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« Hazard — source of potential danger.

« Uncertainty is a result of complexity.

— Complexity — fundamentally limits our ability to understand and
predict system behavior.

* Risk — possibility (uncertainty) of damage.

— Likelihood of conversion: Hazard => injury.
* No potential damage => no risk
* No uncertainty => no risk

 Risk is never zero,

— but can be made as small as we like by increasing safeguards.
* Risk ~ Hazard / Safeguards.

— Awareness of a hazard is a safeguard
» Helps to reduce the risk by avoiding the hazard.
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» |f all threats are known, then safeguards can
be applied effectively.

* If you know your enemies and know yourself, you can
win a hundred battles without a single loss.
* if you only know yourself, but not your opponent, you
win one and lose one.
* If you know neither yourself nor your enemy, you will
always endanger yourselr.
Sun Tzu, ~6th century BC
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» Risk is relative to the observer’'s (knowledge)

— “Perceived risk”

* “Absolute” or “Objective” risk
— is risk perceived by someone else with different knowledge.

* |s it risky to reach with your hand into the bag?
— (with a rattlesnake in it)?

 The answer depends on the knowledge available
to the observer.

— if the observer doesn’t know about the rattlesnake in
the bag, the answer is most probably “No”.
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« Safety = Risk Management

* Itis not possible to avoid risk but only to
choose between different risks.

— Doing “nothing” is not “risk free”.

« Rational decision-making requires a
quantitative way of expressing risk

— so that it can be properly weighed,
« along with all other costs and benefits,

* in the process of making “risk informed”
decisions.
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* “Frequency’ refers to the outcome of an
experiment of some kind involving repeated
trials.

— Frequency is a measurable value.

 This is so even if the experiment is only a thought
experiment or an experiment to be done in the future.

* “Probability” is a numerical measure of a state of
knowledge, a degree of belief, a state of
confidence in specific outcome.

— Probability is a number used to communicate a state
of mind

« Subjective, not measureable
— at least not in the usual way.

— When one has insufficient statistical data, there is
nothing else one can do but use probability.
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1. What can go wrong?
— Scenario s;
2. How likely is that it will happen?

— Frequency f;
 when statistical data is available

3. If it does happen, what are the consequences?
— Measure of damage x;

« Answers to the questions define the Risk quantitatively as
a set of triplets:
R; = {s;, fi, xi}

« often we do not know exactly
— the frequency with which scenario occurs P;(f;)
— consequences of the scenario P;(x;).

R; = {s;, Pi(fi, xi)}
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Scenario Likelihood Consequences Cumulative probability

5y 4 X P\=P,+p,
53 P2 X3 P,=Py+p,
¥; Pi X Pi=P,\+p,
o _"/ STAIRCASE FUNCTION Sn—1 PN—I XN PNHI=PN +PN—I
! Sy Pw Xy Py=py

* Arrange scenarios in order of
increasing severity of damage (x)

SMOOTHED RISK CURVE X1 < X2 < .- < XN

« and build a cumulative
distribution of frequency

* The staircase function is a
discrete approximation to a
continuous reality.

« “Risk curve” can be used to
represent the actual risk.
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(Lack of) knowledge
effect on the risk curve

LOG ¢
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While risk is relative to the
observer’'s knowledge.

Two rational beings given the
identical totality of information
(evidence) must assess the
risk identically.

R; = {s;, Pi(fi,x;)}

Quantitative risk depends
upon the evidence at hand
and should be independent of
the personality.
— While decisions on the risk
management might be
affected by the personality.

* Personal degree of risk
aversion/acceptance

LOG x

LEVEL OF DAMAGE

10
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* Reactor Safety Study,
ot Wash-1400, 1975.
 Frequency of fatalities due
to man-caused events
: " * The asymptotes have the
: interpretation of
: \ — “maximum possible
damage” and
« i \ ‘:/,CHLDHIHEHELEASES _ “probablllty Of any damage
\(/ghﬂg:ﬁﬁ:ESFEHSONS at a”-”
_ rowenrias * The effect of ~100 nuclear
ke reactors on the total man
caused mortality is
_— , g | negligible.
10 100 1000 10,000 100,000 1,000,000 1 1

FATALITIES
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Risk of A is clearly different from B.
— Which option is better? A

It is possible to reduce risk curves to

single numbers, for example by

introducing a utility function and P
performing an expected value operation

5o JOO 0o dP(c) B
0

p dc

These figures of merit are scalars and
thus linearly comparable, but, only at a
cost of great loss of information in the c
expectation operation.

