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Figure 10: Frequency Madir vs Synchronows System Inertia — FoR studies (ErGrid/SONI, 2010)
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1418 % 1043 #1107 ©52,560% 7y L, VEM %8 L 7o e bEt E 217 2. KR EH 0/ % E
HAZHS>WTIE (5) SBiCTRTFETEBHEEAICOWTHEZ L, SEF—2 L LTHEBELEZD, R
FANEC S BT 5 MR 0 A 2 4808 L7 A E GBI T e v,

ST E CREFIRGEE Z S CHAEBZFFMICBEE T 52 LT, EEHEEM. HKAK
J1FE. LNGE A K OARBIEER, Kt - B W sl ik~ o ) fhim s o kk 4
TRREBEME OV EMIZOWTHERFTMAAEETH D L HFFTE 5,

(4) BREEBBHHEBET VOERRSE

1) EFTNANRTG A—H

BROBERIA N, BEHE, BREEEOHFLEBEZHET D, ZNOLOMHEIT/ — RANCERE A
RECTH D, £(2)-8121F, &/ — RTHRET DI RTA—FLETNLDOMIZHOWVWT—HlZRT, 72k,
KGN « JAITZONWTIEAHEIC T A MRS EAS, EREMNRER)-3OLD LY LD
%@ﬁ%i%héo%T%#%%%%fu\%A@%%#f%—v1f¢ﬁbty%9ﬁmgd
WTHAEMIZE 25720, ZOKREEFE, BARBEOEFEMOMEIL, KiELFHEORRIC
XL 5 2720,
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#(2)-3 TFTNANRTA—H DO

Type Nuclear Coal LNG GCC LNGST Oil Hydro PV Wind Pumped Battery
Unit Construction Cost [KYen/kwW] 300 270 100 170 145 600 650 189 190 40
Life Time [year] 40 40 40 40 40 60 15 15 60 10
Annual O&M Cost Rate 0.04 0.048 0.036 0.036 0.039 0.01 0.01 0.01 0.01 0.01
Annual Fixed Cost [Yen/kW/year] 27302 26732 8701 14791 13051 33057.30 63031.73 18327.69 10468.15 5085.77
Efficiency 1 0.39 0.45 0.39 0.38 Unit Construction Cost [kKYen/kWh] 1 10
Own Consumption Rate 0.035 0.06 0.02 0.04 0.05 Life Time [year] 60 10
Fuel Cost [Yen/specific unit] 2 9.91 48.07 48.07 54.54 Annual O&M Cost Rate 0.01 0.01
Heat Content[kcal/specific unit] 860 6354 13019 13019 9842 Annual Fixed Cost [Yen/kWh/year] 55.10 1271.44
Carbon Content[kg-C/specific unit] 0 0.62 0.75 0.75 0.79 Annual O&M Cost Rate 0.01 0.01
Maximum Increase Rate of Output 0.02 0.26 0.44 0.44 0.44 nit Non durable Material Cost [kYen/kKWH 0 10
Maximum Decrease Rate of Output 0.02 0.31 0.31 0.31 0.31 Life Cycle [times] - 100000
Seasonal Peak Availability 0.9 0.9 0.95 0.95 0.95 Cycle Efficiency 0.7 0.85
Annual Average Availability 0.8 0.8 0.8 0.8 0.8 Self Discharge Loss [1/hour] 0.001 0.005
Share of Daily Start and Stop 0 0 0.5 0.3 0.7 Maximum kWh ratio to kKW 6 -
Minimum Output Level 0.3 0.3 0.3 0.3 03
Seasonal Peak Availability (outlet) 0.62 09 0.95 0.95 0.95
Annual Average Availability (outlet) 0.55 0.8 0.8 0.8 0.8 Capacity Reserve Ratio 0.08
Unit Variable Cost [Yen/KWh] 2.07 3.66 7.20 8.48 13.20 Annual Interest Rate 0.03
Carbon Intensity [kg-C/kWh] 0 0.23 0.11 0.13 0.19 Fixed Asset Tax Rate 0.014
Specific Unit kwh kg kg kg | Salvage Value Rate 0.1

