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Reliability

= Public risk averse behavior toward severe accidents in energy sector

*  Phenomenon of “group accident” (Timothy, 1994)

«  “Group accident” : accidents which results in tens or hundreds of death because of the one accident
(e.g. NPP accident, Dam failure, Oil spill and etc.)

Figure 1. (a) Fatality rates and (b) Maximum consequences of various energy sources (Burgherr P., 2014)
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+ Although the “group accident” incidents are not common and its risk is small compared to other
accidents, the individuals perceive the “group accidents” differently to other accidents.

* These phenomena of “group accident” implies that there should be “multiplication factor” on estimating
the external cost for “group accidents” to reflect the “disaster aversion” behavior of the public.
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=  Previous studies on external cost estimation of NPP accident

+  Expected-Value Approach: The conventional methodology used to evaluate the impacts of accidental
releases is based on analyzing the expected damages caused by NPP accident.

+  Expected-Utility Approach: Individuals process their perceived risk on the basis of conditional losses from an
accident; thus, the relationship between the risk aversion and the accident consequence must be considered.

Table 1. Some suggested ratios of expected utility(EU) to expected value(EV) in case of the NPP accident risk

o Multiplication factor
(Ratio of EU to EV)

Ferguson, 1991 Use of ‘rules of thumb’ models (fN?) ~30000*
Rocard and Smets, 1992 Use of ‘rules of thumb’ models (300fN) ~300*
Pearce, et al. 1992 Use of ‘rules of thumb’ models (f N3/2) ~300*
Krupnick et al. 1993 Use of U.S. NPP accident risk= 6.2 * 10~> ~78
Ascari and Bernasconi, Similar to Krupnick et al. but adjusted for rank dependent 1) 141 - 202
1997 probability (RDP) : 1) Probability : 10~°, 2) Probability : 107° 2) 660 — 1430
Eeckhoudt et al, 2000 Hypothetical European accident with low probabilities (=107°) 20

*Accident frequency (f) and number of deaths per accident (N) are taken from the number of expected fatal cancers calculated by the National
Radiological Protection Board(NRPB), as quoted from the Ferguson study(1991).
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Objective and Scope /\!“!»

. In this study, the “Integrated Framework on the External Cost Assessment of Nuclear Power Plant Accident
considering Risk Aversion” is proposed:

+  Estimation of VSL for NPP accident based on Contingent Valuation Method (CVM)

*  Measuring risk aversion toward NPP accident based on expected utility theory (EUT)

«  Estimation of the multiplication factor for NPP accident considering hypothetical NPP accident scenario
«  Calculation of the expected value of the cost for NPP accident considering various direct cost factors

/ Estimation of VSL for NPP Public health risk Determination of Economic \
ident Measuring Risk Aversion Consequences due to NPP
= acciden - - assessment - ceident -

Survey . Identification
WTP Elicitati : "
Queslt(i:(l)islon Hypothitlig:yDecision of Accident Scenario Determination of
Choice Questions Total Wealth of an
individual
Statistical process : Risk model

Average WTP development

Statistical process :
imati . Average RRA direct cost factors
Estimation of VSL: g Risk assessment :

Avetralgte V_V?:’/\:jalute_ of Estimation of Equivalent
mortality risk-reauction Mortality & Morbidity

\ - — —

1) Estimated based on the results of
contingent valuation survey in Korea*.

2) Risk assessment using MELCOR Accident

Calculation of Multiplication
Calculation of Expected Value of

Consequence Code System 2 (MACCS2) Factor, M the cost for NPP accident
following the guidance report (DOE, 2004). ' ;
¥ |

3) Following OECD/NEA report, direct cost factors
were identified and were quantified based on the
previous studies/reports and reasonable assumptions.

Estimation of the External
cost for NPP accident

* A total of 1,364 surveys were collected and conducted by Macromill embrain Co. LTD in Korea during March 12-23, 2015 4/20
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=  Estimation of the Value of Statistical Life for an NPP Accident

* In this study, single-bounded dichotomous choice (SBDC) model with a spike model was used to estimate
WTP of the respondents for a given mortality risk reduction and the value of life regarding NPP accident.