E.g. Uy > Ug but B can include a
scenarios with extremely high
consequences, that should be avoided,
despite its very low probability.

12
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« Risk cannot be spoken of as acceptable or not in isolation,

— but only in combination with the costs and benefits that are
attendant to that risk.

« Considered in isolation, no risk is acceptable!

« A rational person would not accept any risk at all except
possibly in return for the benefits that come along with it.

* Even then, Risk is still not acceptable if it is possible to
— obtain the same benefit in another way with less risk.
— reduce the risk at small (compared to benefit) cost.

« A larger risk may be perfectly acceptable if it brings with it
— a substantially reduced cost or
— increased benefit.

13
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Fig. 2. Estinstid snnoal excess dosils doe to exposure 10 ansbiend Py o genersted by fossil oo comibrstion.

Karn Vohra, Alina Vodonos, Joel Schwartz,
Eloise A. Marais, Melissa P. Sulprizio,
Loretta J. Mickley (2021) Global mortality
from outdoor fine particle pollution
generated by fossil fuel combustion:
Results from GEOS-Chem

The burning of fossil fuels — especially
coal, petrol, and diesel — is a major source
of airborne particulate matter with an
aerodynamic diameter < 2.5 ym (PM2.5)).

A global total of 10.2 million premature
deaths annually attributable to the
fossil-fuel component of PM2.5.

— The greatest mortality impact is estimated
over regions with substantial fossil fuel
related PM2.5, notably China (3.9 million),
India (2.5 million) and parts of eastern US,
Europe and Southeast Asia.

What would be a rational decision on
selection of the energy source?

15
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* Nuclear power is a source of energy capable to
provide base-load demand without negative
Impact on the climate

— CO, and air pollution free.

* Nuclear energy provides about 30% of the base-load
electricity in the EU and is considered a strategically
important source of the future energy mix by the European
Strategic Energy Technology Plan (SET-plan).

* Nuclear energy can be used to actively reduce
the concentration of greenhouse gases in the

atmosphere.
— to prevent the climate catastrophe.

16
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 Managing the Risk is about dealing with
uncertainty.
— Nuclear power safety aims to bound the

uncertainties and provide adequate protection
despite the unavoidable “unknown unknowns”

—

* We can reduce uncertainty by ldeﬂﬁo
— Changing the system _ A~y

* design, |
» procedures \Coe \=

e training... '
— Improving knowledge | Decide)
» Research ~
17
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Perceiving, Assessing and Managing Risk of
Rare, High-Consequence Hazards

Risk = { Frequency, Consequence }

Prevention  Mitigation

VsS.

» Statistics Available.

* Trials-and-E
« Physics-Based and Engineering Judgment. nals-and-errors

e Simulation-Based Prediction.
» Synthesis

* Full-Scale Testing

18
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|
Malfunctions Accident : Severe

Health
trol Mitigation and/or « Accident Effects
| Severe Accident |  Mitigation
ention i
Region | Region Il Region IV

Theofanous (1996)
[
|
I

Likelihood

Performance Pravention Risk y
Based Based ' Oriented
i

Consequences —

 When consequences are extremely high (e.g.
severe accident), low probability is insufficient
to satisfy public risk aversion
— Fukushima (and previously TMI-2 and Chernobyl)

accident shows that public has near-zero tolerance
to significant release of fission products,

 even if there are few or no fatalities which can be directly
linked to the release.

19
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General means of protection; conservative design,
quality assurance; safety culture

Third bamier Primary coolant bounda

First level: Prevention of deviation from normal operation

Second level: Control of abnommal operation \

Third level: Conftrol of accidents in design basis'\

Fourth barrier: Conﬁnement\ [ )

Fourth level: Accident management including confinement protecﬁon\

Fifth level: Off-site emergency response"\

« Defence in depth

provides the basic
framework for
nuclear power
plant safety.

There are many
layers of protection
of people and the
environment
against

— the possibility and
— the effects
of accidents.

