
Risk Analysis

Risk Assessment

PRA

Risk Management

Risk/Benefit

Option Generation

Cost/benefit or value/impact

Risk Communication

Risk perception

How can risk be communicated?

NSPE Code of Ethics

Engineering ethics

Triplet

What can go wrong?

How likely is it to happen?

What are the consequences?

Sources of risk for nuclear energy

Unintentional

• Accidents

Intentional

• proliferation

• sabotage

• theft

Risk

The expected value of

an undesirable consequence

Risk = ∑ 𝑥𝑖𝑓𝑖

Farmer’s Chart

Event frequency vs Consequence

Anticapted Operational Occurences

high frequency

Design basis events

Mid frequency

Beyond Design Basis

low frequency

Event frequency

Event trees

Fault trees

PRA

Sequences and Consequences

Event -> Exposure -> Consequence

Events

top, intermediate, and basic

Sequence Events

• start from init event

• safety function is a success or failure (failure comes from fault tree)

• sequence ends with outcome

• multiply sequences in time

Accidental

Acute effects

Latent effects

Chronic

Latent effects

Public health

source term

environmental fate and transport

exposure

dose response

Iso-risk lines

log-linear line in frequency vs consequence

Safety Hazard Evaluation

• maximum material involved

• potential initiating events

• systems that prevent the release of material

• systems that mitigate consequences

Reactor Safety Analysis

Hierarchical system

LEVEL 1 PRA

• frequency of damage

• indentification of initiating events

LEVEL 2 PRA

• frequency of events that release radiation

• plant response under severe conditions

LEVEL 3 PRA

• consequences in terms of injury to the public

• estimating radionuclide fractions

CSAU

Code, Scaling, Applicability, and Uncertainty Analysis

PIRT

Phenomena Identification Rank Phenomena

• Validate modeling tools

Separate Effects

• artifical boundaries to replicate a phenomena

Integral Effects

• coupled phenomena studied in scaled experiments

Acceptable release of I-131

WASH-1400

1975

• two LWRs: a PWR and a BWR

• first time classifying accident sequences

• used quantitative Farmer’s Charts

Zion and Indian Point

1981, 1982

• first to assess external events

• realistic transient analysis

Adequate Protection

Atomic Energy Act of 1954

Title 10

Aleatory Uncertainty

stochastic

Epistemic Uncertainty

lack of knowledge

Defense in Depth

• Prevention, mitigation, and interdiction

• redundancy and diversity in design

Safety Margins

𝑃(failure) = 𝑃(load > capacity)

Gates

OR (∨)- the output occurs if any input occurs (sum of probs)

AND (∧)- the output occurs if all input occur (product of probs)

cut sets

set of basic events that cause the top event

success set

combinatino of success that prevent top even failure

combine with ORs, since only one has to hold to prevent the top event

IPE and IPEEE

Individual Plant Examination

Individual Plant Examination of External Events

TEDE REM

Total Effective Dose Equivealent

1 rem = 10 mSv

Licensing Modernization Project (LMP)

Types of Risk

Five

1. Public health and safety risk

2. Investment risk to plant owner and economy

3. Risk to public acceptance, confidence, and perception

4. Risk to public welfare

5. Environmental and ecological risk

Strategies

Risk based/informed approaches

• quantitative

• USNRC

Risk Reduction Activities

• ALARA

Standards from discursive process

• roundtables and deliberation

Issues

• realism vs constructivism

• public concerns as criteria

• approriate handling of uncertainty

• “risk based” vs “precaution based”

• optimal integration

Perception

• expected fatalities

• catastrophic potential

• qualitative risk characteristic

• stigma

• trust in regulatory agencies

• beliefs associated with risk-handling actors

Mobilization Index

• injustice associated with risk

• stress associated with risk

• spill-over effects

Deterministic regulation

• simple rules

Probabilistic Regulation

• no significant risk

• risk should be comparable to currently established systems

NRC Qualitative Safety Goals

• can be expressed as a Farmer’s chart

• society places higher weight on high-consequence accidents

risk adversion

Transients

• must be validated against separate and integral

10 CFR Part 53

• PRA for finding LBE

• can now be licensed under actual risk profile

Corrective Action Programs (CAPs)

• review problem to determine cause

• correct immediate problem

• determine extent of condition

• employees must be willing to report problems

Life-Cycle (LCA)

• scoping

• inventory data

• life-cycle impact assessment (LCIA)

