S,&H,0 246.48 0.0145
Mg ( I}J)Z(Z'SHZO 256.41 0.0013

Table4-7: Reference specifications of the buffer blocks and pellets.

Parameter Reference specification Accepted
variation
Solid Dry density k gn?) 1,710 +/- 20
blocks | water content (%) 17 -
Dimensions (mm) H: 500
Ring Dry density k gnf) 1,770 +/- 20
shaped | Water content (%) 17 -
blocks | Dimensions (mm) H: 800 / bottom H: 830
Pellets Dry density loose filling K gn?) 1,000 +/-40
Water content (%) 17 -
Dimensions (mm) 16i 6i 8 -
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Table4-8: Design requirements for manufacturing and installation of the buffer.

Design consideration Require property Design requiremens
The bentonite of buffer and The buffer can be compactto| -
methods for manufacturing, | required density.
installation tesing, and
inspection shall be based on
well-tired or tested techniqee
Buffer must be manufactured
and installed to the designed
specifications witha high
reliability technique.

Reference: SKB (2010c)

-0

1650

7

1650 0 1425

The dimensions, weld and The reference sequence for
water content of the buffer deposition of the canister.
must be designed so that it ca| The reference sequence of
be manufactured, transped installation of the buffer and
and installed with high backfill.

reliability. The reference design of
deposition holes.

500

Unit: mm
(a) Specifications of buffer blocks in the upper part of the deposition
hole (left) and above the canister (right).

Ta\

1650

120 120
29( 830

[ &

800

57

80

290 | | 1070 290
1650

1650

Unit: mm
(b) Specifications of buffer rings arournttie canister (left) and under

the canister (right).

Figure4-7. Geometry specifications of the buffer blocks and rings.
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Figure4-8: Installation of canister and buffan the deposition hole.
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1250

1,965 kg/m
(1,506 kg/rd)

2,049kg/m
(1,638 kg/rf)

8,155
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(1,622 kg/r)

1,750 Unit: mm

Figure4-9: Saturated densities of buffer in the deposition hole.
Note: the numbers in the brackets refer to dry densities.
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solutions.

Referencely e @ (2018a)
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4.2.6. Deposition Hole

The designrequirements othe deposition holeare listed inTable
4-9, and the geometry design requirements of the deposition hole are
illustrated in Figure 4-12. The design of the deposition hole needs to
limit the dimension and geometry, so that the installed buffer component
can reach the expected design conditiohhe inflow rate of the
deposition hole should be less than 0.1 L/min to avoid buffer losstdue
piping erosion. The connected effective transmissivity integrated along
the full length of the deposition hole wall and as averaged around the
hole, should be less thap m m?%s (SKB, 2010j). According to the
design requirementsrelated tothe deposition hole and the designed
diameter of the canister (se8ection 4.24), the diameter ofthe
deposition hole is 1,750 mm, ante height is 8,155 mm.

The upper part othe deposition hole is designed with a bevel to
allow the canister to turn int@an upright position over the deposition
hole. According to the height of the disposal tunnske Section 4.2.7)
the rotation space for installinghe canister, andthe height of the
construction equipment for installing canister, the height from theotfop
the canister with construction equipmeta the bottom of the disposal
tunnel should be less than 4,100 mridure 4-13). Therefore, it is
expected that when the canister is installed, the center of the canister is
inclined at an angle of 38° above the center of the deposition hole, and
the bottom of the canist is 500 mm away from the bevel for rotation
space.And the height from the top othe canister to the bottom of the
disposal tunnel is about 4,069 mnFigure 4-13), which meets the

aforementioned 4,100 mmequirements
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Table4-9: Design requirements of the deposition hole.

Design consideration

Require property

Designrequirements

Sufficient thickness of
thebufferaround and
at upper and lower
part of thecanisterto
provide the function of
protecthgthe canister.

The diameter anbeightof
the deposition hole shall
have enough space to
accommodate the buffer an
canister.

Design thickness of the buffer:

around the canister 350 mm

below the canister 500 mm

above the canister 1,500 mm
Dimensions of the canistegferto the
ADesign of the can
Section4.2.40f this report.

The level of the bottom
of the deposition hole
is required to ensure
that the buffer blocks
and the canister be
effectively installed in
a cental position

Inclination of the deposition
hole bottom should be able
to allow installation of
buffer and deposition dhe
canister.

If the bottom of the deposition hole is
tilted, the buffer block will not be
effectively installed in the center positiol
of the deposition hole, which will affect
the canister installation iposition

The inclination over the part of the cresg
sectionwhere the

Bottombuffer block placed shall be less
than 1/1,750.

Limit the dimension of
the deposition hole to
ensure that thdensity
of the designethuffer
component after
installation can be
maintainedwithin the
design requirements.

The dimension variations of
the deposition hole must no
be larger than to allow
deposition othebuffer
according to specification.

Each horizontal cross section must not
exceed the designed cresgction by
more than 7%.

According tothediameter of tk canister
(1,050 mm) and the thickness of the
buffer around thecaniste350 mm), the
deposition hole wherthe buffer is going
to be installed the design diameter is
1,750 mm, and shall be at least 1,745

Reference: SKB (2010c).
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Figure4-12: Geometry design requirements of the deposition hole.
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Figure4-13: Bevel design of the deposition hole and demonstration of the installation
of the canister.

4-29



4.2.7. Backfill
The design of the disposal tunnel and the backfill is to ensure that

backfill after installation reaches the expected density, soggometry

and dimension of the disposal tunmalustbe limitedin order to control
the excavation volume. The aqgut@ble dimension and geometry of the
disposal tunnels are illustrated Figure 4-14. The design requirements
related to the disposal tunnel are givenTiable4-10. The requirements
comprise acceptable dimensi®and geometry, and accegble inflow to
the disposal tunnel.

The backfill is the material installed in the disposal tunnels to fill
the empty space. It isalso one of the engineered barriers in the
repository The design functions of theackfill include the following
items:

(1) limit flow of water (advective transport) in disposal tunnels to
decrease the harm of water flow to engineered barriers.

(2) restrict buffer upward swelling/expansion to provide mechanical
support and maintain its volume in the deposition hole, preventing
the buffer from swelling outside the deposition hole and decreasing
its density.

(3) not significantly impair the barrier function of the other barriers.

(4) maintain its barrier functions and loag@rm durability in the

environment expected in the repository.

The design functions, properties, and design requirements of the
backfill are presented ifable 4-11, in which bentonite is manufactured
as backfill blocksand pellets with specific sizeand densities The
design requirements for manufacturing and installation of blaekfill
are presented inTable 4-12. Moreover, the interaction betweethe
backfill and disposal tunnel should be seriously considered to ensure
technical feasibility.

The backfill will be made ofbentonitewhosemain composition is
montmorillonite. Sufficient montmorillonite content of theentonite can

provide appropriate hydraulic conductivity and swelling pressure to
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fulfill the design requirements dfackfill. The montmorillonite content

will also affect the compressibility of the material and ttepability of

the backfill to restrict pward swelling/expansion of the buffer. In

addition, the harmful substances content of bentonite shoulknbieéed,

such as sulfide, sulfur, and organic carb®hichreduce the performance

of the other barriers.

MX-80 bentonite will be the raw material fahe backfill, and its
characteristics were investigated through experiments. Experiments on
swelling pressure and hydraulic conductivity under different bentonite
densities were carried out using distilled water and cation strength of
2.54 mM synthetic gsundwater (the chemical composition and content
are shown inTable 4-6 based on groundwater composition in Section
4.3.2)to provide reference properties folme design.

The backfill is composed of bentonite blocks and pellets to a
specific density and filled inthe disposal tunnel with the maximum
filling amount according to the dimension and geometry of the disposal
tunnel. The geometry specifications of backfill blockse presented in
Figure 4-15. The reference specifications of backfill blocks and pellets
are presented ifable4-13. The backfilling will mainly use machinery
control and automatic installation to reduce the radiation dose of
personnel.Schematicof the backfill installed in the disposal tunnel and
reference design ofhe installed backfill are presented irFigure 4-16
and Table 4-14. The description of each component installed in the
disposal tunnel is as follows:

(1) Bottom bed of the disposal tunnethe bottom bed is installed with
pellets and compacted toftat layer with a thickness of 10 cm. To
achieve a reliable installatignhe bottom bed needs to be compacted
so that the density is high enough to yield sufficient bearing capacity
for the blocks and flat enough to yield a symmetric block.

(2) Disposal tunnk the dimension of the block is 70 cm long, 66 cm in
width, and 52 cm in height. Tme are 6blocks stacked horizontally
for each tunnetrosssection, and the width after stacking is 396 cm,
leaving about 10 cm gaps between thiewcks and the tunnel wall
which facilitates the dry spraying equipmertt eject the pellets to
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fill the gap. There are 7blocks stacked vertically for each tunnel
section, and the height after stacking is about 364 cm (excluding the
bottom bed).

(3) Upper part of the disposal tunnethe dimension of the block is 70
cm long, 60 cm in width, and 25 cm in height, arrangedibgupper
part of the tunnel, as shown ifRigure 4-16. There are 17 blocks in
total.

(4) Gap between blocks and the tunnel waHe gap between blocks and

thetop/side of the tunnel wall wilbe filled with pellets.

The calculated dry density of eéhbackfill after instalhtion in the
tunnel is presented ifmable 4-15. Under the nominal block part ahe
crosssection and largest acceptable tunnel volume, the average dry
density of a tunnel section is 1,46& @m°. According toTable 4-14, at
least 60% of the tunnel volume needs to be filled with blocks. Under this
condition, the lowest dry density is 1,408 @m°. According to Figure
4-10 and Figure 4-11, for the properties of the swelling pressure and
hydraulic conductivity of MX80 bentonitethe swelling pressure of the
installed backfill is greater than 0.1 MPa, atite hydraulic conductiity
of the installed backfill is lower thanp mt m/s, which fulfill the
relevant design requiremenshiownin Table 4-11.

The density of the designed backfill needs to be considered as
below: (1) to limit the groundwater flow in the disposal tunnel, (2)
having enough mechanical support to maintain the voluméuwfer in
thedeposition holeand(3) to keep the swelling pressuoé bufferlarger
than 2 MPa, which can be achieved the dry density of backfill being
larger than 1,240 kg/faccording to the evaluation of buffer swelling
property and backfill compressibility (SKB, 2010e).
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Table4-10: Design requirements of the disposal tunnel.

Require property

Designrequirements

Limit the deviations of the floor and wall
surfaces in disposal tunnels from the nominal
order to allow backfill installation according to
designed specificatian

For each tunnel blast round, the actual blasteg
total volume must not exceed 30% of the
designed esavation volume.

The maximum crossectional area of the tunne
shall not exceed 35% of the designed tunnel
crosssection.

The disposal tunnel floor must be even enoug
for the installation equipment to drive on it to
achieve a dependable backfill instéitha.
Underbreak is not accepted, to ensure that the
design, manufacture and installation of the
backfill can fulfill the designed density
conditions.

The floor and wall surfaces in disposal tunnel
shall consist of rock surfasso that the backfill
will be indirect contact with the rock surface.

Limit the area of construction materials coveri
the disposal tunnel and must not extend over
full tunnel width.

During backfill installation and saturation
process, groundwater seepage into disposal
tunnels must not significantly impair the backfi
barrier function.

The total water inflow into evergisposal tunnel
shall be determined to ensure the stability of t
backfill installation. If tunnels with total inflow
less than 0.5 L/min, no further aat®are
needed. If tunnels with total inflow between 0.
L/min to 1 L/min, and there are any fracture
zones with inflow rates more than 0.5 L/min,
relevant water handling methedre required. If
tunnels with total inflow more than 1 L/min, an
there are anfracture zones with inflow rates
more than 0.25 L/min, relevant water handling
method are required. (Sandén, T. et al., 2018
The transmissivity of EDZ (Excavation
Damaged Zone) should be less tham m?/s
(SKB, 2010))

Reference: SKB (2010e)
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Table4-11: Design functions, properties, and design

requirements of the backfill

Design function

Properties

Design requirements for
long-term safety

Limit flow of water (advective
transport) irnthe disposal
tunnels.

Properties that affects swelling
and hydraulic conductivity
under saturated conditien

Hydraulic conductivity less
thanp m mis.

Swelling pressure more than
0.1 MPa.

Restrict upwards buffer
swelling/expansion.

Properties that affect
compatibility during saturation
and after saturation.

The desi
backfil]l
mai ntain
density durin
after saturat:i
Backfill deformationshall be
sufficiently limited to keepthe
buffer swelling pressure larget
than2 MPa in average over th
buffer volume.

gned ¢
bl ocK
t he
g

Not significantly impair the
barrier function of the other
barriers.

Limit the content of harmful
substances in bentonite.
Properties that affect the
chemical conditions atmd the
buffer and canister.

Impurities in the backfill shall
not provide a significant sourc
of sulfide, as this may corrode
the copper canister.

Maintain its barrier functions
and longtermdurability in the
environment expected in the
repository.

Maintain its design condition i
the longterm impact of the
repository environment.

Reference: SKB (2010e), Posiva and SKB (2017).

Table4-12: The design requirements for manufacturing and installation of the

backfill.

Design consideration

Require property

Designrequirements

The design and methods for
preparation, installation,

Thebackfill must be possible t(
compact taherequired density

tesing and inspection shall be
based onvell-tried or tested
techniqus.

Backfill with specified
properties shall be possible tq

The backfill components shall
be designed so that installatior
can be performed with high
reliability.

The reference sequence for
deposition othe canister.
The reference sequence of
installation of the buffer and
backfill.

prepare andhstall with high
reliability.

The combination of the
geometrical configuration of
thebackfill and the installation
technique shall be such that th
seepage into thaisposal
tunnek and the resulting
hydraulic processes that take
place during installation do not
impair the barrier functions of
the backfill.

The design of theackfill must
consider the allowable inflow
from the tunnel and plug.

Reference: SKB (2010e).

4-34



Table4-13: Reference specifications of the backfill blocks and pellets.

Parameters Reference specification Accepted variation
Blocks | Dry density {_ An®) 1,700 +/- 50
Dimensions (cm) 701 66f 52
(upper part of the tunnel) | +/-2
70i 60i 25
Pellets | Pellet dry derisy (i An®) | 1,700 -
Pellet dimensions (cm) The pelletédimensions and

geometry will be
determined by the filling
test.

1,000 +/- 100

Dry density loose filling
(i Fnd)
Referencely e @ (2018a).

Table4-14: Design parameters, specifications, and installation requirements of the
backfill.

Design parameters Design specifications Installation requirements
Blocks | Volume of blocks Arranged as shown iRigure > 60% block filling.
filling in disposal 4-16, number of stacked blocky Blocks and tunnel wall
tunnel percrosssection. reserve > 10 crof free

Block dimension 70 66i 52: space to facilitate the pellet
7i 6 blocks total 42 blocks. filling construction.
Dimension 70 60i 25: total
17 blocks(arranged byhe
upper part of the tunnel).

Pellets | Volume of pellet Depends otthe actual volume | Recordtheweight of pellets
filling in thegap between blocks and tunnel wa| according to actual filling
between blocks and volume.
tunnel wall
Bottom bed Thickness 10 cm Recordthe weight of pellets

according to actual filling
volume.

Dry density € @m®) > 1,000 -
Referencely e @ (2018a).

Table4-15: The estimated dry density backfill after installation.

- Nominal block part of cross Acceptable block part of
section crosssection
(60% filled with blocks)

Block dry density E #im®) 1,700 1,700
Dry density after pellet filling

; 1,000 1,000
(E om*)
Tunnelcrosssection (m/m) o5 o5
(Set to the largest acceptable)
Volume fraction of slots 0 o
between blocks 2% 2%
Volume of pellet filling _ U QU TT p
(include bottom bedy@/m) | SV P WP P TBICETT | g Zg7
Calculated installed dry densit

; 1,461 1,408
(E @r’)

Referencely e @ (2018a).
Note: volume of block filling per meter of tunnel using dimension 70 o®6 cmi 52 cm blocks
p o ™M ¢ 1T Al T AEpG pi 7 ;volume of block filling per meter of tunnel using
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dimension 70 cni 60 cmi 25cmblocksp T T8 L p XAl T A E2Q 5rf/m)total volume
of block filling per meter of tunnelp 8 p ¢& v p @ @(M®/m).

R !__._.i, = Nominal tunnel volume A, xAL m’
i | Determined by activities, technical systems and equipmemt

48m

Lﬂmlm round

4.2m

A-A
Accepted volume exceeding the nominal: 0.30XA . mina*Liasing ound M
Accepled largest cross section exceeding the nominal: 0.35xA e M

Accepted tunnel floor irregularities: Adapted to backfill installation
i equipment

Figure4-14: Specifications of the disposal tunnel.
Reference: SKB (2010e)

ww 0g¢
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65, < A
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f)),b ,\00

Figure4-15. Geometry specifications of the backfill blocks.
Referencely e @ (2018a)
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Figure4-16: Installation of backfill in the disposal tunnel.
Reference: SKB (2010e).
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4.2.8. Characteristics of the Buffer andBackfill

The swelling pressure and the hydraulic conductivity of the buffer
and backfill will depend on densitythe content of montmorillonite,
adsorbed ionic species and the ionic strength of the surrounding
groundwater. In particularthe ionic strength of the gpundwaterwill
affectthe most(SKB, 2006b)

The densityof the buffer and backfill are usually expressed as dry
density. The criterion for the buffer density in the deposition hole is
expressed as saturated density. And saturated density can be expresse

as the following:

M , (4-2)

Where,

m =saturated density,H @m?.

" =density of water, 1000 E @mJ.
¢=pore volume, m’].

® =dry mass of bentonite, [kg].

w=total volume, [mq].

The relation between dry density and swelling pressure #md
relation between dry density and hydraulic conductivity of MK
bentonitefor distilled water and synthetic groundwater are presented in
Figure4-10 and Figure 4-11. As discussed irSection 4.25 and Section
4.2.7, the referencéuffer and the referenceackfill specifications can
fulfill the relevant design requirements, such as providing sufficient

swelling pressure and maintaing low enough hydraulic conductivity.

4.2.9. Backfilling of Shafts and Ramps
The repositoy is divided into deposition holes, disposal tunnels,

main tunnels, central area tunnels, vertical shafts and ramps based on
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their functions. These tunnels also need to be backfilled when the
repository is closed to maintaitihe closure of the repository

Before backfilling the shaft and ramp, it is necessary to remove the
relevant internal construction equipment and the pavement foundation
for transportation, bushotcrete rock bolt andgrout materialswill be
retained. Thebackfill for shafts and ramps will bbackfilled with clay
materials in the range from 500 m underground to 200 m underground
From 200 m underground to 50 m underground, gravel with a maximum
particle size of 200 mm is used for backfillinghe coarse aggregate
material is used at 50 m near the ground surfaaed they are well
compacted to avoid unintentional intrusion. (SKB, 2010q)

At present, only the design concepts of shafts and ramps are
described, and the conditions of shafts and ramps are not considered in
the analysis modelModel establishment can beefered to in Section
4.4.2. When detailed site and geological survey data are obtained in the
future, shafts and ramps will be considered in the analysis.

4.2.10. Shotcrete and Grout Materials

During the excavatin processthe structure may be unstable due to
stress releagskfrom the rock massSupporting structure constructedth
shotcrete and grouting materials will be used to improve stability.

Since the concrete and mortar commonly used for shotcreting and
grouting materials have a highly alkaline pore solution, the highly
alkaline pore solution will diffuse into the groundwater and affect the
volume stability of bentonite in buffer (the chemical properties of
bentonite in an environment with a pH value 11 may be unstable
leading to the dissolution of montmorillonite) and influence the safety
function ofthe buffer. Therefore, lowpH concrete is planned to be used
for the purpose of decreasing the pH value < 11, reducing the hydraulic
conductivity < p m m/s and increasing the compressive strength > 280
EZA [ . This can prevent high pH in the porewater of the concrete and
maintainthe stability of the buffer(SKB, 2010j)
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4.2.11. Plugs

The function of the plug is to ensure that the buffer and backfill
stay in teir original positions, and to prevent groundwatar the
disposal tunned from flowing into the main tunnel. In additiorflowing
out of the backfill from the disposal tunnels can be reduced; therefore,
water seahg is the main function ofthe plug.

The front endof the plugwill be provided with a filter layer and a
sealing layer to block water. The geometry of the side is closéhéo
arch shapewhich sustains the swelling pressure and thermal stréss
can transfer stress to the upper and lower bedrand provide good
support and stability. The geometric dimensions of the pdugshown
in Figure 4-17 (SKB, 2010e), and the relevant position diagram after
installation at the entrance of the disposal tunnel is showrrigure
4-18. In order to maintain the density of the backfill in the disposal
tunnel, each disposal tunnel will be sealed with a plug immediately after
backfilling.
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Figure4-17. Geometry specifications of the plug.
Note: the unit is in mm.

Figure4-18: Profile of the plug.
Note: the plug is demonstrated in black and the surrounding rock mass is demonstrated in blue.
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4.2.12. Borehole Seals

In order to obtain data on the properties of the host rackeries
of boreholes may be drilled duringhe site investigation period. These
boreholes shall be sealed before the closure of the repository in order to
avoid potential release paths. Boreholes will also be drilled from the
disposal tunnels to the host rocks during the construction phase implying
that horizontal andupwardsdirected holes also have to be sealed.

Considering nuclear safety and radiation protectitme hydraulic
conductivity of the sealing should not significantly change the natural
groundwater flow. The design requiremsrsdtipulate hat the hydraulic
conductivity of the sealing material at the intersection with the water
containing fracture should b m m/s or lower (Luterkort et al., 2012;
Sandén et al., 2018b). The borehole seals which are in hydraulic
connection with the reposity should be mechanical stable during the
lifetime of the repository. Borehole seals should yeet surface water
flowing down in the borehole andontaminatingthe groundwater.
Different waterbearing regolith layers shall not have contact with each
othervia the sealed borehole (Sandén et al., 2018b).

The design concept of borehole seals refers to The Sandwich
concept from Swedish SKB, as shown Higure 4-19 (Sandén et al.,
2018b). The borehole witiwaterbearing fractures section is filled with
a permeable material such as sand which will not significantly change
the natural groundwater flow. The parts withomaterbearing fractures
are sealed with bentonite. To prevent interaction between the different
materials,quartzbased concrete (quartz sand and low pH cement) is
positionedat a certain length in the transition zones between bentonite
and sand. In addition, @per plugs are installed between the materials
to facilitate construction and prevent mixing between different
materials. Borehole survey and characterization can be carried out before
sealing to classify the borehole sections aradter that perform a
detailed design of the closure material. The uppermost part of the
borehole is filled with bentonite pellets and has a top seal whilkdrger
diameter than the borehole, to ensure that no surface water is transported
via the borehole down twaterbearing ones (Sandén et al., 2018b).
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Figure4-19: Schematic view of the borehole seal.
ReferenceSandén et al. (2018b).
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4.3. Initial State of Geosphere and Biosphere
4.3.1. Data Corresponding

According to Section 1.2, the candidate site in Taiwan has not been
selected yet. By referring to the international experience, the geological
data and biosphere information from survey data in Taiwan were applied.
Wit hout a speci f i cf edriesnpcoes acla sseiot ew,a st hees tfal
the following application oengineering desigand safety assessment in
this report.

The geological data of the reference case includes the distribution
of geologic units, thermahydrologicalmechanicalchemical propeies
and overall information about the environment. The geological
information of the reference case is based on the survey data from Spent

Nuclear Fuel Final Disposal Plan in crystalline rock areas in Taiwan (
e @, 20062019). Field survey such as groundurface survey,

gravity and magnetic survey, electrical resistivity survey, satellite
images analysis, hydrological investigation, geological drilling, fracture
survey and hydrogeological survey were implementeaboratory works
such as thermal and mechaal tess of rocks, hydraulic conductivity
tests, mineral composition analysis and groundwater chemical
composition analysis were also conductdtie results othefield survey
and laboratory works were appligdd establish the reference case with
crystdline rock characteristics and localized parameters.