20
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TMI-2 Core End-State Configuration ©
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* According to Murphy’s law:
If anything can possibly go wrong, it will.

« TMI-2, Chernobyl — when design allows, human operator is the weakest link.

» Fukushima — likelihood of extreme external hazards can be severely
underestimated

21
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Generation | Generation ||
— | — —1 Generation Il
Early Prototype Current Commercia =
Reactors Power Reactors Evolutionary Generation |+
Reactors ] Generation IV

Advanced Evolutionary
& Passive Reactors

New technologies that
may co-produce

: hydrogen
Shippingport (Pennsybvania)
Dresnlfen {IHlinois) LWR.PWR. BWR Systermn BO+
Fermi | (Michigan) CANDU ABWR Passive designs affering
Magnox APWR improved econamics, less
VVER/REMK operator actions and simplor
AGR APEO0D designs, such as the AP 1000
Cen| Genl| ) Genlie T Gen D
1950 1960 1970 1980 1990 2000 20010 2020 2030

Gen |+ reactor designs are an evolutionary development of Gen Il reactors, offering significant
improvements in safety.

Examples of Gen lll+ (stands for +passive systems) designs include:
— AP1000:
* Heavily influenced by ideas of Process Inherent Ultimate Safe Reactor (PIUS)
— European Pressurized Reactor (EPR):
+ evolutionary descendant of the Framatome N4 and Siemens Power Generation Division KONVOI reactors
— Economic Simplified Boiling Water Reactor (ESBWR):
* based on the ABWR

22
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The Process Inherent Ultimate Safe reactor is a 640 MWe advanced pressurized water reactor
designed by ABB-Atom of Sweden that uses natural physical phenomena to accomplish control
and safety functions.
The PIUS design consists of a vertical pipe, called a reactor module, that contains the reactor core
and is submerged in a large pool of highly borated water.
The borated pool water is provided to shut down the reactor and to cool the core by natural
circulation.
Unlike most reactors, PIUS does not use control rods for controlling the nuclear chain reaction.

— The reaction is controlled by the boron concentration and temperature of the primary loop reactor water.

Natural draught

alr coolers
11 Reacior e

2 Lower dernty lock
3} Uppar dersivy lock

Ti Pre-rineaed conarele
residual heat v i

H removal sysiem

| 8 iz e _.: d} Stmemm gerarator
-..- ',-"'_"‘-\ ' 5} Cooilans
= I ﬁ ElE— Natural circulation S

|- Pressure
I suppression
= containment

T T e e T

1 lmmersed
3 pool water
v coolers

-
FRECOTAH A B T TR

Maziy greangament of the PILS-G00 auclas ryvies
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AP1000 Active plant with passive safety systems

wrsr— il

Active Non-Safety Systems

Reliably support normal operation
Minimize challenges to passive safety systems

Matural conveeation
air discharge |

PCCS gravity drain (S
water tank )

Water film evaparation —__ IS

Steel comainment vessel —

Jﬁ'
Alr baflle —

I [
TR —
==t
&
l :
k
L
i t

Not required to mitigate design basis accidents or meet safety goals

Provide plant investment protection

Passive Safety Systems (reduced dependency on operator actions)
Use “passive” processes only; no safety-grade active pumps, diesels....

Dedicated systems; not used for normal operations
Mitigate design basis accidents
Meet regulatory safety goals

24



Py . AP1000
Wit In-vessel Severe accident management

Wihen core el
hermanoupies

mach 1200 F_cparator
acts o flood cawily,

refding wales SlovBQe et

* |n-Vessel Retention passively provides sufficient
external cooling of the reactor vessel to retain a
molten core inside vessel in the unlikely event of a
severe accident.

* This concept was proven by a series of tests and
offers numerous advantages over other severe
accident core management designs.

25
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Ww=¢ Economic, Simplified Boiling Water Reactor

. Natural circulation in normal operation
« Passive safety systems for accident management.
« Station blackout doe has no significant contribution to core

damage frequency

IORV: Transient with an Inadvertent Opening of a Safety Relief Valve
GEN: General Transient

LBOC: Line Break Outside of Containment

LOCA: Loss of Coolant Accident

LOPP: Loss of Preferred (Off-site) Power

FDW: Transient with Loss of Feedwater and Condensate

DHR: Loss of Decay Heat Removal

fors 105

ESBWER AHINE aLWE" W R BYWWHE
Gaoal
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ZKTHY
st Ex-vessel Coolability Strategy

* Ex-vessel coolability was addressed inclusive
of all possible ex-vessel scenario evolutions.