• decision making

Hazards Characterization

Alternatives Assessment

• from EPA

• full range of human health and environmental info

• minimize potential for unintended consequences

Risk Assessment Outputs

• Cancer

• Non-cancer

Ionizing Radiation

Effects

1. Exposure

2. Effects

1. Genetic -> Stochastic

2. Somatic -> Deterministic or Stochastic

Deterministic

• Proportional to dose
Stochastic

• protional to dose without threshold

Toxic Substances

• Disease, injury, death

• frequency or probability of exposure

• cancer, heart disease, harm

Transportation Example

• Benzene: volatile organic compound

Reference Exposure Levels (REL)

• acute

• 8 hour

• chronic

Externality

• An activity of one agent affects another agent

• occurs outside the market mechanism

• positive or negative

Hidden Costs of Energy:

Unpriced consequences of energy production

and use in 2010

Approach

• Energy Sectors

• Damage Categories

• Impacts over full life-cycle

• Different approaches for climate and non-climate damage

Non climate

Emmissions -> Ambient concetration -> exposure -> effect -> damagest

LWR Criteria

1. reactor subcriticality

2. core heat removal

3. core inventory makeup

4. containment pressure suppresion

5. containment heat removal

6. containment integrity

Summary fault trees

Master logic diagrams

LWR Plant Damage State

• stateus of system operability

• status of reacotr coolant system

• status of water inventories

Definitiion

• Deductive anlaysis (event trees are inductive)

• Starts with the undesired event definition

• used to estimate system unreliability

• explicitly models multiple failures

Boolean fault tree reduction

Commutative law

Associative law

Distributive law

Idempotent law

Law of Absorption

Minimum Cut set and single failure criterion

Estimate Probabilities

• Generic reliability data

• plant-specific data

• bayesian updated data

Human actions

• basic events

• errors of omission

• errors of comission

LWR risk objectives

• Quantitative helath objectives (QHOs)

• no person in the vicinity should be in danger

• the population hsould be in even less danger

NUREG 1150

• LEVEL 1 plant damage states

• LEVEL 2 accident progression bins and source term groups

• LEVEL 3 consequence measures

Core damage frequency

• accident sequences

• dominant contributors

• plant damage states
Source terms

• magnitude and timing

• source term groups

• frequencies of release

Quantification of Risk

• health effects

• population, dispersion, dose, and mitigation modeling

• likelihood computations for consequences

‣ accident frequencies

‣ conditional probability of phenomena

‣ meterology

‣ evacuation

‣ health effects

Initiators

• LOCAs

• Transients

‣ loss of power

‣ turbine trip

‣ steam line break

• External events

‣ earthquake

‣ flood

LOCA pheonomena

• sources of heat

• blow down phenomena

• swelling/rupture of cladding

• post blow down heat removal by ECCS

Severe Accident Phenomenlogy

• coolant is lost

• core heat up rate

‣ large break

‣ small break

• zirconium oxidation

• core melting

• hydrogen generation rate

• debris relocation

• lower head failure modes

• fission product release

• corium-concrete interactions

• containment phenomena including containment failure

Large early release frequency (LERF)

Identify LBEs

LBE process attributes

• Systematic and reproducible

• sufficiently complete

• Available for timely input to design decisions

• Risk-informed and Performance-Based

• Reactor Technology Inclusive

• Consistent with Applicable Regulatory Requirements

Interfacing LOCA

• simultaneous failure of

‣ check valve

‣ motor operated valve

Master logic diagram (MLD)

• top down search for initiators

• decompose by:

‣ safety function challenged

‣ system and component Screening

• groupled by plant response

• group is represented by most challening member

• very-low frequency initiators are screened out

Defnse-in-depth

• unanticipated events

• prevention

‣ effective correcctive action programs

• mitigation

Ultimate Corrective Action

• remove solenoid operators

Fission Safety Fundamentals

• Negaive temperature/void coeff

• remove fission and decay heat

• radionuclide confinement

• external isolation

Outtages

• forced and scheduled outtages

• during low seasonal demand

Equipment Reliability

Reliable Operation

• Failure Modes and Effects Analysis (FMEA)

• Hazards and OPerability Studies (HAZOPS)

• PRA

Failure Mechanisms

• stress induced failure e.g. brittle fracture

• strength reduced failure e.g. corrosion

• stress-increasing failure e.g. fatigue

“bathtub”

