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The Nuclear Power Plant(NPP) industry in Korea has been making efforts to reduce the human errors which
have largely contributed to about 150 nuclear reactor trips since 2001. Recently, the Crew Resource Manage-
ment(CRM) training has risen as an alternative countermeasure against the nuclear reactor trips caused by
human errors. The effectiveness of CRM training in NPP industry, however, has not been proven to be
significant yet.

In this study a return on investment(ROI) model is developed to measure the effectiveness of CRM training for
the operators in Korean NPP. The model consists of mathematical expressions including multiple variables
affecting the CRM training impacts and nuclear reactor trips. Implication of the model is discussed further in

detail.
Keywords: Crew Resource Management(CRM), Reactor Trips, Return on Investment(ROI), Effectiveness of
Training
1. 942 w4 9 EA CRM(Crew Resource Management) 7§ dS 974 &4 & &
Tdo] YR =qste], & wsEFde 240 W B3 A
T A Ao 2 A2 4] o A = Crew Resource Management 2 33ttt CRMo| & 71438 R E QA AP S da3)
(CRM) 59 o4& 1990 dt) Z¥HE 2718t 3l of 917 22 (human factors)} HHE F4 & A1E §)2
th. Roth and O’Hara(1994)& NASA(National Aeronautics and  3}7] 93t A AAZA Aol = &7 244 (cockpit) Z
Space Administration)} FAA(Federal Aviation Administration) S Z2ALS] AA A AA ¢ B E Y3 Aoz A=st9T
FAOZ LA E ] Q1A Q F(human errors) A7 EH7F YFH 1= Nuclear Regulatory Commission(NRC)LS &7 9 (operators)
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AN o] A R AFE QA= AR S A A,
Aol & o] &3 39l (team dependent behavior)oll o & H
7t FEE F7HE 2e NRC FEES Faf Aisty ME}
(USNRC, 1989). % =] British Energy<+ British Airways2] CRM
EFAAAE R dF LAY E usEFA AAE
TEoHA, FA Y LA LR ol AR FAASAAE

S A -8-5Fa1 Q) Th(Belton, 2001). Institute of Nuclear Power Ope-
rations(INPO) 28A7Fe] CRM R &EH T2 I13-& 7]#3}
of 293 FE A% n&EA S A8kl ITHINPO,
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(Kim, 2008).
FFAA A, A Bk 109 @ A<l 1970 T
SHHEE CRMO] i3t AAE E S HCooper White and
Lauber, 1980), CRM 2 &&d 2 E35 AF37] A A+E
B33l QI Th(Cannon-Bowers ], 1989; Leedom and Simon,
1995; Salas 9], 1999). Salas 5:(1999) 359 2] 1] &+ & F
B 2335 S U2 n&Edd ud a5 Kirpatrick
(1976)9] 45F 29 g wigro 2 71331 ﬁﬂr% AA oh A
o A4S Ade %—‘Eiﬂgi A7
(o, A=4, JAraE, A
et 2 ot 124t Sa
Ho| 7o BHEsl 1
st ﬂ-wiﬁ ao] dRAol FrHA XS A
E A A8k gl
UtH o g WEFHY AHE AFe] A AER
Kirkpatrick 2] 7]%-& &-&3CH(Edens and Bell, 2003). Kirkpatrick
(1976)9] 71F-2 WF-3-(reaction), <5 (learning), 3%l (behavior),
712] 3 A Hresults)©] T}, Edens¥} Bell(2003)2 n5FH &
ol gk WEF £4(meta-analysis) S 53 Kirkpatrick?] 715
ATE Tyt . AT 2= nSEH
29 W&FH T3] A7)(Cohen’s d)7} d =

0691402 =4 YeldS Ho|1

F

ATHHES 1 0.60(N = 936),
(N =15,014), ¥ : 0.62(N = 15,627), 23} : 0.62(N =
1,748)). %zi Cohen(1988, 1992)& W 4&d a3 F7](d)

