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Abstract

In order to maintain the power generation performance of photovoltaic power generation systems,

it is common to compare the actual energy yield with the estimated energy yield calculated from the

measured solar irradiation in the same location. If there is no on-site measured data of the solar

irradiation, it can be estimated from the total global horizontal irradiation measured at 48 JMA sites in

Japan. However, in order to use the data which measured at closer points, the sunshine hours measured

at 687 AMeDAS sites in addition to JMA sites are also available in Japan. This paper verified the validity

of the conversion formula of the hourly integrated sunshine hours into the global horizontal irradiation

and updated it with the latest data. Finally, this study propose the model which convert sunshine hours

into the global horizontal irradiation: the model can select the optimum coefficient in nationwide and in

each solar radiation climatic province which is added in order to maintain simplicity and improve

accuracy.
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2. FEENBREFNEBRETLORBOEH LR
L DIREE

2.1 FERT—%
ARRFHIANWET =2 Q0N — B2 R 1IRT. 418
BED 2013 F~2018 D 6 FHDOT —X TH VY, KFEHE
KHSEHg [kWh/m*], HMEEMn[h] O —REFfEA#H L
7-.

Table 1 41 JMA sites used observed values.
1 THXOKGEEE 4 Himo—E

Wakkanai | Asahikawa | Abashiri Akita | Sapporo
Hakodate | Utsunomiya | Aomori | Sendai | Morioka
Muroran | Fukushima | Yamagata | Tokyo | Niigata
Obihiro Hiroshima | Maebashi | Choshi Kofu
Tsukuba | Takamatsu Toyama | Osaka Fukui
Shizuoka | Matsuyama | Nagoya Nara Matsue
Hikone Kumamoto | Miyazaki Oita Fukuoka
Nagano | Kagoshima | Nagasaki | Kochi Saga
Naha
2.2 #EAHE

XWX, AT
ERAFEROHREMOBIED T — 2025
2R H RO REIC BT 2 BfR a8 7.

BEZlt 230 DA 1 B ORI KEE 2K P&

ST HIEEZWT 41 BB OKEH
AT
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D— B & LTJC(l) &Té.
Hge = 1o c0s 02405 (a + bny;) @

T Tl I KRR ENGIC I T 2 EHkim A &R (kW/m’],
F 720,05 XN RKTARHE [rad] T, @ % OMSORE
[rad], 8% KI57R#E [rad], t7h_05% M PRED D ORFF
[radl] & 95 &,

€08 074 _g5 = Sin@sind + cos Y cos 8 cosTzi_gs  (2)

ThD. Iy[kW/m'], &lrad] & Rryy_gs [radl L, CHK
Wizl vk, 7ok, BRSO CTRBERTAMEE &L O
P RS B OB DB 05 0.5 23\ TWAH DL, K
W5 R TERREE O 435% 2 11 1 IR O HLREZ CREFL T 5720 C
H5.

ZIZT, TOHDCOSOy_os > 0THHEEME I (| =
12,.,H) ToHDHL LT, AEFEMEICOVWTORKRATH
HRB) E1ES.

YL, Hgei Y neicosOzeios (3)
Iy Z{il cosBzti—os 2{1:1 cosOzti—os

RO E B REE S K5, £ A0 0%Eb

WD R, HIREFRIE 2 cos 0405 T 1 HAYINE )
L7-& T, [FIUHBRRIE = 1TH KERTERBEHCX Y 1
RefE1 2972 0 OKFERAR R ENES IZT THhHZ & %
BEELI-ETHD. THAENEH Y H MR & L5,
BLAME K 0 INE H ) B BREER] & H ORI REEECE ko,
DN H A AR = 0 TRV HIZOWT, /b ZaRIE
2LV OFEEa kb ERET D, FBak ObH R E
HERMICEY, HIREFREORFBIER,; [h] £V K FEm4
KHHEHg, [kWh/m* ] AR E 2. BRI ORERIEn,; [h]
0 OREDEIRIIE, K1) OFLDI-> ZNE K@) IR
TEMATESIRZ 5.