The biosphere data of the reference case inclucslonuclide
dependent and ecosystemlated parameters. Theradionuclide
dependent parameters were mainly referred to BIOMAS Report
(IAEA, 2003), Handbook of Parameter Values for the Prediction of
Radionuclide Transfer (IAEA, 2010b) and JAEA Report (Kato and
Suzuki, 2008). The parameters related ttee ecosystem were mainly
referred to the statistic information of Taiwan, suchtlaeNational Food
Consumption Database (Taiwan Food and Drug Administration, 2017),
Kinmen Monthly Statistics Report (Accounting and Statistics
Department, Kinmen County Government, 2017), wateristeds (Water
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Resources Agency, 2017), labor statistics (Ministry of Labor, 2017),
forest resource survey (Chu et al., 2015), Summary Report of the
National Important Wetland Carbon Sink Research Project (Green
Engineering Technology Research Center, 20Xdarbon Flux Research
Project of Coastal Wetland in Kinmen National Park (Lin and Lee, 2011)
and relevant research data (Huang et al., 2006). For the lack of some
parameters, international researches were referm®ed such as
BIOMASS-6 Report, JAEA ReportPOSIVA Biosphere Parameter Report
(POSIVA, 2014), SKB limnic ecosystems report TI®-02 (Andersson,
2010), Irrigation Water Management Report (Brouwer, 1986) and
BiosphereModelling and Dose Assessment for Yucca Mountain (Smith
et al., 1996).

Sweden expedence and classification method (Andersson et al.,
2013) were referred to fordata integration and assessment, which is
classified into geology, thermal and mechanical properties of rock,
hydrology and hydrogeology, hydrochemistry, transport properties of
rock, andbiosphere The reference case in Taiwan is presented in these

six categoriedor the following application of safety assessment

432. Reference Case

43.21.Geol ogy
4.3.2.1.1.Geologic Units

The range, geometry and classification of geologic units are the
basis of he reference case. The geologic units in this report are based
on the groundsurface survey, geological drilling, gravity and magnetic
survey and inversion, and electrical resistivity survey throtigdhyears
in one of the crystalline rock area in TaiwgRigure 4-21). According
to SNFD 2017 Report, granite is the main rock type in this investigated
crystalline rock area in Taiwan. As a result, graniteses as the disposal
host rock in the reference case in this repdfhere are main water
conducting structures around the disposal host rock which might affect
the groundwater flow. Regolith generated by weathering of host rock

surface is also considereth summary, geologic units consist of granitic
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host rock (R), regolith (R0O) and main wateonductingstructure F#).

The threedimensional distribution is shown irfrigure 4-22. Detail

parameters are shown ihable4-16.

(1) Granitic host rock (R):
Except for regolith ad waterconducting structure, the granitic
rock mass is defined as the host rock.

(2) Regolith (RO):
While granite bedrock is denudated and apprascto the ground
surface, weathering and decompression generate denuded joints and
form fractured regolith, whih becomeghe main shallow aquifer in

the granitic area. In this report, the regolith depth of the reference
case is set as 70 m.

(3) Main waterconducting structure (F#):
The setting ofthe main waterconducting structure in this report
refers to SNFD201Report. There are two main wateponducting
structures named F1 and F2. The attitudetbé F1 structure is
N64°E, 70°N. The attitude ofthe F2 structure is N80°W, 50°S,
which might be the conjugated fractured zone of F1. The width of
F1is 200 m and the width of F2 is 20 m in the reference case.

4.3.2.1.2. Fracture

Generally,the granitic host rock is hard and firm with low porosity
and a certain number of fractures. The same fracture distribution data as
the SNFD2017 report is adopted to establish thecidte fracture
network (DFN) parameter database in this repgrt (e @, 2019a). The
parameters in the DFN parameter database are present€&dbie 4-17
and elaborated as below.

(1) Fracture domain:

With the setting of the reference cageis divided into two fracture
domain witha boundaryof 70 mdepth The upper layer is regolith,
andthe bottom layer is granitic host rock.he fracture strength and

characteristics are recorded individualby in-hole photography
and are summarized as below
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(a) Fracture domain above 70 m depth is called FDMA, and the

fracture strength valuéPs2) is 2.4 m?.

(b) Fracture domain below 70 m depth is called FDMB, and the

fracture strength valugPs2) is 0.3 m?,

(2) Fracture cluster:

(a) FDMA: there are 4 fracture clusters. The pole trend, pole

pl unge, Fi sher di stribution
strength("E g -y4pf each cluster are listed below

(i) Cluster 1:198°/18°/18/26%

(if) Cluster 2: 155°/4°/15/24%

(iii) Cluster 3: 264°/23°/16/18%

(iv) Cluster 4: 98°/81°/11/32%.

(9)

(b) FDMB: there are 5 fracture clusters. The pole trend, pole

pl unge, Fi sher di stribution
strength (E g wp) of each cluster are listed below

(i) Cluster 1: 65°/17°/20/15%

(i) Cluster 2: 344°/38°/18/24%

(iii) Cluster 3: 281°/29°/16/30%

(iv) Cluster 4: 174°/22°/17/10%.

(v) Cluster 5: 175°/75°/19/21%

(3) Fracture locationstationary randomRoisson proces is adopted to

generate the center location of each setrafcfure.

(9)

(4) Fracture size (radius)t is described by a power function statistical

distribution model.

radius scaling exponen is set to be 2.6.

. the exponent of fractal dimension, or the-called fracture

(b) »:the minimum radius value» is setas 0.1 m to create more

large fracture surface, and increase fracture connectivity, and

reduce the computational burden of DFN simulation.

(c) Assuming that the maximum fracture surface is atamgle of

1000 mx1000 m, the upper threshold of fracture radsuset to

be 564 m.

(5) Fracturetransmissivity (T):
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4
(@) FDMA: 4| 8 A s

J
(o) FDMB: 4 8 A s
Where L is the physical length (m) of an intersecting fracture

in the orthogonal direction.

(6) Fractureaperture:it is calculated bythe equation of e=0.5K4 ,
with T being fracture transmissivity (ff's) and e being fracture

aperture.

4.3.2.1.3.Mineral composition

The minerd composition ofthereference case is determined by the
result of field survey, mineral identification, composition analysis and
geochemical analysis.

Mineral composition of the granitic host rock in the reference case
consists of coarsand gray to pinkgranitic gneiss.Major minerals of
fresh rock sample include quartz, potassium feldspar, plagioclase,
biotite, and seldom amphibolite, orthite, zircon, apatite, garnet and
opaque minerals.Secondary minerals such as sericite and chlorite
occasionally appar between major minerals with fine quartz veins.
Rocks in the fractured zone are ruptured and rough with strong
alterations. High argillization and chloritization generate whyedlow
green cryptocrystalline secondary mineralsovered above. Most

minerds have tured to alteration minerals with some weathered rusts.

4.3.2.2. Thermal Properties and Mechanical Properties of the Rock
4.3.2.2.1.Thermal Properties

The ground temperature dher ef er ence <casethe s
temperature gradient i s 0. @riaveragd of t
0. 017 vy /en@ (2007, 2008, 20092017, 2019

The averagehermal conductivityof granitic host rocks 2.3 W/mK
to 3.0 W/mK. Considering that the density of the rest geologic units (RO

and F#) is relatively low, the thermal conductivity value of the rest

geologic units should be lower than that of host rock and diabase dike.
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As a result, the thermal conductivity value of the rest geologic uwmés
setas 2.0 W/ mK(Table 4-18).
The specific heat othe granitichost rock is730 J/ kgAK t o
J /| k gahKthe rest of geologic units 80 0 J /The defficient of
thermal expansiomwas setto be ¢y pm (1/K) (y e @, 2017).

4.3.2.2.2.Mechanical Properties

Rock mechanical properties of the reference case are summarized
in Table4-18, including strength propertydeformation propertyndin-
situ stress. All the parameters are referred to the results of rock
mechanics analysis and -igsitu investigation conducted in crystalk
rock areas over the years. The basic physical property of rocks includes
unit weight, moisture content, specific gravity, saturated density, dry
density, water absorption and porosity. Strength property includes
uniaxial compressive strength, tensildrength and shear strength
(cohesion C and internal friction anglé.w). Deformation property
includes static elastic moduléD(), static poisson's ratioy(), dynamic
elastic module © ), dynamic shear modulé@) and dynamic poisson's
ratio (g ) (y e @Y 200§ 2014 2015 2016). The insitu stress data

were collected from the measurement data in the KMBHOl1 well,
including the hydraulic fracturing method and the existing fissure
hydraulic methody{ e @, 2006; 2013).

4.3.2.3. Hydrology and Hydrogeology

According to the classification of geologic units (Section
4.3.2.1.1), thenydrogeologic unitof the reference case can be classified
as granitic host rock (R), regolith (R0O), and main watsonducting
structure F#).

The hydrologic characteristics of granitic to®ck are referred to

the indoor hydraulic testy( e @, 2007) and insitu double packer test
(y e @, 20062010). The hydraulic conductivity of R ist® p 1
m/stop p 1 m/s.The hydraulic conductivity of F# iso8t p 1 m/s
to p m m/s, withanaverage ofugt p m m/s, which is referrd to the
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double packer test conducted in watsonducting fracture zone in the
drill. The corresponding hydraulic properties are presentelaine4-19
(y e @, 2006, 2016, 2017, 2019a).

4.3.2.4. Hydrogeochemistry
The groundwater data ofhe reference casewere acquired by

groundwater sampling and analysis Tmiwan granite areagy e @,

2007, 2008, R13, 2019a) Detailed information is listed inTable 4-20.

(1) pH scale
The pH of shallow groundwate50m depth)is 4.6 to 7.1 (Liu et
al., 2008), and deep groundwaté&sOm to 500m depth)s 6.29 to
9.76. Due to the large range of pH variation, thdfbung capacity
is limited.

(2) Eh scale
The Eh of deemroundwaters -0.48 volts to +0.35 volts. In general,
the groundwater is in a reducing environment (Eh<0) where the
depth is deeper than 400 m.

(3) The groundwater is much lighter than sea watea depthof 500 m.

4.3.2.5. Transport Properties

The retardationof radionuclidemigration of host rock depends on
transportpropertiessuch as groundwater flow characteristic, nuclide
adsorption capaity of the host rock, and nucliddiffusion in host rock.

The groundvater flow characteristic is affected bthe transport
path of groundwater and connected watemducting structure.For
hydraulic parameer and fracture characteristic, pleassfer to Section
4.3.2.

The rnuclide adsorption capacity of host rock and nuelidiffusion
in host rock are two major factors that affect transpomdperties Fora
nuclide of low adsorption capacity, it will diffuse deeper thanuclide
of high adsorption capacity (JNC, 2000, ch.3.2.4.3). These two
parameters are closely relatedo thost rock characteristic and

environment. As a result, the range ofansport properties (such as
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diffusion coefficient and partition coefficient @) can be confirmed till
the phase ofthe site characteristic survey. In order to evaluate the
influence of parameter uncertainty, international data with similar
disposal condition is adopted fomuclide-related parameters in this

report.

4.3.2.6. Biosphere

(1) Surfaceecosystem
The reference case iseton a sub-tropical island with hills in the
center and is flat at the edgeéccording to the meteorological
observation dataf Taiwand ®ffshore islandrom 1991 to 2019, the
annual rainfall is between 649.20 mm and 1,873.10 mm, and the
evaporation isbetween 856.8 mm and 1,650.90 mm. The average
annual rainfall and evaporation are set to be 1,116.83 mm and
1,277.39 mm in this report. In the reference case, there is no
orographic rain and thestreams are short and ephemerasulting
that river flow drectly responds to the rainfall. In order to store the
water, plenty of reservoirs, farm ponds, and small water dams were
constructed. The total water area is about 14.3 ha for the maximum
water level.
In addition, the groundwater recharge could be estadadccording
to the annual rainfall and evaporation mentioned abovéheyvater
budget balance metho&hu et al, 1991). The result shows that the
annual groundwater recharge is betwedd5 mm and 336.64 mm
from 1991 to 2019, as shown iRigure 4-23, and the average
recharge is 66.8 mmy( e @, 2020).

(2) Aquatic Landscape
The reference case is an island, some parts of the coastrare
extension of the granite bedrock, and the other parts are sandy or
muddy coast. The reference case is famous for the oyster farming
industry, and there are also related farming industries of grass

shrimp and white shrimp. Marine species and biomass can be
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obtained from the Carbon Flux Research Project of Coastal Wetland
in Kinmen National Park (Lin and Lee, 2011).
With the flat topography and high evaporation of the reference case,
there islittle capacity to keep the precipitation, leading to a water
shortage issue. Most daily usage, drinking, and irrigation water are
supplied from reservoirs, farm ponds dug by inhabitants, small
water dams, and well. The amount of well water pumped is assumed
according to the water rights statistics of the Water Resources
Agency (Water Resources Agency, 2017). The alluviation effect on
the catchment area causes the sedimentation of the sand and pebble
gravel at the bottom of the freshwater, and green algae, water weeds
are covering above. Several benthic organisms, sucimalusks
and arthropoda, and different kinds of fish occur in the freshwater.
The benthic organisms that grow in the lake include molluscs (such
as clams and snails), arthropods (such as shrimps and crabs), as well
as various fishes. In consideration of tdwe environmental
evolution, rivers and lakes may appear after the sea level diidpss.
future biomass parameters related to rivers are temporarily referred
to the relevant research data of Taiveasnain island (Huang, 2006;
Green Engineering Technology eRearch Center, Kao Yuan
University, 2011).

(3) Land Use
The terrestrial ecosystem in the reference case includes forest and
agricultural land. The forest here is a sendtural system,
accountingfor 45.8% of the total terrestrial area with leeaman
action affection (Chu et al., 2015)The agricultural land area
accounts for 28.3% of the total terrestrial area according to Kinmen
Monthly Statistics Report (Accounting and Statistics Department,
Kinmen County Government, 2017)Since lateritic soil is
degenerting in the reference case, sollas beenmoved to the
reference casérom other places to improve soil quality. The total
area of forest and agricultural land accounts for almost 80% of the
reference case, and the restthe city, industrial area, and affic
construction of the human living environment.
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The main crops in the reference case are sorghum, wheat, and a
small numberof vegetables, sweet potatoes and fruits. In addition
to human ingestion, the crops are also used to feed livestock.
Animal agiculture in the reference case is prevalent, and the
livestock production is enough fdhe annual requirement for most
people.Although there is a large area of forest in the reference case,
hunting activity is illegal in Taiwan. Sometimes people may thg
bamboo shoot in the foreshe main fish farms in the reference
case are freshwater fish and oyster farming. Mosth&Eindustries

are the construction industry, with only a few manufacturing
industries For business activities, the merchantsactommodation
and catering are more than retail merchants due to the flourishing
development of tourism in the reference case.

Human habit settings of the reference case are mainly referred to
National Food Consumption Database (Taiwan Food and Drug
Administration, 2017) for all kinds of human food ingestidiuman
actionsin different areas (such as agricultural land and water area)

are set by referring to labor statistics (Ministry of Labor, 2017).
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Table4-16: Parameters of geologic units of the reference case.

Geologic unit SNFD2021 parameter

RO Regolith

Thickness: 880 m

70m is recommended in simulation.
R Granite host rock
F# Main waterconducting structure
F1 Attitude: N64E/70°N; width > 150 m

200 mwidth is recommended in simulation.
F2 Attitude: N8OCW/50°S; width 815 m

20 m width is recommended in simulation.
RO Regolith

Thickness: 890 m

70m is recommended in simulation.

Table4-17. DFN parametersf the reference case.

Name

SNFD2021 parameter

FDMA

FDMB

Fracture Domain

Elevation (depth below surface, m)
<70m

Elevation (depth below surface, m)
>70m

Cluster 1 = (198, 18), Fish distributi
(—H pyUL z =26%

Cluster 1 = (65, 17) , Fish distributig
(—H ¢t Oy =15%

Cluster 2 = (155, 4), Fish distributio

Cluster 2 = (344, 38) , Fish

(Al p) 0 ;5 =24% distribution (Al p J 0  =24%
Cluster 3 = (26423), Fish distributiolCluster 3 = (281, 29) , Fish
Fracture clusters (-H p®U [ =18% distributon (HI p § 0 5 =30%
(Pole_Trend, Cluster 4 = (98, 81), Fish distributio/Cluster 4 = (174, 22) , Fish
P0|e__p|unge) (Al pp Oy =32% distribution (HI  p ), 0 5 =10%
Cluster 5 = (175, 75) , Fish
distributon (HI p ® 0 5 =21%
Fisher distribution’Q—hll ——n

—is the angular displacement form the mean pole vector

[ is a concentration parameter of Fi

sher distribution

0 c8 0 T
Fracture intensity 0 Area of fractures per unit volume of rock mass (volumetric intensit
)
Power law 'Q  c¢&, Power law 'Q ¢#&h
i TPah i mah
i ®ah i @ah
i Loea i VQa
6y i - .01 A 0 b
Y is the fracture radius
Fracture size | is the minimum radius value
i is any fracture radius betweeén and H
MQis the exponent of fractal di m
exponento (La Pointe, 2002).
O 'Y 1 is the probability that a circulahape fracture with a radius
greater than or equal to
O 1 h is the volumetric fracture intsity corrected with determin

fracture radius between and i

Fracture location

Stationary random (Poisson) proce

Stationary random (Poisson) proce

Fracture Transmissivity

Y pdppm  0°

(Y8 ji)

o

'Y ooy p T 08 ;

0 “q
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Name SNFD2021 parameter
0 is the equivalent size (m) of a squp is the equivalent size (m) of a squ
fracture. fracture.
Fracture Aperturé@i ) [Q @’y Q ™Y
Source SNFDSKBI-PL20151023; SNFDSKBI-PL20151023;
Vidstrand et al., 2010 \Vidstrand et al., 2010

Table4-18: Thermal properties and mechanical properties of the reference case.

Name SNFD2021 parameter
Unit ID RO R F1 F2 D
Heat conductivity |, 0.33.0 0.0 0.0 2.33.0
(0] a
Specific heat
5 Ao 800 730903 800 800 730903
U QX )
Thermal expansion g ¢ 8.0006 8.0e06 8.0e06 8.0e06
coefficient (1K)
Dry density @x ) [2000 26102770 2600 2600 27402750
Specific gravity - 2.632.79 - - 2.76
Saturated density
s - 26202780 | - 2750
QK1 )
Porosity (%) - 0.340.77 - - 0.600.77
\Water adsorption (%)} 0.120.28 - - 0.220.28
Uniaxial compressive 51.51to0
strength (MPa) i 75.68168.66 | i 92.47
Cohesion (MPa) - 17.9929.51 | - 22.75
Friction angle (degree- 47.9059.08 | - 56
Tensile strength (MPé- 6.91-14.06 - - 7.37
Secant You
modulus (GPa) - 31.7051.77 | - 25.52
Secant Poil 0.11-0.27 - - 0.15
Dynamic shear
modulus (GPa) 12.9929.24 -
Dynamic Yo
modulus (GPa) - 30.2873.60 |- - 26.50- 33.10
Dynamic Po 010027 | i 0.14-0.24
ratio
In-situ stress (MPa) - 2 Zi(} %38
(HF@306m) - =575 - - -
) - A =11.40 - - -
In-situ stress (MPa) K =14.43 N B B
(HF@430m) i « =938 i i i
i A =10.29 i i i
In-situ stress (MPa) 12.34
(HTPF@300m) - K =6.668.62 | - -
- K =0.762.14 | - -
Table4-19: Hydraulic characteristics of the reference case.
Name SNFD2021 parameter
RO 50 pm-10 pm
R 41 pm -10 pm
F1 30 pmm-10 pm
Hydraulic conductivity (m/s) F2 30 pmt-10 pm
D 41 pm -10 pm
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. . F1 0.01
0,
Effective porosity (%) = 0.0070.015
. . . F1 20 pm
Effective velocity ¢ i) =) 13 o1 8 pi
Mechanic dispersion F1 20 pm
coefficient @ ji) F2 ¢ pm-1.0 pm
- - F1 100
Hydraulic dispersivity (m) = 0175
F1 10
Peclet number @ = 8-1.350
Tortuosity (travel F1 6
length/distance) F2 35

Table4-20: Composition of groundwater of the reference case.

Name | SNFD2021 parameter
Average Groundwater Quality Average Surface Wate
Reference Case River Sea
(global) | (global)
Depth (m) 300 to 400m* 400 to 500m** 300 to 500m*** |surface |surface
pH 7.67 8.98 8.60 7.5~(8.2)~8
4
pe -3.10 -6.79 -5.73
T(3) 28.80 31.70 30.87 25 15
EC (mS/cm)  |0.407 0.320 0.345 ~0.1 ~42.9
Cl_tot (mol/L) [1.29e03 8.55e04 9.77e04 2.20e04 [5.46e01
C_tot (mol/L) 1.32e03 1.15e03 1.21e03 8.52e04 [2.33e03
S_tot (mol/L) |1.30e04 9.59e05 1.05e04 1.15e04 [2.82e02
N_tot (mol/L) [2.12e05 4.03e05 3.35e05 1.07e02
P tot (mol/L) [1.63e06 2.05e06 1.88e06 6.46e07 [2.00e06
B _tot (mol/L) 9.25e07 4.16e04
Si_tot (mol/L) |1.18e03 6.90e04 8.31e04 2.31e04 [7.94e05
F _tot (mol/L) [1.19e04 2.11e04 1.85e04 5.26e08 16.84e05
Br_tot (mol/L) 2.50e07 |8.42e04
| _tot (mol/L) 5.51e08 [5.01e07
Na_tot (mol/L) [1.29e03 1.68e03 1.57e03 2.74e04 4.68e01
K tot (mol/L) [1.48e04 6.98e05 9.22e05 5.88e05 [1.02e02
Ca_tot (mol/L) |6.18e04 2.79e04 3.76e04 3.74e04 [1.03e02
Mg_tot (mol/L) [1.30e04 2.00e05 6.38e05 1.69e04 [5.31e02
Al_tot (mol/L) 1.85e06 [7.94e08
Fe tot (mol/L) [1.37e05 5.18e06 7.62e06 7.16e07 [3.16e08
Cu_tot (mol/L) |1.18e07 2.76e07 2.37e07 1.10e07 [7.94e09
Mn_tot (mol/L) [3.90e06 9.60e07 1.94e06 1.27e07 [3.98e09
Zn_tot (mol/L) [7.22e06 1.17e06 2.90e06 3.06e07
Cd_tot (mol/L) |ND 3.11e08 3.11e08 8.89ell
Cr_tot (mol/L) 1.92e08 2.50e07 1.35e07 1.92e08 16.31e09
Ni_tot (mol/L) 5.59e05 3.30e05 4.07e05 5.11e09 [2.51e08
Pb tot (mol/L) [1.25e07 1.57e07 1.46e07
As_tot (mol/L) |ND 1.00e08 1.00e08 2.67e08 |5.01e08
U _tot (mol/L) 1.68e10 [1.99e10
Sal i ni t0.279 0.208 0.228
lonic strength g 54003 5.92¢03 6.64203 3.77¢03 [7.06e01
(mol/L)

Note:* Average data fromKMBHO01-W2 and KMBH04-W3.
** Average data fromKMBHO01-W3, KMBHO0tW4, KMBH04W4, KMBH06W3 and KMBHO06-

W3A.
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*** Average data fromKMBHO01-W2, KMBHOXW3, KMBHO1W4, KMBH04W3, KMBH04W4,
KMBH06-W3and KMBHO6-W3A.
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Figure 4-20: The geological map and borehole location in one of the granitic area

in Taiwan.
Reference:y 2e @ (2017).
Note: The black triangles represent the borehole locations. The purple sques represent the
ground-surface fracture survey locations. The blue lines represent the resistivity inversion
profile. The green lines represent gravity and magnetic inversion profile.
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Figure4-21. Comprehensiv analysis map of geophysical surveypire of the granitic

area in Taiwan

Referencely e @ (2011).
Note: KMBH represents the location of drilling. Shallow profiles are the results of electrical resistivity
survey (500 m deep). Other profiles are tbgults of gravity and magnetic inversion (2 km deep).
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sea-level
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Figure4-22: Three dimensional distribution of geologic units in the reference case

and schematic profile.
Note: F1 and F2 structure are not active faults
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Figure4-23. Recharge volume from 1991 to®of the reference case.
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4.4. Layout of the Repository
4.4.1. Methodology
The repository layout should adapt to the charactersso€ the
reference case, such ggological structure, rock volume, in situ stress
and groundwater flow field etc. Also, the design layout should
incorporate the number of canisters, repository depth, thermal
dimensioning, extended full perimeter criterion and required rock
volume. Besides, the feasibility areconomicefficiency of construction
should take into accou as well. In other wordsthe design layout ha
to integrate the complex adaptation issues between overall requirements
and site condition Therefore, an iterative and stepwise process is
proposd. For the preliminary repository layout, the consideratofn
each factorgs illustrated asfollows:
(1) Geological structure:
No deposition holes would be located within 100 m from the
deformation zones which haveace lengtls larger than 3 km (SKB,
2009b).
(2) In situ stress:
The disposal tunned should be aligned parallel or syarallel
(£30°) to the maximum horizontal stress tinimize the stress
magnitude concentration on theisposal tunned and deposition
holes (SKB, 2009b).
(3) Thermal dimensioning:
Thermal dimensioning is the distance bebme centers of two
deposition holesTemperature of théuffer needs to bdess than
100 °C to meet the requirements of the engineered barriers (Section
4.2.5). Note that he criteria is valid from the present Swedish
situation but there is definitely room for other perspective
Allowing higher temperaturecould have significant economic and
technical value According to the assumption of homogeneous heat
transport properties of rock, and parameters of initial power,
thermal conductivity and heat capacithost rock temperature at
mid-height of canister in specific thermal dimensioning caused by
decay heat was calculated with proper temperature surplus (SKB,
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2009c). The temperature changes of the bentonite on the top of the
canister were also calculated KB, 2009c). Then the highest
bentonite temperature on the top of the canister can be calculated
with the information. Since the top of the canister directly contacts
the bentonite, the highest temperature tends to distribute in this area
(SKB, 2009c).(Figure4-24).
Thermal dimensioning should be well arranged to meet the
requirementsf temperature under 100° C.
(4) Intersected deposition hole rejectianiteria:
In order to prevent shear failure ahe canister caused byhe
intersection of fracture, the intersected deposition hole rejection
criteria was taken into accountln addition, in the stage of
repository design, the space ttffe host rock forthe repository needs
to be assessed by referring the number of intersected deposition
hole. In this report, whether the place tife deposition hole is
suitable for placinghecanister is assessed by numericaddelling.
3DEC software is usetb implemert the relevant assessment thfe
deposition hole intersected by fracture. In the assessmehe
fracture is assumed asn extremely thin circle plane. The
intersected logic is assumed within the timescale of safety
assessment. Even if the shear displacetm&ccurs on therfcture,
the radius othefracture will not grow longefHicks, 2005; Barton,
2013; Kana et al., 1991)
The intersected deposition hole rejection criteria of the assessment
are as follove:
(a) FPC (full perimeter criterion):
If a fracture ntersects the wall of the disposal tunnahd
penetrates the tunneperimeter completely and the linear
extension of the fracture intersects the canister, the deposition
hole will berejected.
(b) EFPC (extend full perimeter criterion):
Deposition positionsbeing intersected by five continuous
fractures are rejectef@Figure 4-25).
(5) Hydrogeological conditions:
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If the inflow into thedeposition holeas too large, the buffer will be
lost due to pipe flow erosion, which may affect the letegm safety
function of the buffer postlosure. Additionally, the excessive
inflow may cause difficultyin tunnel excavation and buffer/backfill
placement.

