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Abstract Recently, the installation of renewable energy including PV systems in distribution systems has
increased energetically to cope with climate change and energy shortages according to the government's
policy of renewable energy 3020. On the other hand, the electrical performance and lifespan of PV
modules installed outdoors can be decreased considerably due to a range of deterioration phenomena
depending on the ambient environmental factors. To overcome these problems, replacement of degraded
PV modules with new ones is increased before the lifespan guaranteed by the makers of PV modules.
Therefore, this paper proposes a disposal diagnosis algorithm to evaluate the time interval of the
optimal replacement for PV modules according to performance degradation rate of PV modules. In
addition, this study modeled an economic evaluation, which is composed of the cost and benefit of PV
systems. From the simulation results based on the proposed modeling and algorithm to consider the
performance degradation rate specifically, the replacement approach was found to have the best B/C
ratio in 10th year with a 3[%] degradation rate and the disposal diagnosis algorithm of PV modules are
useful and practical tools for economic evaluations of the replacement of PV modules.
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Disposal Diagnosis Algorithm

E =R ABARN R e] Aho R gt 2] 7] 7He] 97HNo.20172410100030)2} g0l 27148 7HAe] 47H(No.20182410105070)°1
ofslo] I,

*Corresponding Author : Dae-Seok Rho(Korea University of Technology and Education)

email: dsrho@koreatech.ac.kr

Received August 27, 2019 Revised September 30, 2019

Accepted October 4, 2019 Published October 31, 2019

493



SHEARSH7| &85 2] #1208 A|10Z, 2019

1. M2

2, el mEASH B 7| FRst BAlz
QIstel, Qhdsti 1gHAHR o A|o] Tigk Tale] o
ol ufel, ARl ARL et ALSIE 87} A%
oz 7hel3 QIeH1l. webdl, 2030874 Al
YAEAL] u1ES AA] UAAU 2006714 S
Bl AIUA] 3020 el AZH0R FA1ET 9
on|, Axo] A9 sl AR PAAAAES FHL
2 oji Bjgade] 4X7 2 Zow Fvhew 9l
oH2-4). =, 7120) AgE Apolds HoEaas
AR o AX5] gistel, Borae] AXta, &
o] Tt Boruael AR 2as] A
T Qe T, Ao HoRtRES 20 o)
7Mo% A8T 4 cky TeiA YA, ANE F
W AR, L8 &5, Ao, 29 ol o}

et Fskage] Wwagstel, 4714 A5t So] 2A
4% 4 rH6l. 531, S A9, A8 L B%
20| 717, @4el 2910 Q5] Askio] WA}

ElgEEe] A% AsE @A deua 9
Aolc}. olol whet, Y RE WHAAR A
19 7 ojdo] Mg wER WASR: A9 571
sk glow, egEEe] AsAshe] tet oji A7)
o WAISH: Aol 7V AAHAE Wrhshe duelE
o] RFHojA3 ek,

webd, B ERelAE A9 BAYES ]
Sloted, BPHRES] FSEAS BAoky, BIHLE
o H5ATHES T AANEA Bl U )
IES AN 5, B WAL} g
52 wjsiol N2e RER @RSk A9 sjol
GFYRE] 5AsHR] et 67 9 WA W o
no} 22 WANY|E Bk HoRRE WA &
TEES AN Aok A e vheto s Ha
50| WA AAAE B A, BegEEe] 4
SASHEl ueh LA T ojFet ol A7]e] wA
£ 7o) 7K AAAHE B 4 glo], & ol
AN FaE] F84S BB

N

25, 59, 38 &5, AYH Sl @t Table 13+ &
o] Tkt G o] WSk, A7 s ol
A FAEI UHTL. A& S0, gl A vt
= HFBHYY B, 22 o] tESAY FEA
A717t e&=]o] BAAY Al (encapsulant discoloration),
gj&9}o]o] BXl(ribbon wire corrosion), HIA|E Hlg]
(back sheet delamination), A Z#H(cell crack) &
o] s, o2 Qs REo] AAEAJ0] Lk d3t
Aol WAsto], 0|2 s EEY AAEA] YukA
stago| WAgste], A7|14 45Tt 50| A A
1 Sl AAoITHB-9L. 9§71 A, AA| YRl A Bk
BAYY A7) &2 QI8 YAcs 1T GAE UE
WH Fig. 13 Zom, tekst 43} gRIo = <lsf HeE
FRE] 5 Aok sk 2 JAYHs o] LT A
& & Qirh A 2 =RolAEs HggEEY A &
7ol ot PYol= HPFFREY HdeAskes 1ot
of AAH7t mEY E Hr A eSS Ajetar