ZtH0.20), ‘F7to] E}(o 50) 712 3 ATH0.80) 2 314 3t
< Kirkpatrick®] 7]&< &4 4
= Zﬂ Ef} B} A THKraiger £, 1993; Salas
and Cannon-Bowers, 2001). Kraiger 5-(1993)- &< (learning)<]
O A A2S 538 AA A <5 (cognitive learning), 743 4
8} (affective learning), 12|31 7]€ 71%ke] 4 (skill-based
learning)ll W3t W &FA &7 7| &S AA B Ak AAH
Shso B2 RH T 4 9= A4 (verbal knowledge) o] L 24 2]
Z A 3}H(knowledge organization), L83l UAA H 2H(cognitive
strategies) 59 ¥4 AEE vdth HAH d5E HE
(attitude) L} & 7](motivation)®] HS}E ojulgt} npxEto =
71% 714ke] g WA 2 43 % (compilation) o) U AHF
A (automatlclty) o m gk,
CRM Z&EH a3 A= Kirkpatricke] 715
E@E A7t FYH L ok 28U CRM 25
Aol AFAQ a#E Yeh I o=t thE 9
3] Fololth. CRM X &F & A A A 3] B
< FEA7)E ¥l &3 (non-beneficial) PM\OI
Salas 5(2006)¢] A& o2 &5 CRM &
a7k BEd 2879 7€ T Q7S Tl A2
1%8 ¥, 98, A, AHh a1 94 Ay
T8 15 a3 A+E Kirkpatrick] 7]F&
B39 A7 A3 AA, ¥ (reaction) =W 2] CRM
;g_e:] EFE RE FHH 0 Uehygth 4, 3 (leam-
1ng) ERi e S -ri B Hst SN FAHHOZ U
Ebd T A, 3¢l (behavior) 2HY 9= 5= FHA &
H}2 agn 9RE 2o 7 yehgth YA, 2 3 (results) 2
Ho| ge AT AR FEo 7 Add £ gl
0’Connor 5(2008) & ol =3¢ 16719 CRM
ZAT AHE nlg o2 WEEY (meta analysis) <
At} 152 Kirkpatrick®] B 7} 71%& 27O 2 B S(attitude
2 4] (knowledge), 2] 3L 3 9| (behavior) ZH ol tht £4 A}
£ AN OB : 0.94(N = 1,166), A4 : 0.59(N =
185), 9] : 1L.IS(N = 3,245)), Al 4575 H7F2 A Z F(results) ol
3k 242 dloJE o B0 2 A9 =it
o] A3 Kirkpatrick®] A 45 (results)ol] o3 B 7= CRM
do ads AFshed A Aok 249 ]9

5=
CRM Z&354
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Ao aHE AF3 st ofggel Q7] W
olth. Taylor(2000)= Al 45 B7H W2 FAF+E
(Return On Investment; ROI) =8 & A A& v} QI THCAA, 2003).
IE CRM Z5Fd Y AR QA% £9EE 5 C(RM 5
FdY o] ool thdt ‘CRM n5FH H]§9f & ‘CRM L

SETHOE Q% AR FBAT Y FOE HY3tAt
a8y 29 ROI EE-2 o] 97} v § W57} 74 4 0] A K3}
1 FBAFE AES7] 913 CRM 71 |59 AA o] o

= A7} ok WhebA CRM 5302 Qg oy 22
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A77} Besith B3], 948449 4%, CRM 2%FE9] 3 CRM 2539 Ro1 2Y