1 Hgei
- Iy Zflil_cj)s gztti—o.s @
B XL v, INE A HREER =00 H o H N
KIgHa R, TOVEIVAZRDS.
2.3 ZELHORKIE
12¥a, bROADRKD FITHONWTE DI G ME% e %
(2, f2¥ka, bERDDHERITAERINHINER LA
HERER] & BRI RS OBMREZ R L2/ 7 7 2K 1ITR
T ZOR TIZOW TSR Y TIEAEITEL GER) 247> T
WD, EOMIC 2 UGERLGRR) ,  SHEOEEL (R#) O A7

% A IREFE O BB fiEn,; [h]

=a+b

ST OWCIRFEZ AT o 7. M E(5), 2wk
ERIEH6), HEBOEPRFIR (M DL I o72. 7ok

Hog; [kWh/m?] 1k & 40 K 2 T 42 K H 5 B o0 I 3 i,
Hgeie [kWh/n?] 1K P2 6 42 56 FI 5 0D 25 B DR B C
3.

Hgtie = Hori * (@ + b * ny) )
Hgiie = Hori * (@ + b * ny +c¢ * n?) (6)
Hgiie = Hori * (a + b * loge(c + ny)) (7)

FIARERAIZ O W TR Y TIXEME L L TW AR, %
DO R RAE, FAFEO A 3 FREIC SOV THRAEEZ T~ 72
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—Quadratic approximation
—Logarithmic approximation
Linear approximation

0.0 0.2 0.4 0.6 0.8 1.0
Weighted sunshine hours of daily average[h]

Fig. 1 Relationship and approximate formula.
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Table 2 Results of approximation’s coefficients.

#2 RO DR R

HgkWh/m*], HMEKfInlh] & H 2, $72 RUSE DR F
@R T. Z2Bkid 2013 H~2018 40 6 4EH] O T
Hgie [(kKWh/m’] X OH gy [kWh/m?] 233242 OkWh/m?® & 0 K& 2
ST TH 5.

1
RMSE = J;Z{'(=1(Hgtie — Hg.;)? ®)

Table 4 Result of the combination at Kofu (slope).
# 4 HITTOMAE DY ORERBIGTEOME X)

(5) : Linear | (6) : Quadratic | (7): Logarithmic
Average 0.9441 0.9315 0.9314
Median 0.9426 0.9301 0.9300
Mode 0.9379 0.9253 0.9252

Table 5 Result of the combination at Kofu (RMSE).
#5 HIFTOMBE DE DR F(RMSE)

(5) : Linear | (6) : Quadratic | (7) : Logarithmic
Average 0.06249 0.06378 0.06371
Median 0.06409 0.06534 0.06527
Mode 0.07054 0.07168 0.07162

o Coefficient | Coefficient | Coefficient
Approximation
a b c
(5) : Linear 0.2263 0.4717
(6) : Quadratic 0.2048 0.6135 -0.1355
(7) : Logarithmic 0.1551 0.7287 1.062

Table 3 Result of coefficient A.
3 RBADKER
Median
0.1215

Mode
0.09025

Average
0.1309

=2 LU 3 TRINTHMEZ AW -AFF9 B Y I2o0
T ORI 4K B G 5o BUHNE Hg,; [kWh/m?] & 28 i fE
Hgiie [kWh/m?] O BILR % 314l L 725 R 2 LA FITRd. & 4
I e i & ZE A E Hgye [KWh/m?] ,  BE @i &2 813 fE
Hgy; [kWh/m*] & U7z & & OJFUR A8 2 BT PR O & %,
# 5 1T RMSE(CFEEPEFIRFAE) & FNEIUrT. 7ok,
SR VIZ B W T ILRLR AL o bkt A H Y — T & EiER
BRIGITE LCHWEZ E0vh, KistcB W CEiET
—H LTI AT Y = I b VEAREETH D H
FFOD 2013 4E~2018 4E D 6 ER DK FEH4A K H 5 &
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FAZOWTIEE D LNILWIEEREER SN & &R
T, I BIEE D EOLE DL & B E o
HMABDETHD. 2% 51OV T RMSE 28 0 12350
FERENREN EE2RTR, BRbBENEOERAED
HIIHIEIEL & EEEDOMAEDETH 5.