2) REAE

% — Fok%E (LNGHEG K DHEELS) | B H%EE. —RKDBEE, BRIKIEE
DRMEABIIBERMEZAAEE LTEHET D, K HEEICOWTIE, 20144127 18 H 12 B
— R NI EF O - 65 (BEFH 1.88GW) NEFICARD ZENRELETED, ThE K
BXHETWD, BEF R IEEFTUINORB RO EEFTIIHEH SN VWD EEEL
7=,

B S5 EE KR EIZ, iR L2k, V75 —<1THERLEZY TV AICEbE T, BAR
EOMB S E TORET 5, EHREGMICE L X, 108508 KBEICMA T, &
Ty N —7 OFHSICB T 2EER (NASEM (Y v A - fiEEER) ZHE LT X

HE) X 2EBNITFMOMEMELEE L, ZZEhO /) — N TORXEARE LR E L TAH
N4 EI0GW, FEA EBOGWhA K E L, ERE 2R E A &I REFREIC LV kD,

3)Hﬁﬁ®ﬁ

141365 H 77 10y kg COE I B Am iRk, B, ddb, AbifEiE o & 46 & N 0 20094
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FAED: 910 W T EAED 2 PoE#, 2 L CHROBRFRETFT LV CHES AT — ¥
e %&ouic, B, Hib, bEOFEBENIHBEENDO ) — FIZ, ThZhoBBIEEENORA
iz Wlfd oy Lic, ZEITHEM COBNAMBERRZREDOIVEEOHWVHFET — X% b LIlc Lz
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\

4) WHWRS L CREEE
ERRBRICB T 5 BEAMAE, VT 752 AN ORESE L EECEBEEZTV,
HHENNOBEERT B, RIS,/ — FKOEHEEE S

V, =V,el

TREINDEE, ZO/—FKDOLHEATHED - BHhEHBR. Qix. LFTOXD X5 Iz,
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R +1Q :vk ITk :vk (Ykl\z +YTk2VTz +'“+YTkn\7n):Vkej9kZ(gkm - jbkm)‘/meiwm

m=1

v, 2V, [cos0, ~6,)+ isin(6, - 6, (0,0 - i)

m=1
U BECHEAL, [ ERER. Vo=Owt B : 7 FIF 2 ATHIOEHK

Z Z T,

+ %/ — FEEOREINDIFIFEKEICE L lput A2 D

- J— FEEMOHEEMD/NES LS, sind~6 &Ll ie

PNV T I E AT ARTHGITNEL ] r<<d

Thorex, ANENPRIEFIRAOLIIZ, V772U AX, EMHADHRTIERIND,

RV.0)=V, anvm [gkmcos(‘gk ~0,)+bysin(6, -6, )]

VSV, b,. (6, e)v§y|ﬂ }@—%Ffﬁﬂiﬁ
1 ] P m1 X
Thbb, £770FOUVT I HUAREZLRNIE, EREOEK ) — RICBT 528508 )it
MEOLDVITHERICH L TEE ) — RE2R<AE/ — ROMHEANR —BICEELZEEZEKRLT
Wb, EFANTHLIOZ L2 AWTHEIRFHEEZIT-> 72,

ELICERZEEZEEB LT EE %/wh&%ﬁ%/wk@um#@mmm%tﬁgﬁmio
WZHT 5, £, 7 7T THREIZSCTCHRERA LOFREFINEZ MBS 25,

(5) KB - RARBOHANRE — 0 OHEE
KIGFHESCERNEEOBEMM N ESNZBET H7-DI2F, BT OHEFHIT D TR R 5 E %
BODLVENDH D, T2 Tk, AMeDASE IS O B RIFM, BokE, Bde oK ReT —4 %
AW KB BER N ERAERBHIOWE N NNE = O FiEE2 RS, ST - 285 1CL
T A, KV ELE R LK EGEL B B o EEF R, BRIk 25 e TR E T,

1) KEEXREHHOREH

4 (2)-5C KGR EO R EEY 2V EEH N ERNT 2 ETofNER~T, K(2)-5127F K
2T, HERHE TR Fm BN EORL) | MEREANEORE L) | THAEEH Y KGR E
HhoFEH) . TRESEREHTORE ] OFEIZ4OOFIETITOA TN D,
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h 4