Drywell Head —~~ | N\
i 104 m

) Deluge line Deluge line feeding
\L/*;\ﬁ feeding the LDW S e
A : s directlyl l
Spray — ok, i prrn
Shield— | 6000 m3| GDC
(3 pot
[
MCOPS -
Vent3
361 Suppressi
— — Pc
| m— —
— | —
I— : -
RCCV— '
Liner
11.2 m
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* Lessons from Chernoby!:
— Core melt can spread in liquid state

CMMEHWIA TCM
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L ¥ Severe Accident Management

. Accumulation In the crucible and one-shot
melt release with high flow rate and superheat

VULCANO VE-U7 test with prototypic corium
(CEA Cadarache)

EPR Core-Catcher

I” . a
: el
P ',-/" f’/, "'/j:»f”/"/ e
: / S /._‘/,
o bDI‘EEIEIII'lQ I;m‘q:uartfnent <

fmcnioal Kaens

Bl -'f'/.-"
/ / e ";"'-"""z"' s

/f’//;f/,, ,,,//f’ff/ f/f,«» fxfi//‘z/

uuuuuuuuuuuuuuuuuuuu dipe Channe Layer  beh Fug

Main elements of the core-melt stabilization concept of the EPR

ig. 4. Post mortem views of the spread (right: zoom of the spread front over concrete).
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— Melt: WO,-Bi,0,
— Melt temp.: 1076 °C
— Melt mass ~72 kg
— Superheat: 206 K
— Water depth: 20 cm
Subcooling: 25 °C

30
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— Melt: WO5-2rO,

— Melt temp.: 1531°C
— Superheat: 300 K
— Melt mass ~15 kg
— Water depth: 20 cm
— Subcooling: 25 °C
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There is no way to avoid risk but only to choose between risks.

Rational decision-making requires a quantitative way of expressing risk.
— “Intuitive” Risk perception is almost always wrong.

Risk can be defined quantitatively as a set of triplets
— Risk = (Scenario, Probability, Consequences)

Decisions on risk acceptance should consider in quantitative manner
— other risk sources,
— costs and benefits.

Modern reactors manage the risk by developing both

— Prevention

 reduction of failure probability by reducing reliance from human operator and electricity
supply to passive safety systems

— Mitigation

« Expressly designed measures to arrest accident progression and prevent containment
failure

Yet, the systems are complex

— risk management (i.e. “safety”) is a continuous process!
33
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* Probability

— What is the probability of a head on
the next toss?

» Our state of confidence on the
prospect of a head on the next toss.

 Odds we would take in a bet.

* Probability of Frequency:

— | am going to toss the coin 10,000
times.

— What is the frequency, i.e., the
percentage of heads going to be?

« Since we do not know outcome of
experiment that will be done in the
future

* we can express our prediction in the
form of a probability curve against
frequency

— our confidence / believe about frequency

pl@l PROBABILITY DENSITY

o

o6
L
FREQUEMNCY OF HEADS
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Decision theory point of view:
What are my options?

What are the

— costs,

— benefits, and
— risks

of each option?

That option with the optimum mix of cost, benefit, and risk
IS selected.

The risk associated with that option is acceptable.

All others are unacceptable. 37
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« Radioactive fission products
(FP) in nuclear reactor are the « @
source of ionizing radiation

* lonizing radiation is radiation B
composed of particles that
individually have sufficient

energy (or can liberate sufficient Y
energy) to remove an electron |
from an atom or molecule. . o
» This ionization produces free ©®
radlcaIS, Wh|Ch are atomS or Alpha (a) radiation consists of a fast
moiecules Containing unpaired rr]loving nucleus and is stopped by a sheet
of paper.
e|eCtr0nS. Beﬁalgﬁ()j rg\diatiorln C(_)n_sistinlg tof electrons,
* Free radicals tend to be SR A R
especially chemically reactive, energetic photons. 5 eventually absorbed

as it penetrates a dense material.

and they account for most of the t o o
biological damage of ionizing  teuons tat sre blocked using light

elements, like hydrogen, which slow

radiation. and/or capture them.
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» Sources of radiation exposure to the US population (NCRP, 2009 (National
Council on Radiation Protection and Measurements, htip:/NCRPonline.org).