Pl b2 B Bl e i A A bR I ST Y O FETH D B
VL & FHEDOMAARDETHD Z ENyhotz. Lo
TAEBAUTLL ISR T @Y n, 00 & X 13X09), ng =0
D EEFR10) D,

Hgie = Hoyi * (0.2263 + 0.4717 * ng;) (9)
Hgtie = Hoe * (0.1309) (10)
728 SCHR VIC R OIR B DG A O A BT L, TSR i
Dng# 00 E XTI, ny=00L 1302 &5,
Hgpie = Hoy * (0.2410 + 0.4280 * ny;) (11)
Hgrie = Hoy * (0.1410) (12)

e RoO—fFlE LT, HIFD 2013 4~2018 40 6 4
M DOFIZDNT, BIZIEEL & SEE DA A DH TR
5T A H g [kWh/m?] & BN Hg,; [kWh/m?] D BA4%
ERLTZ7 T 7ERTOTay MY AER %1856
P E K 2 12T, k0D, R (12) 1R L=k
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0, ZOFKELTUTFD3EAREZHND.
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Fig. 2 Example of combination results at Kofu.

2 HFCOMAEE DR EDH
3. WHIEBRMZEMLIE-ETILORE

3.1 M=

ARSI B T DI-ETIET, BAREO PV IEEITOHE
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(10) TR E o 7o B4 H H gy [kWh/m?] 22 (13) 1R T8 5
W EREkr TH D 2T, RENALEHE
Hgiier [kWh/m?] 23R 5 FIEOBRRIZOW TR RS,

Hgtier = HGtie =7 (13)
X EE-EOMERE, T X ARKER D25
TREE X i L ORI X AR Z L E IS D N TOFHIE
B oA 3 FERE L.
3.2 2E-EOWERK
EE-FETOrE, X104 FETATICOWVWTLERLT
KE 57242 a, bR OcZ VT 2013 FE~2018 4ED 6 4F
W OEBMEH gyie [kWh/m’] 23R, ZOREFEZR 3 18T
X ol pE D & B Hyy [kWh/m?] ,  fF dih 2 48 1 i
Hgpie [(kKWh/m*] & LTz Z 71272y MLzt &EDTay
MZBIT 2 A Al HIEIE O E Th 5.

X3 LY eE-HToridr =09526& 7257
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Fig. 3 Correction factor r of nationwide.

3 E-HOMIEREr

3.3 BHRSKEROXRSFOHERBOES

AR K 0 KK A o r x4 E & R AT 2 el
Hgyie [kWh/m?] %3R8, & DR R % KX 5 lh 2 8L
EHg,; [kWh/m®], #thh & 28 BAEH g, [kWh/m?] & L7227 5
TERAERLIZEED, Try M BRI EE DB
EEMROBE & Lz, REDICBT 2ro—fae®k 6 (TR
7

Table 6 List of correction factors r in large province.

F£6 RESIZBTDMESRErD—&

Province Site r
Abashiri, Wakkanai, Asahikawa, Fukui,
I Sapporo, Muroran, Hakodate, Morioka, 0.9398
Yamagata, Akita,Aomori, Niigata, Toyama,
1 Matsue, Fukuoka, Hikone, Nara, Nagano 0.9541
Obihiro, Sendai, Fukushima
il Utsunomiya, Tsukuba, Tokyo, Maebashi, | 0.9503
Kofu, Shizuoka
Choshi, Nagoya, Osaka, Takamatsu, Saga,
v Matsuyama, Oita, Hiroshima, Kumamoto, | 0.9671
Nagasaki, Kagoshima, Kochi, Miyazaki
\Y Naha 0.9172
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3.4 ASSEROTRAFIOHERBOESL

HHKEXOF X HOrix2E L FERIC A B E
Hgio [kWh/m?] 23R 3D, & DR % (X 55 5 L Akl 2 8L
EHge; [kWh/m?],  f¢lh 2 22 HaAE H gy [KWh/m*] & L7275
TEERLIZEED, Ty MIBET 2R Z @ D5 E
PO E & Uiz, HXSICE T bro—EEE 7 1R
7

Table 7 List of correction factors r in middle province.