1
1+expla—pA) ifA>0 1
Gwrp(4;0) = 1 FA=0 " yrp o =—In(1 + exp(a))
1+ exp(a) if A<0 B
0

, where Gyrp(4;0) : logistic CDF for the WTP of the respondents
a, B: location and scale of Gyp(4; ©) , A: suggested bid for a given change in risk situation

« Using survey respondents’ WTP elicitation, « and 8 can be
estimated using maximum likelihood estimation (MLE) method for
the log-likelihood function of respondents’ WTP:

InL(a,B;y,5) = Z {In[1 = Gyrp(4)] * 1(y; = "yes")
i=1
+In[Gyrp(4;) — Gyrp(0)] * I(y; = "no — yes") + In[Gyrp(0)] * I(y; = "no —no")}

, where I(y; = "yes", "no—yes", "no—no"): Indicator function for the subject’s
response of “yes, “no-yes”, “no-no”, N : Number of respondents

*  Linkage between estimated WTP for mortality risk reduction and
VSL can be constructed based on life-cycle consumption model:

WTP

VSL = , where AD: suggested mortality risk reduction

AD
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Figure 2. Survey Design for WTP/VSL Estimation
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=  Measuring the Degree of Risk Aversion for NPP accidents

*  When evaluating risk situations such as NPP accidents, It is assumed that the risk-safe choices of individual
over risky alternatives follow the EUT, where utility function of a risk-averse individual follows:

- . wi-o oy £
CRRA utility function: U(W) = —— v el
Ut

,where W : amount of loss of wealth ,
o: relative risk aversion (RRA) coefficient

n CE E 3

+  Considering i-th decision question with K possible outcomes, the
probability of subject’s decision of either choice A (Risk-safe choice)
or choice B (Risky choice) can be expressed as a probit model:

P(VEU; = EUf* — EU? > 0) = ®(VEU))
VEU; = Y§=1 Pk * Ux VEU; = EU{* — EUP

,where p,: Probability of each outcome, U, Utility of each outcome
EU# : Expected utility of option A, EUZ: Expected utility of option B

*  Using survey respondents’ choices, the RRA coefficient (o) is
derived using MLE method for the derived log-likelihood function:

N M

InL(0;y,5) = Z z In(@(VEU)) *1(y; = A) + In(1 — ®(VEU)) * I(y; = B) |

j=1i=1

,where I(y; = A, B) : Indicator function for the subject’s choice for option A, B
,M : Number of total decision questions, N : Number of respondents
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= Integration of risk aversion within the external cost calculation of an NPP accident

*  The external cost can be estimated as the multiplication of the expect value of NPP accident cost (value
assuming risk neutrality) and the multiplication factor (which allows consideration on public risk aversion).

M * EV($/yr)
Mean annual electricity production (kWh/yr)

External cost of NPP accident per kWh($/kWh) =

m n -
v N Nira
EV($/yr) = Z N;W, Z Pij Xij ~ LiNMjgy
j=1 i=1 1

,where n : number of risk situations, m : number of groups for affected population,
N; : number of population in group j, M : multiplication factor (definition adopted from Eeckhoudt et al, 2000)

n
Mjry = Wo — E P Wo(1-Xi) . Here, monetary valuation/probability assessment for
L

n L various states of the consequence must be determined:
1-o|l—
Mjga =W — [ E P iWo(1—Xy5) ]
l

) « 1) W,: Total wealth of an individual
o= Z NiMgy,j Z Ni{1— 2, pi;(1- Xi,j)l“’]m} 2 N] Nl_meer of affected population for _
N;iMgy Ni[1—3", pii(1—X; ;)] radiological consequence due to NPP accident
+  3) p;;: Probabilities, and X; ;: associated fraction

of lost wealth for corresponding j-th population

Where X” Fraction of loss of Wealth group and l‘th rlsk Sltuatlon.
W, : Total wealth of an individual,
M; gy, Mj ga - the maximum fraction of wealth willing to loss to avoid the risk

situation for a risk-averse and risk-neutral individual in j-th population group
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A total of 1,364 surveys were collected and conducted by professional survey interviewers*
throughout a sample among Korea population during March 12-23, 2015.

«  Considering the national average value, the collected sample can be treated as a representative sample for
the Korean population, thus, used as a valid data to estimate the parameters: WTP/VSL and RRA.

Table 2. Distribution of key sample statistics by demographics

Demographics

Male
Gender Female
Percentage of female (%)
20-29 years old
30-39 years old
40-49 years old
50-59 years old
60-69 years old

Age Groups

Average (years old)
Average years of education (years)

~ 2 million KRW
2 million KRW ~ 4 million KRW
4 million KRW ~ 6 million KRW

Monthly Household Income

6 million KRW ~ 8 million KRW

8 million KRW ~

Average (million KRW)
Average number of persons in household (persons)

Total Respondents
*Conductedp

716
648
48
339
315
307
285
118
40.32
16.22
203
496
381
149
135
451
3.18

1,364
by Macromill embrain Co. LTD, (http://www.embrain.com?eng)

50.32

40.30

4.26
2.7

**Korean average value was adopted from Korean Statistical Information Service (KOSIS), Available from: http://kosis.kr/ 8 /20



Survey Design and Implementation
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= Survey Design for Willingness to Pay/Value of Statistical Life Estimation

+  Double-bounded questions were employed to maximize statistical efficiency while conducting the analysis

based on SBDC-spike model to minimize potential bias.