Space
{background)
Internal (5%}
(background)
{5%) Radon and thoron Ry
spalional Expasure
Terrestrial {Raskgreu (ST 5 (percent), 2005
{background)
(3%)
Computed
tfomegraphy _ .
{medical) (24%) Dccupational (<0.1%)
U ndustrial (<0.19%:)
Consumer {29%) |
Conventional radiography/flucroscopy | e o G
{medical) {5%) i.'OEI«?-:::IrI:-,
MNuclear medicine Interventional luoroscopy
(medical) (12%) {medical) (7%a) er?fn,:.dmw

Irefusiry & coamemance
19 Seb

Leommencal nclear powes
18 %)
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« Absorbed dose (amount of energy deposited by ionizing radiation).

— The gray (Gy), represents the amount of radiation required to deposit 1 joule of energy in 1
kilogram of any kind of matter.

— 1 Gy of alpha radiation causes about 20 times as much damage as 1 Gy of X-rays

« Equivalent dose (dose of a given type of radiation in Gy that has the same
biological effect on a human as 1 Gy of x-rays or gamma radiation.

— The sievert (Sv) J/kg. Equivalent dose that has the same biological effect on a human as 1
Gy of x-rays or gamma radiation.
— The rem (Roentgen equivalent man)
* 1rem=0.01 Sv=10 mSv

Becquerel: one nucleus decays per second
« 1Sv=100rem

Average human body produces

Dose, mSv 4400 becquerels _
0.025 5-hour jet airplane ride from decaying potassium-40
0.08 Chest x-ray
1.4 Mammogram.
6.2 USA annual average dose from all sources.
12 Whole body CT scan.
100 5 years occupational limit for designated Nuclear Energy Workers in Canada.
160 annual dose from smoking 30 cigarettes per day.
250 Maximum allowed dose for emergency workers at Fukushima plant.
500 Occupational limit for workers carrying out urgent work during an emergency.
1000 Nausea, no immediate death. Few percent increase in probability to have cancer years
later. Doses to some workers on sight in Chernobyl.
10000 Rapid death for firefighters in Chernobyl. Most commercial electronics can survive this

radiation level

40
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_____________________ ;
|
i
I
____________________________ :
. |
Quantity || Absorbed dose Equivalent dose |
0 i= overall effect
W Son i
! i
Oteyy. I
Ples 1y T2 L ——
S
Sl unit or (Gy) ; ] ] t (Sv) )
. ra Radiation weighting sieve \ Tissue weighting sievert (Sv
mod:ﬁer gray y Factor - Wr factor - Wit { ]
j i joule/kg Dimensionless factor joule/kg Dimensionless factor joule/kg
Derivation le/k less f; le/k less f lefk
. Energy absorbed by Biological effect on whole Biological effect on tissue type T having
MEG-”””Q irradiated sample of body uniformly irradiated weighting factor W, by radiation R having
matter, radiation types by radiation type R with weighting factor Wr.
not differentiated. weighting factor Wr. Overall effect = summation of effective
doses to parts
Multiple radiation types
require calculation for each, If whole body irradiated uniformly, the
which are then summated. weightings Wt summate to 1.
Overall effect = Equivalent dose

41
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« The probability of ionizing radiation causing cancer is dependent
upon

— the absorbed dose of the radiation, as adjusted for the damaging
tendency of the type of radiation (equivalent dose) and

— the sensitivity of the organism or tissue being irradiated (effective

dose).
E ZZWTHT ZZWTZWRDT,R
T T R

where D7 is the absorbed dose in tissue T by radiation type R,
Wpr is the weighting factors for different types of radiation,

Hy is the equivalent dose absorbed by tissue T,

Wr is the weighting factor for different tissues.

— The International Commission on Radiation Units and Measurements
(ICRU) and the International Commission on Radiation Protection
(ICRP) have the overall responsibility for values for the weighting

factors, and other technical guidance on how radiation should be
measured.
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) Sources of Radiation Exposure

* Almost double growth, due to medical
radiation source.