BT Y
JeEHN
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FsaL B

BRELRSE |, WELASE

fefie) (feege) VR T L HFIER

Hiis
TR S

@flﬁ@%ﬂmiAMeDAswr 2T XD ANTTEUE
X (2)-5 KRB HIEHOWEN

2) KB RERERHOEHRIRIHEEHOURHA
KT EORMH A LEZRD ZBEICHWALEKICHOWT, FOEH FIEEZRT,
FREES X, REmE RKBHMARTAETHD, UTFTOXTEINT S,

[deg]= (180/ 7)-{0.0068918-0.399912cos(X ) +0.070257sin(X)
—0.006758c05(2X)+0.000908sin(2X)

X[deg]=(N-1)-3692.c o

2T, NIt HZLLE LEEROBMOBLES TH D,
WFA o X KB ORI RE 2 0°& L, Fh LLRTIZLRE R 2 -15° D FI5 T, MU IE+15°DEI G TH X 2%
ETHs, UToXTHET D,
w=-15-(125-T -L+9-E,)-7/180
E,[hr] ={0.0172+0.4281 cos(X ) — 7.3515 sin(X) —3.3495 cos(2X ) —9.3619 sin(2X )}/ 60
T ZC, TIEREZIhr], LIZELHEI L A 0O R FE A RER R [hr.]. o 3L S EE [rad] Td D,
KB EhL, HRNS R KRBOMAOZ L THY, L TFTOXTEHT 2,
sinh=sin¢-sin & +cos¢-cosd - COSw
T 7w AmiE, #HIER RS A K Lf:iﬂ%‘lé%ﬂu’:rﬁ?ﬂﬁ% CEETLHETICHBETIERNEDZ LT
b5, KGEEEbEDLIL, KEEE, BEICLoTRELIBEMETH L, KENKRIEICH HRFA1
LT, UTFOXTEMNT S,

m={sinh+0.15(h+3.885 ***}*.(1—z/44309°*

ZZiC, EEEMTH B,

3) K¥mHEHEBEOHEH

H WA & Mk B AMeDASHELHIHE S o> i i - Wﬁ)%ﬁ?ﬁ}ﬂ%ﬁ%;@%*&)é KRS K
Wi 2K H S & lolE . i&fﬁktﬁ%&mﬁﬁ‘%ﬁkitﬁkﬁﬁ%g{h_ VT XS ET 5,
I, =1g -sinh
loy = lse -[1+0.033c0sf27(N —2)/36%]
22T, lon I KREAMERE BB R, Iscl T KB ERK, Isc= 1.367kW/m? = 4.92MJ/m* « hr. T 5,
ERAFHEILZ, UToRickoTROBEN S,
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- HEBIFRI 20K 0 KE WA
(=7~ ANARIEDOEHA)
I,/1,=0.353-0.018In+ (0.441-0.0447m)-(n—0.1)
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KEEELXES
(NG RIBEE b/ -
1,/1,=0.100-0.006m
ZZT. on X HERIEH (IRFMEE) Th o,
FRROKXT, (N-0)BF L bNTHA KV HEZER N ElpsE L, TS O I Z K EGEL B 5
g L GBI R LTz, 2D X DIC L TH LIV K E 3 H 4 & lyp & A HGEL B3 & s
N5 LLTFOR A W TEABE B 21 (KWh/m?/h) % R 7=,

it

[X4(2)-6 KoLz H N HE H O Hti

— IHD
sing-sing+C0Sd - CoS@- COSw

IHB
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+€0SJ-Sing-sin@-cosy -coSw+ 0SS -Sin - sin y - Sin w)
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IIS — "HS 2
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AT,y WAL OIF KRB SRV DK EEA KT T DR el XIEREEEH N R, 1p
ITEAE EEAR R, IGFEAERILEHNETHD, 22T, ROEZKBEME Y 2 — L ~DH
A H S &GS L CREBEREH N EOND DL LT,
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5) RAFREBHIOREH

AMeDAS I JEH 2 — f% 19 72 BN 7 Sk SRS IS L, R E o ERE RO b & FIH
REBHT D, BAOBEBOBRGEANAREEFEDO 7o —F v — 2 KQ)-7I27T, BEITESH
Mz, i EEOBKWE ZATEHMEBEEBHOMMICE > TERIZZ T 5720, BEOMIX