+  About 22% among total sample showed zero responses which justifies the application of the spike model.

» All zero responses are treated as true zero bids so as to conservatively estimate the value of statistical
life for external cost estimation of NPP accident.

Figure 4. Survey Design for WTP/VSL Estimation
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Table 3. Bid amounts for the willingness to pay used in five survey types

Survey type

a A~ W N P

First bid (KRW)

Second bid (KRW)

If the response of If the response of
the first bid is “yes” the first bid is “no”

First Bid
SEWTJERSIPA]

5,000
10,000
20,000
40,000
80,000

Total

267

291

265

269

272

5,000 10,000 2,500
10,000 20,000 5,000
20,000 40,000 10,000
40,000 80,000 20,000
80,000 160,000 40,000
Table 4. Distribution of Responses by Bid Amount
Number of Responses =
YN NY NNY NNN
69 61 5 58 74
67 66 19 94 45
43 71 14 72 65
24 46 25 114 60
11 34 15 155 57
214 278 78 453 301

1364

aYY, YN, NY, NNY, and NNN indication 'yes-yes’, 'yes-no’, 'no-yes’, 'no-no-yes’, and 'no-no-no’, respective|y9/
20



Survey Design and Implementation

= Survey Design for Risk Aversion Parameter

Reliability
+  Based on multiple price list design (Andersen et al. 2006), individual-level survey questionnaire includes ten-
paired hypothetical decision choices where each decision consists of both risk-safe choice and risky choice.

Figure 5. Survey Design for RRA Estimation Table 5. Description of ten-paired hypothetical choice decision
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Survey Result Analysis S}' “!i

= Estimation of the Willingness to Pay/Value of Statistical Life for the NPP Accident

* By constructing the SBDC-spike model, the coefficients for the covariates were estimated and the mean
WTP of the respondents was estimated by the MLE method using STATA.

* Internal consistency or theoretical validity of estimation result was tested based on the model with covariate.

n
In(1 + exp(a)) , Where  a= ay+ Z a;x;  for the case of “with covariates”
i=1

1

WTPpean = B

Table 7. Estimation results of the spike model with and without covariates

. Spike model b
Variables (x;) Sample Mean . . X .
Without covariates With covariates (a;)

Constant 0.6593 (13.43)*** 0.130 (0.23)
GENDER 1.475 (0.500) 0.282 (2.71)***
AGE 2.654 (1.289) -0.148 (-2.38)**
KNOWLEGDE 4.159 (1.272) 0.023 (0.46)
INTEREST 4.740 (1.299) 0.082 (1.61)*
RISK PERCEPTION 3.212 (1.503) -0.198 (-2.60)***
POLITICAL STANCE 3.600 (1.510) 0.062 (0.52)
ALTERNATIVES 5.554 (1.144) 0.076 (1.59)*
EDUCATION 1.585 (0.493) -0.204 (-2.17)**
INCOME 2.646 (1.157) 0.148 (3.26)***
Bid Amount (f) @ -0.0426 (-1027.78)*** -0.043 (-540.81)
Wald statistic (p-value) 38.33 (0.0000)
Mean Monthly WTP ¢ 25283.23 (33.24)*** 23591.34 (8.09)***
95% confidence interval of WTP 23792.29 ~ 26774.17 17874.25 ~ 29308.43
Number of observations 1364 1364

aThe unit of a coefficient estimate of bid amount is KRW 1000. The numbers in parentheses below the coefficient estimates are t-values and ***, **,
and * indicate significance at the 1%, 5%, and 10% levels, respectively. “The unit of WTP is KRW.
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Survey Result Analysis

= Estimation of the Willingness to Pay/Value of Statistical Life for the NPP Accident

Reliability

+  Based on the life-cycle consumption model (Dockins, 2004), the value of statistical life, V'SL, was estimated
to be equal to the value of average WTP divided by the value of risk reduction (AD = 1E-04), specifically:

WTP
VSL = D , where 4D: suggested mortality risk reduction

Table 8. Estimate results for the value of statistical life for the NPP accident

Mean Yearly WTP® | Mortality risk reduction rate (4D) N . .
Mean 95% confidence interval 2

KRW 3.03 billion KRW 2.86 — 3.21 billion
(USD 2.78 million) (USD 2.62 to 2.94 million)

KRW 303398.76 1.00E-04

aThe confidence intervals are based on the estimate results of WTP for reducing the mortality risk due to NPP accident.
bMean Yearly WTP = Mean Monthly WTP (= KRW 25283.23)* 12 Months/year