The favorablehydrological condition ofthe deposition hole is the
inflow lower than 0.1 L/min and 1% of the total inflow to the
disposal tunneko reduce the initially depositeduffer is lost due
to piping/erosion (SKB, 2010g). The inflow dhe deposition hole
is modelledin FracMan witha hybrid DFN/ECPM model, seEigure
4-26.
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10 mm air-filled vertical clearance
between canister and bentonite

blocks
Tunnel The temperature at the
backfill top of the canister
The temperature difference
between the rock wall and the
top of the canister

The rock wall temperature at
canister mid-height

50 mm pellets-filled vertical
clearance between bentonite
blocks and rock wall

Figure4-24: Estimation steps dhermal dimensioning.

TWNN T

Figure4-25: Extended Full Perimeter InterSection Criteri&@#PQ.

Note: @nisters showin redmeanthe deposition position rejected. Left hand side shows a deposition
position rejectedlue to FPC prior to excavation. Right hand side shows 5 deposition positions being
intersected by a fracture intersecting in a row are rejected post excavation.
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Hybrid DFN EPM

Figure4-26:. Hybrid DFN/ECPM model.
Reference: Golder Associates 12009.
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4.4.2. Layout in the Reference Case
According tothe methodology in Section 4.4.1, repository layout is
configured adollows:

(1) According to in situ stress ahereference cas€Table4-21), the
acceptable trend of disposal tunnels should be aligned within
azimuth 74e to 134e, hence the trend
to azimuth 120c¢.

(2) The relation between beaomnite maximum temperature at the
canister top and thermal dimensioning is shownHigure 4-27
with surface temperature 23.8 °C, thermal gradient 0.019 °C/m,
initial power of canister 1,200 W, thermal conductivity of rock
2.3 7j I Or, heat capacity of rock 2.15xmif & Q) and 8
°C margin (SKB, 2009c).

The centefto-center spacing for theisposal tunne$ was set to
40 m, and the centeto-center spacing for the deposition holes

was set to 9 m.

Consideringthe issues mentioned above, a reference design layout
was developedseeFigure 4-28 and Figure 4-29. The repository depth
of 500 m established for the reference design asdd on thermal and
chemical conditions (for the most part of the area, deep groundwater in
the reference case is mreducing environment (Eh <0 mV) as the depth
is below 400 m).The diameter of the deposition hole is 1,750 mm and
the height is 8,155 mmThe height of the disposal tunnel is 4,800 mm
and the width is 4,200 mm. The height of the main tunnel is 7 m and the
width is 10 m. The first depositichole position is at least 20.6 m from
the entrance of the disposal tunnel and the last deposhima position
will be located at 10 m from the end of the disposal tunidiere are
two panels with 150 m distance (no specifiequirementsbut refer to
Posiva (2012) and SKB (2009b)). Each panel contains 52 disposal
tunnels.The length ofthe disposal tunel is 250 m with 25 deposition

holes capacity in the western pané&he length ofthedisposal tunnel is
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300 m with 30 deposition holes capacity in the eastern panel. The layout
has a gross capacity of 2,860 depositioole positions, which provides
approxmatey 11% for a loss of depositichole positions with respect

to the 2,571 canisters required.

Based onthe resampling of 2,000 DFN realizations of EFPC
analysis forthe single disposal tunnel modethe mean value of loss of
depositiorhole positions is 4.2% anthe standard deviation is 0.7% for
104 disposal tunnels. Also, the distribution approximates Gaussian
distribution. The design of deposition hole capacity is expected to be
sufficient to accommoda& the canisters needed.

The required footprint ara ofthe repository is around 1 kfnusing
the following formula (SKB, 2004):

(4-3)

where,
A=Footprint area of repository [ih
0 =Number of canisters

0 = Preliminary specific area required for each deposition hofg [m

The design of repository access consists of a ramp and four shafts.
The shafts areertical underground openisgvith diameters of 3.5 m to
5.5 m. The skip shaft is the shaftatconnects the skip hall of theentral
area with the inner operation area of the surface facility. The elevator
shaft provides space for elevators for transport between the surface
facility and thecentralarea. The basic function of theentralarea is to
supply openings forthe operation and maintenance of the deposition
work and the rockwork activities. Also, there are one supply airshaft and

one exhaust airshaft.
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The ramp, a 6 m high 5.5 m wide tunnel, is to provide a transport
route for machins or wase. Two alternative designs of the ramp system
are consideredaurrently.

(1) Bypass Layout: According to the plan, ramps with slopes of 5% as
the slope ratio are to be added. The slopeéh&fturning lane is to be
horizontal to provide the buffer space fahe deceleration of
transportation vehicles, so the risk of transportationndchinery
will be reduced. The safety shoulders can be potentially added to the
tunnels. The total length of the ramp tunnel is about 14 km and
reaches alisposal depth of 50@n.

(2) Local Layout: The second design aims mainly to lower the total
excavated volume. The slope ratio of the ramps is increased to 8%.
The total length of the tunnel can be reduced, but as it certainly
saves on the construction cost, the risks associated withcheh

transportation increase as the ramp slope becomes steeper.
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Table4-21: In-situ stress of the reference case.

‘é’;";;'(cr’nl) & (MPa) & (MPa) Gw (MPa) | (i direction G‘(f
175 464 2158 8.29 N55.9°W 139
238 6.31 454 8.41 N58.2°W 1.03
306 8.11 5.73 10.68 N53.6°W 1.01
430 11.40 9.38 14.43 N76.4°W 1.04

Reference: Yang et al. (2003).

Note:, «is vertical stress; ois maximum horizontal stressy is minimum horizontal stress:a is the
average of oand, n.

Peak buffer temperature at top of local canister
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Figure4-27. Maximum temperature in the buffer versus canister spacing under
different geothermal gradient and different initial power output.
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Figure4-28: Layout oftheunderground facility.
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Figure4-29: Layoutof deposition holes in the disposal tunnel.
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4.5. Monitoring

The excavation, construction, operation, and closure of the
repositorywill disturb and affect its surroundings, and the safety of the
repository needs monitoring. According to the results of the
implementation and monitoring of all stages, monitoring measuames
adjusted if necessaryln addition, the monitoringplan should be
included as part of the management plan, and regular technical reviews
shouldalsobe conducted.

The monitoring items of each stage are showmable 4-22.
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Table4-22: Main monitoring items at each stage.

Management component

Characteristics of
the study area

Construction

Closure

Operation
Engineered barrier Disposal main tunnel
system setting backfill

Connecting tunnel and
entrance tunnel
backfill

Closed

Q) Design factor Design status of Rock behavior Rock behavior Rock behavior
Quality control: engineered barrier | Rock deformation| Rock deformation Rock deformation
design, system
manufacture, Buffers Tunnel support | Tunnel support integrity Tunnel support integrity
installation, phenomenon integrity Stress and strain of support and lining, etc. Stress and strain of
construction of Saturation of Stress and strain support and lining, etc.
theengineered Buffers of support and
barriersystem Corrosion of waste| lining, etc.
and the repository canister

Manufacturing Relevant Grouting Grouting Tunnel backfill Tunnel backfill

installation and
construction

information and
technology of
manufacturing,
installation and
construction
required for quality
control of
engineered barrier
system (obtained
by verification and
experiment)

Material control,
etc.

Material control, etc. | Backfill density, etc.

Backfill density, etc.

Tunnel
excavation
Quality control of
support materials
etc.

Engineered barrier Plug
system manufacturing| Material quality
Buffer density, etc. control, etc.

Plug
Material quality control,
etc.

(2) Monitoring of
geological

conditions around
theengineered

Disposal of
tunnel
surroundings

Hydrogeology
Groundwater
Grouting pressure,
etc.

Hydrogeology
Groundwater
Grouting

pressure, etc.

Hydrogeology
Groundwater
Grouting pressure, etc.

Hydrogeology
Groundwater
Grouting pressure, etc.

Land control
Logo

Fence
Storage
records
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barriersystem

Geochemistry

Geochemistry

Geochemistry

Geochemistry

and the pH value, Eh pH value, Eh pH value, Eh value, etc. pH value, Ehvalue, etc.
repository value, etc. value, etc.
Geology Geology Geology Geology
Geothermal Geothermal Geothermal gradient, etc. Geothermal gradient,
gradient, etc. gradient, etc. etc.
3) Surface water Surface water Surface water Surface water quality Surface water quality

Environmental
management of
the repository

quality
Environmental
radiation,etc.

quality
Environmental
radiation, etc.

quality
Environmental
radiation, etc.

Environmental radiation, etc.

Environmental
radiation, etc.

4) Temperature, Temperature, Temperature, Temperature, humidity, gas, etc. Temperature, humidity,
Staff protection | humidity, gas, humidity, gas, etc. | humidity, gas, gas, etc.

surveillance etc. etc.

(5) Nuclear Human actions | - - Human actions Plug, fencesetc.

protection of
the repository
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5. External Factors
5.1. Introduction
In order to evaluate the safety olie repository under longerm
evolution, it is necessary to consider the impact of external facoors
the long-term function ofthe repository. External factors are classified
into three issues, which are climate, tectonic evoluti@amd future

human actions

The followingstatemenwill discuss the possible evolution of these
three topics The possible impact of the evolution a&fxternal factos on
the repositorywill be evaluatedbasedon relevant references, research
results and interpretations in the expert conference

5.2. Climate

5.2.1. Climate Evolution
From the Last Glacial Maximum (LGM) tdhe present,relevant

climate evolutionof the reference casis described below:

(1) LGM period :
Taiwan is located in a subtropical region. However, during the LGM
glacial period, glaciers may cover mountains with an altitude of
more than 3,300 m, while the lowaltitude surface will not be
affected.

The dry and cold air caused the surface seawater temperature to be

3.5 to 6 thekcusreng levelt (Hsaeh et al., 1996), and

t he ground temperatur e thexwre@dlevel,t o

and the annual rainfall was about half of curréevtel (Liu, 2003).

In addition, the globakealevel was about 120 m lower than it is

today (Rohling et al., 1998). The shallow sea shelf of the Taiwan

Strait hal become a land bridge connecting the Asian continent, and

the coastline near Taiwan may mosgeuth to the south of Penghu
(Murray-Wallace and Woodroffe, 2014)
(2) After LGM

5-1
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After LGM, rising global temperatures caussdalevels to rise, and

the coastline moved towards the land, and the land bridge that

originally connected the Asian continent wgsadually submerged

by the sea. As follow:

(a) From 20,000 years ago to 15,000 years agwe sealevel rose
at a rate of about 6 m per thousand years, which is relatively
slow.

(b) From 15,000 years ago to 10,000 years agdwe sealevel rose

at a rate of approximately 10 m per thousand yggrs e @,

2019a)

(c) About 10,000 years agahe topography of the strawas the
same as today. The glaciers in the high mountains of Taiwan's
main island disappeared, leaving the remains of the glaciers
(Siame et al., 2007).

(d) From 10,000 years ago to 6,000 years athe climate gradually
stabilized, and thesealevel reached its highest pointyhich
was about 10 m higher than today (IPCC, 2013he coastal
plains around Taiwan Island were submerged by seawaind
the coastline was located #te front edge of the foothills and
hilly land today.

(e) From 6,000 years ago to the presetite sealevel no longer
rose and rivers carred a large amount of sediment and
accumulate on the coast, gradually expandingittie western

coastal plain.

Climate evolution is a periodic cycle. Based tre last ice age and
the Holocene glacial perio@from 120,000 years ago to the presgmd
glacial period is 120,000 yearsand the cycle is repeate®y referring
to related rsearch (TraCR21ka, 2011), the basic climate evolution
under the million years safety assessment scale is presented below
(Figure5-1):

(1) Present:it belongs to a subtropical climate, with an average

temperature of 23.8°Candan average annual rainfall df, 100 mm.
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(2) After 16,700 yearsit can be corresponded to the climate danon
8,550 years agoThe averagdemperaturewill be 1 8 . 9 @ndthe
average annual rainfaillill be 1,200mm. The climate typevill still
beasubtropical climate. Theealevelwill be about 20 m lower than
the present

(3) After 33,300 yearsit can be corresponded to the climate condition
11,000 years agolhe average temperatureill be 1 9 . 2 Andthe
average annual rainfallvill be 800 mm. The climate pattermvill
changeto a temperate climate. Theealevel will be about 40 m
lower thanthe present

(4) After 50,000 yearsit can be corresponded to the climate condition
11,700 years agolhe average temperatureill be 1 8 . 7 @andthe
average annual rainfalkill be 800 mm. The climatepatternwill be
temperate. Thesealevel will be about 60 mlower thanthe present

(5) After 66,700 yearsit can be corresponded to the climate condition
15,300 years agolhe average temperatureill be 1 7 . 8 @ndthe
average annual rainfallill be 984.23 mm. The climatpatternwill
be temperate. Thesealevel will be about 80 m lower tharthe
present

(6) After 83,300 yearsit can be corresponded to the climate condition
19,991 years agolhe arerage temperatureill be 1 7 . 8 &ndthe
average annual rainfallill be 962.29 mm. The climatpatternwill
be temperaé. The sealevel will be about 100 m lower tharnhe
present

(7) After 100,000 yearsit can be corresponded to the climate condition
22,000 years agolhe average temperatureillbe1 7. 72 the and
average annual rainfallill be 974.28 mm. The climatpattern will
be temperate. Thesealevel will be about 120 m lower tharnhe
present

(8) After 120,000 yearsit can be corresponded to the present climate
conditionThe arerage temperaturwill be 2 3 . 8andthe average
annual rainfallwill be 1,645.43 mm. The climate pattemill revert
to asubtropical climate. Theealevelwill be the same athecurrent
height.
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Due to the low latitude othe reference casd¢here will still bea
temperate climate during the glacial period, and thsreuld be no long
term frozen glaciers on the surface.

According to the longterm average temperature observation data of
the Intergovernmental Panel on Climate Chari®assessment repart
the global surface temperature increased by 0.85°C between 1880 a
2012 (IPCC, 2013). In addition, it was affecteml 2014 and 2016. In
2014 and 2015, the global surface temperature also increased
significantly due to the influence of the El Nifio phenomenon. 1BCGC
5th assessment repowill use the representative coerttration pathway
(RCP) to evaluate the possible degree of global climate warming in the
future. The results show that under the most severe warming situation
(RCP 8.5), the global surface temperature at the end of the 21st century
may be3.7°C higher thanthat between 1986 and 20050 the case of
moderate emissions of warming (RCP 4.5), the global surface
temperature at the end of the 21st century may increase by Ifr®i@
1986 to 2005 Figure5-2) (IPCC, 2013).

The IPCC s published the latest"6assessment report in 2021
(IPCC, 2021), which indicated that global temperature in the first two
decades of the 21st century (26@0D20) wasO . 9 9 hi gherv t han
1900. In addition, under the affection ¢tfie El Niio phenomenorirom
2014 to 2016, global temperature increased dramatically in 2014 and
2015. The IPCC 8 assessment report combined Shared Socioeconomic
Pathway (SSP) and RCP. The results showed that compared to- 1850
1990, the global surface temperature averaged over 2@800 is very
Il i1 kely to be higher by 3.3 to 5.7 und e
(GHG) emissions scenario (SSRS5. 5) and by 2.1 t o 3.
intermediate GHG emissions scenario (S&8) (IPCC, 2021).

According to data from the Central Weather Bureabe annual
temperature in Taiwamasr i sen by about 1.3 i n th
(from 1900 to 2Q7). The temperatureise has accelerated in the past 50

years This phenomean of temperature increastasshown a stage with
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the changes over the years, and there has been a larger in@iease
1980 (Figure5-3).

Therefore, climate warming is also one of the important factors that
must be considered in evaluating the climate evolutionhefrepository
The evolution aalysis for possible warmingf the repositorywill be
included in the following deMepment of the program

The evolution of the repository under two different climate
evolutions is discussed in Chapter 9:

(1) Basic evolution: in which future climate conditions will evolve
according to 120,000-year glacial cycle is described in Section
9.2.

(2) Global warming evolution: in which impact on climate
evolution and the repository from greenhouse gases will be

discussed is described in Section 9.6.
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5.2.2. Impact on Safety of the Repository

From the assessment results in Section 5.2.1, for the next 1 million
years posiclosure, the climate of the reference case will change from
subtropical climate to temperate climate and then back to subtropical
climate with theglacial cycle. During theglacial cycle, the sedevel
will slowly decrease and then rise. The reference case will gradually
evolve from an outlying island to a coastal land and then return to an
outlying island environment.

The main impact of climate on the safety of the repositosy i
coastline migration. Coastline migration will not only change the surface
conditions but also change the underground conditions, resulting in
changesin permeability, groundwater pressure, groundwater flow and
composition. For the safety of the reposigoit is necessary to evaluate
the changedn groundwater salinity at the depth of the repository, as
well as high groundwater flow and other factors that affect the
retardation safety function of the geosphere. In addition, the migration
of the coastlinemay also havean impact on the locations and
development of the biosphere objects, which needs to be considered
when assessing radionuclide transport in the environmental medium of

the landscape

5.2.3. Uncertainties related tothe Long-Term Evolution of the Climate

The longterm climate evolution is complicated and difficult to
predict, and the time and extent of the evolution are uncertain. Moreover,
the greenhouse gas emissions caused by humans, the duration and the
impact on the climate also formncertaintes for climate evolution.

As mentioned inSection 2.7, uncertainty can be divided into: (1)
system/scenario uncertainty, (2) concept/model uncertainty, and (3) data
uncertainty. The analysis and assessment of {targn climate evolution
can be handled imhe following ways:

(1) System/scenario uncertainty:
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The climate and environmeat changeswithin a reasonable range
in the futureare considered. Faaxample, future climate change and
landscape evolution caused by the total release of different
greenhouse gases in the futuaee under consideration. eRevant
uncertaintiesare combinedto definea normal evolution scenario
(or so-called expected evolubn scenario) as a reference point to
develop a conceptual model of quantitative evaluation.

(2) Concept/model uncertainty:
The uncertainty of the climate model itself comes from the
equations used in the model. Even though the theoretical basis for
describingatmospheric motion is considered mature, mangh-
order and complex calculations would be ignored in model analysis
due to the limitation of computation resources. In addition, the
climate model and earth system model are idealized states of the
actual dimate system. The interactions and feedback mechanisms
cannot be reproduced completely. In the process of model
integration over time, the errors caused by incomplete calculation
will gradually accumulate, and finallythe deviation of the
simulation reslis will be formed, leading to the generation of
uncertainty. Different models and observation data can be adopted
to verify the result. Meanwhile, assessment models can be
developed by multiple people to establish a consensus which may
reduce errors causleby the design defects of a single model.

(3) Data uncertainty:
Generally, the data can be analyzidgtough probability calculation
or acombination ofvariability determination alternative parameter.
Some lundary conditions are edgipredicted, such aschangesin
the earth's orbit over timeSome have high uncertaintiesuch as
changesin atmospheric carbon dioxide concentration in the future
Reasonable assumptiorase needed in consideration of research in
various fields. The longerm evolution of climée focuses on the
development of trends rather than decisive forecasts, so the

boundary conditions are set within reasonable assumptions.
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5.2.4. Documentation
The following are the relevant documentary records séalevel
variations, which can be used as supporting evidence for the analysis of
the climate evolution of theepository
The Antarctic Deep Ice Core of Dome Fuji and Vostok provides
information on glacialinterglacial climate change and atmospheric
composition (Kawamura teal., 2007), reconstructing the northern
hemisphere climate cycle and presenting a table of climate changes over
the past 360,000 years. Based on the ratio of oxygen to nitrogen
molecules in Antarctica's ice cores, the annual climate change is
reconstruce d . Il n | ine with Milankovitchos
glacialinterglacial cycle is driven by changes the summer sunshine
in the high latitudes of the northern latitude. The change of summer
sunshine in the northern hemisphere aaminethe climate changen
the southern hemisphere during the transition between glacial and
interglacial periods.
The sealevel data shows that during the last ice agéout 20,000
years ago, thesealevel dropped by about 120 m (Rohling et al., 1998).
In addition, tlke study of Antarctic ice core data shows that the global
sealevel during the last ice age was about 100 m lower than the current
one, and the reduction of 120 m to 135 m is a reasonable range (SKB
TR-10-49; Yokoyama et al.2000).
Hsieh et al.(2006) usé 29 core data from the western coastal plain
in Taiwan The core contaied radiocarbon dating to determine tilsea
level of Taiwan from 10,000 years ago to 5,000 years ago. All datere
obtained from coastal sediments, and the deposition locatvas
assumed to be £3 m &kalevel. The sinking rate of a givesealevel
heightwas calculated with the dating date. The reswate as below:
(1) Rapidly ascending from 11,000 years ago to 10,000 years ago (the
ascent rate is greater than 13 m Ry
(2) About 10000 years ago to 6,500 years ago, the ascent rate was about
8 m ky!to 9 m ky?l.
(3) 6,500 years ago or&g000 years ago, theealevel approachedhe
currentsealevel, and theascentrate has slowed down.
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5.3. Tectonic Evolution

According to the FEPs list of the reference case in Section 3.3, three
factors relevant to tectonic evolution could affect the laegm safety
of the repository. These factors, including earthquakes, volcanism, and
uplift, subsidence and denudation of ks¢ will be stated in the
following chapters.

5.3.1. Earthquakes

An earthquake is the shaking of the ground induced by the energy
release through seismic waves from rock failure. Nature phenomena,
such as tectonic and volcanic activities, and metaopact or human
actions (nuclear testing, retaining of reservoir, etc.) coalslo be the
cause of earthquake. Disasteascompaniedby earthquakes can be a
serious threat to the lives of humankind.