INE L Fe D Ml & RGO BRI R E BRI TR I N D,
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ZIZT. VY, Vhi%h%“ﬂi’éh%z[m] h [miZB T B EEMS]ZER L TWD, nOfEIXK(2)-7TD
KO ICHIFREBICL WV ELT B, AKFETlEn=47L 35,
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~EER tEREER AR

K(2)-7 BAORBORMAAFRMEEFIEO 7 —F v — |

A
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HAOPIEILULTOLIITEXLND,
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FRICE ST, BEHNDEFIROLIICRD, n 1T, BHHFEEZRLTCND, ZNWET T 7ITRT
EX(2)-8D L DT B,

AW TIL, V=5, V,=125, Vi= 25 RE L, EMHNIRORHEEZLITH DL &R T, £z,
Ty M AV EGERFIZ BT B o R m&%%i?ﬁﬁf&étw V.<USV IZBITH3EHD
ZUToORICD- L - TEET S,
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P(U)=%,0A77U3—%,0A77Vc3 'V, <U <V

7238, AMeDASBLHINE % Jollil 7o R X LA & MEREHAR TN © THE RS OF AR Z2 B HT 2 28,
FEECREREFZ SN TVHHFRICB W TH, AFEIC X o TR & 5 B )% E & O 4 1%
FIRHEN, AT A EEND20%% B2 WIEANEZ Y, TOROARMIEICEBNTIEH, BHIN
T2 AESER R R 2320% % T[] 5 Hi i 12 0) Tidk. AMeDASBLINME O JEGE 2 2 D £ £/ 4% D T
o, ZOMEOFEFEHFIHFEOFHMEN20%E 705 L 912, HABNIZ1IE Y & KX 7% JiE
IR TR LAMELZREZ RS, ZNICESETRNBEEORERINO M )N Z — v 2 ERR LT,

6) HEFFER
PLEWICHIEIZE Y, AMeDASERIH X = L IZ4FEM365H 3 D /12 105 IR CHERF T°X 5, X
(2)-9%°1X(2)-101Z 1% # Ak HhJsk 1= Tét&ﬁﬁ%*tﬂj}% DHEFHBI & 7R T,

S
=2
z
&
T 08
(6]
£ 06
D
5 04
2 02
=
© 9
o 12:00 AM
O 8:00 PM
4:00 PM

& . 12:00 AM

Output of Unit Capacity[p.u.]
o
(=2}

0.2
0
| e 12:00 AM
Vo s R 4:00 PM
/ / i 12:00 PM
N > < 8:00 AM
3 Q 4:00 AM Time of the day
o & & 12:00 AM
Day of the year v o (\g" o
v A’
5

X (2)-10 & /) 3&7E 7] D Bl



17ZF-1201-58

(6) ERXfL
) TG E T T LB L, BRI UEA — & — O RBUERBIEFIERE & L TEX
b4 5. RQ)-MIHNELKZRT, LUTFICHEEKS L OHI &2 79,

#(2)-4 WAL
TC: ¥ A7 A=A (Million yen/year)

Piar: Bi EEEZZ7 2 boHI | FEZlt T8 5 (GW)

Ki: i FiIET 7 FORMARE  (GW)

Apig: i FEREREST7 2 FOHI ITBT2BEEFERE (GW)

MKy i iBEm #ENNZ — 2D i FRET 7 FOoEIEF R (GW)

Chajg,: #j FEITEZRMHEO Ad, Rt (2B 15 AT (GW)

CS;: #j T /1y s # M (Million yen/year)

Disjqc: ] B OMFEKMOHD . FEZt I2B T 5H71 (GW)

Dmaxiq: #i MERO d HEd+1HIIBIT 2K KHT  (GW)

ECO2: CO, #EHi& (Mt-Clyear)

Lossya SBNEI AU BEfE S N D 6B/ O Bd | Bt (BT 25 EBEAD Y-S (GW)
Tpoai: FOEET 7 FOHA . BZlt (2B 25 (ES M) (GW)

TNpgt: HOEET 7 F OB . BZlt (2B 285 G5 m) (GW)

SSja (BN ATERAE O Hd | Bt (TR L EDRTEE  (GWh)