Table 9. Some regulatory practices for valuing VSL regarding mortality risk

Estimated Value of Statistical Lite

USD 2.6 million for mortality

Markandya et al. (1995) Contingent valuation Method (For non-fatal cancer, USD 0.45 million)
. e . USD 4 million for radiation-induced mortality
Hirschberg et al. (1998) Hedonistic Price Analysis (For non-fatal cancer, USD 0.4 million)
: : : : . . USD 7.5 million (2007-USD)
Environmental Protection Agency, (2000) Viscusi (1992, 1993) literature review (USD 0.9 million - USD 21.1 million)
Food and Drug Administration, (2007) Viscusi and Aldy (2003) meta-analysis USP & e, WEID) 6 mill oy
(varies, no dollar year reported)
European Commission, (2009) Environment Cost Benefit Analysis EUR 1-2 million

Recommended range of base values for OECD

OECD, (2011) countries

USD 1.45 — 4.35 million (2005-USD)

12/
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Rellabllltg
= Estimation of Relative Risk Aversion Coefficient for the NPP accident
+  Alimitation with the MPL design is considered that some subjects tend to switch back and forth between
choices as they move down the decision rows; resulting in inconsistent sub-sample (Andersen et al. 2006).
* Inthis study, only the consistent sample is used to estimate the risk aversion parameter by excluding
samples with multiple switching behavior among the collected sample and used it to estimate RRA.
Figure 6. Example of inconsistent sample Table 10. Distribution of choices in the consistent sample
%1% =103 oj% f‘é% o9 [ o510 o == lfif),({__ 5z 9 Num_ber of times Decis_ion row in which _ Percentage
2|0 oioeme a0 2/100 O] 2 1o 99] FiimsiE U subject chooses subject switches to Observations (%)
3 V109 29| HlZ2g 23 | o o] k22 19 9] xMAOsiE de feles . ] . .
1 < o5 5o Hes 52 o QLEE Tor STo] NS E oS risk-safe choice risky-choice
5 o 10%: 271000\ =FEE 19 A0 AAmIE A S
6 3 HY] HlEg B3 W\A SE2 19 A9 AuFig US 0 AIV\_/ays cho_oses 299 27.53
7 {7107t 29| HI28 1t ;u%moo NZE=2 19 Yo AREEEIE U risky choice
B | IO (10000 o] w2 19 o] AREEE 92
9 [m10gk Ao A2 20t [0 1/106Q0 of INg = 19 9] HuafshE 45 1 2 53 4.88
. \ . 2 3 41 3.78
Multiple switching of choices
3 4 96 8.84
. . 4 5 31 2.85
Figure 7. Example of consistent sample
Pe; T A A5 > 6 27 2.49
1 L1109 219] MIZS B3 |o5/100 o] 5= 19 9 AR HE 42
2 @109k o] 22 B3 [0 2/100 o 252 19 90| AAss 92 6 7 74 6.81
3| 00k /100 o] 2= 19 o] ApmEie 9
1 (102 215] 22 &9 71'09 o] &E= 19 do| AumEE U8
5 wello} 210l 25 2 00 o] SI== 19f 2lo] AMmEls s 7 8 29 2.67
6 |clogr 9o Aae we 00 of Sl 19 2o ANTEEE AUS
T [c 109 99] Alg= B | [5/10 STE® 19 2o AMuelE 0y
(o 109 9ol A2s Bl ¢z/103£\94 FEE 100 #o] APlE o8 8 9 34 3.13
¢ [c 109 €9 Agg 2T | [1/10000 OS2 19 Ao AHWHE A
: e e ST
Single switching of choices S
Total 1,086
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Survey Result Analysis S}' “!i

=  Estimation of Relative Risk Aversion Coefficient for the NPP accident

+ Based on the survey results, the RRA parameter (o) which is described as a function of individual
characteristics following the EUT specifications, is estimated by the MLE method using STATA.

« Internal consistency or theoretical validity of estimation result was tested by examining the respondents’
characteristic affecting likelihood that they choose risk-safe choices (option A) over risky choice (option B).

wt-
1-o0

n
CRRA utility function: U(W) = . where o= ay,+ Z a;x;  for the case of “with covariates”

i=1

Table 11. Maximum Likelihood Estimation Results of Risk Parameter

. Without covariates With covariates («;)
Variables(x;) Sample Mean 3 . -
Risk Aversion Coefficient (a)2