B9 e 279 o] 2R AZH 24 7ML o] 4

okt W7t ok AAF Y FFakol vig) A 2L A 2 ATHE CRM 25F Y ROI 2Y A< 918 Kirk-

19 Mz} Yol A o2 CRM w&EH e BaAo] = pamck«l W5EE G A A E Al 455 B N

29 4 9l7] wEoltt. < A& ATt Al 45E Wb wHEE S T 4 249
B ATIAE FU 94 24 tF CRM m&EFd9  olY& FAHsE Aotk 239 Jtolof 2 FHEY T,

a3} A% WSROI SHAA Akstunt gy, w3 £ Aoy S &, bl & A4, 221 Ro19

T ROIEDL2 CRM 248 aAE A RR A S AE T2 AdE

A== AAE EA A A (reactor trips) ] A7 A5 E 7Hg gt ROI —f— oA A 452 B7HE T AellMs BA g

et £ A7 B4 S Ao (RM 25FHS =9 AR FE FHA CRM m5Fdel that F7h7t Fasin

dlo] g A 220 4L S Qe olYE Hrlshe £8l & CRM ZGFHOR Qg A 8l Aba A4t o] o) & b = &

98 AUsk, 25 A4 ALUSE BET ANEHL A ZRAN B2k s ol

Qe =75 A Eske 9 Yok

2. 73U £

S A A 7| S A(KINS) o S A o] # 2] A| 2~E)(OPIS)
FANA A 0 e AR 77|24 Aol o SEe
F(active error) & T W, At 1A 74 AE = <Table 1>
pigey

Az 2N 2%

Table 1. Reactor trips caused by human errors

Year
02 1’03 | ’04 | °05 | ’06 | ’07 | 08 | Means
Event

Number of 211231181211 191201 14 | 1943

Reactor Trip

Number of
Event caused by| 5 | 3 | 7 | 6 | 2 | 2 | 4 | 4.14
Human Errors

(log-normal distribution)®} FrAFSHA| HAFEZ AA 7|7t &
Qo] it %*374*2 2017] % =go] Fasitt. oo o
gt ARG AAQR{E IS AAE EARAE 4
at7] 3 o4 mpE 9 JeJ A4S QA st Yot =3 W&
g7l e UHLRE AT AR BAAA AF-E A7st
7] fel A 2006137 QA F AdE A T A

2007) Kim 5(2009)2 A& 2

Z0]7] 915k o3 ek sht
0}1 ol H] &1 (pilot study)E 53
Alskal Yot Z2v CRM %
Ve FAHSE AANEA K

AT P 2o Bl A B Ao e GE
279} 7ltjolo)e ZAsHE Aolth 2\ %) 4 4

$ QAT 7138 dolEE glom, 942 BAHA A
F7h E G4 ZHAA A BA AAoz 7
o mEA B AT E 942 BAEA A S Ees
279 7)to]o| & ZAaE e AT B ATo| e

CRM u&FHOoE A= EARA A& AT + Yo
© A st Al 45E B7F D& A A Ak g
13] 9] AAZ BEAARA = AT v E(costs)& A 7HEol 4

e &3 A 713 T A gAY o R A% 7]
3] 1] &(opportunity cost) & FEHTE UA A7tE vl o=
© A &8, A, 22 JAu E FEET Algr e 94
EE Hx7tsd v o AR W EoR AR} THE
ol 2o AEE AYHH, A5 "’}7}01] os 2R A}
Al e A7bso] Bag Adnlo v o dAE EAAA
Abfroll wheh 17 A o] AU TE] T O v g8

Table 2. Criteria for estimating costs of reactor trips

Costs Criteria Variables
d M; : amount of ;" material
Materials E M; < MC)) / u / o ' )
=1 MC; : unit cost of j© material
- Fi : number of k" facility
Facilities F,xXFG,)
o 2 FCy : unit cost of K" facility
MP : manpower per hour
Labors MPXLxH | L : labor per hour
H : time period of reactor trips
W : mean power production per
Opportunit WX P<xH hour(kW)
ortuni
PP Y P : unit cost of 1 kW
H : time period of reactor trips
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Al @k E%)Oﬂ ol A€} npA o R Q1A

T A7bel Bad Y FYol 2 v g o2 AAE AT
”%3 Aol AAE BEAAA AZEE Fato] AdE.