2006

Early 1980s

Occupational / Occupational / industrial (0.1 %)
industrial (0.3 %) ""—*
"{_"-———-___ﬁ____ Consumer (2 %) e Consumer
" Medical | T2 %)
\ (15%) /
'\._.I /
L 4 _ Medical (48 %)

"

Early 1980s 2006
Collective effective dose
(person-Sv) 835,000 1,870,000
Effective dose per individual
in the U.S. population (mSv) 3.6 6.2
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w42 in case of Nuclear Accident
In case of an accident fission products (FP)
can be released to environment.

* Land can be contaminated and population can
be irradiated.

Population exposure to

radiation:

« FormFPinaplume | ¢
 cloud-shine ‘AR

 From FP on ground
« ground-shine

* Inhaled FP

* Ingest FP
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{x1HY Consequences of FP release (Fukushima)
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« Fukushima: Residence
is prohibited in the areas A=
with accumulated annual A Dose Commencing March 16, 2011 for 365 Days JAPAN

First-Year Dose Estimate FUKUSHIMA DAIICHI

does more than —
2 Rem = 20mSv/year (mrem)
— ~2 x Whole body CT scan d
« USA annual average * et
dose from all sources.
up to 6.2 mSvl/year
« Guarapari, Brazil, a city
of ~80 000 inhabitants
and tourist destination.
Background natural
radiation
~ 175 mSvlyear. o
T— '-‘I“q-lo'mmrs
40 60
« Ramsar, Iran, a City of Map created on 04092011 1300 JST UNCLASSIFIED Nuclear Incident Team DOE NIT
~32 000. Background T s L

natural radiation
~10-260 mSvl/year.
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146 employees and 21 contractors received a dose of more than 100 millisieverts (mSv).
+  Six workers received more than the 250 mSv allowed by Japanese law for front-line emergency workers
. 2 operators in the control rooms for reactor units 3 and 4 received doses above 600 mSy,
— because they had not taken potassium iodide tablets to help prevent their bodies from absorbing radioactive iodine-131.
Nature 483, 138-140; 2012

« Japan's government acknowledged that radiation caused iliness in four workers one death due to lung cancer
in September 2018.

IN THE ZONE FUKUSHIMA PLANT-WORKER DOSES

Most residents and nuclear workers in the Fukushima region received modest radiation doses from the
power-plant meltdown, and in April the Japanese government lifted some restrictions on citizens’

e = 10 workers
who received:

access to their homes. But resid / of litate and Namie may have received higher doses.
° ® <10 mSv
HTATE ///f//f«///
' MINAMISOMA . _ 10-20 mSv
10-50 mSv B Estimated effective (= a single full-body
Estimated effective doses after one year: CT scan)
cuees = =
after one year I IU mSV —_— 20-50 mSv
. 7 (= annual exposure
limit for nuclear
workers)
® 50-100 mSv
TAMURA j _ e 100-150 mSv
Fukushima Evacuation |~ RS (= slight increase
Daiichi Zones T / f in cancer risk)

%; <20 mSv per year
Citizens allowed to return

JAPAN Tol.fyo e 150-200 mSv

>20 mSv per year
Visits allowed, residence banned

e 200-250 mSv
(= maximum allowed
dose for emergency
G workers)

A i . 84 Fukushima
previous evacuation Daini

request remains

B =50 mSv per year

Mandatory evacuation, some visits allowed ® >250 mSv

5 km

B Restricted area, citizens prohibited

mSv = millisievert


http://www.nature.com/uidfinder/10.1038/483138a
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According to a June 2012 Stanford University study by John Ten Hoeve and Mark
Z. Jacobson, based on linear no-threshold (LNT) model, the radioactivity released
could cause

— 1:1380d)eatgs from cancer (the lower bound for the estimate being 15 and the upper bound
an

— 180 cancer cases (the lower bound being 24 and the upper bound 1800), mostly in Japan.

Radiation exposure to workers at the plant was projected to result in 2 to 12
deaths.

Preventive actions taken by the Japanese government may have substantially
reduced the health impact of the radioactivity release.