Two factors are considered crucial while evaluating the imp#ct

earthquakesonthe longterm safety ofthe repository One is the effects
of shear displacementand te other is the effects of ground motions
(ground acceleration) caused by seismic wave propagation.

(1) Risk from shear displacement:

(a) When shear displacememiccurs within the site, thefracture
plane couldintersectthe repository damaging the engineered
barrier system and lowerinigs safety functions

(b) While shear failure is adjacent to the site, it could activate the
faults andfracturenear the repositoryandinduce displacement
or chang the flow of the groundwater andthe chemical
environment.

(2) Risk from ground acceleration:

(a) Ground acceleration could damage the repository in the pre
closurephasewhile it exceeds the design basis of the facility.

(b) In the post-closure phase the underground facility of the
repository will not have any free surfaces. The scale of the

facility is in very small dimensionsnfeterscale) compared with
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seismic wavelengthsk{lometer scale), and thus the shaking

will not have any inpact on it (SKB, 2010n).

Since the ground acceleration may deal less risk to the underground
facility, and it can be evaluated by seismic hazard analyaisyell-
developedprocedure has been applied to the nuclear facilities in
Taiwan (NCREE, 2018) The main focus will lie on the risk of shear
displacement.

IAEA has divided seismic sources into two cateigser (IAEA,
2010). One is sourcewith obvious geological structusesuch as fault
sources and subduction interfacelhe other is sources with unknown
geological structurs, called diffuse seismicity, based on the geological
survey nowadays. As mentioned 8gction 1.4, active faults (faults with
evidence of activity over the last 100,000 years and signs of reactivating
in the near future by the definitroof the Central Geological Survey)
and adjacent geologically sensitive area (GSA) will be avoided while
choosing suitable locations for thepositorylowering the chances of
shear displacement occurred within the sites for the impact from
adjacent shar displacement, it is evaluated by earthquake simulation.

When conducting earthquake simulation, three major parameters,
including the geometry, maximum magnitude, and seismicity rate of
seismic sources, are considered. According todkelogical evoluton,
the tectonic settings inthe reference case will be invariant within
1,000,000 years from noyy e @, 2018b) The parameters will be

derived from current geological and seismic data. And the uncertainties
of these parameters will be considered throughlogic tree. The
geometry, maximum magnitude, and seismicity rate for different types
of seismic sources ibthereference case are shown as ol
(1) Fault source:
The active fault nearhereference case is Binhai faulEigure 5-4).
Based on the data from previous studies and workshtpsBinhai
fault can be divided into two rupture modgBigure 5-5).
(a) Model 1:
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The length of the fault is 71 kriChang et al., 2010), and the
dip of the fault plane is 54 degrees towatte east(Cheng et
al., 2011; Chu et al., 2005). The seismogenic depth in this
region is around 25 km (Zhang, 2020). The maximum
magnitude ofthe Binhai fault can reach Mw 7.3 (Wells and
Coppersmith, 1994; Yen and Ma, 2011). Slip rates are 0.02,
0.2, and 0.5 mm/yr.
(b) Model 2:
The length and dip of the fault are 450 km and 60 degree
toward the west, respectively. Three possible seismogenic
depths are 10, 15, and 20 km ( e @, 2018b). The maximum
magnitudes evaluated from 4situ stress are Mw 7.93, 8.27,
and 8.51. Sip rates are 0.02, 0.2, and 0.5 mm/yr.
(2) Diffuse seismicity:
There are no definite geometries for the rupture plane ofudd
seismicity (or called areaources in probabilistic seismic hazard
analysis, PSHA). A boundary where earthquakes within it share
similar focal mechanism, for diffuse seismicity can be defined
through geophysical and geological surgeyhus narrowing down
the uncertainties of rupture plaseThree boundaries of diffuse
seismicity referring to previous studies nearby reference case
listed below:
(a) A circle with a 200 km radius from the reference cag200
km_radius):
The length of the radius is determined by the distance from the
reference case tbhe deformation front inthe Taiwan region.
The edge of the circle also coincided witie front of Peikang
High and the seismicity distribution in Taiwan (Yu, 199%u
and Zhao, 2013y e @, 2017).
(b) AS_KO1 and DS_KO01:
AK_KO1 and DS _KOl1 a& the area soursethat cover the
Taiwan Strait regionTheir boundaries are modified from areal

sources proposed in previous seismic hazard analysis for
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nuclear powemplantsin the Taiwan Wen et al.,2011), and the
study of design earthquakes in Taiwan Strait regi@hdng,
2010).

These boundaries of dife seismicity are shown irFigure 5-6. The
upper and lower depths of diffuse seismicity are 2 km and 35 km
referring to the depths of areal sources in the past PSHA studies in
Taiwan. Sincethis diffuse seismicity annot be linked to any known
geological structure, a nesurface rupture model is assumed. Based on
the assumption and the study from Shimazaki (1986), the maximum
magnitude for the diffuse seismicity is set as 6.5. A maximum magnitude
of 6.5 also coincidé with the observed seismic data within this region
after eliminating events related tbe Binhai fault (Xu et al., 2006). The
seismicity rate of diffuse seismicity in this research is derived by the
truncated exponential model (Cornednd Van Marke, 198). The
truncated exponential model (equatidil) is based on Gutenberg
Richter os |l aw (Gutenberg and ORi,chter,
which represents the counts of cumulative annual numbers of
earthquakes in certain magnitude, far & and adding an upper limit

of magnitude in the original equation.

- “(A@Draa AGB & &
8t AGB & & (Gl

where,

I @3 p mTAnd b is the same as-balue in the GutenberRi cht er 6 s
law. [-].

a is thelower limit of magnitude, {].

& is the upper limit of magnitude .

0 a s the seismicity rate for lower magnitudg, [
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Based on the result from the sensitivity studg, will be 3.5. And &

will be 6.5 as mentioad above. The bvalue and 0 & is derived by

the maximum likelihood method usingn earthquake catalogue in each
boundary of diffise seismicity then used to calculate the relationship
between cumulative annual earthquake number and magnitude. Based on
the results of calculationsthe estimated numbers of earthquakeith
moment magnitude of 6.5 in one million years in 200km_radius,
AS_KO1 and DS_KO1 diffuse seismicity boundary are 1&5(re5-7),

14 (Figure5-8) and 6 Figure5-9).
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Figure 5-4: Location of Binhai fault (blue line) and reference case (red triangle)

Reference: Pan (2016)

Rupture Plane Geomeiry Model

Length of Seismogenic Maximum Number of
Rupture Source Dip Depth Magnitude Slip Rate Earthquake
(km) (degree) (km) (My) (mm/yr) (number/Myr)
0.02[0.3] 3 [L0]
7.93 /?I,a] 34 110]
[0.2] [1.0] 0.3] 85[1.0]
002[0.3] 2 [1.0]
450km GOW 15 827 __16[1.0]
[0.8] 10-¢] [1.0] 0.3] 39 [1.0]
0.02[0.3] 1 [10]
8.51 04 1o
Binhai Fault [0.2] [1.0] 03] —1o [L [l.l]:]l
[1.0]
0.3] 12 [1.0]
71km S4E 25 7.3 /g [04] 124[1.0]
[0.2] [1.0] [1.0] 0.3] 309[1.0]
Upper limit: 2km 145[0.3]
Diffuse seismisity 30 km 60E Lower limit: 35 km 6.5 14 [0.4]
[.0] [10] [1.0] [10] [1.0] \__6 (03]

Figure5-5: Logic tree for seismic hazard analysis.
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Figure5-6: Boundaries of the thregiffuse seismicity.

Note:the yellow triangle is the location of reference case, the orange circle is the range of 200 km
radius from the reference case, the blue line indicates the area of AS_KO01, grekthkne indicates
the area of DS_KO1.
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Figure5-7: Accumulated seismicity rate versus earthquake magnitude within the

range of 200 km radius from the reference case.

Note:solid line indicates the estimatigesults from the truncated exponential model, and circle
indicates the observation resultfie number of earthquakes in one million year for magnitude 6.5 is
145.
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Figure5-9: Accumulated seismicity rate versus earthquake magnitude within DS_KO01

region.
Note:solid line indicates the estimation results from the truncated exponential model, and circle
indicates the observatiaesultsThe number of earthquakes in one million year for magnitude 6.5 is 6.
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5.3.2. Uplifting/Subsidence and Denudation

The uplifting/subsidence and denudation of a rock are determined
by the characteristics dhelocal geological frame and evolution. Tialg
sealevel as a relative base level, the uplifting or denudation will reduce
the disposal depths of radioactive waste, thus shortening the safe
distance from it to human habitat and lowering the safety functions, such
as isolation, containment, and retardation tfe geosphere Kigure
5-10). The uplifting/subsidence and denudation of a rock can also change
the characteristics ofthe flow field and chemical propertie of
groundvater around therepository affecting its safety functionsand
long-term stability. On the other hand, subsidenaecompanied by
sedimentation will increase the disposal depths of radioactive waste,
keeping it away from human habitat.

Taiwan is situated on the edges of the Philippine Sea #md
Eurasian plate. The former converges towahe northwest at a rate of
8.2 cml/yr, inducing an uplift rate of 2 cm/yr ithe Taiwan mountain
belt. Taiwan, located in the path of typhoons in theswwPacific Ocean
region, also bears high denudation rates, due to high precipitation
(Chang 2016). According to the results fromhe geodetic survey,
topography, evolution of plate tectonics, and thermochronology, the
reference case is in a relativelyabtie tectonic environment, located far
from the tectonic boundary and deformation zone, with no obvious uplift
or subsidence. The stability could last for the next coupfld0 million
years.

The results from rock samples and I|aemperature
thermochronolgy show a slow uplift rate between 0.01 mm/yr and 0.1
mm/yr inthereference case (SNFDIRI-20150001-c3.4.2). Since there
is no specific thermal event within 76 MaBP for the reference case, and
ités i n anorogenic period wonmént,the very s
uplift and denudation rates are assumed to be the same for the reference

case in thesafety assessment timescale
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Figure5-10: Impacton longterm safety of the repository due to uplifting and
denudation.
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5.3.3. Volcanism

Volcanism is one ofthe igneous activites induced by the process
of magma intruding fromthe mantle or lower crustforming igneous
rocks after cooling. It can be categped into intrusive type in depth or

extrusive type neathesurface y e @, 2017). Volcanic activities in

Cenozoic inthe Taiwan region was associated with the extension in the
southeast margin of mainland China, and the subduction thod
Philippine Sea plate. Aftethe late Miocene, volcanism was related to
the subduction between Philippine Sea plate ahd Eurasian plate.
Volcanism in Cenozoic in Taiwan region is divided into thestern,
eastern, andcorthernparts of Taiwan (Juan, 1985 Chen, 1990 (Figure
5-11).
(1) Volcanism in thewesternpart of Taiwan
Beginning in the early Paleocene (65 MaBP to 38 MaBP), the
intraplate volcanism in thevesternpart of Taiwanwas related to
the extensional tectonics in the eastern margithefEurasian plate,
and was most active in Miocene (23 MaBP to 8 MaBP). The
locations of magma activity were separated in Penghu island,
Taiwan strait, central north of Taiwan (GuaiiXihudong, Jiaoban
Mountai, and Gongguan), and central south of Taiw@iishan,
Nanzixianxi, Laonong river, Muzha, and Jianshi). The volcanism is
consideed to have ceased (Chung et al., 19€hung et al., 1995
Chen et al., 2016h).
(2) Volcanism in theeasternpart of Taiwan
It was active from Miocene to Pliocene (16 MaBP to 2.2 MaBP).
The associated igneous rocks constitute the backbone of the North
Luzon Arc (Chen, 1990; Chen et al., 2016Db).
(3) Volcanism in thenorthernpart of Taiwan
The relatively late (from late Pliocene to Quaternary) and short
lived magmatism Chuang 1988) in thenorthernpart of Taiwanwas

initiated by the westward propagation of tRgukyu Arc system and
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postorogenic extension (Wang et al., 2004; Lallemand et al., 2013;
Chen et al., 2016b).

Figure 5-12 shows six potential erupting locations (Konstantinou,
2014). Although Taiwan is located in the Pacific Ring of Fire, the
volcanic areas are restrictetb specific regios located in the
easten and northern pastof Taiwan.

Volcanism could bringmpacton therepository A high geothermal
gradient will accelerate the velocity of groundwater flow and,
therefore, increase the migration rate of radionuclidélse drect
intrusion of magma, magmaiwring, and volcanic gas mixing could
change groundwater chemical properties lowerinlge safety
functions ofthe multiple barrierssystem (MBS) (JNC, 2000).
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Table 1 Summary of probabilistic hazard calculations for each volcanic center in Taiwan based on the
repose interval T of the last eruption

Konstantinou (2014, p9/19)

Volcanic center T (years) P(+1a) P(—1a) H(+10) H(—10)
VG 6,000 0.018 0.036 6.41 x 1077 3.63 x 107°
KST 7,000 0016 0.032 5.50 x 1077 312 % 107°
0802-01 90 0.365 0.434 0.0027 0.0014
0801-05 98 0.349 0.419 0.0026 0.0013
0801-04 147 0.278 0.350 0.0019 1 x 107*
0801-03 161 0.264 0.335 0.0017 932 x 107*

P signifies the probability of exceedance of the repose interval, while H is the hazard rate. ¢ refers to the
standard error of the o,  parameters (see text for more details). The numbers 0802-01, -05, -04 and -03 refer
to confirmed submarine eruptions offshore Taiwan

Figure5-12: Distribution and eruption probability for volcanaesTaiwan.

Reference: Konstantinou, K.I. (2014)
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5.4. Future Human Actions
5.4.1. Human Actions affecting LongTerm Safety of theRepository

Current human actions that may affect the letegm safety of
repository are shown iifable5-1. It is generally accepted that "drilling
in rock formations" is the onlyhuman activity which is technically
feasibleand can directly leadto penetration ofthe canisters, allowing
radionuclides released from the canister to further affect humantfaend
environment. Althoughherepository site will be selected through strict
selection procedurest is difficult to predictwhat resources may become
valuableresourcesin the future. Therefore, when the repository is no
longer under supervision and the relevant information is ldéte
repository may be artificially invaded due tbe exploration of minerals
or water resources or drilling for research purposes.

Table 5-2 shows the possible causes and depths of drilling
operations in rock formations, which mainly include operations for
mining, geothermal energy/oil and gas exploration and development,
scientific research, and geological surveys for special structures.
Although the site of therepository is usually set irma deep stratum
without economic resourcest could not be ruled outhattheremay be
changes in the characteristics of rock, or a new economic bemethe
future.Even so,therepository is often located in Ige rock masses, and
the possibility of unintentionallyntruding a repository for investigation

is still low.
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Table5-1: Human actions that may affect lotgym safety of the repository.
Category Activity

Thermal impact | T1: Building heat store

T2: Building heat pump system

T3: Extracting geothermal energy (geothermics)

T4: Building plant that generates heating/cooling on the surface above the

repository
Hydrological H1: Constructing well
impact H2: Building dam

H3: Changng the course or extent of surface water bodies (streams, lakes
and their connections with other surface water bodies
H4: Building hydropower plant

H5: Building drainage system

H6: Building infiltration system

H7: Building irrigation system

H8: Changng conditions for groundwater recharge by changes in land use
Mechanical M1: Drilling in the rock

impact M2: Building rock cavern, tunnel, shaft, etc

M3: Excavating opeftast mine or quarry

M4: Construcing dump or landfill

M5: Bomhing or blasing on the surface above the repository
M6: Subsurface bombing or blasting

Chemical impact | C1: Storing/disposing hazardous waste in the rock

C2: Construct sanitary landfill (refuse tip)

C3: Acidifying air, water, soil and bedrock

C4: Sterilizing soil

C5: Causng accident resulting in chemical contamination
Note:* includes or may include drilling and/or construction of rock cavern.
Reference: SKB (2010n)

Table5-2: Purposes, depth, and targeted formations of drilling.

Human actions Depth Formations to drill
Mining exploration / Shallow and deep Crystalline rock or sedimentary
exploitation environments
Water supply Normally only up to about| Fractured rocks or porous

100 m rocks/formations

Geothermal energy Deep Sedimentary and crystalline rock
exploration/ exploitation (fractured or not)
Hydrocarbon exploration Deep Fractured or porous rock formation

with lower permeability formations
(reservoirs)

Future waste disposals locatig Shallow and deep Not fractured crystalline rock and

(toxics and/or radioactive) sedimentary formations with low
permeability.

Oil/gas exploration and Shallow and deep Rock formations

exploitation

Oil/gas undeground storage | Shallow and deep Sedimentary formations (mainly ol

caverns in evaporates) and
crystalline rock

CQO;, storage Deep Sedimentary formations
Scientific research Shallow and deep General
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Building and construction Generally, less than 50 m| General
apart from very
exceptional examples,
such as deep tunnels and
secure facilities

Brine injection wells (mining | Shallow to intermediate. | Fractured Rocks or porous
industry) Generally, less than 100 n rocks/formations

Reference: POSIVA (2013, Tahlg
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5.4.2. Impact on Safety of the Repository

Among current human actions, drilling operations are the only
direct result of the penetration of the canister, allowing the radionuclides
to further affect humansTable 5-2 summarizes the purpose, impact
depth and target formation of drilling operations (POSIVA, 2013).
According to Table 5-2, some of the targeting formations of drilling
operations are less suitable as candidate sites for the repository, such as
salt wells and C@ sequestrationDrilling typically does not exceed 50
m. Due to the high cost of deep drilling, nemvasive investigations
such as geophysical prospecting, are usually conducted before execution,
thus alerting the investigator to the presencetlod repository prior to
the actual drilling opeation. In addition, deep drilling usually requires
skilled drillers who are likely to follow good procedures during the
drilling process and are more likely to detect anomalies during the
drilling process. Therefore, the probability of affecting the sgpfef the
repository due to drilling operations is actually not high.

Future human actions involve social and technological
development, with high uncertainty and unpredictable impact. In order
to provide a complementary argumermtr fthe longterm safety impact of
future human actions omhe repository, a scenario analysis of future

human actions will be conducted @hapterl3.
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6. Internal Processes

6.1. Introduction

Assessingthe safety of a repository over a long period of time
requires a comprehensive understanding of the internal processes of the
disposalsystem. Based on relevant domestic and foreign literature,-long
term research results of disposal plans, and interpretatioexpert
meetings, longterm safetyrelated functions othe engineered barrier
andhostrock ofthe repositorycan be identified. The following describes
processes handling, document format of internal processes, process
mapping/process tables and assessment model flow chart (AMF) of

assessment modke

6.1.1. Identification of the Internal Processes
The internalprocesesconsiderthe five main system components
of the disposal repository (source terl@NF), canister, buffer, backfill
and geosphere)which evolve over time and are affected by different
variables, such as radiation, temperature, mechanical, chemical and

microbial, and their relationship with the variables.

6.2. Coupling of the Internal Processes

The internal processes of the repository system are
comprehensively consideredhrough the coupling of (1) THMC
processes, (2) variables, and (3) system components.

In order to present the large amount of information coupled with
the internalprocessedn an easy manner, the process diagram of each
system component can be used to illustrate thktionship between
variables, processes and their interdependence. pfbeess diagram is
usually derived from the analysis and evaluation of the FEPs list. From
the process diagram, the variables that affect each process, and impact
of a specific process on the variablean be presentedn addition, it
also describes the nteractive processesof the adjacentsystm
componentsThe process diagrantan help analysts to identify the role,

barrier characteristigsand their interdependence in a structured way
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Figure6-1 elaborates the process impact between buffer, backfill, copper
shell, cast iron lining and geosphere. The arrows represent the impact
direction between variables and processes. Each proce&sgure 6-1

can be organized as the corresponding influence tabdble6-1). Table

6-2 to Table 6-6 are process mapping/process tabtes/eloped by SKB
(SKB, 2006b). Among themthe green fields in the tables are irrelevant

or negligible functions. The red fields are the functions that need to be
simulated and quantified in the safety assessment, and the orange fields
are the functions that can be neglectetder certainconditions. As the
basic concept, the corresponding fields of these tables can elaborate the

developing technology in Taiwan.
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Table6-1: Concept of influence table of the internal processes of thepgece.

Variable influence on process

Process influence on variable

geothermal gradien
is considered. The
temperature
distribution over
time is constant,
because the proceg
of periglacial will

change with time.

Variable Influence or Tlme perlod/' H.andllng of Influence or not Tlme perlod/. Handling of influence
not Climate domain influence Climate domain
Temperature Yes. Excavation/operation/resaturat| Compared with the | Yes, but the Excavation/operation/resaturat| Little influence,
in host rock | Temperature | n influence of influence is little. | n neglected.
in host rock flowing into the In principle, heats
influences repository, this can| transferred througl
flow, be neglected. the conduction of
viscosity, and| Temperate The influence of flowing Temperate The effect is small and
density, geothermal gradien| groundwater and canbe neglected in the
which may ondensity and rocks. However, main calculation. In
cause viscosity is the former is only the scope calculation,
buoyancy considered in the | meaningful in the influence of the
force. main calculation. highly permeable heat generated by the
SRCan/Hartley et | rocks. SNF is taken into
al. solved the account, but the
influence of SNF influence can be
thermal effect in the neglected.
scope calculation.
The effect is
negligible, so it is
not considered in
this report.
Periglacial The influence of Periglacial Little influence,

ignorable.
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Variable influence on process

Process influence on variable

Variable Influence or Time period/ Handling of Time period/ . .
: : . Influence or not : : Handling of influence
not Climate domain influence Climate domain
Glacial Processes smaller Glacial Little influence,
than the ice sheet ignorable.
can be neglected.
Groundwate| Yes. All Included in the Yes. All Determined by
r pressure | The pressure model Pressure and flow calculation of
gradient is a are coupled. groundwater flow.
driving force
for
groundwater
flow.
Gas phase | Yes. Excavation/operation/resaturat| Using a model that | Yes. Excavdion/operation/resaturati¢ Modeling is not clear,
flow Groundwater | n expresses the Groundwater and | n which is because the
and natural groundwater level | natural gas are water level and water
gas are through a free coupled. inflow can be
coupled. surface, the determined based on 4

influence of the gag
phase is implicitly
considered for the
excavation/operatio
n phase. This can
produce drawdown
and inflow. It is
noted thatduring
this period, the
repository will not
produce any gas.
The simplified gas
and water phase
flow models are
used to explicitly
consider the

influence of the gag

6-2

model that treats the
groundwater level as 3
free surface. A
simplified model for
gasphase flows that
are not explicitly
represented in the
resaturation calculatio
is used.




Variable influence on process

Process influence on variable

Variable Influence or Time period/ Handling of Time period/ . .
: : . Influence or not : : Handling of influence
not Climate domain influence Climate domain
phase in the
resaturation
calculation.

Temperate It is neglected ithe Temperate It is considered in the
mainstream estimation of the
calculation. The dissolved gas transpo
amount of gas cgpacity carried out by
generated is small, SR-Can/Hartley et al.
and the influence is
localized. The gas
influence is
evaluated by the
range calculation of
SR-Can/Hartley et
al.

Periglacial Influence is less Periglacial Gas phase flow is a
than the effect of relatively small
permafrost and can process and can be
be neglected. neglected.

Glacial Processes smaller Glacial Gas phase flow is a
than the ice sheet relatively small
can be neglected. process and can be

neglected.
Repository | Yes. Excavation/operation/resaturat| Detailed No. -- --
geometry The n representation of | The geometry of

geometry of
the repository

the repository
tunnel is included

affects the in the model.
distribution | Temperate A detailed

and representation of
characteristic the repository

tunnel is included

the repository will
not be affected.
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Variable influence on process

Process influence on variable

Variable Influence or Time period/ Handling of Time period/ . .
: : . Influence or not : : Handling of influence
not Climate domain influence Climate domain
s of the flow in the local flow
path model.
Periglacial Influence is smaller
than other effects
and can be
neglected.
Glacial Influence is smaller
than other effects
and can be
neglected.
Fracture Yes. Excavation/operation/resaturat| Site-specific No influence. -- The indirect changes
geometry The pore n description of the | However, it is due to
size, geometry of cracks| generated precipitation/dissolutio
geometry and and crack areas. indirectly through n are expected to be
connectivity | Temperate Site-specific changes in the long-term and
of the description of the | composition of the relatively small, and
fracture geometry of cracks| groundwater therefore, have not
determine the| and crack areas. through the been resolved.
permeability The influence of influence of the Since the groundwater
of the rock. EDZ is solved by | interaction of flow is very small, the
The distributing the groundwater and change of the fracture
geometry of increased hydraulic| rocks. apertue is not
the pore conductivity It is also indirectly considered. The
space in the relative to the host | affected due to influence of possible
matrix will rock. Changes over changes in the high pore pressure an
affect the time can be pore size of the fracture "hydraulic
diffusion of neglected. The fractures caused b jacking" under the ice
the rock influence is small | changes in sheet has been solved
matrix, and within groundwater
which may uncertainty. pressure related tg
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Variable influence on process

Process influence on variable

Variable Influence or Time period/ Handling of Time period/ . .
: : . Influence or not : : Handling of influence
not Climate domain influence Climate domain
affect the Periglacial/Glacial Continuous mode | groundwater flow
composition description of site | and possible
of characteristics glacier processes.
groundwater based on the
(especially geometry of
salinity) and fractures and
the flow. fracture areas.
Rock No. Ignorable. No. Little influence,
stresses But indirectly However, the EDZ | However, ignorable.
through the modeling considers| groundwater flow
change of the influence of indirectly affects
fracture rock stress changeg rock stress througl
geometry. on the nature of the contribution of

fractures near the
repository during
the excavation,
operation and
resaturation of the
repository.