£7 PEZTBT DHIEREr oK

E, HBEEOMBELEE L 2D, 22 CTR2OMEEE AR
BIZ LG AOBAmX 2 4 1R, K4 X0 FRE T
TFAE LTV 2 AT 053405 A FER CII g S Twn
LHZENbND., LER-T, HBATALR TV
ng =0T 2 IEL XX, AREAHEOHTEREIC
BOWTIERELSEEL TORWENHERTX .

240.0

200.0

160.0

Hyio[kWh/m?]
2
=]
=)

80.0

40.0

.:{__

.
AT

y=0.9412x

Province Site T
1-1 Abashiri, Wakkanai, Asahikawa 0.9192
1.2 Sapporo, Muroran, Hakodate, Morioka, 0.9361

Yamagata
1-3 Aomori, Akita, Niigata, Toyama, Fukui | 0.9543
-1 Matsue, Fukuoka 0.9735
-2 Hikone, Nara, Nagano 0.9421
-1 Obihiro, Sendai, Fukushima 0.9450
M2 Utsunomiy.a, Tsukubaf Tokyo, 0.9525
Maebashi, Kofu, Shizuoka
V-1 Choshi 0.9417
v-2 Nagoya 0.9442
Osaka, Takamatsu, Matsuyama, Saga,
V-3 Oita, Hiroshima, Kumamoto, Nagasaki, | 0.9728
Kagoshima
V-4 Kochi, Miyazaki 0.9676
V-1 Naha 0.9172
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ZENEBEZLND. ng =03 LIV EELHEEOL X
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BF L7 T VXSGR fEEET L TH U n, =028
5 FEROHEBH ZBE L vz, FE& LTHL
ELAFHZ XV K FH AR AHNENE X 2 HEICHHEE A
S 0. 180kWh/m? FREE CHAFT D L /e o T 5.
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FVEIETHI-D, MOHMEOHERZHME L TARENX
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Fig. 4 Scatter plot of monthly integration at Kofu.
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Fig. 5 Monthly boxplot at 8 places.
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VAV OVIRVR
3.5.3 WERBOEHFEANDHAER

X 6 (2D 2013 4E~2018 4ED 6 4ERI DT — & Z
T, KRG OMIIERBEEA L2860 FIEIC DN T
ZEWNEH gpier [kKWh/m?] & BLAMEH g, [kWh/m?] DBIfRZ 7R L
77T TR, R, 77 7 OEAVEITE R E
DGR E L, 77 7 HdDy = 0.9935x1d% DI LR
DFEROXTH 5.
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Fig. 6 Scatter plot by applying r of large province at Kofu.
B 6 HIFTORKSIOrEi#EMH L7 FIEO B

I 2 TR SITHIIEMRE B A L Wigh, BELOV3
O IERE A BN LIZHADH 4 SO TEDOK 6 TRLUE
JEUR %38 A AL DR OB & OfE %o~

Table 8 Result of slope of linear approximation line at Kofu.
# 8 WIITH T 2 MBI EM O & DR

middle

0.9912

nationwide large
0.9911 0.9935

Not applying
0.9441
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# 8 LW HFFIZHWTIE, 4 DD FIEIZHOWNTHE O
W E BN Lo IEICKRE S B, PRI, £E
—f, rip Lol RBHBENBWEIIMEE N LY 1
W<, RENENSIHMEE ALY 10 0@mEN D & a2 EE
LTW5.