KS1; 55 75 ) AT A% i kW A & (GW)

KS2; 55l 75 /1 7 W % i O kWh 3% fi & & (GWh)

KTy : BbEET 7 0 FORMER  (GW)

Qn: #n/ — FOALZHEEOFASM (radian)

7272 L. i €{1~20:LNGH#E A&k J1%8E, 21~36:AHKT), 37~40: KK H A KT, 41~B5: A [k K 77,
56~62:E%73,63~88:7kﬁ,89~127:}ik7‘3,128~184:PV}\ i €{1~10: #KFEE, 11~67: FHEMY,
D: ‘A%, T: HRAEH, B: EET 7 T
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184

67 B
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d =1 t=1
7L, g i%ﬁ*{ﬁ@$f§%+\ pfi + HIFEE IR O R EAM (yen/kW), pv; : FifEEIE O Rk
B (yen/kWh), gtr : DS OFRE R, pft, : BbIEE T 7 F O MK B (yen/kW), ctax:

fRFER (yen/t-C)
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TP, g, <mflovl, E&ET 7 > F I

™, <mflow, HEEZ T FIimjl

M-

(urm,d : Mkm,i) 2 (1—Upﬂ) . Ki

3
’L

B (2)-11 #ZFfHio L& oEEGoE L

7272 L, urng (BXQ)-1US R THESRH Y —rm (4EY) ICBWTHEIRIZT 7 v F3MEIET 5
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c. RIEAE L TRHK
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f. RIEHAHEK CKH - KFSIRE)
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MAEns7o, HEEDELERE I FRITERIND,
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(2) PREOREICRIETHED M
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E5) 2, HWEEOREAFMEZEEB LEZETVICHEL, X LX—RFEETTILELTH
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HEROREMOM Y ZRE, L LTHMY2LE8ZH0TH 5,

2) VAT ADEH
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EEBEROTZFRD B L —RIEIREBICEINDZEERLIEZLDTH D, 20— R
B W WalrasDIERNFEBE R L 0D, ZE, MG THREI SN T X TOM KOV EFEER
Zxt g DB EEAE (=HEHE -G oM, IERETHIPENCEHDLT0IWILRD L
Wb DThD,

1E¥(L I FHRTHAE . CRLETHERS T2 EIRET D, 205G, EEIREIIND
FWOMKE &=, WA EELTBICHET 5, — . FeHI B EE 4 U a2 il & £ -
T, WREEAT D, FEELFINL, MBERODIEFE L TRSZICE M IT RT3 2 T L s
BEREL, FEERNTEEONTERIT R VL O LT5, —RYEHEGR CIX. SFERIEHIC
WM HEER - e REZRET ABICIEMKE LS 7T A LTERRET S ERELTVWD, &
T A A 2k U CHlE R A IS AL L, RS B IOER IS HFAE M T 2 L IRE L T 5D T,
R EEIERICHEFARL T 2 LD, LER- T, MEAEEROMKEZHRETD 2
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TET2b0 L WET D,
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Afekib) 25, £9°. ZetiXHE ME2EET 25600045, SRABEOREEY, L T~
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JVOARICHE D B DRI ¢ ORI TRT DO LT 5D,
U, =V, +¢g =logP“ + . +¢
ZITPEEIMOME., a, LAFNRNTA—FTHD, ZOLEx, vy NETMITBWNTIL,

FHIMOT =T SIFUTOLIICEKREND,

S — exp(V;) _ exp(log P“ + ) _ B.P%

Sent) Sentear +a) Sler)
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72720, Bi=logB b T5, vy NETALOERDAIZLU TOr 7 LK TERIND, T4
bh, ETOMEFMEET LI LICLA2BRDHOER KA TEEINSD,

0. =log Cem) oa (67"

OB ERD ElogNNEEOMHBEREICHY T HIEFICHMARIE L > TS, ZHIXET
NNTEES—ADLOIHOEN N EZEETIBRICEE REREFES, T /bbb, EESr—x
TIHHE=a2 AL — L LTOMMigPE 1 L L, BESMERLITIV—ERAOMHBEOE S L TR ELE
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. EITABBROFHEGENTT AL XU T LS ICHMT 5,
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—J7. HBREREHZOWTIE, UTOXIICHHEND, T2& 2T RIHEED? X HOE =2 FZER M@
ZEANT 256, GENREERESE ThUEZ, X HOAMTH 505, BEEIRIEZFOWHEE DOBE.
ZTOEMITAXH (A>1) &b, KVRESQRARTHL L LELADBND, ZORENEG] b KRN
T AHNCE =R EERITRE L, TDTA 7Y A 7 NMTO 58 TR FGE T2 WD HE AR L 722
o