Except for the heat
flux generated by
the construction of
the repository, fuel,
ice load, structural
changes over a lon
period of time, and
changes caused/b
earthquakes, the
stress changes are
expected to be

relatively small.

groundwater
pressure to
effective stress.
The change in
groundwater
pressure is usually
small that the
influence on rock
stress is negligible
except for
desaturation and
resaturation of the
repository and
possible ice loads.
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Variable influence on process

Process influence on variable

Variable Influence or Time period/ Handling of Time period/ . .
: : . Influence or not : : Handling of influence
not Climate domain influence Climate domain
Matrix No. Compared with No. -- Refer to the chemical
minerals But indirectly other influences But it diffuses process in the buffer.
through the considered, it is of | indirectly through
composition little significance the matrix in the
and diffusion and can be flowing
of neglected. groundwater.
groundwater
through the
rock matrix.
Fracture No. Compared with No. -- Refer to the chemical
minerals But indirectly other influences But it is formed process in the buffer
affects the considered, it is of | indirectly through
fracture little significance groundwater.
geometry. and can be
neglected.
Groundwate| Yes. Excavation/operation/resaturat| The influence of Yes. Also Excavation/operation/resaturat| The transport of salt
r The salinity | n salinity in a specific| impacted by n was modeled through
composition | of location is dispersion/diffusio advection and matrix
groundwater considered. n and matrix diffusion.
will affect its | Temperate The model diffusion. Temperate The transport of
density and illustrates the salinity water and
viscosity. locationspecific reference water is
differences and simulated byadvection
distribution of and matrix diffusion.
salinity and
reference water.

Periglacial The influence of Periglacial The transport of salt
salinity in a specific was modeled through
location is advection and matrix
considered. diffusion.

Gas No. - - Yes. All The concentration of
composition dissolved gas is
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Variable influence on process

Process influence on variable

Variable Influence or Time period/ Handling of Time period/ . .
: : . Influence or not : : Handling of influence
not Climate domain influence Climate domain
Dissolved gases usually low and can be
transported by neglected.
flowing
groundwater may
escape from the
solution when the
pressure drops.
Structural Yes. Excavation/operation/resaturat| Reduce the Yes. Excavation/opration/resaturatiq See degradation of
and stray Grouting n permeability of Flow will affect n grouting, which can be
materials may affect adjacent rocks to | the local neglected.
the flow rate. simulate the degradation of
sensitivity study of | cement slurry.
different grouting
levels.
Temperate Conservative, the Temperate Ignorable.
grout is not
showing up.
Periglacial Ignorable. Periglacial Ignorable.
Saturation | Yes. Excavation/operation/resaturat| The influence of Yes. Excavation/operation/resaturat| Saturated ground or
Affect the n saturation changes| May change the | n non-existent water
effective is considered by saturation. level is used as a
permeability simplifying the model. Model is built
andthe flow model, and the in nearsurface flow
rate. unsaturated flow is calculation.

treated in a
simplified manner
in the model, and
the free surface is
expressed in the
area above the
water level. Solve
the near surface
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Variable influence on process

Process influence on variable

Variable Influence or Time period/ Handling of Time period/ . .
. . . Influence or not . . Handling of influence
not Climate domain influence Climate domain
area in the

calculation of the
flow.

Temperate

Ignorable.

The unsaturated
zone near the
surface has very
little flow influence
on saturated deep
rocks. The
unsaturated zone ig
considered in the
MIKE SHE
calculation to
determine the
maximum potential
recharge
(precipitation minug
evapotranspiration)

Periglacial

Ignorable.

Under permafrost,
the ground is
usually saturated
(unless large
enough bubbles are
formed).

Glacial

Ignorable.

Temperate

Ignorable.

The unsaturated zone
near the surface has
almost no flow to
saturated deep rock.
The unsaturated zone
is considered in the
MIKE SHE calculation
to determine the
maximum potential
recharge (precipitation
reduces
evapotranspiration).

Periglacial

Ignorable.

Under permafrost, the
ground is usually
saturated (unless large
enough bubbles are
formed).

Glacial

Ignorable.
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Table6-2: Concept of process mapping/process table of the source term and relevant development status in Taiwan.

Radioactive decay

(MATLAB and Fluent are currently
used in the program)

SKB Current status of Taiwan's technological
Processes - - .
Intact canister Failed canister development
TWF01 Thermal model COMP23 SNF decay heat analysis: radionuclide inventory ar

decay heat assessment are performed based on th
actual operating burnup of the fuel bundles of each
power plant and the cooling time from the exit of th
furnace core to disposal.

The curve of decay heat change with time: total de
heat of SNF in Chinshan Nuclear Power Plant from
2055 to 2105 is analyzed. The data is normalized t
1,200 W based on the &dtdecay heat of 2055.

At present, analyzed by MATLAB and Fluent when
the canister is completed; and analyzed by GoldSir
after the canister is failed.

TWFO02
Radiation attenuation/heat
generation

Thermal model

Neglected when the canister failure
occuss aftera period of elevated
temperatures.

SNF decay heat analysis: radionuclide inventory ar
decay heat evaluation are performed based on the
actual operating burnup of the fuel bundles of each
power plant and the cooling time from the exit of th
furnacecore to disposal.

The curve of decay heat change with time: total de
heat of SNF in Chinshan Nuclear Power Plant from
2055 to 2105 is analyzed. The data is normalized t
1,200 W based on the total decay heat of 2055.

At present, analyzed by MATLAB arfeluent when
the canister is completed; and analyzed by GoldSir
after the canister is failed.

TWF03
Induced fission (criticality)

Neglected.

There will be insufficient amounts of
moderatos inside the canister prior to
failure.

Neglected.

The probabilityis negligibly small if
credit is taken for the burap of the
fuel.

The criticality analysis of the SNFD2017 report use
an indirect comparison method. By comparing the
effective multiplication factor of SNF in Taiwan with
SKB, it is preliminary determied that the acceptable
loading standard established by the fineed SKB
can be applied to the SNF in Taiwan.
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Processes

SKB

Intact canister

Failed canister

Current status of Taiwan's technological
development

The reactivity sensitivity of canister composition an
parameter are analyzed, and the combination of
canister parameters is summarized.

At presant, analyzed by MCNP when the canister is|
completed and failed.

The probability is negligibly small if credit is taken
for the burnup of the fuel under the failure of the
canister, as discussed in Ch12.3. If a criticality eve
has occurrethypothetically, the fission reaction
would generate power and increase in temperature
which may damage the container and cause the
radioactive isotopes to release. Howetleechain
reaction will terminate until negative feedback
mechanisms, such as acdease in moderator density
associated with heating or depletion of the fissile
material.

TWFO04
Heat transport

Thermal model

Neglected when the canister failure
occur afteraperiod of elevated
temperatures.

Canister heat transfer analysshnology (numerical
solution): the heat transfer mode of the canister is ¢
1/4 symmetric model, and only the total calorific
value of the canister can be set.

Thermal spacing analysis technology of deposition
holes (analytical solution): the temperatateéhe
center point of the top surface of the canister coppg
shell is produced. It is assumed that this temperatu
also the temperature of the bentonite which contac
the canister.

At present, analyzed by MATLAB and Fluent when
the canister is compied.

TWFO05

Water and gas transport in
canister cavity, boiling/
condensation

Not relevant.

Integrated with other relevant process

It is set according to the groundwater transmission
conditions in the buffer around the canister.
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Processes

SKB

Intact canister

Failed canister

Current status of Taiwan's technological
development

TWFO08
Advection andiffusion

Not relevant.

Integrated with other relevant process

It is set according to the groundwater transmission
conditions in the buffer around the canister.

TWF09
Residual gas radiolysis/aci
formation

Neglected.
The amount of producezbrrodens is
negligible.

Not relevant.

TWF11
Metal corrosion

Not relevant.

Pessimistic handling:

a) No barrier function, all radionuclide
instantaneously released upon water
contact in COMP23.

b) 1,000 years for complete corrosion
advective conditions ithe buffer.

The metal parts will be completely corroded within
short time after the groundwater enters the caniste
and the radionuclide will be released.

At present, analyzed by GoldSim after the canister
failed.

TWF12
Fuel dissolution

Not relevant.

Modelled as constant, pessimistic
dissolution rate in COMP23.

The dissolution rate is constant, with a relatively lof
dissolution time, and the radionuclide will be releag
during dissolution.

At present, analyzed by GoldSim after the canister
failed.

TWF13 Not relevant. Pessimistic, instantaneous The fraction of radionuclide inventory in the gap wil
Dissolution of gap be released instantaneously when the groundwate
inventory enters, and the radionuclide will be released.
At present, analyzed bydBISim after the canister is
failed.
TWF17 COMP23 According to the containment and retardation safet

Radionuclides transport

functionstheintegrity of the canister and surroundin
buffer.
At present, analyzed by GoldSim after the canister
failed.
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Table6-3: Concept of process mapping/process table of the canister and relevant development status in Taiwan.

Heat transport

SKB Current status of Taiwan's technological
Processes - - -
Intact canister Failed canister development
TWCO02 Thermal model. Neglected when the canister failure Canister heat transfer analysis technology (numer

occur aftera period of elevated
temperatures.

solution): the canister heat transfer mode is a 1/4
symmetrical modeland only the total calorific value
of the canister can be set.

Canister spacing analysis (analytic solution): the
temperature at the center point of the top surface (¢
the canister copper shell is produced. It is assume
that this temperature is also tiegriperature of the
bentonite which contacts the canister.

At present, analyzed by MATLAB and Fluent wher
the canister is completed.

TWCO03
Deformation of cast iron
lining

Isostatic load: uniform external pressu
on the stress change of the cast iron
lining.

Uneven expansion: the stress change
the nonuniform buffer's swelling
pressure on the cast iron lining.
Creeping changes in all the above cag
not included.

Not relevant.

Canister antisostatic load performance evaluation:
ABAQUS is used tonvestigate the impact of the
uneven and uniform expansion of the buffer during
the unsaturated and saturated periods of the buffe
The canister is confirmed to meet the isostatic loag
design criteria.

At present, analyzed by ABAQUS when the canist
is completed.

TWCO04

Deformation of copper
canister from external
pressure

The swelling pressure of the buffer an
the action of external force (such as
earthquakes) cause the canister to
deform.

Not relevant.

Canister antiisostatic load performanavaluation:
by performing canister's anisostatic load
performance evaluation, it is confirmed that the
canister can meet the isostatic load design criteria
Numerical analysis of canister affected by seismic
crack displacement: using the integrated nhodle
canister and buffer to analyze the seismic shear
displacement

Canister antshear displacement performance
analysis technology: by performitige canister's
shear resistance performance evaluation, the
possibility of canister failure is evaluated.

6-12



SKB Current status of Taiwan's technological
Processes - - -
Intact canister Failed canister development

At present, analyzed by ABAQUS when the canist
is completed.

TWCO09 Not relevant. Integrated with other relevant process

Galvanic corrosion

TWC11 The nitric acid decomposed by air Not relevant. Canister metal material corrosion resistance test

Corrosion of copper
canister

radiation and the oxygen in the
atmospherdefore closure are classifie
as limited corrosion due to their limiteg
reaction time. Radiatichydrolyzed
oxidant, initially restricted oxygen and
pyrite sulfide after closure are classifie
as limited corrosive effects due to the
limited total amount o€orrosive
produced by them. Sulfides in
groundwater are lorgerm corrosion.

verification: confirm that the thickness of the coppé
shell is not 0 cm through the corrosion test results

TWC12
Stress corrosion cracking,
copper canister

The stress corrosion cracking medium
not easy to reach the copper surface
through diffusion, so there is not enou
medium for stress corrosion cracking.
addition, the corrosion potential and p
valueare not higher than the g/CuO
reaction line, so the stress corrosion
cracking will not happen.

Not relevant.

TWC15
Radionuclide transport

Not relevant.

COMP23.

Nearfield radionuclide transport analysis technolog
By performing the evaluation of ttenti isostatic
load performance of the canister, it is confirmed th
the canister can meet the isostatic load design crit
At present, analyzed by GoldSim after the caniste
failed.
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Table6-4: Concepbf process mapping/process table of the buffer and relevant development status in Taiwan.

Processes

SKB

Resaturati on
period

Long-term after
saturation and
fither mal o

Earthquakes

Current status of Taiwan's technological
development

Intact canister

TWBuU02
Heat transport

Thermal model.

Thermal model.

Not relevant.

Research on the basic properties of buffer
/backfill and thermal conductivity of buffer
and backfill

Canister heat transfer analysis technology
(numerical solution): thaeat transfer mode
of the canister is a 1/4 symmetric model, an
only the total calorific value of the canister
can be set.

Thermal spacing analysis technology of
deposition holes (analytical solution): the
temperature at the center point of the top
surfa® of the canister copper shell is
produced. It is assumed that this temperatu
is also the temperature of the bentonite whi
contacts the canister.

At present, MATLAB is used to analyze the
resaturation/thermal period, the letegm
after saturation anthe thermal period.

TWBuU04

Water uptake and
transport for unsaturated
conditions

THM model.

Not relevant by definition.

Not relevant.

At present, FLAC3D is used to analyze the
resaturation/thermal period, the letegm
after saturation and the thernpariod.

TWBuU05
Water transport for
saturated conditions

Neglected under unsaturated
conditions. Fothe saturated

conditions the treatment is the
same as -tfeorma.

Neglected if hydraulic
conductivity <16*2m/s
since diffusion would then
dominate.

Research on the basic properties of
buffer/backfill and the hydraulic conductivity
of buffer and backfill.

At present, FLAC3D is used to analyze the
long-term after saturation and the thermal
period.
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SKB

Long-term after

Current status of Taiwan's technological
development

Processes Resat ur-a tion saturation and Earthquakes
period ~ R
it her mal o
TWBuU06 The gas igransported by All gases are assumed to | All gases are assumed to | Research on the corrosion rate of corrosive

Gas transport/dissolution

diffusion or dissolution.

dissolve in the pore water.

dissolve in the pore water.

gas orthebuffer.

TWBuU07
Piping/erosion

Through empiricatalculation.

Not relevant.

Not relevant.

At present, the resaturation/thermal period
analyzed by referring to SKB empirical
formula and verifying its applicability throug
experiments.

TWBuU08
Swelling/Mass
redistribution

Analytical modelling of
interaction buffer/backfill.

Integrated evaluation of
relevant processes.

Part of integrated assessme
of buffer/canister/rock.

Research on the basic properties of
buffer/backfill and the swelling pressure of
buffer and backfill.

Analysis of characteries of unsaturated
bentonite.

Analysis of the properties of buffer and
backfill: based onthe waterabsorbing and re
expanding characteristics of the buffer, the
swelling pressure is calculated when the
buffer reaches saturation, and the impact of
the bufer and backfill is explored after the
buffer is lifted up and pushing the upper
backfill.

At present, FLAC3D is used to analyze the
resaturation/thermal period, and ABAQUS i
used to analyze the loxigrm after saturation
and thermal period and earthquake

TWBuU10 Simplified assumptions of Neglected if hydraulic

Material advection mass transport of dissolved | conductivity< 16'2 m/s.

transport species during saturation.

TWBull PHAST (thermal, saturated | PHAST At present, PHREEQC technology continue
Material Diffusion phase; unsaturatgrhase to develop the resaturation/thermal period,
transport disregarded). long-term after saturation arttlethermal

period.
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SKB

Long-term after

Current status of Taiwan's technological
development

Processes Resat ur-a tion saturation and Earthquakes
period ~ R
fither mal o
TWBuU12 PHAST (thermal, saturated | PHAST Taking the chemical composition of#&eas

Sorption (including ion
exchange)

phase; unsaturatgzhase
disregarded).

groundwater as experimental conditions,
using radionuclidesuch as Cs, U and Th to
establish a batch adsorption experiment
technology for radionuclide in buffer and
backfill.

At presen, PHREEQC technology continues
to develop the resaturation/thermal period,
long-term after saturation arttlethermal
period.

TWBuU13 PHAST (thermal, saturated | PHAST
Alterations of impurities | phase; unsaturated phase
disregarded).
TWBuUl1l4 PHAST (thermal, saturated | PHAST At present, PHREEQC technology continue
Speciation and reaction g phase; unsaturated phase to develop the resaturation/thermal period,
aqueous solutions disregarded). long-term after saturation arttlethermal
period
TWBuU15 SR-CAN: Simulation of SR-CAN/SR-SITE: At present, relevant experimental stucies
Osmosis bufferbackfill interactions Evaluated by comparison continuously developed for the
under extreme conditions. with empirical data. resaturation/thermal period, the letegm
SR-SITE: Evaluated by after saturation and the thermal period.
comparison with empirical
data.
TWBuU16 Model calculation (only for Evduate based on
Montmorillonite thermal and saturated phase] evidence from nature.
transformation unsaturated phase is not
considered).
TWBuU18 Neglected if [M*] > 8 mM. Neglected if [M*] > 8 At present, MATLAB and experimental
Release of Otherwise, analysis should by mM. Otherwise, analysis studies are used to analyze the

montmorillonite colloid

implemented.

should be implemented.
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SKB

Long-term after

Current status of Taiwan's technological
development

Processes Resat uration saturation and Earthquakes
period ~ R
it her mal o
resaturation/thermal period, the loteym
after saturation and the thermal period.
Failed canister
TWBuU06 Quantitative estimation base( Quantitative estimation Research othecorrosion rate of corrosive
Gas transport/dissolution| on empirical data (no failures| based on empirical data. gas on buffer
are expecteduringthis At present, the longerm after saturation and
period). thermal period analysis is carried out by
developmental experimental studies.
TWBuU23 Neglected if density at Neglected if density at
Colloid transport saturation > 1,650 kg/in saturation > 1,650 kg//
otherwise bounding otherwise bounding
calculation (no failures are calculation.
expected in this period).
TWBuU25 COMP23 COMP23 Analytic COMP23Analytic According to the retardatiosafety functions

Transport of radionuclidef
in water phase

Analytic (no failures are

expectedluringthis period).

Reduced diffusion path.

integrity of the buffer.

At present, GoldSim is used to analyze the
long-term after saturation, thermal period ar
earthquake.
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Table6-5: Concept of process mapping/process table dbawéfill and relevant development status in Taiwan.

Processes

SKB

Resaturation/ nt

Long-term after saturation and
ither mal 06 pe

Current status of Taiwan's technological
development

Intact canister

TWBfT03
Water uptake and transport
for unsaturated conditions

THM model.

Not relevant by definition.

At present, FLAC3D is used to analyze the
resaturation/thermal period.

TWBIfT04
Water transport for saturated
conditions

It can beneglected under unsaturate
conditions.

Under saturated conditions, the
treatment method is the same as thg
"long period and heating phase after
saturation".

Geosphere model conditions shou
be included for evaluation.

Research on the basic propertieboffer/backfill and
the hydraulic conductivity of buffer and backfill.

At present, FLAC3D is used to analyze the ltegnm
after saturation and the thermal period.

TWBfT06
Piping/erosion

Through empirical calculation.

Not relevant.

At present, theesaturation/thermal period is analyze
by referring to SKB empirical formula and verifying
its applicability through experiments.

TWBIfT07
Swelling/Mass redistribution

SR-CAN: Analytical modeling of
bufferbackfill interactions.
SR-SITE: THM model analysis of
buffer andbackfill, including
bufferbackfill interaction and uniform
conditions in the disposal tunnel.

Integrated evaluation of relevant
processes.

Analysis of the properties of buffer and backfill: bas
on the watemabsabing and reexpanding
characteristics of the buffer, the swelling pressure ig
calculated when the buffer reaches saturation, and
impact of the buffer and the backfill is explored afte
the buffer is lifted up and pushing the upper backfill
At present FLAC3D is used to analyze the
resaturation/thermal period, and ABAQUS is used t
analyze the longerm after saturation and thermal
period and earthquake.

TWBIfT09
Material advection transport

Simplifying assumes mass transfer ¢
dissolved materiaduring saturation.

Geosphere model conditions need

to be included for evaluation.
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Processes

SKB

Long-term after saturation and

Current status of Taiwan's technological

Resaturation/ it ~ R development
ither mal 06 pe
TWBIfT10 Because the conditions in the backfil PHAST At present, PHREEQC technology continues to
Material Diffusion transport are roughly the same in the lotgym develop the longermevolutionafter saturation and
evolution, no specific research has thermal period.
been conducted on tlwitial state
after closure.
TWBIfT11 Because the conditions in the backfil PHAST Reference groundwater chemical composition is us
Sorption (including ion are roughly the same the longterm as experimental conditions. Cs, U and Th and other
exchange) evolution, no specific research has radionuclide are used to establish a batchagsion
been conducted on the initial state experiment technology for radionuclide in buffer ang
after closure. backfill.
At present, PHREEQC technology continues to
develop the longermevolutionafter saturation and
thermal period.
TWBIfT12 The effect of inorganic reductn on PHAST
Impurity alteration of backfill | oxygen is simulated.
TWBIfT13 Because the conditions in the backfil PHAST At present, PHREEQC technology continues to

Speciation and reaction of
agueous solutions

are roughly the same in the lotgym
evolution, no specific research has
been conducted on the initial state
postclosure.

develop the longermevolutionafter saturation and
thermal period.

TWBfT14 In the THM model, hydraulic Evaluation through comparison At present, PHREEQC technology continues to

Osmosis conductivity coefficients of different | with empirical data. develop the resaturation/thermal period, the {targn
salinities are selected to evaluate thg¢ evolutionafter saturation anthethermal period.
influence ofosmosis.

TWBfT15 SR-CAN: Neglected because the SR-CAN: Neglected because the

Montmorillonite transformation

temperature increases only slightly.

temperature increases only slightly

TWBIfT16
Release of backfill colloid

SR-SITE: model calculation
(considering only reactions tmeating
and saturateghases; not considered
in the unsaturated phgse

SR-SITE: indicates mode
calculation.

Failed canister
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Processes

SKB

Resaturation/ nt

Long-term after saturation and
ither mal 06 pe

Current status of Taiwan's technological
development

TWBIfT21

water phase

Transport of radionuclides in

COMP23 Analytic (no failures are
expected in this period).

COMP23 Analytic.

Included wherconsidering the Q2 transport path.
At present, GoldSim is used to analyze the {ergn
evolutionafter saturation, thermal period.

Table6-6: Concept of process mapping/process table of geosphere and relevelopment status in Taiwan.

modeled withwater
upconing. MIKE
SHE is used to
simulae near
surface effects.

saturated flow
(CONNECTFLOW)
at different scales.

advanceand retreat
of an ice sheet.

SKB Current status of Taiwan's
i i i hnological I
Processes Excavat:)onn/operatl Temperate Permafrost Glaciation Earthquakes technological development
TWGe03 The inflow of Modelling of Modelling of flow Modelling of Groundwater flow field
Groundwater assumed saturated | resaturation pattern with Darcy | groundwater flow evaluation model and interface
flow groundwater flow is | (DarcyTools) and Tools. pattern during integration, and groundwater

flow field evolution analysis. The
analysis of each period is as
follows:

Excavation/operation: FracMan
was used to analyze the
groundwater iflow in the nealby
field and calculate the inflow of
thedisposal tunnel andeposition
holeat different excavation times
Temperate: a sitecale
groundwater flow field
simulation of salinity was
performed using DarcyTools to
obtain groundwater pressuaead
salinity distribution.