AP AEAH & Y22 BAYAZ 98 YA271 A
A=) A& 717 5 Y& AYAEEA ot BAsHE 7}
A (values)®] £AZ A7V HF Ay Aol &g A9
A7HE Fote] AR BEAAA ALY o2 AFEH 13
o YA BEANHAZ Q3 s vgy AHIES
<Table 2>9} 2},

Aol NS A2 FARA Ade] HATTHE, o] 2
el A = = Az ARIH]&(C))2 <Bquation 1>3} 2T},

]b[ < ]L[C

l
=1

N
Z MPx L+ Wx P)H,,+ N,

=1 J

ZJ F < FG,)] (1)

<Equation 1>l 1A R (MPxL)$} 7] 8] 0] & (WxP)2 rd A
o AAE EAAA AZKH; )l whet Bk = HEH g,
XHEM(XZ] (M;x MC)))8k 2] Hl(f} (F,x FC,))E dAZ

_g_

=1
ENAA Aguitt @AY stE 14w
B odFo| = CRM 2 5EHOZ Q3 22 9] 7]to] 9 &
A2 EAAA /\}74 =1
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Returns; ETR)% <Equat10n 2>9} riges
7—1
=§)(f;><PEthtxq) )

<Equation 2> A Pz rA A o] YA BA AR bz o] B
I 852 PE= AR QAR BAAA AL F 18 Q2l0]

E5 R AR BAAA ALES, DA Ce
A

YAE BAAAZ ) BAHE &< ofr]

Q)

é‘arﬁ m°"

o &
NAE

3.2 ROI 37}

FE2 ¢ g 249 7djo] 9 E4 7|3t F<F A
= Ea FYERONS 53 H7HAh Kirkpatricke] Al44
%7} % ROI H7H= CRM §E o £013F v 83} CRM

A 9] o] 9}5 Hlu 3 ROIE o

& IAT F2 HHAEY o] - ¥
& AFA A e T 52 uld 139 CRM
WETHE AN AHQFE QAT AR EAARA A

o
0 35
s

< md R AZEE AN YA 7Hg sk ROIE B 713}
Atk CRM 2&F 9| 34 CRM 25E ¢ t) Ao wje} &}
5 Ag3stofof A I YA AA o v Fo] W 13]9

CRM n&Edo] Ao A0 Addr)
Td 59 mjd 13]9) CRM Z£FHS £ 215 eFZ 2l
AR EARA A S W d RO AEE TAAZITH,
9J(ETR)> A& Hl

CRM n&FH o2 I 249 7]tjo]
7151’4-(<Equat10n 2>). ¢4 CRM a 37‘5’4—% 13] A A8t

IC = TD+TM+TP+TB+TL+TA+TO 3)
TD : CRM w&& & A7 2 7jdl (29 : )
™ : S oA Agd 258 A5 (F : €)
TP : 734 5 A o] gul () - )
TB: +J#d 54 3 249 59 CRM 2538 3P|
)

TL:CRM 25&d 7|7 59 49 5 2 5 (T4 : 9)
37 s

TA: @53 A 2 A9 )
TO : 716 ¥ 4291 : 9))

mebM Td Bk v 13)9) CRM 2 §Ed & A A5t 9
A& EANRA AFE AZAZL Aol i ROI(%)E A7}
A A EA BHOE A&t CRM &EH Y &
< o2 &t TCE AdA 9 CRM L 5&H Fadolgtn
S FA+9] AAJ7}A] (Present Investments; PI)E <Equation 4>

ok 2o

I CRM 2 &Fd 9 H
A B(TCh)) TE ¢ vid 5
L. B2 Pl Th <Equation 5>9F 2T},

1 7C,(147r)"
ZO )r = TCy)+ TC,(T—1) =

<Equation 5>l 4] CRM L

FA| FAH 83} CRM THEAOZ AT o459 (A2
BAHA A% BROE AT 239 0|2 BAMIZ B
W5tol A4S FASY B BAFIBE B4 A3 o

ARt 01 7HE g

EF CRM Z&FH Y 9182 ro)gn ’3}5'_ ETR,Z CRM
VEFAY BHZA T F< vid RO AL
E QI3 QAR BAIBAE AT A Lol ]*E CRM &%
& 7)ol s, 71t 9] A 71X (Present Returns;
PR)+= <Equation 6>} % Lljr
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PR_T* ETR, ) 5o CRM &3¢ Ex o] dA)7EA|(PI)E 5%100,0007H Y
= (1+7) 9 & 500,000 ¢ o] TH(Equation 5 #+32).