3.5.4 WHERBOEHFEINOZHMEATOIES

X 7 \ZAEBRE LT 4 S OFEOETNENUCONT, £
1 RL7Z 41 A TOBEEORERT. PofaoiE
WAMEEZRLTEREY, &7 8y NOEEITREH O
ERETHD. 000070 S OB DUEERO
BAEENRTND., BT —2 1% 2013 F~2018 F0D 6 4[]
sl

X 7(a) (b) & 0 &fROME M & L CAbiBE R & oAull, 4
W ALYEE AL I X OEN RN E 720, FEERICF DI
ON TN R AICRKEL 20, FUNEE T R 72
LoAi L i TG, 272 Uit b & [FIFREE o/
SUME &S LT S/ NHEE CTREEIE IR KHEE T
HHFRRD 1S LTHEORENZZT OIS, FT X
F2SEL B S AN S8 5 2 &3 E O SCEk Y 2 T g
ERIhTlY, RIZEMTBESCHT H 1L iR
W7 RN RPKREL RO BETH D, METFETIL 5.1
T HIRAT@ Y HBRRERH] S 0 1B W THEL H I = % 5
LTz, ZORFEEICE W CGR/NEE & 72 - T
WHZENREZLND.

B 812 8 HislZIs1T % 6 FFH D H IR OBl &k L O
WA P SEZ R, ARV EICHENICB W IR
FLH GO 5 HREER2Y 0 OFIE MO RS X ) 20
ZEMSMNE. —FF, BEICE O TXREA TR L F
BIETH DD, HEBRRFHN 1 0BG MR XV D70
VTG RIFFIZ b HEES O ED 2 < A BRIFFIAS | & 72 B 720
F#MERL QD EBEZDLN, ZOEORBIZL Vo
i L0 B EEL RS W, AITEGEL H & %
BT AR A AW IREFE IR/ MEE &7 D
ZEREZLNS.

FIERBOBEHFERINC D &, r72 L CIEE OfER
/MBI F L2 0.91 Tl KMEVEI L2 0.99 &2 EI 6
EOMIT/NEZD LTS, EE—HOMEREZ
A L7856 Tl & O R ML L% 0.96 TRkl
TR LE 1.05 EREMITHE DEITRED Lo TND.
KK B ELREL CIIE & O i MEITEB L% 0.96 C
AR LZ 1.04 Li/IME & BRIEDZAED /NS,
X3 IR IEARE CIE & DEA R/ ML d L% 0.98 The
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Fig. 7 Slope at each point by four models.
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Table 9 Summary of the best model at each point.
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Large | Middle Site Best model | Best factor | Large | middle Site Best model | Best factor
Abashiri Large 0.9398 Matsue Middle 0.9735
1 Wakkanai Middle 0.9192 : Fukuoka Middle 0.9735
Asahikawa Middle 0.9192 Hikone Middle 0.9421
Sapporo Middle 0.9361 2 Nara Large 0.9541
Muroran Middle 0.9361 Nagano Middle 0.9421
2 Hakodate Large 0.9398 1 Choshi Middle 0.9417
1 Morioka Middle 0.9361 2 Nagoya Middle 0.9442
Yamagata Large 0.9398 Osaka Large 0.9671
Aomori Large 0.9398 Takamatsu Middle 0.9728
Akita Nationwide 0.9526 Matsuyama | Nationwide 0.9526
3 Niigata Middle 0.9543 Hiroshima Large 0.9671
Toyama Middle 0.9543 3 Oita Not apply 1.0000
Fukui Middle 0.9543 Saga Not apply 1.0000
Obihiro Middle 0.9450 Kumamoto Large 0.9671
1 Sendai Middle 0.9450 Nagasaki Middle 0.9728
Fukushima | Nationwide 0.9526 Kagoshima Middle 0.9728
Utsunomiya Large 0.9503 4 Kochi Middle 0.9676
ik Tsukuba Nationwide 0.9526 Miyazaki Large 0.9671
) Tokyo Nationwide 0.9526 1 Naha Middle 0.9172
Maebashi Nationwide 0.9526
Kofu Large 0.9503
Shizuoka Large 0.9503
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