Glaciation: Using DarcyTools to
establish hydrogeological
conceptual models at different
regional scales according to
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SKB Current status of Taiwan's
Processes Excavatfnn/operatl Temperate Permafrost Glaciation Earthquakes technological development
different time segments, and
according to the corresponding
boundary conditions, the
groundwater flow field
simulation is performed to obtair
groundwater pressure
distribution.
TWGe05 3DEC stress 3DEC modelling of | Thermal effects 3DEC stress Included in the 3DEC is currently used in the
Rock modelling of thermal stresses anq neglected provided | modelling of near modelling of shear | program to analyze stability
displacement nearfield effects of | deformations. that only marginal | field. movements. during excavation and perform
excavation of changes in seismic analges of the disposal
tunnels and mechanical state tunnels.
deposition holes. occur.
TWGe06 3DEC modelling of | 3DEC modelling of | Thermal effects 3DEC modelling of | Design rules Fracture shear displacement

Reactivatiori

displacement
along existing
discontinuities

construction
induced reactivation

Construction
induced seismicity
neglected since
construction
induced stressese
too limited and
expected to be
relaxed at the time
of deposition.

reactivation due to
thermal load.
Estimation of
earthquake
probability

neglected provided
that only marginal
changes in
mechanical state
occur.

(consequence
analysis, see
Earthquake).

Estimation of
seismic probability.
(consequence
analysis, see
Earthquake).

ice-load induced
reactivation.
Assessment of MH
effects of hydraulic
jacking. Estimation
of seismic
probability.
(consequece
analysis, see
Earthquake).

(respect distance an
canister distange
are applied.

The probability of
canister failure due
to fracture shear
displacement is
evaluated.

induced by fault sources and
diffuse seismidy was evaluated
using 3DEC. Relevant results a
the geometrical rejection criteria
were applied to the repository
layout, to assedbe shear failure
rate of the canisters.

(1) seismic hazard analysis and
(2) historical disastrous
earthquake source modsatd
relevant sensitivity study have
been established in the
assessment of seismic
probability.
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SKB Current status of Taiwan's
Processes Excavatfnn/operatl Temperate Permafrost Glaciation Earthquakes technological development
TWGe07 Assessment of EDZ| Modelling (3DEC) | Thermal effects Modelling (3DEC) | Neglected based on| Analysis of spalling otleposition
Fracturing Modelling (3DEC) | of potential for neglected provided | of potential for observations of holewall caused by near field
and observations fracturinginduced that only marginal | fracturing induced | earthquakeénduced | thermal load using 3DEC. The
(APSE) of fracturing| by thermal stresses.| changes in by ice load. damage around ope| analysis of each period is as
around deposition | Estimations of mechanical state Assessment of risk | tunnels at shallow | follows:
holes (spalling). effects of gas occur. for hydraulic depth. Excavation/operation: 3DEC;
overpressure. fracturing. Evaluation of excavation
disturbance zone. Spalling of
deposition holevall after
simulated construction.
Temperate: system to 3DEC;
Spalling ofdeposition holevall
caused byhe simulated thermal
load.
Glaciation: rupture assed by
3DEC thermal simulation.
Earthquake: rupture of adjacent
disposal facility caused by
earthquake has been executed.
TWGell Salt advection is Salt advection is Modelling of Modelling of up Not relevant. The Darcy flow simulation and
Advection included in the included in the transport of coning of saline salinity distribution were carried
transport and hydrogeological hydrogeological outfrozen water and transport out, and the concentration was
mixing of model. model. salt. of glacial meltwater calculated by PHREEQC. The

dissolved species

The composition of
the mixture from
hydrogeological
modeling and site is
analyzed.

The composition of
the mixture from
hydrogeological
modeling and site is
analyzed.

to repository depth.

analysis of eacperiod is as
follows:
Excavation/operation: Flow
simulation and salinity
distribution are carried out by
Darcy and concentration
calculation is carried out by
PHREEQC.
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SKB Current status of Taiwan's
Processes Excavatfnn/operatl Temperate Permafrost Glaciation Earthquakes technological development

Temperate: Flow simulation and
salinity distribution are carried
out by Darcy and concénation is
calculated by PHREEQC.
Glaciation: Analysis of salt
advection included in
hydrogeological models.
Understanding the composition
of the assessment mixture from
hydrogeological modelling and
sites.

TWGel2 Diffusion of salt Diffusion of salt Diffusion of salt Diffusion of salt Not relevant.

Fracture and between mobile and| between mobile and| between mobile and| included in

diffusion of immobile immobile immobile modelling of

dissolved speels | groundwater is groundwater is groundwater groundwater flow

in rock matrix included in included in included in pattern during

hydrogeological hydrogeological modelling of advance and retreat
modelling. modelling. transport of out of an ice sheet.
frozen salt. Included in
modelling of oxygen
consumption.

TWGel3 Not relevant. Simplified Kg- Simplified Kg- Simplified Kg- Not relevant. Taking the chemical compositiof

Speciation and approach for approach for approach for of the groundwater in the-dreas

sorption modelling sorption | modelling sorption | modelling sorption area as the experimental

of radionuclides.
Speciation
considered in the
selection of K.

of radionuclides.
Speciation
considered in the
selection of K.

of radionuclides.
Speciation
considered in the
selection of K.

conditions, using Tc, Cs, and |
and otfer nuclide species to
establish the batch adsorption
experiment and penetration
diffusion experiment technology
of radionuclide on crushed
granite, and the internal diffusiol
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Processes

SKB

Excavation/operati

Permafrost

Current status of Taiwan's
technological development

on Temperate Glaciation Earthquakes
experiment technology using
granite flakes.
At present, dynamic Kis
developed for warm systems an
the solubility limit of nuclear
species is calculated.
TWGel4d Neglected. Neglected. A simulation of the | Not relevant.
Reactions Reactions are The impact on reaction between
groundwater/rock| considered to take | groundwater water transfer and
matrix place at fracture composition and rock must be
surfaces only. matrix porosity is established on a
insignificant. long-term scale.
TWGel5 Modelling of mixing | Modelling of mixing Included in Not relevant. At present, PHREEQC modeling
Dissolution/preci | (M3) and of (M3) and of modelling of oxygen technology $ developed for
pitation of reactions reactions consumption. excavation/operation and
fracturefilling (PHREEQC). (PHREEQC). Assessment of temperate system.
minerals impact on flow paths
of calcite
dissolution/precipita
tion.
TWGe24 Not relevant. Advection, Advection, Advection, No credit taken for | At present, GoldSim is used for

Transport of
radionuclides in
the water phase

Engineered barriers
are intact.

dispersion, matrix
diffusion, sorption,
andradioactive
decay are included
in integrated
modelling
(FARF31).

dispersion, matrix
diffusion, sorption,
andradioactive
decay are included
in integrated
modelling
(FARF31).

dispersion, matrix
diffusion, sorption,
andradioactive
decay are included
in integrated
modeling

(FARF31).

radionuclide
retention in the
geosphere.

the amnalysis of temperate and
glaciation systems.
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6.3. Assessment Model Flowchart (AMF)

For the description ohow different modes are connected to each
other,an assessmentodelling flow chart (AMF) is usedto providean
overall description of the assessment models of various system
components of therepository Correlation between the assessment
models undethe longterm evolutionis also demonstrated using AMF
In addition, the parameters used in each assessment model (including
input parameters and output parameters) can also be recorded according
to AMF to ensure traceability of the evaluation process.

AMF is shown inFigure 6-2. The graphics and symbols used in
AMF represent the following meanings:

(1) Yellow oval: represents the assessment model used.
(2) Blue square:representsthe input parameters of the assessment
model or the output parameters calculated by the assessment model.
(3) White diamond:representsperforming further evaluation based on
the output of the assessment model the following assessmet.
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Figure6-2: Assessment model flowchart (AMF).
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7. Safety Functions and Safety Function Indicators
7.1. Introduction

In safety assessment, safety functions (isolation, containment, and
retardation) of the repository should be proven to ensure tin@asafety
functions of each system component of the multiple barriers system can
be maintained and that the biosphere witdtrbe significantly affected
by the SNF. As isolation safety functions of the repository, whose safety
function indicator is the depth of the repository, can be identified
through proper site selection procedures, containment (Section 7.3) and
retardation(Section 7.4) safety functions of the repository will mainly
be considered in this chapter. And quantitative safety function indicators
have also been established for toslstem safety assessment.

Although the geological conditions ofaiwan are differen from
those of Sweden and Finland, similar granite rocks have certain
characteristic ranges.Therefore, in the SNFD2017 reportsafety
functions and safety function indicators of each system component in
crystalline rock had been established based tme geological
characteristics of Taiwan and the design concept of Swedish-BBS
These safety functions and safety function indicators and the criteria co
edited by SKB and Posiva (Posiva and SKB, 2017) have been taken as
the basis fothe update of the safety function indicator criteriBesides
that, existing knowledge and research results have also been taken into
account. The criteria can be further modified accordingh®conditions
and characteristics of Taiwan.

7.1.1. Dose Dilution

Dosedilution can havea huge influence on the results tlie final
dose assessmenitf. the repository is located in a coastal area, tose
can be significantly reduced through potential dose dilution of the sea
because ofits large volume. And the associateddiation risk can be
reduced thereby.However, the amount of dose dilution cannot be
controlled throughengineering designit can only be modified through

site selection.Besides, although the dose can be reduced by the sea
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initially, for the following 1 million yearsafter closure the site might
evolve from a coastal area to an inland aréaso, the estimation of
climate-related parameters may contain differences of several orders of
magnitude when taking uncertainties olimate evolution into account,
and this could havea huge effect on the estimation of hydrogeology
evolution. Therefore, the results of dose dilution could vary significantly
over time.

Dose dilution can be regarded apatial redistribution of the
releaged radionuclides, and must be included the quantitative
assessment of theadionuclides release (SKB, 2011) For the reasons
described above, spatial redistribution of the radionuclides should not
be directly defined as a positive or negative effectcdese of the
uncertainties of climate evolution. And because dose dilution cannot be
simply controlled by engineering design, when discussthg safety
functions of the barrier in this chaptethe impact of dose dilution will
not be included.

7.2. Safety Functions, Safety Function Indicators, and Safety Function
Indicator Criteria

(1) Safety function:
In order to quantify and evaluatde safety ofthe repository it is
necessary to understand how system components ofepesitory
maintain theprimary safety functions (isolation, containmerand
retardation).Safety functiors can be defined athe contribution of
each systentomponentof therepositoryto safety. For example, the
canistes should beable toprovide a barrier against corrosion so
that the containment safety functions will not be degraded by
corrosion. Therefore, ithe canisters should be able provide a
barrier against corrosian wi | | be one o f t he
functions.

(2) Safety function indicator:
In order to evaluatethe safety of the repository specifically

measurable or calcubde indicators which are the "safety function
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i ndi c haveobreended to clearly verify the degree fflfillment
of the safety functios. For example fithe canistes shouldbe able
to withstand an isostatic loado Since isostatic load comes from
swelling pressure of the buffer and groundwater pressure, these two
can be calcudted by quantitative evaluatioand be quantified as
the safety function i ndi catorin of A wi
other words, safety function indicators are indicators that can be
measured or calculated to show clearly whether the safety functions
of the system components can be satisfied so that the safety
functions can be easilguantified

(3) Safety function indicator cteria:
In order to confirm whethethe safety functionsof each system
componentare maintainedover the timescale of safety assessment,
a numerical rangeilfe., fisafety function indicator criteri@ is set
for safety function indicata In other words, safety function
indicator criteria are quantitative limits of safety function
indicators. It is assumed that when safety function indicator criteria
are satisfied, the corresponding safety functions can be maintained.
Safety function indica o r criteria are di fferent
requirementso ment.iSafatg inction indidatarpt er 4
criteria are there to ensure thahe long-term safety of the
repository can be maintained when the criteria of each component
are met for at leastt million years. On the other hand, design
requirements describe the initial state of each componenthef
disposal systemWhen specifying design requirementssufficient
margin should be kept to ensure that although the performance of
the disposal syeem may degrade during one million years, the
safety function indicator criteria of each component can still be met.
For example,the designrequirementsof the canister is that
thickness of the canister should be greater than 5 cthetopper
shell to ®pe with impact from copper shell corrosion. When
specifying safety function indicator criteria of the canistéhe
thickness ofthe canister copper shell should be greater than 0 cm
to ensure the containment safety functionstbé canister can be
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maintained through 1 million years and canister failure will not
occur because of copper shell corrosidmerefore, 0 cm is used as
the safety function indicator critesh for fiproviding a barrier

against corrosiomn

7.3. Containment Safety Functionindicators

This section describes thesafety functions safety function
indicators, and safety function indicator criteria ofhe system
components (canisterbuffer, backfill, and geospheperelated tothe
containmentsafety function.The containment safety functions of each

system componendre summarized ifable7-1.
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Table7-1: Containmat safety functions, containment safety function indicators, and

containment safety function indicator criteria.

Containment safety functions, containment safety function indicators, and containment safet
function indicator criteria

System Safety function Containment safety function indicator [References ani
components and criteria instructions
canister Cant provide barrier| copper shell thickness0 cm ISKB, 2011
against corrosion
Can2 withstand isostatic load < 50 MPa Posiva and
isostatic load ISKB, 2017
Can3 withstand shear displacement < 5 cm and velocity [SKB, 2011
shear force shear displacement <1 m/s

buffer Buffl: limit (a) hydraulic conductivity of buffer < ISKB, 2011
advection 1x102 m/s

(b) swelling pressure of buffer > 1 MPa

Buff2: limit swelling pressure of buffer 2 MPa Posiva and
microbial activity ISKB, 2017
Buff3: damp rock buffer density < 2,050 kg/in ISKB, 2011
shear force
Buff4: resist buffer temperature 100 ISKB, 2011
transformation
Buff5: prevent swelling pressure of buffer 0.2 MPa ISKB, 2011

canistersinking

Buff6: limit pressure | (a) swelling pressure of buffer < 10 MPaPosiva and

applied to the (b) buffer temperature 2.5 ISKB, 2017
canisters and rock
backfill BF1: limit buffer swellingpressure of backfill should not b§Posiva and
expansion too low ISKB, 2017
geosphere | R1: provide preferred| (a)redox state: limit Eh value Posiva and

chemical conditions | (b)i oni ¢ st r enqMMtikE8 SSKB, 2017
mM; TDS < 35 g/L(instant total dissolved
solids < 70 g/L)

(c) limit concentration of harmful
substancegN Q< pm M;[HS]<3
mg/Am@m M;[K7<0.1M

(d) pH value of groundwater should be
between 5 and 11

(e) avoid chlorides from corrosion: pH
value>4and [CI] <2 M

R2: providepreferred | (a) flow-related transport resistance in thiSKB, 2011
hydrogeologic and | fracture (F) > 10,000 yr/m

transport conditions | (b) equivalent flow rate <p  p T m3/yr
R3: provide limit groundwater pressure ISKB, 2011
mechanically stable | sheardisplacement <5 cm and velocity d
environment shear displacement < 1 m/s

R4: provide preferred| host rock temperature should be betwee|Posiva and
thermal environment| 2 . 5 and 100 ISKB, 2017
Note: SKB and POSIVA reports were referred to for the specification of the safety function indicators
and criteria, and research results of SKB and POSIVA were referred to for the specification of
guantitative values of the safety function indicator ciatedowever, some of the safety function

indicators could have various impact factors, and a single value for the safety function indicator criteria
might be difficult to specify. Ithesecircumstances, no quantitative value was used.

7.3.1. Canister

The canistes will be placed at a depth of 500 manderground

Primarily, canisters should be able to resist impact from hydrostatic
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pressure from groundwater, swelling pressure from water absorption of

the buffer, shear displacement from earthquakes, and strno

(1) Canl: provide barrieagainstcorrosion
In order to maintainthe integrity of the canisterthe coppershell
must not be penetratedThat is, the minimum thickness of the
copper shell should be greater than 0 ciWherefore, he safety
function indicator isficopper thickness and he safety function
indicator criterion isficoppershell thickness >0 cm.o

(2) Can2: withstand isostatic load
Isostatic loadto the canistert the repository depth is the sum of
hydrostatic pressure answelling pressure. Therefore, the safety
functi on i ndi cator I S Ai sostatic
i ndi cator criterion is fAisostatic
Although the safety function indicator critem is set to be
fisostatic load <50 MPap it has to 2 noticed that it does not mean
that the canister will be damaged when the isostatic load exceeds
50 MPa.

(3) Can3: withstand shear force
In order to maintairtheintegrity of the canister, the canistehould
be able towithstandfracturesintersecting the caister havingshear
displacement The canister should tain its integrity andmaintain
its ability to withstand uniform load after a 5 cm fracture
displacement at a velocity of 1 m/s for fractures of any angles or
locations intersecting the deposition lkolTherefore, the safety
function indicator is seto be fisheardisplacemeni and fivelocity
of sheardisplacementyandthe safety function indicator criteria are
set to be fishear displacement< 5 cmo and fivelocity of shear

displacement <1 m/so

7.3.2. Buffer
Buffer will be installed in the deposition holes between the
canisters and the host rock. It is one of the important system components

of the engineered barrier system.
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(1) Buffl: limit advection
Buffer should be able to limit contact of the canigtenth corrosive
substances andcontain nuclides released from the canister
Therefore, the buffer should prevent substant®m trangort by
advection. Tl safety function indicator iss e t t bydrdubic n
conductivity of buffeo and fiswelling pressure of bufférdue to
expansion ofthe buffer. The safety function indicator criteria are
fAhydraulic conductivity of buffer <p p m™ m/s0 and fiswelling
pressure of buffer 1 MPao

(2) Buff2: limit microbial activity
Microorganisms gulfatereducing bacteria) in thebuffer will
reduce sulfate in the bentonite andthe groundwatey which can
produce sulfide andinduce corrosion of the copper shell. The
prerequisites for maintaininghe activity of the microorganisms
require sufficient free water, nutrients, and space for
microorganisms to growOn the other handthe pressureof the
bentonite low hydraulic conductivity, and low pore space the
bentonite can reducehe activity of the microorganisms (Motamedi
et al., 1996; Pedersen et al., 2000a, Pedersen et al., 20048yrat
et al., 2010b) therefore,the safety function indicator iset to be
fiswelling pressure, and the safety function indicator criterion is
Aiswelling pressure> 2 MPa which cansuppress sulfide produced
by the microorganismsand avoid serious copp&worrosion

(3) Buff3: damprock shear force
The buffer shoulde able toassistthe canistes frombeing damaged
by shear forcgCan3). Ifthe deformation capacity of the buffeni
the deposition hole is smalkhe stress transferred to the canister
whenreceiving shear force would dagh. The deformation capacity
of the buffer can be modified by buffer density. Therefothe
safety function i ndicator i s set t o b
function indicator criteri/m Ghes A buf f
canisters are not supposed to be impacted by shear foitte5 cm
displacement at aelocity of 1 m/s under such conditien(SKB,
2011).
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(4) Buff4: resist transformation
In order to prevent montmorillonite in the bufférom transferring
into nonexpandable mineralsuch as illiteunderhigh temperature,
thereby reducing its swelling pressuregtdafety function indicator
is set tob e buffer temperatur® athedsafety function indicator
criterionis fAbuffer temperature 4 0 0 .0
(5) Buff5: preventcanister sinking
The buffer around the canist®rmust have sufficient swelling
pressure to provide sufficient support to prevent the canssfirem
sinking or tilting Therefore, the safety function indicator is set to
b e swilling pressur® andthe safety function indicator criterion
is iswelling pressure ».2 MPao
(6) Buff6: limit pressure applied to the canisters and rock
For the canisters to withstand uniform load, the sum of buffer
swelling pressure and groundwater pressure should not exceed 15
MPa. Therefore, according to the analysis results, the safety
function indicator i s set to be fAswel
function criterion is fAswelling press
In addition, if groundwater freezes, the volume of pore water in the
buffer will increase, generating additional pressure on the canisters.
Meanwhile, the buffer can also lose issvelling ability under low
temperature (Birgersson et al., 201®#lthough Taiwan is located
in a subtropical zonea freeze of the buffer is not likely to occur
the safety functi on i ndi cator Abuffer
conservatively set for the repository. And the safety function
i ndi cator criterion 2s55ibubfen tadmp dn

can maintain sufficient swelling pressure.

7.3.3. Backfill

Backfill is used to backfill the disposal tunreelThe safetyfunction
of the backfill is described as follows:
(1) BF1:limit buffer expansion
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The backfill must be able to resisthe swelling pressureof the
buffer, maintainthe volume of the buffer in theleposition hols,
and keep the swelling pressure of the buffer to be greater than 2
MPa&; therefore the backfill must have sufficient swelling pressure
to offset buffer swelling. However, there are many influencing
factorssuch asheflow rate ofthe groundwaterandsaturation time
and sequence ahe buffer andthe backfill, and thesafety function
indicator is difficult tobe defined as a specific value. Hence, the

safety functionn ndi cat or i s set to be fAswelli:
and the safety function indicator cri
backfil!] should not be too | ow. 0

7.3.4. Geosphere
Safety functionsof the host rock involve many factors and their
interactiors. These dctors are difficult tobe determineddirectly by
simple standardsThe effect of these factors and their interactions
should be analyzed comprehensively. The safety functions of the host
rock relating to its chemical, mechanical, hydrogeological and tlaé¢rm
conditionsare described as follows:
(1) R1: providepreferredchemical conditions
The composition and characteristics of groundwater are important
factors fordeterminingthe chemical conditions othe repository
The redoxoxidation state of groundwaterpnic strength, salinity,
concentration of harmful substances, pH value, and chlorides are
explained below:
(a) Redox state
The most basiaequirement related teahemical conditios is
theredox state which can ensure that the canisterl not be
affected by oxidationThe solubility of fuel and radionuclides
are lowundera reduced stateandradionuclideadsorptionof
the buffer, backfill, and the host rockis also better. Also,
because oxidation occurs when oxygen is present, another basic

requirement for the host rock is it should le an oxygenfree
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environment.The safety function indicator is set tb e redox
oxidation stated andthe safety function indicator criterion is
filimit Eh valueo
(b) lonic strengthandsalinity
When the ionic strength of groundwater is high enougthe
formation of colloids can be inhibited and stability can thereby
be increased.One of the main sources of colloids in
groundwater is chemical erosion in the interface of buffer and
host rock. And chemicalresion requires a low ionic strength
environment. Therefore, the safety function indicator is set to
be Acharge concentration of cati ons
function indicator criterion i s fAch
in water > 8 mM. 0
Groundwate with high salinity will havea negative impact on
swelling pressure and hydraulic conductivity of the buffer and
the backfill. Therefore, the safety function indicator is set to
be At ot al di ssol ved sol i ds (TDS), o
indicator criteron i s ATDS < 35 g/ L (instan
solids < 70 g/ L).O0
(c) Limit concentration of harmful substances
In an oxygendeficient environment, sulfide ithe main factor
in the corrosion of the canisters. Sulfides exist inthe
groundwater and can bgeneraédthroughmicrobial activities
in groundwater, buffer, antackfill. Therefore, in addition to
limiting the concentration of sulfide in groundwater,
concentrations omethane and dissolved hydroggasshould
also be limited so thatthe activity of microorganisms can be
inhibited. Besides,pH value, chloride ion, sulfate, bicarbonate
ion, and stress corrosion cracking (SCC) enhagcfactors
(including nitrogenous compounds such as nitrigenmonium,
and acetate) will all affecthe corrosion of the canistersiIn
order toimprovethelong-term stability ofthemontmorillonite,
the concentration of potassium and iron in groundwater should
also be limited.
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The safety function indicator is sdb be ficoncentration of
harmful substances in gumdwatershouldbe limited (NQ ] <
P M,[HS] <3 mggrt @M, and[K'] <0.1 M).0
(d) pH value
During construction, grouting materials and plug materials may
produce high alkaline pore water because of chemical
degradation.If the abovementioned pore watés in contact
with the bentonite, the montmorillonite can become chemically
unstableand the montmorillonite may dissolv&herefore, the
safety functi on i ndi cator IS set
groundwater, ofandtitbe BBbEC®t Or cCri
value of the groundwater should be
and SKB, 2017).
(e) Avoid chloridesfrom corrosion
In an oxygendeficient environment, only whethe pH value is
lower than4 and chloride concentratiois high ([CI']> 2 M),
chloride corrosion of canistex will occur (Masurat et al.,
2010). Therefore, the safety function indicator is seth®
Racid-base value of groundwateér and fAchloride
concentrationd and the safety function indicator criteria are
ApH value ingroundwater> 40 andfichloride concentratior 2
M.0o
(2) R2: provide preferred hydrogeologic and transport conditions
Host rock needs to providpreferredhydrogeologic and transport
conditions for therepository Such conditionsinclude high flow-
related trasport resistance (Fof flow paths to limit groundwater
transportand low equivalent flow rated( ) of the interface between
the buffer and thehostrock to limit solute exchange. Therefore, the
safety function indicator is set tde fflow-related transport
resistanceof fractured and fiequivalent flow rated The safety
function indicator critera arefiflow-related transport resistancd
fracture (intersecting withdeposition hole) > 10,000 yr/md and

fiequivalent flow rate< p p m m3/yr.0
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(3) R3: provide mechanically stable environment
Two potential mechanical factorthat could inducedestruction of
the canistes are destructioninduced by isostatic load and
destruction induced bgheardisplacement of fractures intersecting
depositionholes. Therefore, the safety function indicator is set to
be fAgroundwater pressure, and the safety function indicator

criterion is Alimit groundwater pressuré.Shear displacement of

fractures intersecting deposition holes can be evaluated based on a

series of mechanical models. According tloe design requirements

of the canisterst he saf ety functi on i ndi

di spl acement < 5 ¢cm and velocity
(4) RA4: provide preferred thermal environment

If clay materials d the bentonite freezepressure in the deposition

cator

holes will increase and the canisters or the surrounding host rock

may be damagedAccording to safety functions Buff4 and Buff6,
buffer temperature should be betweén. 5 and 100

the safey f uncti on i ndicator i's set

and the safety funct ihoshrodkmedhpecatuteo r

should be betweer2 . 5 and 100 . 0

7.4. Retardation Safety Function Indicators

This section describes thesafety functions safety function
indicators, and safety function indicator criteria of the system
components ¢pent nuclear fuel, canisterbuffer, backfill, and
geosphergrelated to retardatiosafety function.The retardatiorsafety

functions ofeach system componeate summarized ifable 7-2.
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Table7-2: Retardation safetfjunctions, containment safety function indicators, and containment
safety function indicator criteria.