Evacuation procedures after the accident may have potentially reduced deaths
from radiation by 3 to 245 cases, the best estimate being 28

— even the upper bound projection of the lives saved from the evacuation is lower than the
number of deaths already caused by the evacuation itself.

An additional approximately 600 deaths have been reported due to non-radiological causes such as
mandatory evacuations.

These numbers are very low compared to the estimated 20,000 casualties caused
by the tsunami itself, and it has been estimated that if Japan had never adopted
nuclear power, accidents and pollution from coal or gas plants would have caused
more lost years of life.
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EEEEEEEEE

Use "passive” processes only. no safety-grade active
pumps, diesels....

Dedicated systems. not used for normal operations
Reduced dependency on operator actions
Mitigate design basis accidents

Meet regulatory safety goals

Active Non-Safety Systems
* Reliably support normal operation
Minimize challenges to passive safety systems

Not required to mitigate design basis accidents or meet
safety goals

Provide plant investment protection
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Multiple Levels of System Defense In Depth

First action is usually by non-safety grade active system
*High quality industrial grade equipment
Second action is by safety grade passive system
‘Provides safety case for SAR
‘Highest quality nuclear grade equipment
Other passive systems provide additional defense-in-depth
‘Example: passive feed/bleed backs up PRHR HX
Available for all shutdown conditions as well as at power
More likely events have more levels of defense
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Canned motor pumps mounted in steam generator lower
vessel head

Elimination of RCS loop seal

Large pressurizer

Top-mounted, fixed in-core detectors
All-welded core shroud

Ring-forged reactor vessel
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Reduced Number of Components:

1000 MW Reference AP1000 Reduction
- Safety Valves 2844 1400 51%
- Pumps 280 184 34%
- Safety Piping 11.0 x 10" feet 1.9x10%feet  83%
- Cable 9.1 mil. feet 1.2 mil. feet 87%

Seismic Building Volume 12.7 mil. ft> 5.6 mil. ft> 56%
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 The IVR required the development of phenomenology for:

— The scenario descriptions, in particular, how the melt relocates
from the core region to lower head.

— Further, the determination of the possibility of vessel failure due
to
* (i) the melt jet attack on some particular vessel location and
« (ii) a steam explosion generated by the melt entry into the water
contained in the lower head.
— The determination (or assumption) of the magnitude of core
melt in the vessel lower head.

— The determination of the melt pool composition, configuration
(e.qg. stratification, etc), since they affect the heat loading on the
vessel wall. This includes

(i) the separation and stratification of steel above the oxide pool to
pose the danger of focusing of heat flux, and

« (ii) the stratification of the oxide pool, which decreases the heat flux
to top
— The determination of the magnitude and polar distribution of the
heat flux imposed by the assumed melt mass on the vessel
wall.
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The AP-1000 case, in terms of the focusing effect is similar to the case for
AP-600,i.e. a large amount of steel will melt for the bounding configuration
and provide not an extremely large focusing effect.

The maximum thermal load for AP-1000 was estimated to be 1.3Mw/m?
which is too close for comfort to the maximum CHF value of 1.4Mw/m? as
measured in ULPU-2000, i.e. without any special shaping of the flow.

The AP-1000 case, with sufficient margin to CHF could only be made after
establishing that the CHF could be increased to 1.9 to 2Mw/m? , with
baffling to shape the two phase flow field on the vessel external surface,
removing the paint on the surface, reducing the pressure drop in the flow
circuit, etc.

The AP-600 and AP-1000 designs, both have been certified by USNRC,
without specifically mentioning that the [IVMR cases are acceptable,
However, the SAM IVMR in AP-1000 is now being offered for sale by
Westinghouse.
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* As in the most recent ABWR design, the
ESBWR features

— an inert containment atmosphere to prevent
deflagration or detonation of combustible
mixtures,

— a containment over-pressurization protection
system (COPS) (but here it is manually operated
MCOPS) to guard against slow buildup of
pressure due to non-condensable gas generation
and/or heat up of the suppression pool water, and

— a drywell spray system in support of accident
recovery operations.
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* Unlike the ABWR, or any other previous GE BWR, the
ESBWR containment design includes

— the passive containment cooling system (PCCS) to
remove decay heat from the containment, and

— the (also passive) Basemat internal Melt Arrest and
Coolability (BiMAC) device (Theofanous and Dinh (2005))
to essentially eliminate the possibility of extended corium-
melt interactions, noncondensable gas generation, and
basemat penetration.

 |n addition, the ESBWR is equipped with isolation
condensors (ICs), a system for ensuring decay heat
removal from the RPV in sequences where the reactor
IS at high pressure.