Constant 1.315 (128.91)*** -0.278 (-0.01)
GENDER 1.475 (0.500) - 0.019 (4.16)***
AGE 2.654 (1.289) - 0.004 (2.44)**
KNOWLEDGE 4.159 (1.272) - 0.005 (2.38)**
INTEREST 4.740 (1.299) - -0.015 (-6.11)***
RISK PERCEPTION 3.212 (1.503) - 0.011 (4.77)*
POLITICAL STANCE 3.600 (1.510) - 0.006 (0.11)
WILLINGNESS 0.779 (0.415) - 1.474 (0.04)
ALTERNATIVE 5.554 (1.144) - 0.004 (2.15)**
EDU 1.585 (0.493) - 0.021 (4.72)**
INCOME 2.646 (1.157) - 0.001 (0.51)
Log-likelihood -6752.4726 -6338.3586
Wald statistic (p-value)® - 112.47 (0.0000)
Number of observation 1,086 1,086

aThe numbers in parentheses below the coefficient estimates are t-values and ***, **, and * indicate significance at the 1%, 5%, and 10% levels, respectively. ®The p-value for the
hypothesis that all the parameters are jointly zero are reported in the parenthesis.
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Case study — External Cost Estimation for Hypothetical NPP Accident ‘ 2
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Based on the proposed framework, public risk aversion behavior was integrated within the external cost calculation

of an NPP accident by considering the expect value of NPP accident cost and the multiplication

External cost of NPP accident per kWh($/kWh) = M+ EV(S/yr)
xternal cost of aceiaent per &/ )= Mean annual electricity production (kWh/yr)

1
m n m n 1-0.1-¢
EV($/yr) = Z N; Wy (Z Dij Xi,j) Z Mj R Z N1 - 2 pi (1 - Xiy) 177
= i=1 =

Mgy & Nj[1- a0 (1= X )]

where n : number of risk situations, m : number of groups for affected population,
N; : number of population in group j, M : multiplication factor (definition adopted from Eeckhoudt et al, 2000)

W,: Total wealth of an individual is considered to be the sum of two factors

. 1) Monetary value of statistical life = 2.78E+06 $/person (Estimated VSL)
2) Physical capital (Non-human capital) = 82,809 $/person 2

=

Number of affected population according to area definition for evacuation planning in case of NPP accident
1) PAZ area (~5km) - pre-accident evacuation; assumed to have pp,, =0

2) UPZ area (5~30km) - post-accident evacuation or sheltering; p,,, = 485.6 residents/km22
3) LPZ area (30~80km) — Long-term protective zone; py,,, = 485.6 residents/km2 2

p;ij - The “risk situation” for an individual can be defined for four cases:
1) No accident; 2) Accident + No health effect;

3) Accident + Fatal health effect; 4) Accident + Non-fatal health effect

Direct cost factors associated with severe accident consequence of NPP are considered (OECD/NEA, 2000)
. 1) Cost of countermeasures to reduce doses (Evaluation/Relocation)

2) Cost of compensation for the affected population (Radiation-induced health effects, Loss of income, etc.)

a KOSTAT, available online at http://kosis.kr/ (p,,, = 485.6 residents/km2 : Average population density in Korea)
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Case study — External Cost Estimation for Hypothetical NPP Accident

Reliability
=  Total individual costs for each population group and risk situation

* Inthe UPZ area, residents are forced to be evacuated based on the radiological contamination assessment
of the residential area 2, thus, the actual fraction of evacuation population is sensitive to the site-specific data.

* In the study, the fraction of forced evacuation population (residing in high contamination zone) is
hypothetically assumed to be 10% and the rest of the population (90%; residing in low contamination
zone) is assumed to be temporarily sheltered inside the house or to near-by shelter.

Table 12. Total individual cost for corresponding population group and specified risk situation

Population Individual cost individual cost of Individual Individual Total % of loss of
prou Risk situation of health evac.frelocation ($) loss of loss of individual wealth (%)
group effects ($) : capita($) property ($) cost ($) (Xij)

Fatal health effect 2.32E+06 4.00E+03 1.11E+04 3.62E+04 2.65E+06 98.90
PAZ Non-fatal health effect 6.78E+03 4.00E+03 1.11E+04 3.62E+04 5.81E+04 2.03
No health effect - 4.00E+03 1.11E+04 3.62E+04 5.13E+04 1.79
e Fatal health effect 2.32E+06 4.00E+03 1.11E+04 3.62E+04 2.65E+06 98.90
(evac./reloca Non-fatal health effect 6.78E+03 4.00E+03 1.11E+04 3.62E+04 5.81E+04 2.03
ted
) No health effect - 4.00E+03 1.11E+04 3.62E+04 5.13E+04 1.79
Fatal health effect 2.32E+06 - 1.85E+03 - 2.60E+06 97.17
UPZ (not
evac./relocat Non-fatal health effect 6.78E+03 - 1.85E+03 - 8.63E+03 0.30
ed
) No health effect - - 1.85E+03 - 1.85E+03 0.06
Fatal health effect 2.32E+06 - - - 2.60E+06 97.11
LAz (e Non-fatal health effect 6.78E+03 - - - 6.78E+03 0.24
relocated)