• aging curve

• failure rate is constant at mid life 𝑅(𝑡) = 𝑒−𝜆𝑡, failure = 1 - R(t)

• Mean Time Between Failures (MTBF) = 1
𝜆

• Mean Time To Repair (MTTR)

• Availablility = MTBF/(MTBF + MTTR)

• Failure-on-demand-probability Q (e.g. pump that fails to start)

Common cause failure

• intercomponent dependencies

• treated parametrically

• concern is that it defeats redundancy/diversity

Dependent failures

• initiating events

• intersystem dependences (e.g. AC power)

• common cause (intercoponent failure)

Common cause mechanisms

• environment

• design deficiency

• manufacturing error

• test or maintenance issue

• operational error

Beta factor

• fraction 𝛽 of a component’s failures are common cause

• fail all redundant safety trains at once

• redundancy is therefore less effective than one would think

Maintenance strats

• operate to failure

• preplanned obsolescence

• preventive maintenance

• corrective maintenance

• predictive maintenance

• CAPs

Transient and Accident Analysis Methods

• best estimate methods

EMDAP

• Evaluation Model Development and Asessment Process

System response

• model LBE

Steps of CSAU

Element 1

1. Specify scenario

2. select npp

3. PIRT

4. select frozen code

5. provide complete documentaiton

6. determine code applicability

Element 2

1. establish assessment matrix

2. define nodalization for NPP calculations

3. determine code and experiment accuracy

4. determine effect of scale

Element 3

1. Determine effect of reactor input parameters and state

2. perform NPP sensitivity calculations

3. combine biases and uncertainties

4. total uncertainty to calculate specific scenario in a specific NPP

Simulation

• fuel

• heat

• coolant

• control/safety systems

Generic Sim Requirements

• Quality Assurance

• Verification

• Validation

• Uncertainty Quantification

• Sensitivity Analysis

Quality Assurance

• provide all verification for models

• demonstrating user competence

Code Verification

• deal with code errors

• demonstration of problems with analytical solutions

• determine observed order of accuracy

Validation

• represent with selected experiments

• arguments about which experiments are most important

Uncertainty Quantification

• code uncertainties

• representation uncertainties

• scaling issues

• plant uncertainties

• user effects

Statistical Samping in Licensing

• 95/95 criteria

• computationally intesive codes have not be accepted yet

Handling Uncertainty

• Capability of ‘Internal’ Assessment of Uncertainty (CIAU)

‣ experimental error database reference

‣ identifies 6 driving quantities to establish accuracy scaling

Pebble Bed Modular Reactor

• large uncertainties with initiaing event frequencies

• doses are low

• NRC recognizes the limitations of uncertainties in dose calculations Sensitivity Analysis

• determing change in resopsne of system to small perturbations in input parameters

• covariances

• qualitatively determine important phenomena

• inform most useful experiments

Measures of exposure

• body burden

• time-weighted average

• peak exposure

• cumulative intake or dose rate

• intake/source ratios (intake fraction)

Dispersion in Air

• advection and diffusion

• wind/thermal

• Guassian statistical solutions of atmospheric diffusion equation

Guassian Plume Models

Intake fraction (iF)

• emissions -> concentration -> exposure -> intake

• mass inhaled/mass emitted

Intake Fraction = Population Intake
Total Emissions

Indoor emissions

• Rate of Intake: IR = Ca × BR

• Steady State concetration in air: Ca = Em
Ven

• Loss Rate (Ventilation): Loss = Ca × Ven

• iF = BR
Ven

Ionizing Radiation

• Alpha particles

• Beta particles

• Gamma rays and X-rays

• Neutrons from fission

Tissue dose as basis for health risk

• absorbed dose

• dose-equivalent 𝐻 = 𝐷 × 𝑄

• quality factor

Safe Dose

• Acceptable or allowable daily intake (ADI)

• Tolerable daily intake (TDI)

• Tolerable concentration (TC)

• Minimal risk level (MRL)

• Reference dose (RfD)

• Reference dose (RfD)

• Reference concentration (RfC)

• Predicted no effects concentration (PNEC)

Dose Response Models

• relative risk RR = observed disease rate
Expected disease rate

• Unit Risk Model

• Tolerance distribution models (threshold models)

‣ for individual is step function

‣ for population is normal distribution

• Probit plot: Fraction impacted vs Dose

• Logit Model: tolerance distribution with a logistic or log-logistic function

Toxicology

• shape of response curve at low dose

• posutale a mechanism