— This is an improved version of a system employed in some
of the earlier BWR designs.
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DRYERS

MAIN STEAM

STEAM

SEPARATORS FEEDURNTER

ANNULUS

CHIMNEY

D SATURATED WATER

Bl suscooLeo waTer
[[] saTuRATED STEAM

Natural Circulation

Because hot water is less dense,
it rises through the core while
the cool water flows down to the
bottom of

the core. These natural
differences in density

create circulation.

Reduced flow restrictions
- larger downcomer area
- shorter core

- improved separator

Higher driving head

- chimney
- taller vessel
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—— Passive Containment Cooling System (PCCSI Automatic Depressurization Isolation Condenser System (ICS)
Gravity Driven Cooling System (GDCS) System (ADS) Standby Liquid Control System (SLCS)

Reactor Well

Containment

Main
Steum Reactor

Line I o
Vessel
(RPV)
Suppression Suppression

Pool Equﬂllziﬂ_sl — Pool
Line il

| Borated
Water

DPV = Depressurization Valve

,ﬂ = Explosive Valve B = Safety ReliefValve

B8 - ectromydrauiic vaive pEq = Solencid Valve

E = Nitrogen Op Valve
Containment Boundary
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ICS POOL

Q’ _.-—' HEADER

LOWER h..— — TUBES
HEADER

'—‘ -- CONTAINMENT
STEAM N BOUNDARY
INLET DRAIN

Isolation Condenser System
Heat Exchanger Unit
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+ Severe Accidents in ESBWR.....CDF ~ 10-8 per year
- That is, they are Remote & Speculative
- Could be treated as Residual Risk

* GE Designs for Defense-In-Depth

- Assess full compliment of severe accident threats
- Determine and Enhance ESBWR capabilities

- Verify by a full ROAAM treatment

Adopted from publicly available materials on ESBWR
www.nrc.gov/public-involve/conference-symposia/ric/past/2006/slides/t2bc-wachowiak.pdf
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A principal strategic decision for severe accident
management (SAM) in the ESBWR was in regard to
arresting the melt propagation process and ensuring
long-term coolability within the containment boundary.

« Applicability and effectiveness of in-vessel retention
(IVR) (Theofanous et al., 1997) was assessed and
concluded that this could be a highly effective
approach for the ESBWR, however, only if all
equipment found hanging from the lower head
penetrations were to be supported from the outside.
This proved unworkable from the operational
perspective, and the option was rejected by the design
managers.

* Therefore the ex-vessel coolability question was
addressed. Threats to containment integrity were
addressed in a manner that is inclusive of all possible
ex-vessel evolutions.
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wierd PULIMS and SES tests observations
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PULIMS — Pouring and Underwater Liquid Melt Spreading.
SES — Steam Explosion in Stratified configuration.

In total 6 exploratory tests have been carried out in PULIMS and SES
facilities with

— pouring of superheated (about 200K) melt

— into a shallow (about 0.2 m) pool of water.
5 tests with water subcooling higher than 13K resulted in spontaneous
steam explosions.

— One test (SES-E3) was carried out with low water subcooling (about 5K) and
yielded no spontaneous steam explosion.

More than 30 experiments in DEFOR facility with a deep pool (0.6 — 1.5
m) and fragmented melt jet-coolant pool configuration with the same:

— simulant materials

— high melt superheat (up to 320K)
— jet diameters (10-30 mm)

— water subcooling (10 — 30K)

have never resulted in spontaneous steam explosion.
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EEEEEEEEE '/ Stratified steam explosion in PULIMS and SES

. The most important experimental finding is that
the assumption about stable interface in stratified
melt-coolant configuration is in apparent
contradiction with the observations from PULIMS
and SES tests.

« The interface instability and formation of
premixing zone is clearly visible in video records.

 Such premixing layers can be triggered yielding
quite strong explosions (see previous section).

napshots images of the underwater
melt spreading in PULIMS 65
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