No health effect - 0.00E+00 0

2 AXHAIE Sol Y= B AL

or

BEXH CHAE, (Al 2016.1.1] [H1E N|13388%, 2015.6.22., L& I|H] 16/20



Case study — External Cost Estimation for Hypothetical NPP Accident

= Estimation of individual probability of fatal, non-fatal and no health effect

«  Each health effect risk is assessed using MACCS2 based on MACCS2 code analysis guideline (DOE, 2004)

* The case accident was assumed to be STC-19 (Kim et al. 2004).
* Itis assumed that 10% and 90% of population in UPZ is radially evacuated and sheltered, respectively.

Probability (p;;)
0

Population group Risk situation

PAZ (evac./relocated
before accident, j = 0)

UPZ (evac./relocated
after accident, j = 1)

UPZ (not evac./relocated, j = 2)

LPZ (not evac./relocated, j = 3)

Accident + fatal health effect (i = 1)
Accident + non-fatal health effect (i = 2)
Accident + no health effect (i = 3)

No accident (i = 4)

Accident + fatal health effect (i = 1)
Accident + non-fatal health effect (i = 2)
Accident + no health effect (i = 3)

No accident (i = 4)

Accident + fatal health effect (i = 1)
Accident + non-fatal health effect (i = 2)
Accident + no health effect (i = 3)

No accident (i = 4)

Accident + fatal health effect (i = 1)
Accident + non-fatal health effect (i = 2)
Accident + no health effect (i = 3)

No accident (i = 4)

% loss of wealth (X; )
98.90
2.03
1.79
0
98.90
2.03
1.79

97.17
0.30
0.06

97.11
0.24

0
1.43E-06
9.99E-01
1.08E-08
2.33E-08
1.40E-06
9.99E-01
3.09E-09
7.13E-09
1.42E-06
9.99E-01
8.02E-10
1.94E-10
1.43E-06
9.99E-01

a STC-19: Steam Generator Tube Rupture with Containment Bypass (having probability of 1.43E-06 /yr)

N a4

Reliability t
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A Case study : Calculation of External Cost of NPP Accident

=  Calculation of multiplication factor (adopting estimated RRA coefficient of ¢ = 1.315)

PAZ (evacuated) UPZ (evacuated) evachI/Drf:IE)ncoatted) LPZ (not relocated)

Number of population

for each population group(Nj) 3.8139e+04 1.3349E+05 1.2014E+06 8.3906E+06
- -1
Mg, = 1— [Z p;(1— Xl-)‘l] 2.5937¢-08 1.3385e-07 2.1268e-08 5.2316€-09
n
Mpy =1 — Z p;(1—=X;) 2.5630e-08 3.6213e-08 3.9379e-09 7.8348e-10
1 1
m m -0.1-¢
_ NjM; ra(o = 1.315) _ Z Ni{1 -2, pi,j(l - Xi,j) | _ NiMypa + NoMypa + N3M3z g + NyMy o — £1590
j=1 IV]'M]"RN(O' = 1315) j=1 N][l - ?=1 pl,}(l - Xl,])] NlMl,RN + NZMZ,RN + N3M3,RN + N4-M4-,RN

,where X; ; : Fraction of loss of wealth, W, : Total wealth of an individual,
M; pys Mj g4 : the maximum fraction of wealth willing to loss to avoid the risk situation for a risk-averse and risk-neutral individual in j-th population group

= Evaluation of expected value (EV) and external cost of NPP accident:

M « EV($/yr)

Ext l cost of NPP ident kWh =
xternal cost of acclaent per Mean annual electricity production (kWh/yr)

= 4.39E-03 USD-cents/kWh (5.07E-02 KRW/kWh)

where, EV = ¥4_, NjWo (X, pij Xij) = 4.9000e+04 USD/yr
Number of groups for affected population: m = 4; Number of risk situations: n = 4
Mean annual electricity production (kWh/yr) = 5759.36GWh/yr = 5.76E+09 kWh/yr*

18/



Discussion S‘t!)

Rellablllfg
Although the external cost estimates are difficult to compare due to differences in methodologies
and assumptions used in other studies, further study must be conducted to facilitate a realistic
analysis for estimating external cost of NPP accident.