A gt

e ek

<

Table 1. Degradation phenomenon classification of
PV modules

environmental factor degradation phenomenon

ultraviolet
high temperature

encapsulant discoloration
(vellowing, whitening)

high temperature

o ribbon wire corrosion
humidity

temperature difference

- back sheet delamination
humidity

temperature difference cell crack
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Fig. 1. Degradation characteristics of PV modules in
coast environment



HPFEEY HeAsteS 1T HrIde ¢l

Eily

a7

OA

2OA Dy

3.1 H DE=

Hgaat BRRAAY A8 IS, A
M gO2 ZAE, of7|4], BANLEL HheHEEo 7]
& Ano] 42 72 ke wefelel Agdnh

Q
X)
=

(1) A2

20182 GBS AHSR ASEE F v
oA, 4 (3 o] Aelsk 7ol thstol By
A §FL Ftol AL, o714, I o
FYRES] Wl A, DA Sol A, ]

= Qlsrlulg, BEAM ReE, 2 52 et

=,

T

Con :(QiiJrqn,d;,) * Opy e))
Aq71A, G, + Z7] AN, ¢, @ HFTHALAA
H[-&9] AHH(H/kW), G, ¢ HFFHY A-u89

ZHAHI(R/kW), Qpy @ BFBRLY] SFLW)

(2) HYEZE2 WAHIE
WA HFFELES] AR A k= EAYst
€ U2 2A, V=S 7| E HFBEES 27
A Bl gl HFBEE] 71 SHEES Eote] 4 (2)
o} o] AR

1-R

q}z (I) = C;m * ( drop)£ (2)
oA71A, G, (2) @ W7 Aol THE EFFELES] LAY
&, 2 1 W7AE, G, - HIFBEES 271EA HE

@, RB,,, - HPFRES] 71HsLE

Q) 2gHIE

LSS GUPALS LAT W WS WSO
S, A ()t ol A4u|go] et 2 g2 Falo]
AR,

C(’)])(’,V' (y) = q071 * RUZ)UY' (3)
AN, €, () NFAEY LUE), y : AT
E’ Ropu (J-‘/[\_

32 molgA Dz

495

Holaat AROIIA] SISIYARPS, renewable
= Aeed,

. =1 O

energy portfolio standard) Aol

REC 85 ¥ ©aui&d 892 2830t HPFRE
o] WA QI5ta] 1o g WA= Hol2 V& A
HE Qs dE FeAseS Ltk

(1) H¥EeF

A= 33(SMP, system marginal price)= 3

AR} eagle) waso] ta) A7lwuiAgRo]
A e AEE) @ ZoRA, 4] (49 2o Ao
g s AdARE Ftel Avgait
o714, ARAEe] efeRaY WHES 4 (5)9 2o|
A 87, 0|88, A5ATEL Tejstel 4%

s,

By ply) = SMP(y) « Gy (y)
Gpyy) =860 « Qpy * Upy

4)
s (1=ap! 5)
0:"7]*{ BSMP(y) : EH%QEQJ SMP-S-%L(%), SMP(y) :
fFAE HFFHYS AHAHDTHE/kWh), Gp ()
DA HRdAYe] WARKWh), Upy - BEEA
9] ol &E, d : HYFHYY A

(2) EfLZMRO| REC QF

¥ G L REC(renewable energy certificate)
{2 ol vlFsto] WAAGATE = QAEE
QFOEA, FAEe] HFFade] Wz REC &
7k 7VWSAE 1Este, 4 (6)3 ol yehd 4=

o
bl

Bype(y) = REC(y) - WFype GPV(y) ©)
AN, Bupe(y) + HFAES] REC 8HY), RECY) :
SFAro] elgtAL] REC ©7HY/kWh), Wy