wetM T Fek vid 139 CRM &
A2 BAGA AFE AZAZL A thd ROI(%)= <Equa-
tion 7>} 72t}

ROI%) = %x CoF ;<100 (7
1 ETR,
t
= ?Si;gzx CoF ;<100
CoFyr CRM &80 5749} 27 9] 710) 9] 5}o] 43
ATz a7 AaANA ASE o TE&H = AT e AT
t}. ROI ’\*‘(Equation & FAARA SHRkE s, 34
A 7H A& 2FeHA et

3.3AH A+

U Al AR EA M] of B3 }E%— g8t
AL Yo AR BAAA ul & A7t 2
azste} 7yt KA °Jz}fﬂ %ﬂ*oﬂﬁ—t— g3 5
ujd 139 CRM 2§EH S A A5 <Table 3>3 2
EENAA AL a7t d s A0 o SH YT 7M.

Table 3. K’s reactor trip descriptions

T(Year) N, PE, R,
To 20 0.21 0.1
T, 23 0.20 0.2
T, 18 0.17 0.3
Ts 19 0.15 0.4
Ty 21 0.13 0.5

Note) N;: number of reactor trip in I year.
PE;: rate of reactor trip caused by human errors in I year.
R;: rate of reactor trip reduction in " year.

E3H KA QAR EARA o WE &2 A Y Ad F
H| &S 7Hko 2 o =3k A3} <Table 4> A Hu| 4ol
3okl 7H 84
TEELLE Od 13 AT gAY, 18] HAshe
g Hge Fd A4 ¢ 7H%HL u5E A5, 7 }
SE9 A, 9 Fdd 95, 2L 7g 2 %
g 25 238k 100,000 Y J E FEga 7y o}Z}
M 2&EHOZ 23 ROI B4S 98 WA 54

Table 4. K’s mean costs per a reactor trip

Costs Mean Costs
(thousand won/event)
Materials 100,000
Facilities 150,000
Labors 50,000
Opportunity 750,000
Total 1,050,000

The 0.2 5 Bl BAH S, = 1) AR BARA o
sl A2 72 Asf TAS=(PE) AFE R AREE T
2N Z ol wE KARe] 7] tho] o} 2wl o} 9} ZTH(<Equation
2> 2z,

® ETRo= 1x0.21x0.1x20x1,050,000 = 441,000
® ETR; = 1x0.20x0.2x23%1,050,000 = 966,000
® ETR,=1x0.17x0.3x18x1,050,000 = 963,900
® ETR;= 1%0.15%0.4x19x1,050,000 = 1,197,000 ¢
® ETR4= 1x0.13%0.5%x21x1,050,000 = 1,433,250 ¢

i

o

A

U

m: 441,000 + 878,182+ 796,612 + 899,324
t=0 .
+978,920 = 3,994,047 (9

webM KA CRM 2&EH 02 913 ROI(%)L ok 479%
ZANAAR L 5T 2 ©, CoFe QA A A
SE&HE AT gol FASIEE P% P?jﬁl oA dtH o=
SEHE ASF B CoFp=0.6)22 AHE3H T

ROI%) = ff;x CoF <100
3,994,047 N
= 500,000 X 0.6 <100 = 479(%)
AA 0 2 KA CRM R &FH ol w2 Bl &8 54
ZHCRM 2&E o) AL 5= v 89 4798 Ut o] AR E
NARA Ao 2 Qg v 847 a3 oty sjME, 1
gy o)) Ao 9lo], Ww&EH H&I BAAA A
7k vl go] AA| HolElo] ZAA EetALBE FAF A
A o] Fe] Yu & FAqE £ gtk
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