Table 13. Comparison of the result with the previous studies on the external cost assessment of NPP accident

Author REAR EVEEe Description Estimated external costs
considered

(in this study) Use of Hypothetical NPP accident scenario (STC-19) 4.39E-03 USD-cents/kWh
Cost factors: Direct cost factors
Hirschberg and Cazzoli Target NPP : Miihleberg, Switzerland (BWR) i )
(1994) No Cost factors : health effects 1250 U eamEiaih

Target NPP : Swiss plants (BWRs and PWRS)
Masuhr and Oczipka

Yes Use of Chernobyl consequences 1.0 — 31.8 Rappen/kWh
(1994) Cost factors : health effects and some losses in (1.08 — 34.41 USD-cents/kWh)
agricultural production
Use of French accident scenario, ST21
Eeckhoudt et al. (2000) Yes Cost factors - COSYMA 4.60E-02 EUR-cents/kWh
Lee et al. (2013) Yes RRA adopted from Eeckhoudt et al. 0.3-203.1 KRW/kWh
Rabl and Rabl (2013) No GOTSIEIErS Chehmely] CEBrEm &s consequence 3.80E-01 EUR-cents/kWh
(cost of health effects, cleanup, lost agriculture, etc.)

Further study that needs to be conducted include estimation of 1) site-specific RRA and 2) site-
specific cost factors.

Since the degree of risk aversion differs according to various key demographic indices such as education

level and economic status, a site-specific RRA that incorporates key demographic characteristics of
populations living near NPPs must be considered.
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Risk averse behavior of the public toward group accidents (having low P./high C.)

*  These phenomena of “group accident” implies that there should be “multiplication factor” on estimating the
external cost for “group accidents” to reflect the “disaster aversion” behavior.

This study propose an integrated framework on estimation of the external cost associated with the
NPP accident considering public risk aversion behavior:

+ Based on the constructed model, willingness to pay (WTP) of the public for the mortality risk reduction was
estimated and derived the value of statistical life (VSL) regarding NPP accident.

+  Based on the expected-utility specification, the theoretical framework to quantify the risk aversion coefficient
for the NPP accident was constructed assuming CRRA utility function.

* As a case study, the risk and economic damages for a hypothetical NPP accident were assessed, and as a
result, the multiplication factor and external cost of NPP accident was estimated.

This study is expected to give insight on external cost estimation of both NPP and other severe
accident cases of various energy sectors with consideration of public risk aversion behavior.

The issues for further study to realistically estimate external cost of NPP accident includes:

«  Site-specific RRA considering demographics of populations living near NPPs must be considered.

«  Since only the direct cost factors were considered in a case study, potential extensions on including the
indirect cost factors to the external cost will be investigated in the future study.
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Appendix I. & E
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=  To derive the degree of WTP and RRA by the characteristics of the respondents which may affect
each specified likelihood function, heterogeneity in both WTP and RRA was allowed.

* In this study, four demographic variables and six explanatory variables were used as covariates in the
constructed likelihood model to examine the sensitivity of WTP and RRA to each variable.

Table 1. Definitions and sample statistics of the covariates used in the analysis

GENDER Dummy for the gender of the respondent (1 = Male, 2 = Female)
AGE Dummy for the age group of the respondent
(From 1 = 20-29 years old to 5 = 60—69 years old)
Dummy for the respondent’s knowledge on NPPs
KNOWLEDGE (From 1 = Very little to 7 = Very much)
Dummy for the respondent’s interest in issues related to NPPs
INTEREST (From 1 = Very little to 7 = Very much)
POLITICAL STANCE Dummy for the respondent’s stance on the NPP expansion policy

(From 1 = Very objective to 7 = Very supportive)
Dummy for the respondent’s degree on the safety of operating NPPs
(From 1 = Very unsafe to 7 = Very safe)

Dummy for the respondent’s degree on replacing NPPs with renewable ener
ALTERNATIVES gy sources
(From 1 = Very little to 7 = Very much)
Dummy for the education level of the respondent
(1 = below college graduates, 2 = college graduates)
Dummy for the monthly household total income
(From 1 = ~2 million KRW to 5 = 8 million KRW~)

RISK PERCEPTION

EDUCATION

INCOME
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Table II. Probability of risk-safe choices based on individual characteristics

safe choice?

Gender Male 0.464 (0.359) 716
Female 0.486 (0.355) 648

20-35 years old 0.522 (0.353) 339

Age Groups 35-50 years old 0.423 (0.359) 315
50-69 years old 0.459 (0.352) 307

Less than high school graduate 0.475 (0.350) 32

Education level High school graduate 0.489 (0.349) 534
College graduate 0.465 (0.363) 798

— 2 million KRW 0.436 (0.379) 203

2 million KRW — 4 million KRW 0.483 (0.349) 496

Monthly household income 4 million KRW — 6 million KRW 0.471 (0.354) 381
6 million KRW — 8 million KRW 0.499 (0.369) 149