- BYsEA Y] REC 7154

(3) EAHIEH 2F

gauiEd 852 2A7MA9 FiiEk] wet ARt
71gelAl AlFoh= JAAEE Q70 =A, 4] (7)1} Zo]
AL Y] BjFaA Y WAzl eauEA St 247t
A ZF=E(CER, certified emission reductions)2] T
7Fe Fote] Aeitt



fill‘

Atsl7)&8h8] =24 #1208 A10%, 2019

Beo,

W)= Gpy(y) »
A7IA, B, (v): oA
: E]-/\Hﬂgﬁﬂ (ton/kWh) Prpp (t
724 ZHEE(CER) ©7HY/ton)

3.3 SR Bhaky

AANEAE 918 18T} ol vigho] WA= 7
A2A, 4 @)7F Zo] gl Hhate] AN 28
slo] @A) X2 Shareic

— - q’luw

Cow = ey ®)
PN, Cy  BAH, 12 71 7 B O

AFAEe] AFEH

4. BiYFYREQ| YsKstes 1as

H71Eg 2u2E

HFFRY WA} HFBRES 15t A
2& BE2 WA 3, 071 2 34 W o
ojL A]7]9] TASH= AHo| 71 AAAQI/IE Tl

ggEE W0 SneES A
AL gt 2.

ek, e 7t

AARRT a4 BAAE, olAE, &
5o AL, HFTEE AR SuolA 2

[Step 1]
MISE 5=
e m&&<éﬁ‘@ﬂﬂﬂﬁém&ﬂ$%m&—
15, HAQAE SMPRFE RECSE, sadiEd
a7 58 APt

O
U=

g

(Step 2] B EEES] H7|H of - 4
58 WIS gelol, YRS HrleA
HYGEES WAk 3ol HEt A

E /g_;g 1_‘:]-

0}Oo.

(Step 3] BIFBEEES H7IoHA] &2 BCase 1)l
tjsto], 270 AX|E BFFEES] A (d,,,)S
Agete], H7717Hy,.) B4 B8, )T HY
(B, & APGRITE o7]A, 4] (9)= H7H717Hs<t9] H]

case

7]
A9}
Ayl

%
yo
]_

[e);
15
3

496

e, 4] (102 Helskeg ehick

T=

©)

B ()]

casel

= E (Bae, d(y) + B d<y) * Beo,a,,
y=1

(10)

AN, .., @ HIBRES wAs] Ao ulg,
B,.. ;- HFTFEES WA/ Aol #Y, 4. . : HFG

E‘E-’] A5k

ini

= O

HEs
o v g

pul

[Step 41 E1%%
B IRIEE AT
of, 47 vl.83} H

7ol dister,
A7 = SHAlst
3t

BAHA
9 Hole

‘O’] H](B/Qase I)E L—E

e

o]
R |

[Step 5] HYBELES wASH= -0l diste], WA]
WARE ME2 HFgEes] deAstald, )& 44
staL, #7] A% (a)e] tiste] BE wAWE(C, (2)) A
i},

[Step 0] BFBELES] HV|AE()E <A oR 5
ZHAA WZRA, B Y ) BRE 2A
A (e ()T BA(B,,, ())& AF%
714, A (112 B7P7175<te wAH8-2
oRE vEdid, 4 (12
shee TEst Holskhs

U AT uT=

H]| -2

o=

Ll
iy

Oboﬁlﬂol

2 ZERL ]
DAE HFFRES] A
LjEpATE,

C

(‘aee?

UE o 7er r‘h ('I’) (1 1)

x—1

Z][BSUP 0, W)+ Braga,

!I:

+ E[BS’UPi () + Brpca, )+ Beo, 4

y=uzx

Br‘a.splj(x) (7/) + B()U d,; (?/)]
()]

(12)

- dyy,

A7, G ple) © BIFBEES TAE T HIE,
Braw][(”) : FHOJ:JJ-—‘}—[E ;(-]]6]— ?‘9] j\'TiQJh dph : J_ﬂ—i']

4 gPuEe] F5A5e

[Step 7] BNYHEES WAISH= 9] Thsted, 7t
F1ZFESE APEE Blg W Hole AR il
A

B8t Aol ®l(5/C,,, )& ST

o
=



HPFEEY deAsteS 1T JA7Ad dnso] #d a+

[Step 8] HYBRES] H7|ALE <HHOR F7F
AlA U7PaA, AA vl-&3t HAY ul7t Hi7t == H
719%=e} B/C Ratios AESH.