Retardation safety functions, retardation safety function indicators, and retardation safety function indicator
criteria
System Safetyfunction Containment safety function indicator and criteria References and
components instructions
SNF F1: constraint (a) fuel matrix conversion rate: low Posiva and SKB,
radionuclides (b) metal corrosion rate <1Qyear 2017
F2: precipitation nuclidessolubility: low ISKB, 2011
F3: avoid criticality | effective multiplication factor (¢) < 0.95, when the [SKB, 2011
canister is filled with water
canister Can4 resist (a) delay time(tgelay):long ISKB, 2011
transportation (b) the time for the canister to lose #bility to reduce
the transmission rat@arge):long
Can5 avoid (a) suitable geometric characteristics of the canistefSKB, 2011
criticality (b) suitable material characteristics of the canister
buffer Buffl: limit (a) hydraulicconductivity of buffer <1x 1€ m/s ISKB, 2011
advection (b) swelling pressure of buffer >1 MPa
Buff4: resist buffer temperature 100 ISKB, 2011
transformation
Buff5: prevent swelling pressure of buffer 0.2 MPa ISKB, 2011
canister sinking
Buff7: filter colloid | buffer dry density>1,000 kg/nd Posiva and SKB,
2017
Buff8: absorb distribution coefficient (K): high Posiva and SKB,
radionuclides 2017
Buff9: allow gas swelling pressure of buffer: low Posiva and SKB,
transmission 2017
backfill BF2: limit (a) hydraulic conductivity of backfill <18° m/s ISKB, 2011
advection (b) swelling pressure of backfill >0.1 MPa
BF3: absorb distribution coefficient (K): high ISKB, 2011
radionuclides
geosphere R1: provide (a) redoxoxidation state: limited Eh value Posiva and SKB,
preferred chemical | (b) ionic strength and salinity: charge concentrationR017
conditions cations in groundwater > 8 mM and TDS < 35
g/L(instant total dissolved solids < 70 g/L)
(c)limit concentration of harmful substancés: Q 7] <
pmm M;[HS] < 3pmgM;[K§<01M
(d) pH value of groundwater should be between 5 a
11
R2: provide (a) flow-related transport resistance in the fracture (Posiva and SKB,
preferred > 10,000 yr/m 2017
hydrogeologic and | (b) equivalent flowrate  p ™1 m3/yr
transport conditions] (c) effective diffusion coefficient¥ ): high;
distribution coefficient£ ): high
(d) colloid concentration: low

Note: SKB and POSIVA reports were referred to fordpecification of the safety function indicators and criteria, and
research results of SKB and POSIVA were referred to for the specification of quantitative values of the safety function
indicator criteria. Howesr, some of the safety function indicatoosild have various impact factors, and a single value
for the safety function indicator criteria might be difficult to specify. In this circumstances, no quantitative value was
used.
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(1) SpentNuclearFuel
(a) F1: constraintradionuclides

SNF needs to have a compgkecrystal lattice structure so that it
can maintain stability in theepositoryand the radionuclides
can be confinedin the fuel. Radionuclides may be reledse
through fuel conversion effestsuch as chemical dissolution
and oxidative dissolution of thdéuel matrix. Therefore, té
safety function indicator is setto be fifuel matrix conversion
rate0 and the safety function indicator criterion islow fuel
matrix conversion rate.
In addition, because the metal of the fuel assembly also has the
function of restricting theradionuclide species, the safety
function indicator is set as the "metal corrosion rate of the fuel

assembly,” and the safety function indicator criterion is set as

the "metal corrosion rate of the fuel assembly per year."
In addition, the metal of the fuel assembly can also constrain
radionuclides. Therefore, the safety function indicator is set to
be fAmet al C o rthed suied n arsasteenbodo fy , 6 and t
functi on I ndi cator criterion i s A m.
assembly <16/ year . 0

(b) F2: precipitation
Release of the radionuclides will be constrained blye
solubility limit. Therefore, the safety function indicator is set
to be Anuclide solubility, o and th
criterion is Al ow nuclide solubil it

(c) F3:avoid criticality
In order to maintain sweriticality within the canisters (neutron
effective multiplication factor < 1) to avoid criticality, the
safety function indicator is set tb e ffacéive multiplication
factor,0 andthe safety function indicatocriterion isfeffective
multiplication factor (k) < 0.95, when thecanisteris filled
wi th water. o

(2) Canister
(a) Can4: resist tranmortation
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Groundwater will infiltrate into the canister and contact with the
fuel when the canister is damaged. And radionuesidnay be
released along with the water flovAlthough the design othe
canister is not used to reduce the transport rate, certain
restrictions to the transport rate can be provided within a limited

amount of time after the canister is damaged. Therefohe,

safety functi on I ndi cators ar e set

canister is damaged to the radionuclides are released (delay

time, gelay) 0 and At he time for the canist

reduce the transmission rateaf§e) . O The safety

f u

indi cator criteri aded)r es hiiotuhled dbeel alyo ntg 0

At he ti me for t he canister t o I
transmission rate (drge) shoul d. be | ongbo

(b) Canb: avoid criticality
The geometry and material properties of the canssdrouldbe
able to avoid criticality. Therefore, the safety function indicator
is sett o Ibhe gedmetric and material characteristics of the
canisterg and the safety function indicator criterionfisuitable
geometric and material characteristics of the caarist

(3) Buffer

(a) Buffl: limit advection
The buffer should be able to limit contact between the canisters
and possible corrosive substances and confine radionuclides
released from the canisters. That is, the buffer should be able to
help avoid materials transporrapidly through advection.
Therefor e, the safety function i
conductivity of buffero and fAswe
safety function indicator criter.]
buffer< p pm m/ s 0 anad gispweelslsiur e > 1

(b) Buff4: resist transformation
In order to prevent montmorillonite in the buffer from
transferring into norexpandable minerals such as illite under
high temperature, thereby reducing its swelling pressure, the
safety function indicator s s et to be Abuffer
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the safety function indicator crite
100 . 0
(c) Buff5: prevent canister sinking
Buffer around the canisters must have sufficient swelling
pressure to provide sufficient suppdadr the preventon of the
canisters from sinking or tilting. Therefore, the safety function
i ndicator i s set to be fiswelling pre
i ndi cator criterion is fAswelling pr
(d) Buff7: filter colloids
The buffer should be suffiently compact to avoid colloids from
getting through.The particle size of colloids is aroung 1 to
pm m, fuel colloids can be constrained if the buffer has
sufficient density when the canister is damagéacording to
theresults of metal colloids gperiments (Kurosawa et al., 1997;
Holmboe et al., 2010)colloid transport can be blocked when
the dry density of the bentonite is greater than 1,000 kg/m
Therefore, the safety function i ndi
density, o and thedsateby Etowuhteronon
dry density > 1,000 kg/fh 0o
(e) Buff8: absorb radionuclides
The buffer can constraimhe release of radionuclides through
sorption. Therefore, the ability to absorb radionuclides is one of
the important functions of the buffer. The safety function
indicator is setto behef di st r i but i otn) ,coo eafnfdi ctiheen f
safety function indicator ctier i o nhigh distrilfution
coefficient + ) . 0
(f) Buff9: allow gas transmission
When the canister is damaged, groundwater intrusion may lead
to anaerobic corrosion of the cast iron linirgnd hydrogen gas
may therebybe generatedThe buffer needs to haveufficient
transmissibility for gas so that the generated gas can be released
and will not accumulate between the canister and the buffer.

When the pressure of the gas is higla gas passage will be
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formed in the buffer, and the gas will be released from it
Meanwhile, the passage can compromtbe retardation safety

function of the buffer. Gas transmissibility is related to swelling
pressure of the buffer. Lower swelling pressure can be

beneficialto the transmission of the gas. Therefore, the safety

functi o n i ndi cator S set t o be nswel
safety function indicator criterion
be | ow. o

(4) Backfill

(a) BF2: limit advection
The ability to restrict advection of the backfill can keep the
buffer and the canisters frombeing damaged by potentially
harmful substances in the groundwateBy Ilimiting the
hydraulic conductivity of backfill to near or lower than the one
of the surrounding host rock, radionuclides transport through
advection can also be avoided, thereby acimguvheretardation
safety function The safety function indicator is set to be
Ahydraul i c conductivity o f backfil!l
i ndi cator criterion I s Ahydraul i c
p pmm m/ s. 0O
In addition, the swelling pressure of hte backfill should be
adequate to backfill uniformly and completely, so thia¢ safety
functions of the buffer can be maintained. Therefore, the safety

function indicator i s set to be fisw
and the safety function indicatorceitr i on i s fAswel |l ing
of backf il > 0.1 MPa. o

(b) BF3: absorbradionuclides
The ability of thebackfill to absorb radionuclides can limit
radionuclidesoutwardtrangort, which isone of theimportant
factors related tothe transportof radionuclides.The safety
function indicator is set tbethefdistribution coefficient ¢ ),0
and the safety function indicator criterion fish i djstribution

coefficient ¢+ ).0
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(5) Geosphere
The retardationsafety functionsthat the geosphere should hase

focues on the stability of chemical, hydrogeologc, and tranport

characteristics. Most safety function indicators are the samehas t

containment safety functions which include providing preferred

chemical conditions (R1) angroviding preferred hydrogeologic and

transport conditiongR2):

(a) R1: providepreferredchemical conditions
(i) Redox state
The basic requirement of chemical conditions for the
repository isaredox state Canisters can be protected from
oxidation, the solubility of fel matrix and radionuclides
will be lower, and sorption of the buffer, backfill, and the
host rock will be better irthe redox state Since oxidation
occurs inan aerobic environment, the requirement for the
host rock will be without dissolved oxygen. Theafety
function indicaedaxoxi dasebnt st @ee fi
the safety function indicator <crit
(if) lonic strength and salinity

Formation of colloids can be suppressed and stability can
be improved whertheionic strength ofgroundwater is high
enough. Colloids produced by chemical erosion in the
interface of buffer and host rock are one of the main sources
of colloids in groundwater. Since chemical erosion requires
low ionic strength, the safety function indicator is set® b
Acharge concentration of cations
safety function indicator criteri
of cations in groundwater > 8 mM.
Besides, high salinity groundwater will havae negative
impact on swelling pressure and hydrautonductivity of
the buffer and the backfill. Therefore, the safety function
i ndicator i s set to be Atot al di s s
function indicator criterion is fi
< 70 g/ L).o
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(iii) Concentration of harmful substances
Sulfide is one of the main corrosive factors of the copper
shell in an anaerobic environment. Sulfides can be
generated through microbial activities in groundwater,
buffer, and backfill, and exist in the groundwatém.order
to inhibit microbial activity, besideshe concentration of
sulfides in groundwater, the concentration of methane and
dissolved hydrogen should also be limited. Other factors
like pH value, chloride ionssulfate ions, bicarbonate ions,
and stress corrosion cracking (SCC) enhancing factors
(including nitrogenous compounds such as nitrite,
ammonium, and acetate) will also affetdte corrosion of
the canisters.Also, other than improvingthe long-term
stability of the montmorillonite, the concentration of
potassium and iron in groundwater shoule donstrained.
The safety function indicator i s
harmful substances in groundwater should be Ilimited
(INQ]< pmm M,[HS] < 3 pmgM,ladd K]<0.1
M) . O
(iv) pH value
During construction, grouting materials and plug materials
may produce high alkaline pore water because of chemical
degradation. If the abovementioned pore water is in contact
with the bentonite, the montmorillonite can become
chemicallyunstableand the nontmorillonite may dissolve.
Therefor e, the safety function I n
val ue of t he groundwater, 06 and t he
criterion iIs fAipH value of the grou
5 and 1106 (Posiva and SKB, 2017) .
(b) R2: providepreferred hydrogeologic and transport conditions
Host rock needs to provide preferred hydrogeologic and
transport conditions for the repositarguch conditions include

high flow-related transport resistance (F) of flow paths to limit
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groundwatertransport and low equivalent flow rated( ) of the
interface between the buffer and the host rock to limit solute
exchange. Therefore, the safety function indicator is set to be
Afl-newl at ed transpor:t resi stance of
fl ow r atef.eot yThfeunsd i on i ndi c-ator cr
related transport resistance of fracture (intersecting with
deposition hol es) > 10,000 yr/ mo an
p pm m¥ yr . o
In addition, the following safety functions are also required:
(1) Matrix diffusion and sorption othe host rock
Radionuclides can be retarded by matrix diffusion and
sorption of the host rock. Therefore, the safety function
indicator is set to beahefief f ecti ve diffusi on
(0O) 6 and Adi stributi onthensthietfyf i ci e nt
functi on i ndi cator criteria ar e |
coefficient ©) 6 and Ahigh distwo))bation c
(i1) Colloid concentration
The mncentration of the natural colloids should be limited
to avoid radionuclides transport throughoundwater in the
fracturesby attaching to the colloidsTherefore, the safety
function indicator I s set to be 0
t he safety functi on i ndi cator cr

concentration. 0

7.5. Key Issues of Evolution over Time

The purpose of defininghe safety functionsof the repository
system is to compare the evolution of multiple barriers at different times
to safety function indicator criteri@o that quantitative evaluation of
barrier performance can be condadt and longterm safety of the
repository can be assured by the systeemponents.

After evolution analyses, those against the safety function indicator
criteria should be the key issues faohe safety assessment. Further
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evaluation and analysis are required to emsuthat possible
consequences will not jeopardizkee long-term safety of the repository.
Table7-1 and Table 7-2 showthe key issues that should be further

analyzed in the following asssment.

7.6. Factors affecting Safety Function Indicators over Time

The safety of the repository is judged by whethéhe safety
functions of the repository are maintained.he evolution of the
repository is mainly controlled by initial state, coupling of internal
processes, and external factors. And these will aftbetmeasurement
and calculation of the safety function indicators.

The wrrelation of these factors, how these facs relate tothe
measurement and calculation of the safety function indicators, and how
the safety functions of the repository will be affected will depend on key
issues considered in the safety assessment. Releralysisresults are
in Chapter 1.
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8. Compilation of Input Data and Data Uncertainty
8.1. Introduction

In order to completethe evaluation of safety functions of
containment and retardation, multiple assessment modelsre
correlated inthe safety assessment.

In safety assessment, the assessment results of models are
transferred to radionuclide transport models. The data used in
radionuclide transport models are directly influenced to the resulting
dose consequences. Thereformput parameters in the assessment
models Dbr radionuclide transportHigure 8-1) are compiled in this
chapter and the uncesdintiesareshown bytables andyraphsas the basis
for subsequent derministic or probabilistic analysesThe input
parameters that have substantial influences can also be identified.
Detailed assessment, research, and investigations can also be planned

according to this information.
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Figure8-1: Input data parameters for radionuclide transport in safety assessment.
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8.2. Reference Requirements and Criteria for Judgment

Input data parametersan have certain uncertainties because of the
large emporaland spatial scale in the assessment. Deviations of the
repository and the system units between design and
manufacturing/installationwere also taken into consideration in the
assessment. The suitability afiput data parameters was discussed by
the suppliers and the applicanteand data improvements will be
continued in the future. Thabovementioned uncertainties auld be
passed on to totatystem safety assessment eventuallgrough
assessment models in each step. Multipdssessmentcases and
sensitivity analyses were performed in the safety assessment to identify
key issues and parametermand to clarify what should be focusexh in

detailed assessmentesearchand invesigations in the future.

8.3. Inventory of Data
The models and parameters used in safety assessment have been
shownin the assessment model flow chart. Except for the near and far
field radionuclide transport modgl the main parameters for other
assessment miels and sourcearedescribed inthe respectivesectiors.
The main input parameters fothe radionuclide transport model are
shown in Figure 8-1, and the geometry parameters tfe engineered
barrier are covered in Section 4.2. The hydrogeological evolution of the
repository is covered in Sectien9.3.6 and 9.4.6, groundwater flow
assassment for neafield and farfield radionuclide transport model are
covered in Sectiosl12.4.1 and 124.2, and the biosphere dose conversion
factors will be covered in Section 12.The otherinput parameters are
summarizedas follows:
(1) Fuel and initialinventory of the interested radionuclides:
The initial inventory of the interested radionuclides of tBNF is
listed in Table 4-1. If a canister fails,groundwater willenter the
void of the canister and the fuel matrx or corroded metal

assemblies of the fuel will dissolve into the groundwater. The fuel
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dissolution rateand its uncertaintiesvere adopted from the SKB
report (SKB, 2010i) anccan be foundin Table 8-1 (SKB, 2010i)
Uncertainties of two orders of magnitude were considered for the
dissolution rate. e release duration of the&orroded metal
assemblies othe fuel is specified inTable 8-2 and they were also
adopted from the SKB reporSKB, 2010i) The range of fully
corroded time wasgstimated using the corrosion rate of relatively
fast corroded material (stainless steel) atice thickness of the
thinnest part of fuel (Inconel spacers) by SKB. The most
conservativefully-corroded time was adopted for the other metal
parts. The corrosion release fraction (CRF) of the radionuclides is
in Table 8-3 (SKB, 2010i; SKB, 2010i) and the instant release
fraction (IRF) of the radionclideswhich are instantly released to
the groundwater is listed imable 8-4 (SKB, 2010h; SKB, 2010i)

(2) Material parameters of theepository
Barriers such as buffer, backfill and host rock were included in the
radionuclide transport calculation models. Dry densities and
porosities of the materials should beut into the models Dry
densities and porosities ofiebuffer and backfill were adoptefrom
the SKB report (SKB, 2010h; SKB, 2010iThe values used in the
deterministic and stochastic analyses are listedTable 8-5, and
they wereestimated based on spatial variability. On the other hand,
the dry densities and porosities of the host rock were adopted from

the previous researcly( e @, 2019a). And the values are listed

in Table 8-5 as well.
(3) Properties of the radionuclides:

Radionuclides will transport througan engineered barrier system
of different materials.The properties of radionuclides will be
affected by the composition of gnadwater, and the composition of
groundwater willthenbe influenced by climate evolution and sea
level fluctuations. Two sets of deterministic parametersere
assumed for theassessient of theinfluence mentioned previously:

(i) current sealevel and (ii) sedevel falls to-120 m. SKB reports
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were mainly referred to for the setting of the parameters in the set
of current sedevel. The values are the median values thfe
probability distributions (for instance, effective diffusion
coefficient and available porosity) or suggedt values (for
instance, partition coefficients for fresh/saline
groundwater)/medianvalues (for instance, solubility limits for
groundwater composition iatemperate chnate) in theprobability
distributions for a specific groundwater composition. POSIVA
reports were mainly referred to for the setting of the parameters in
the set of sedevel falls to-120 m. Suggestd values for fresh water

in glacial periods were usedTo carry out the probabilistic
calculation SKB reports were referred to for the setting of
uncertainty parameter setSuggested value based on different
internal and external conditions of the repository were used.

The elementspecific effective diffuson coefficients (De) for
different barrier materials can be found Trable 8-6. These values
were suggested by SKB by taking groundwater composition and
sources of uncertainties into consideration

The diffusionavailable porosity obuffer, backfill and rock matrix
canbe found inTable 8-7. The diffusioravailable porosity othe
rock matrix is equal to its physical porosity.

The solubility limits are inTable 8-8, andFigure8-2 to Figure 8-5,

and the partition coefficients (K are shown inTable 8-9 to Table
8-11.
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Table8-1: Fuel dissolutiorrate.

Deterministic analysis

Fuel dissolution rate [yr]

10

Probabilistic analysis

Fuel dissolution rate [yr]

Lower limit

Best estimation

Upper limit

Distribution

108

107

10°
Triangular distributiorin thelogio space

Table8-2: Release duration of the metal assemblies of corroded fuel.

Deterministic analysis

Release duration of the metal assemblies of fuel [yr]

10°

Probabilistic analysis

Release duration of the metal assembliax fuel [yr]

Lower limit

Best estimate

Upper limit

Distribution

107

10°

10
Triangular distributiorin the logo space.

Table8-3: Corrosion release fraction (CRF).

Deterministic analysis

Radionuclide Corrosion release fraction f]

C-14 6.40x10
Cl-36 1.50x 1@
Ni-59 9.60x10
Se79 1.30x 10
Zr-93 1.30x10
Nb-94 9.82x10
Tc-99 6.10x1CP
U-233 2.50x106

Probabilistic analysis

Radionuclide Corrosion release fraction []
Lower Best Upper Distribution
limit estimation | limit
C-14 5.70x10' | 6.40x10¢' | 6.80x10 | Double triangular distribution i
CI-36 1.40x1¢ | 1.50x1@ | 1.80x1( | normal space (the probability ¢
Ni-59 0.00x10' | 9.60x16" | 9.90x1@ | each triangular is 50%).
Se79 0| 1.30x1¢*| 5.50x10¢
Zr-93 0.30x1¢? | 1.25x1¢ | 1.40x10¢
Nb-94 - 1]-
Tc-99 4.00x1¢° | 6.10x16° | 1.30x10
U-233 1.26x10 2.50x10 2.90x10

Table8-4: Instant release fraction (IRF).

Deterministic analysis

Radionuclide Instant release fraction f]

C-14 9.20x1C
Cl-36 8.60x 1
Ni-59 1.20x 16
Se79 4.20x1C°
Sr-90 2.50x1C¢
Zr-93 9.20x1¢¢
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Deterministic analysis
Nb-94 1.80x 167
Tc-99 2.00x16
Pd107 2.00x16
Sn126 3.00x1¢
1-129 2.90x 16
Cs135 2.90x 16
Cs137 2.90x 16
Probabilistic analysis
Radionuclide Instant release fraction []

Lower limit Best Upper limit | Distribution

estimate

C-14 8.50x 1 9.20x1¢? 1.10x1¢ | Double triangular
Ni-59 1.60x16° 1.20x16P 1.70x1@ | distribution in normal spac
Sr-90 0 2.50x 16 1.00x1 | (the probability of each
Zr-93 6.30x 10 9.20x 10 1.40x1@ | triangular is50%).
Nb-94 6.40x10 1.80x 16 2.70x 16
Tc-99 0 2.00x 16 1.00x 16
Pd107 0 2.00x 16 1.00x 16
Sn126 0 3.00x1¢ 1.00x 16

Mean value Standard deviation | Distribution
Cl-36 7.60x 16 6.40x1E | Normal distribution.
Se79 3.80x1¢ 3.20x1¢
1-129 2.50x 16 2.10x16
Cs135 2.50x 16 2.10x16
Cs137 2.50x 16 2.10x16

For those which are not listed in the table are not reldasgaundwater instantly.