> 8 million KRW 0.483 (0.352) 135
Total Respondents 0.474 (0.357) 1364

@ The probability of risk-safe choice refers to the ratio of the average number of risk-safe choices to the number of total choices, and the standard
deviations are reported in parentheses.
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Table III. External cost factors for NPP accident considered in the case study and their estimates

Cost categories Estimates |

Direct cost Cost of evacuation/relocation 1) 4.00E+03$%/person (FEMA, 2007)
Loss of income for people unable to reach the Evac./relocated : 1.11E+04 $/person *
workplace 2) Not evac./relocated : 1.85E+03 $/person **
Lost capital value and investment on land and Evac./relocated : 3.62E+04 $/person
property. 3) Not evac./relocated : 0 $/person
Cost of fatal health (cancer fatality) effect 4) 2.78E+06 $/person

Cost of non-fatal health (cancer injury) effect 5) 6.78E+03 $/person (Kim et al., 2009)

1) Reimbursement cost for hurricane Katrina evacuee (including forced relocation cost, food stamp, welfare programs, etc.)
2) Compensation of economic and social loss (e.g. business loss, loss of income due to joblessness)
* 1/2 year amount of GNI*** : 6 months of “disaster unemployment assistance” is assumed to be provided for those who
have evacuated from high radioactive contamination zone around NPP site (Lerner, 2014)
** 1 month amount of GNI*** : In case of TMI accident(resulted in low radioactive contamination around NPP site), 98% of
the population near by NPP had returned to their normal activities within three weeks. (Cutter, 1982)
***GNI per person (of Korea Rep.) = 28739 $/person-year (KOSTAT 2010)
3) Calculated as Average capita per person * Ratio of real estate property (75.8%) * Ratio of property first-owner (57.7%)
(KOSTAT, 2010)
4) Estimated value of statistical life in this study (KRW 2.53E+09)
5) Medical care cost(Inpatient + Outpatient) + Non-medical care cost(Transportation + Caregiver time + CAM)
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= Kim, Tae Woon, et al. A Comparison Study on the Integrated Risk Estimation for Various Power
Systems. KAERI/RR-2513/2004, Korea Atomic Energy Research Institute (KAERI), Daejeon
(Korea, Republic of), 2007.
©HSEE A S55EY AN 05 JPY 2 2/A3 38 UEHE YA R WE T 0l STC-199 STC-80] £ £I|AHS 57|44
7| A1|I',;+ﬂ|-,_ A|-—|(SGTR)O|I:L"
——5TC-3
—STCA
® 47 £7 34579 SAAY HEE 54 N ~srea
E}\ STC-10
- | FH : e
o el I e = e I O | HgAE #s= H HAARE e o
NQ. () 8 —§TC-17
Core melt stopped before Reactor Veszel 3 \ IS%Iﬁ
1 Large LOCA e T failure T ) 4.87e-5 ¢ )
A LLIAT w
5 T oo of Fesdwater Beactor Vessel m—’-d Containment do L.446—5 = | N
not failed | \
3 Loss of Feedwater Early Containment failure, Leak 1.71e-7 T e B I
4 small LOCA Early Containment failure, Rupture 5.38e—8 Eary Fataliies
=] o T O ™ e e - . = Tia—
i small LOCA Late Contamnment failure, Leak 1.71e—-6 2% 35 27 3.457] fAd o BN DRI
i M/A Late Containment failure, Laak 6.57e—0 2N Bam
g Station Blackout Late Containment failure, Laak 1.60e—6
10 small LOCA Late Containment failure. Leak. Rupture 8.58e—-8
11 MN/A Late Containment failure, Leak, Rupture Z.18e-8 %
12 Station Blackout Late Containment failure. Leak. Rupture 7.87e-7 g:
3 Loss of Feedwater asemat Melt—throough 1.22e—6 3
14 Loss of Feedwater Alpha mode failure 3.22e-3 g
15 Large LOCA omtainment failure before BV failure G.05e—-7 i
16 Large LOCA Izolation Failure 1.18e—-8
17 Large LOCA Izolation Failure 1.87e-8 ‘
13 V—sequence V—zeqguence (Bypass) 20e-8 Cancer Fataities
18 SGTR Steam Generator Tube Rupture (Bypass)| 1.43e—6 23 40 231 347 44 A g HEed

At 23
25/



Appendix V.

External cost estimation of NPP accident in Lee et al. (2013)
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* Wald-statistics : 2X| A 3|2 H0|A 2 |7 32| ]2
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Appendix VI.

= |AEA PRIS database

Statistics of electricity supplied by NPP at Korea in 2013.
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Reliability

Mean annual electricity production = 132465.24GWh-reactor/23reactor = 5759.36GWh ~ 5.76 E+09 kWh
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