[Step 9] [Step 412] Case 1°f th3t B/C Ratio®} [Step
819] Case 1] Hist o B/C Ratios H]uo}o], EjQF
FJEEQ 1A RS Wiy, #7] =g ARt

37) AAe ERSAER YEY, Fig. 29 Zth

Setting of economic evaluation factor
[evaluation year, interest rate, discount rate)
= Cost factor : construction, change, operation cost
= Benefit factor : SMP, REC, CER charging
L]
Evaluation scenario
= Case 1: case of non-changed PV modules
= (Case 2: case of changed PV modules

¥
setting of Initial module performance
degradation ratefd, ;)

Evaluation year[y}=1

]
Calculating of cost[C, . (¥)) and
benefit{ B, .., (¥)] for Case 1
-+ reference Eq. (9) and Eq. (10)

y=y=1 Conversion for present worth

MO

Formulation of B/ C.,0q

Setfing of performance degradation

rate for changed PV modules{d,,, |

change year{x)=1

| Calculation of change cost (€., (x7) |

r=x+1

calculating of cost| €. (2, ¥))
and benefit| B, ,..; (. y)) of Case 2
- reference Eq. [11) and Eq. (12)

conversion for present worth

Determination of Max B/C_ .. (x) and
optimum change year|x) for Case 2

Dnzuitability o
changed PV module

Fig. 2. Disposal diagnosis algorithm of PV modules
considering degradation rate of performance

497

5. AlZ|0]d At 3 =4

5.1 ZMEEI =

AQtet daEEe] /-89S FRIst] st 2
Holde IMWE HFEHALE 7IE0F Table 29
o] AAZH7t 2P AT of7|A, ARIE B
Y] A-dulg, gH], o]&E, AL, oL, H
FuES 7HESEHES AUAHA AT FAR
R 53 HHA7E Aol Bet 4H2018)"E
A83tH10]. E3F SMP+REC 1 A7ET erauj&d
ke U AFHolA A AN AZF
OBSHRPOAIE 2018F TAH7MEA Y AX A&
o} = siEdAHA ol 7 5% 4 g
g ZHEsich11-12]. 2H, gAY A48
Pol A 1587 &S L1 IS il #55H

o Whs Yavts A4S A8ota, wAH8
H7|A=2RE FAGB7E S5 71RO diste],
T2 FooM ARehs FoE At

my

09 ot

_(‘)15

I

"

0

o (B
o o4
=]

)

o
(RN
§

p

sm)
b o

et rlo

i r

H,

Table 2. Economic evaluation conditions of 1MW
scale PV systems

parameters contents
evaluation yearlyear] 20
rate of operation cost[%) 2319
construction cost direct cost 1,091,297
[thousand won] indirect cost 519,536
utilization rate[%] 15
discount rate[%] 5.5
interest rate[%) 3.46
fixed price of SMP+REC[won/kWh] 186.59
cost drop rate of PV modules[%] 4.3
CO; emission factor[ton/kWh] 0.46625
CER price[won/ton] 19,300
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Table 3. Cost evaluation for PV systems without
replacement of new modules

cost[thousand won]
- present value
Y - ?onstructlf)n operation | [thousand won]
principal interest
1 107,389 55,735 37.365 200,489
2 107,389 52,019 37.365 186,515
3 107,389 48,304 37,365 173,453
4 107,389 44,588 37.365 161,246
5 107.389 40,872 37.365 149,840
6 107.389 37,157 37.365 139,186
7 107,389 33,441 37.365 129,235
8 107,389 29,725 37.365 119,943
9 107.389 26,010 37,365 111,269
10 107,389 22,294 37.365 103,174
11 107,389 18,578 37.365 95,620
12 107.389 14,863 37.365 88,573
13 107,389 11,147 37.365 82,001
14 107,389 7,431 37.365 75,874
15 107,389 3,716 37,365 70,162
16 0 0 37.365 16,737
17 0 0 37.365 15,864
18 0 0 37.365 15,037
19 0 0 37.365 14,253
20 0 0 37.365 13,510
total 1,610,833 445,880 747,300 1,961,982