BhEIG] & HHKEGEED ~OOMEZ KV IAATZE TR M OE R RE2ET ML LTFZRTT 5 (I

7). 9% WlEISI B L+at) P 0k 5 ek T, CORE. BT RN K DRI O BIEA
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|
1D R R S iFkAD & HickREn 2,
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" 1+exp(v,)
c TRYBEBISORM

INHELEIC, TRAF—RETTAICEBNT, FTilOFKRENRKRY LOREEZFHET S,
OETOW 7 b N EFEESR O ER L
Q@R TOEEORLG| & % O iEFH A0
@ — il S NI BT B D AR ST - B + A fE I = 2345 3 H 4

ARETVIZEWTIE, HBEICBE L TINE - ERHO T, FMOFTBEICRE > B EEENTIC
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BEWE T MTB W TEICE Y LD,
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Ll b,

4. BREVOELZE
(1) FHFLVWEAHB I AT LEBHOa X b
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a ETNVOHERSRE
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NDLERL, XBERELE RO LHAIC i@ﬁﬁ®£ﬁ$&ﬁﬁfﬁéwmm%%wfwé i
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XHBERFEEABERICHVDOEIILE LR OB AEET CH D, 2 2 TR ERE LK
T NFEFTOBEIFIALE O ROERB e U, S22 5, ia‘&%@%éﬁcuau%fﬁﬁ}: LT
A IR EHN0EBEH L TWD L E2RET D, £7. BIFICHEI BRI OWTEZ D, BEF
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%5 & SR 3 AT O BB B O EE R R 1E (1/4070) X (JRF R EATOHIBEIG) 7B S
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[Abstract]
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After the disastrous accident involving the Fukushima-1 nuclear power plant, it
became clear that a huge transition in energy sources, including a massive introduction of
renewable energy, was required in Japan. To overcome the challenges of such a transition
in the electricity mix, we developed a detailed model that resolves eastern Japan into 70
subregions and 10-minute intervals, and applied the model to simulating one year under
multiple possible scenarios that are mainly characterized by the renewable energy ratio.
The maximum-renewable-energy scenario assumes that renewable energy accounts for 20
percent of all electricity supplied. In this scenario, wind power is installed on a large scale
in Hokkaido and Tohoku, which have abundant potential with respect to wind power.
However, even if surplus electricity in these areas were transmitted to Kanto, the
electricity frequency in the grid power would be less stable with a high ratio of renewable
energy because wind strength naturally varies over the course of the day and the year, as
well as changing suddenly in the short term due to weather. Moreover, thermal power
generation in Hokkaido wildly fluctuates over time due to the role of electric-load
leveling. To overcome these problems, research and development of wind power with
inertia is effective for frequency stabilization. Also the capacity of the transmission
network should be increased, as there exists a bottleneck in the transmission between
Hokkaido and Honshu. The present capacity of 0.6 GW needs to be increased to 2 GW
under the maximum-renewable-energy scenario.

We also evaluated the economic influence of implementing the above electricity
mix simulation scenarios. In the case of the maximum-renewable-energy scenario, which
involves 12 energy conservation measures in industry and households, the results show a
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27 percent of CO, emission reduction compared to 1990 levels and a 2.6 trillion yen
increase in household welfare.

Finally, we evaluated the external cost involving the transition in electricity mix.
Installing additional thermal power generation induces PM2.5 and ozone emission
increases. Electricity conservation of 10 percent, however, would reduce the health
damage cost by 74 percent in the Kanto area. We also estimated the willingness to pay for
reducing the accident probability to one one-millionth per reactor per year, which is
sufficient to meet the accident reduction goal, either by spending the amount on
accident-prevention measures at the nuclear plants or by increasing the import of fossil
fuels to compensate for reduced utilization of nuclear power.
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