Table8-5: The material parameters of the disposal system.

Deterministic analysis

System unit Dry density [kg/m?] Porosity [%]
Buffer 1,562.00 45.00
Backfill 1,504.00 46.00
Hostrock 2,750.00 0.53
Probabilistic analysis
System unit Dry density [kg/mq] Porosity [%]
Lower Peak Upper Lower Peak Upper
limit value limit limit value limit
Buffer 1,484 1,562 1,640 41.00 43.50 46.00
Backfill 1,458 1,504 1,535 44.00 46.00 48.00
Distribution The dry density distribution of backfill is the double triangular distributio
normal space (the probability of each triangular is 50%). The distributig
the other parameters is the triangular distribution in normal space.

Table8-6: Element specific effective diffusion coefficients.

Deterministic analysis

coefficients [mi/yr]

8.40x1@ (Cs)
2.50x1@ (Cl, I, and
Se)

9.90x 1@ (Cs)
3.10x1¢* (Cl, I, and
Se)

System unit | Buffer | Backfill | Host rock
Current sedevel
Effective diffusion| 4.20x16® 5.00x16° 6.30x10/

2.00x1¢ (Cl, I, and
Se)

Sealevel falls t0-120 m
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Effective diffusion| 4.10x16 1.43x 107

coefficients [m/yr] 7.38x 16 (Cs)
2.38x 16 (Ra and Sr)
8.81x1¢ (Cl, I, and Se)

Note The effective diffusion coefficients of Pb and Ac in buffer in fresh w
were not mentioned in the references, thus were assumed to have th
values as the other cation elements.

Probabilistic analysis

System unit Effective diffusion coefficient [m?/yr]

Lower limit | Best estimate | Upper limit
In logio space

Buffer -2.53 | -2.36 | -2.18

Distribution The triangular distribution in lagspace.

Cs -2.52 | -1.88 | -1.88

Distribution Right triangular distribution in log space.

Cl, |, andSe -4.72 | -3.46 | -2.72

Distribution Double triangular distribution in lagspace.

Backill -2.46 | -2.30 | -2.12

Distribution The triangular distribution in lagspace.

Cs -2.46 | -1.82 | -1.82

Distribution Right triangular distribution in log space.

Cl, 1, and Se -4.50 | -3.43 | -2.66

Distribution Double triangular distribution in lag space (the probability of eag
triangular is 50%).

Mean value | Standard deviation
In logio space

Host rock -6.18 2.5x10?

Cl, I, and Se -6.68 2.5x10?

Distribution Normal distribution in log, space.

Table8-7: Diffusion-available porosity of the system units.

Deterministic analysis
System unit
Buffer | Backfill | Host rock

Current sedevel

Diffusion-available 45.00 46.00 0.53

porosity[%] 18.00 (Cl, I, and Se) | 19.00 (Cl, |, and Se)

Sealevel falls to-120 m

Diffusion-available 45.00 46.00 0.53

porosity [%] 1.00 (Cl, |, and Se) 1.00 (Cl, |, and Se)

Probabilistic analysis

System unit Diffusion-available porosity [%]

Upper limit Upper limit Upper limit

Buffer 4.60x 10 4.60x 10 4.60x10

Distribution The triangular distribution in normal space.

Cl, I, and Se 2.41x 10 | 2.41x 10 | 2.41x10

Distribution Double triangular distribution in normal space (the probabilityeath
triangular is 50%).

Backfill 4.80x% 10 | 4.80% 10 | 4.80x10

Distribution Double triangular distribution in normal space (the probability of €
triangular is 50%).

Cl, 1, and Se 2.56x 10 | 2.56x 10 | 2.56x10

Distribution The triangular distribution inormal space.
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Table8-8: Solubility limits for each element.

Deterministic analysis

Current sealevel | Sealevel falls to-120 m

Element Solubility fimits [mol/m

Ac Totally dissolved.

Am 2.50x 1@ | 3.30x10°
C Totally dissolved.

Cl Totally dissolved.

Cm 2.60x1C | 3.30x10°
Cs Totally dissolved.

I Totally dissolved.

Nb 4.90x1 2.10x16
Ni 3.00x10 1.40x16
Np 1.00x16° 1.00x10
Pa 3.30x10¢* 1.00x10
Pb 1.70x16° 1.70x 16
Pd 3.90x 16 4.00x1C
Pu 4.80x10° 1.40x16
Ra 9.10x10¢* 4.20x10
Se 6.70x 16 5.90x 16
Sn 9.00x1CP 4.20x16
Sr 3.70 2.00x 16
Tc 3.80x 16 4.40x16°
Th 2.60x 16 2.10x 16
U 9.50x 10/ 8.70x 16
Zr 1.80x16P 1.80x16P

Probabilistic anal

Sis

Solubility limits [mol/m 3]

Element 5% percentile | Mean value | 95% percentile

Ac Totally dissolved.

Am 1.18x10" | 2.56x1C | 9.14x10
C Totally dissolved.

Cl Totally dissolved.

Cm 1.28x10" | 3.16x1E | 1.18x 1@
Cs Totally dissolved.

I Totally dissolved.

Nb 1.92x 16 9.78x 16 3.17x10
Ni 1.36x16° 2.36 1.28x10
Np 1.66x10 2.93x16 1.08x10
Pa 1.18x10¢¢ 3.92x10¢ 8.93x1¢¢
Pb 1.70x10¢ 1.16x16° 3.55x 16
Pd 4.03x106 1.02x1@ 3.96x 107
Pu 2.13x106P 6.15x10 1.99x16
Ra 2.07x10¢¢ 5.99x 16 2.35x 107
Se 3.28x10 3.06x106P 1.22x10¢
Sn 1.47x10P 2.15x10¢ 7.55x10¢
Sr 2.28x10 1.82 5.48
Tc 1.65x10P 5.33x10P 1.22x10P
Th 4.52x10 2.14x10P 8.70x16P
) 8.75x10 1.33x10P 4.67x16P
Zr 7.09x10 1.25x10 4.51x10
Distribution As shown inFigure8-2.
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Table8-9: Partition coefficients for each element of the system (déterministic

analysis).

System unit

Buffer and backfill Host rock
Element Sealevel falls to - Sealevel falls to -

Current sealevel 120 m Current sealevel 120 m

Partition coefficient [m%/kg]
Ac 8.00 8.00 1.48x167 1.48x16
Am 6.10x10 1.35x106 1.48x167 1.50x106
C 0 0 0 0
Cl 0 0 0 0
Cm 6.10x10 1.35x106 1.48x167 1.50x106
Cs 9.30x 167 4.10x10 3.49x10* 1.40
I 0 0 0 0
Nb 3.00 1.81 1.98x167 4.20x10
Ni 3.00x10 3.15 1.10x16° 3.00x 10
Np 2.00x 167 6.30x10 4,13x106 4.00x10
Pa 3.00 8.10x10 5.92x 167 3.60x 10
Pb 7.40x10 7.40x10 2.52x 167 2.52x 16
Pd 5.00 3.14 5.20x 167 3.00x 10
Pu 2.00x16° 2.40x10 9.14x16° 6.00x 10"
Ra 4.50x16° 1.06x 10 2.42x10 1.80x1@
Se 0 0 2.95x10 0
Sn 6.30x10 1.14 1.59x10 1.80x10°
Sr 4.50x16° 1.06x 10 3.42x16° 8.00x10*
Tc 0 2.00 0 4.00x10
Th 6.30x10 6.30x10 5.29x 167 4.00x10
U 3.00 5.60x16° 1.06x10* 1.60
Zr 4.00 6.30x10 2.13x167 4.00x10

Table8-10: Partition coefficients for each element of buffer @adkfill (probabilistic

analysis).
Element Lower limit Most probable value | Upper limit
[m%kg] [m¥kg] [m¥kg]

Ac 3.00x10 8 2.33x106
Am 1.00x10 6.10x10 3.78x106
C 0 0 0
Cl 0 0 0
Cm 1.00x10 6.10x16" 3.78x106
Cs 1.50x 16 9.30x1E 5.60x10
| 0 0 0
Nb 2.00x10 3 4.50%x10
Ni 3.00x16° 3.00x16 3.30
Np 4.00x1¢° 2.00x1¢ 2.00x10
Pa 2.00x10 3 4.50x10
Pb 1.20x10 7.40x10 457%x106
Pd 3.00x106 5 7.50x10
Pu 2.00x16° 2.00x 167 2.00x106
Ra 7.50x10 4.50x 16 2.70x16°
Se 0 0 0
Sn 2.30 6.30x10 1.76x10
Sr 7.50x10 4.50x 16 2.70x16°
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Tc 0 0 0
Th 6 6.30x10 7.00x10
U 5.00x10 3.00 1.80x10
Zr 1.00x10 4 1.03x16
Distribution The triangular distributiom logio space.
Table8-11: Partition coefficients for each element of host rock (probabilistic
analysis).
Element Mean value Standard Lower limit | Upper limit
[m%kg] deviation [m%kg] [m%kg]
In logio space

Ac -1.83 7.20x10 -3.24 -4.17x10
Am -1.83 7.20x10 -3.24 -4.17x10
C 0 0 0 0
Cl 0 0 0 0
Cm -1.83 7.20x10 -3.24 -4.17x10
Cs -3.46 5.10x1¢ -4.46 -2.45
| 0 0 0 0
Nb -1.70 6.40x10 -2.96 -4.52x10
Ni -2.96 6.50x10 -4.22 -1.69
Np -1.28 6.50x10 -2.55 -7.00x 1
Pa -1.23 4.80x10* -2.17 -2.86x10
Pb -1.60 5.60x10 -2.69 -5.09x10¢
Pd -1.28 8.30x10¢* -2.91 3.44x10
Pu -1.83 7.20x10 -3.24 -4.17x10
Ra -3.62 4.10x10* -4.41 -2.82
Se -3.53 5.50x1¢ -4.60 -2.46
Sn -8.00x 10 2.80x10 -1.35 -2.53x10
Sr -5.47 9.90x10¢* -7.42 -3.46
Tc -1.28 6.50x10 -2.55 -7.00x 16
Th -1.28 6.50x10 -2.55 -7.00x 16
U -1.28 6.50x10 -2.55 -7.00x 16
Zr -1.67 3.50x10 -2.35 -9.91x10
Distribution The normal distributioim log:o Space
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Figure8-2: The distributions of solubility limitéor strontium, radium, zirconium, and

niobiumin probabilistic analyses.
Note: The sample size of the solubility for each element is 6,916.
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Figure8-3: The distributions of solubility limits for technetium, nickel, palladium,

and tin in probabilistic analyses.
Note: The sample size of the solubility for each element is 6,916.
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Figure8-4: The distributions of solubility limits for selenium, thorium, protactinium

and uranium in probabilistic analyses.
Note: The sample size of the solubility for each element is 6,916.
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Figure8-5: The distributions of solubility limits for neptunium, plutonium,

americium, curium and lead in probabilistic analyses.
Note: The sample size of the solubility for each element is 6,916.
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8.4. Procedure for AssigningValues

The input data parameters used in the models of safety assessment
were mainly specified based on past research, i.e. Table | to Table Il of
the SNFD2017 reference casey( e @, 2019). If the design was

modified or new evidence and evaluation data were aagliinternal
experts wuld discussthe influence and applicability. Meanwhileg
conference with external experts was also held to review how input data
parameters would be used in modeThe values andheir uncertainties
in the safety assessment weretdrmined according to the procedures
stated above.

For proper management of uncertainties of input data parameters, a
standardized protoco(SKB, 2006b) will be introduced in the future
according to relevant references to determthe values of input data

parameters and evaluate uncertainties.
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9. Evolution Analyses ofthe Repository
9.1. Introduction

The overall evolution of the repositorywhich is the basis for
establishing scenarmof safety assessmentill be mainly described in
this chapter. Besides, the rationality of the repositevgplutionwill also
affectthe definition processof the main scenarios.

The discussion of this chapter will mainly focus tre containment
safety functionsof the repogory. Through evaluation of relevant safety
functions over the assessment period, whether the containmsahety
functionscan be maintained or not will be further discuss8ased on
the evaluation results of this chapter and the development of assessmen
scenarios in Chapter 10, overall analyses fioe failure of containment
safety functionswill be discussed in Chapter 11. Finallg relevant
assessment athe release of radionuclides describedn Chapterl2.

In this report, repository evolution undewo different kinds of
climate evolution will be discussed:

(1) Basic evolution:in which future climate conditions will evolve
according to 120,004 ear glacial cycle.
(2) Global warmingevolution in which impact on climate evolution and

the repository fromgreenhouse gases will be discussed.

The initial stateof the repository for the two evolutiois based on
the descriptionin Chapter 4 andthe management of relevamiternal

procesesis described inChapter6.

9.1.1. Prerequisites
The foundation othe evolution analysis of the repository is dad
on the descriptiomof Chapter4 to Chapter6, and it issummarzed as
follows:
(1) Initial stateof the engineead barrier
Tolerance of each component of the repository should leéuded
in consideration ofthe initial state For example, the design

requirement forthe saturation density of the buffer is 2,000 kg/m
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However, the allowdle saturation density is 2,000+50 kgirin the

preliminary design. When discussing theevolution of the
repository, the abovementioned range of thesaturation density
should be taken into account.

The initial state of the engineexd barrier systemis descrbed in

Section 4.2. And the tolerance for each component has been

consideredin the design conceptFor example,welding defed is
included in the initialstateof the canister; geometrglefect ofthe
deposition holethe composition of the bentoniteand flaws in the
manufacturing are ioluded inthe initial state ofbuffer density.
Please note thatcurrenty, not all of the ddects or deviations
betweendesign and manufacturing cdre taken into account inhe
repository evolutionanalyses;however, possibledeviationsfrom
the initial stateof the components will be discussed @hapterl0.

(2) Theinitial stateof the geosphere and biosphere:
The initial state of the geosphere and biosphere are ddsdiin
Section 4.3.2, and the repositoryayout is descrbed in Section
4.4.2.

(3) Internal processes:
The internal process of the repository dominatide evolution @
the whole system.These processes are desbed in Chapter 6,
categorized as SNFcanister, buffer/backfill, geosphere and
biosphere. And the uncertainties fothese processeswill be
evaluated based orelevant measures describeadChapter8.

(4) Basicevolution:
Future climate evolution and the probability afspecific climate

evolution are difficult to be estimated Assuming that climate

evolution follows the same evolution cycle from the past is a more

feasible way. Hence, the climate evolution ofethepository is

assumed to follow thelimate evolution cycle described in Chegr

5. The repository will go through subtropical climate and temperate

climate (including the seé&evel evolution under this climate

change) in a 12@00-year cycle. And the @¢mate evolution cycle
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will repeat to the end of theafety assessment timescalelease
refer toTable5-1 andFigure5-1).
This climate evolution is one of thevolution that is more likely to
happen during the glacal period. Please notehat it is not a
prediction of future climate evolution but a reasonable estimation
for the safety assessment of the repository based on scientific
evidence. For the robustness of the assessment, extreme elimat
evolution will also be taken into account.

(5) Global warming evolution:
The geenhouse effect is anothenportantfactor influencingfuture
climate evolution.Global warmingcaused byhe greenhouse effect
may induce a relativdy warm climate over a long period, as
described inSection5.2.1 (IPCC, 2017) Currently, the assessment
of global warming evolution has ndieenyet completed, and this

will be one of the research objectives the future.

9.1.2. Structure of the Assessment
The basic evolution can baivided into four periods as follows:

(1) The excavation and operation periothe research targetsf this
periodare mainlyfocusedon the state of the underground facility of
the repository, which includes the disposal tunnels and the canisters.
During thisperiod, theclimate and the sedevel areassumed tde
the same asowadayqTable5-1 andFigure5-1). Relevantevolution
analyses aredescribedin Section9.2.

(2) The initial period after closure (postfiosure 1,000 years)the
research targets of this period are maifndgusedon the state of the
repository from the time that the repository is closed to pdssure
1,000 years. During this period, the climate and the-lesal| will
be similar to nowadays(Table 5-1 and Figure 5-1). Relevant
evolution analyses are described in Section 9.3.

(3) The remainingglacial periodafter closure(postclosure 120,000
years):the research targets of this period are maifdgusedon the

state of the repository from postosure 1,000 years to the end of a
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glacial period. The climate is assumed to evolve frtme current
climate (subtropical climate) tatemperate climate then go back to
thesubtropical climate Table5-1 andFigure5-1). And the sedevel
will fall to -120 m fromthe current sedevel andthen rise back to
the same aghe current sedevel. Relevantevolution analyses are
descrbed in Section 9.4.

(4) The subsequent glacial cydethe research targets of this period are
mainly focusedon the state of the repository after the end of the
first glacial period to the end of a one milligyear safety assessment

timescale.Relevantevolution analyses are described in Sectioh. 9.

Discussion related to global warming evolution is described in
Section 9.6.The possible impact of the repository under global warming
evolution will be included in the section.

In every section of this dcpter, analyses of climate, biosphere,
THMC evolution of the geosphere, THMC evolution of the engineered
barrier system, and the state of the safety function indicators in each

periodarediscussedrespectively

9.1.3. Conceptual Hydrogeological Model

Based on the reference caskownin Section4.3.2,regolith (RO),
rock mass (R), and major wateonducting zone (F#) are included in the
hydrogeological conceptual modeAnd the fault zone (F1) and fracture
zone (F2) are assumedd only revealon theisland

For the evaluationof hydrogeological evolution, different model
domainsbased ondifferent sealevel conditions should be created. The
DEM, which includes coastal areas of mainland China, Taiw8&traits,
and Taiwan Islandis included in the estimtion of different scale
domairs. The regional scale domains arldeir natural boundaries are
chosen todefine a naturaltopographybased water divide and water
shield.

Based onthe estimated climate and séavel evolution inSection

5.2,in the period ofone glacial cyclethe topography of the reference
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case is likely to evolve from island to plagradually while the sedevel

changes from 0 m te120 m After that, the topography will evolve from

plain to island while the sebevel changes from120 mbackto 0 m.

When the sedevel descends te20 m, the topography will evolve from

island to castal area, and there will behuge impact on the groundwater

flow field. In addition, when the topography becomes plain while the
sealevel descends to120 m, there will also bean impact on the
groundwater flow field. Therefore, four specific time points were
selected to develop med domains for the evaluation of hydrogeological
evolutionin one glacial cycle

(1) the site scale model (the séavel is the same as nowadays);

(2) the regional scale model (postosure 16,700 years, the séavel
will drop to -20 m, and the topography of éhreference case will
becomea coastal area);

(3) the regional scale model (poestosure 100,000 years, the stavel
will drop to -120 m, and the topography of the reference case will
become plain);

(4) the site scale model (postosure 120,000 years and theaslevel

will regain to the same as nowadays).

The abovementioned model domains are shown kingure 9-1 to
Figure 9-3.

The infiltration rate and recharge rate ttie reference casare
calculated by empirical functionsising the meteorological datain
Section 4.3.2.6The annual average infiltration rate of the reference case
was calculatedo be 66.8 mm/yr

The parameters for hydrogeologicalodelsare shown inTable9-1.
During the excavation and operation period and the initial period after
closure (posiclosure 1,000 years), the climate atite sealevel will be
the same as noadays andthesite scalemodelwith salinity equal to sea
water (3.2%)was usedin the calculation.On the other hand,ni the
remaining glacial periodafter closure the sealevel will gradually
decrease from 0 m tel20 m, and regional scale modeblith salinity

equal to freshwatewere usedin the calculation
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For the purpose of disequent safety assessment, performance
measuresncluding flow-related transport resistance (F) and equivalent
flow rate (1 ) were calculated using DarcyTools.

Flow-related transport resistance (F) is a parameter describing the

retention and retardatioaf radionuclides within rock mass:

?:

(9-1)

e

where,

&=flow related transport resistance(¥ ].

A=the flow wetted surface per unit volunod rock, [I 71 ].
, =path lengths, m].

KeDarcy flux, [I 7Q.

The hydraulic conductivity in the deposition hole was assigned to
be p8&t pm m/s, which was based on the desigaquirementsof
hydraulic properties of buffer in Section 4.2.8he guivalent flow rate
is a fictitious flow rate of water that carriescancentration equal to the

one at the compartment interface (Romero et al.,5)99

1 ¢5(1$ O I¢ (9- 2)

where,

1 =equivalent flow rate, [ j Q.

5=equivalent initial flux in the fracture system averaged over the rock
volume adjacent to the deposition holel, ¥Q.

( =height of the deposition hole, [m].

$ =diffusivity in the water, [ 7Q.

O =the time that the water is in contact with the deposition hole within

each fracture, [s].
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In summary the hydrogeological models can lwategorized into

repository scale, site scale, and regional scale:

(1)

(2)

(3)

Repository scale modelthis model was used to analyze the
groundwater inflow rate of the disposal tunnels and deposition holes
during the excavation and operation period. The model is esd¢ah

a range from a few meters to hundreds of meters.

Site scale modelthis modelwas used to analyzéhe steadystate
groundwater flow field and salinity distribution of the repository
and the adjacent area in the initial period after clogym@stclosure
1,000 years). The model is scaled in a range from hundreds of meters
to a few kilometersincluding the repository geometry, adjacent
hydrogeological units and structures, and topology of the reference
case and the adjacent sea area.

Regionalscale modelthis modelwas used to analyze the evolution
of the groundwater flow field of the repository in the remaining
glacial period after closure (postosure 120,000 years). The model
is scaled in arange from tens of kilometers to hundreds @nkéters
including coastal areaof mainland China and Taiwan Strait.
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Figure9-1: Hydrogeological model with sdavel equadto O m.
Note: the model domain includes land dhedadjacent sea areas.
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Figure9-2: Hydrogeological model with sdavel droppingto -20 m.

Note: red line indicates the catchment area whetteseh drops 20 m, which also indicates the

simulation area.
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Figure9-3: Hydrogeological model with sdavel droppingto -120 m.

Note: red line indicates the catchment area whesealevel drops 120 m, which also indicates the
simulation area.

Table9-1: Parameters of the hydrogeological model at different evolution periods.

Hydrogeological
model

Period Climate pattern Sealevel

The
excavation
and operation
period

The initial
period after Subtropical Om Site scale Sea 8.2 %)
closure

The remaining
glacial period
The
subsequent | The initial cycle of 0.12 million years is repeated.
glacial cycle

Salinity

Subtropical Om Repository scale | Sea 8.2 %)

Fresh water
(0.0105%)

Subtropical|-20 mM3¥ m | Regional scale
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9.2. Excavation andOperation Period

The hydrological, mechanical, and chemical evolution of the
repositoryduring the excavation and operation periothis period takes
about tens to a hundred yeadepending on the number of canisters that
need to be disposed and the schiedwf excavation and operation
activities) is described in this chapterAccording to Chapter 5, the
climate during this period will be very similar to the presehn¢nce the

sealevel would most likely be the same, too.

9.2.1. Near-Field Thermal Evolution
Basal on the parameters ofthe reference caséi.e. the surface
temperature i1 s 23.8 and the geother ma
estimaed ambient temperature at 500 m undergroumidl be 9 . 5
higher than the surface temperaturehich will bea b o u't 33. 3 . T h
temperaturewill be affected by ventilation design durin@pe excavation
period, but issupposed to baegligiblecomparedto the influence from
the decay heat oSENF. Sinceinfluence fromthe decay heat can last
thousands of yearss detailed discussion is includeid Section9.3.
When consideringhe safetyof the repository the most important
factor is the change maximumtemperature in theepositoryover time.
As excavationactivities andoperationactivities are done step-by-step,
the activity of radimuclides can havea greater impact on thermal
evolution. In addition, the disposal operatipattern (e.g simultaneous
disposal or sequential dispogatill also affect the changen maximum

temperature.

9.2.2. Near-Field Rock Mechanial Evolution

During the excavation and operatigeriod, the mainimpact on
nearfield rock mechanicss shownbelow:
(1) The development of excavatiodamagedzone (EDZ) and other

impacs on rock hydraulic characteristics (safety function R2):
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A relevant asesssmenthas not been done yeBut excavation of the
deposition holes is supposed to cause very little disturbance to the
surrounding host rock, anthe impact on thetransmissivityis less
than pm | 7O (SKB, 2011). Therefore, ifthe drilling and
blasting method is used fothe excavationof tunnels it is assumed
that the transmissivity of EDZ will be pm | 7O (SKB, 2008
Backblom, 2008 SKB, 2010i).