Table 4. Benefit evaluation for PV systems without
replacement of new modules

benefit[thousand won] present value
year SMP+REC CER [thousand won]
1 245,179 11,824 257,003
2 237,824 11,469 236,297
3 230,469 11,115 217,051
4 223,113 10,760 199,170
5 215,758 10,405 182,563
6 208,402 10,051 167,146
7 201,047 9,696 152,840
8 193,692 9,341 139,572
9 186,336 8,980 127,272
10 178,981 8,632 115,875
11 171,625 8,277 105,320
12 164,270 7,922 95,551
13 156,915 7.568 86,515
14 149,559 7.213 78,160
15 142,204 6,858 70,442
16 134,849 6,503 63,316
17 127,493 6,149 56,742
18 120,138 5,794 50,681
19 112,783 5,439 45,098
20 105,427 5,084 39,959
total 3,506,064 169,086 2,486,573
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Fig. 3. Yearly cost and benefit evaluation for PV
systems without replacement of new modules
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Table 5. Cost evaluation for PV systems with replacement
of new modules

cost[thousand won]
present value

[thousand won]

year

construction | replacement | operation

20 2,056,712 504,877 747,300 2,207,696

Table 6. Benefit evaluation for PV systems with
replacement of new modules

benefit[thousand won]
present value

[thousand won]

year
SMP+REC CER

20 4,503,943 217,210 2,973,570
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Fig. 4. Yearly cost and benefit evaluation for PV
systems with replacement of new modules
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Table 7. B/C ratio for performance degradation rate
without replacement of PV modules

performance 1% 30 5%
degradation rate
B/C ratio 1.523 1.268 1.011

Table 8. Yearly B/C ratio for performance degradation
rate with replacement of PV modules

B/C ratio
YA TIOII | 3-104 | 320 | 5104 | 5-30%)
1 1.186 1.186 1.086 1.186 0.988
2 1.221 1.221 1.132 1.221 1.043
3 1.254 1.253 1172 1.250 1.09
4 1.284 1.278 1.208 1.273 1.132
5 1.311 1.300 1.238 1.288 1.164
6 1.3360 1.317 1.263 1.298 1.194
7 1358 1.330 1283 1.302 1.209
8 1.377 1.339 1.300 1.301 1.222
9 1.394 1.345 1311 1.295 1.229

10 1.409 1.347 1.319 1.285 1.230
11 1.422 1.346 1.324 1.270 1.225
12 1.432 1.342 1325 1.251 1.215
13 1.441 1.335 1.322 1.229 1.202
14 1.448 1.326 1.317 1.204 1.184
15 1.453 1314 1.308 1.176 1.160
16 1.456 1.302 1.297 1.146 1.136

17 1.458 1.287 1.284 1.113 1.107

18 1.460 1.270 1.267 1.078 1.076

19 1.459 1.251 1.251 1.042 1.041

20 1.454 1.229 1.212 1.002 1.002

*ab (%] ¢ 7I1ERES GeAShe - AARES At
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Table 8 vIro 2 7+ A5AI512(11%], 3[%], 5[%])
of w2} #7]A% ¥ B/C ratio® YEFHHA F1g 59)r z
t}. Fig. 5(@)9] @2 @& JsA5HEe] 1%
FERES WAIGHA] = Aot wAe 76‘—r—4 B/C
ratioE UERA Zojt}. o] 49} o], HE HY|
Ao Hote, BFFRES WA AH-9-2 B/C ratio
7 WAISHA] g Ae-HT Zroug wAsHA] gk &
£l Aol AAFAE & & Ut T, Fig. 5(b)=
A7) A9 HFBEEY deAskeES 3[%l°la, o
Agt 49-9] Aot 42 1[%), 2[%IQ1 359 =

719% ¥ B/C ratio® Yeld ZoJth. o714, Fig.
50)9 @= HYFEES WAGH] F2 FLY B/C
ratioX, Fig. 5(b)9] ®2} ©= AEH & A5A5}
0] Z+ 1[%], 2[%]?! -5l et B/C ratioe WERA
Zoltt. Fig. 5(b)9] @ Zo], HA)7]%E A=A RE 4
AA~18AHA] Atolo] 7|5} ﬂ-ﬂ]é}“‘] Aol g5
=, o] FolA 1094l HIFRESZ wAlet= Aol
7 2 #H1.347)9] B/C ratio= 7HXBZ 39| 7
AHRl RAAEAS & 4= ek E3L Fig. 5(b)2] ©=
71'01 2[%]19] Ak 7H BB EER WAS=

-, 7dR~173H Aol ’4]7]&‘50“"1 Aol &
EQ‘I] 12dAe] eSS wAlsHs Zo] 7P &
%(1.325)9] B/C ratioZ 7HIEE A9 wAAEY

S % S A
3HH, Fig. 5(c)e= A3 A9 eifgnEe] AsA
S 5[%lol1, WAIF Ao AsAstee Z7t

10%], 3[%]1Q1 399 #H7]dx= ¥ B/C ratios WERH
Ao}, o714, Fig. 5(0)Y @<= HFFEES WASHA|
k0. A2.9] B/C ratioX, Fig. 5(c)9] ®¢} ©+= wAE
59l FsAskEol 7+ 1%, 3[%]10 -0l tist B/C
ratio2 WEHA Zolth. Fig. 5(c)9] ®3 &ol, dA7|%
AL AEE 1dR~1984 Atoo] H7|5to] nA|5HH
ZAA/o] FEEH, o] FollA 7AA ] HFFEES I
Alsk= 2o 7P & #(1.302)9] B/C ratios 7HAEE
A9 AAAQ] IAAEAE & 4 AUck E3L Fig.
509 ©3} o], 3[%]9] J5AEES 7H HIBEE
2 wAIss A9, 2WA~1997 Ato]o] H|7|AkEofA
7Aool FE =, 10940l BFFEES TASH= A
o] 7k & #(1.230)9] B/C ratios 7HAEZE 9
TAAE]S & 5 Aok

B/C ratio

7 8 11 12 13 14 15

0 16 17 18 19 20
rep acemeﬂt vear[year]

(a) 1[%] of performance degradation rate for existing PV modules

N

B/C ratio

7 8 10 11 12 13 14 15 16 17 18 1% 20
rep acememt year[year]

(b) 3[%] of performance degradation rate for existing PV modules

7 8 11 12 13

10 14
rep! acement year[year]

15 16 17 18 13 20
(c) 5%l of performance degradation rate for existing PV modules
Fig. 5. Characteristics of B/C ratio for performance

degradation rate of PV modules based on
replacement year
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(1) dFgRES DA e
e WK An, sAskeol 2

Cas 1 tiste] Al
2+ 11%), 30%I, 5[%]

Q1 %ol tiste] B/C ratiog 4APgotd, 22 1.523,
1.268, 1.0119ld], & ASAsHEo] LE4E B/C

ratio’t Z44%E & 4 Stk

@ HFBuES DANA Fe A0 AT AL
o] ok se] 45Astgo] EYstd, LE Hy|dE
ol thatol, eoRtRES WA 299 B/C ratio7t T
A Fe A9mTE Fong wAsA i 8o
Aol AAAAL T 4 9t

) wAsH] Ao HFgEE] % 131-5% 3[%]°
i, wARE A9-e] AeAtte 1%l 3¢ dA7IE
Awo AR 4dA~18EA Ato]o]] ,41715}0:] wASHE
dAdol FEEY, o] FoM 1084 HFFEES
AR o] 7P & #(1.347)9) B/C ratio 7H
o2 2o AAAHQ TAAEIS & 4 ). EI
20619 H5AES 71 HFYRER DA B,
7TAA~17EA Aol w7 Aol A Aol SHEE,
12940 HFFEES ZASkE Aol M 2 &
(1.325)9] B/C ratioz 7HE=Z 29| A A=A
oF 2~ qlc}

(4) g Ee] 45Asheo] wet H7), @A) W
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