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Abstract

With increasing integration of renewable energy, especially photovoltaics (PV), maintaining supply-demand

balance is a growing challenge. This study proposes a three-stage method to enable PV participation in the balancing

market through day-ahead scheduling while managing imbalance risks. First, a headroom-setting algorithm is

developed to absorb PV prediction errors. Second, a rare-event risk model identifies over/underestimation, supporting

scenario-based bidding decisions. Third, a priority-based scheduling method is proposed for balancing market bidding.

The approach is evaluated by examining feasible annual bids, shortage count, and expected revenue. In Scenario 1,

application of the Linear-SVC model resulted in 524 feasible bids, with annual shortfalls reduced to 42—close to the

target of 36—and improved revenue. This framework demonstrates the potential for PV systems to provide balancing

reserve power while minimizing prediction risks and enhancing market participation outcomes.
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Table 1 Comparison of balancing and spot markets.

Balancing market Spot market
(Replacement reserve for FIT) P
Target Supply-demand balance Energy trading
Transaction value kW kWh
Transaction interval 30-min (from FY2025) 30-min
- Reserve price
Bid price (Max/aver./min price auction)|  Blind single-price auction
* Energy price
. Power generator or Aggregator or
Main player electricity retailer dispatchable resource
Removal & re-evaluation
Assessment triggered after >3 occurrences Imbalance settlement
per month.
Bid submission 2:00 PM on the preceding day | 10:00 AM on the preceding da;
deadline i P g cay i P g cay

Fig. L IT/R$ & 918, KEDEREEN O TRMEP: 1%, &

ZZW N5y @D Headroom &, W OFHHEIEO AR & 72
5.
. s( )
() + Ho(6), if Uy () > =2
Pf(t) = U (t) (1)
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Ps : predicted PV output

kW

Hg: error
absorptlon
H,: reserve

power for BM

Headroom

Ve

P, planned
value of SM | RWH

value
AkW:

valug

<« 30min— Time’
Fig. 1 Power flow in a 30-min section.
Note: BM and SM represent balancing market and spot
market, respectively.
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Fig. 2 Approximated surface when u = 1.0.
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Fig. 3 Target location and neighboring grid points.
{bf, 227 COELEIZ T TR E AT T 5.
- KRBT 2 Rt
a. RBREFLtD YA B © Teps = cos (éZTL’)
bﬁ%ﬁ%mﬁ%7%§27ﬁ=ﬂﬂéh)
c. XMBRANBTHHAM : ¥ I —%E% L LTET (one-hot
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encoding)

d. XRAOFMELESd: ¥ I —EHE LTET (one-
hot encoding)

- BT T o2 L
e —47 y MR B E TR H () [Whm?] : x5
REZIE2 5 30 430 H AT B THRIlE 2 %3,
£.4 =%y MR ORE KIS TR CIf (6)
g ASTEFHIMEE{E AHT(t) [Whm?] @ SEFEL e 5
30 Z3HiOD H AT TRIE O 2B i & 3.

AH{ () = H{ (t) —H{ (t = 1) ©)

h. BRSBTS L & ACH (6) - xE5 e 5 30 43T
DRI T IO LR 2 KT
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jo A=y MR LA A ORERDED R KHE
TCCM(t)

TCCP™(8) = max_ [TCC,(t) = TCCT ()] (11)
k5 =25y IS 2 JA BRSO A2 R R O 1R e 22
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HOREROHHITY AaE2KT.

8 1) _ T 2
TCCou(t) = j2i=1[TCC’“)8 Ol
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Fig. 40/ B ST ERE2 O iR & v g, RIFE T, 5
Hi D W OFGHEIE 7 T ADY T NAVENREC 2D LD
I, 72800, RO 3 75 225N TH Y VIR
TR0 DRV D ICTIET D L L b, RIS
\ZH T B AFLFHEEIC 5 L CE10% DO A& 1D %558
L, ZRAICBWCH AP OREEICHE L2 Zo
FPAICILE 5 L 5, BEIEE302 L E L5 2D Y T A
WL, HEKETS.
ey(t) < —15000F, g 7ei/ T (Class 1)] ;
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Table 2 Features.

Feature vectors Variable
symbol
a. Trigonometric function of time Teos
Time- b. Trigonometric function of time Tsin
based c. Month M
d. Ordinal date D
e. Forecast solar radiation HT (t)
f. Forecast clearness index cif ()
Temporal One hour’s change of forecast T
8 solar radiation AHr (B)
h One hour s change of forecast ACIT(®)
clearness index
i. Total cloud cover (TCC) TCCr(t)
. . Maximum differences of
tial . . : . TCCM™
Spatia J surrounding lattice points’ TCC Cem
k. Standard deviation of TCC TCCsq(t)
1500 3500
3000
2500
1000
¥ 2000
£ §

0 0

400 400 -200 0 200 400 600 ' 2 3 4 s
Radiation errors wn/m* Class

Fig.4 Error distribution and Class distribution.

—150 < ey(t) < —30DF, T/ NFH] (Class 2)] ;
—30 < ey(t) <300, MENDFRZE (Class 3)] ;
30 < (t) < 3001, T TR (Class 4)] ;
ey(t) = 300D, HidE728 K TH] (Class 5 ;
52007 7 AT LT A% Fig. 40T,
3.23 FEETIL

ARFETIE, AR EO TRIFRERIEZ BT 5 2 LIk
D, BHEE CRAT D7 7 A RANT HET VEBET 5.
FIZ RF, SVC, LSTM D7 A fE&E 08 €5 1 24 H
LCENZENOSFERIE 2 T 5. SVC O —x L H
HE AU A (Gaussian-SVC) 5 L OHRIZ (Linear-SVC) D 2
FEEEIZ /30 TIRET S 5. & E T /L OFEMIL Table 3 12F &
5. RF BLV SVC OFfET a~k /L, LSTM
RIS 2HRIT —F ORFBFREEF LTV
WEZ FFD720, BN ORHEES L Vo TV NT
A% BB U CRRINCET 2R EIL ¢ OAHE ALK
T 5. RFBIUSVC IE, Vo7 it U ChHE~
7 MVERD 2 RO T—H2ty N AT D, —,
LSTM T, 1 H 48 AR v h DRERINERE G T B2
HDHTW, BRI TEMATZ3RITOT =2y M & A
T 5. 728, WEE oM X O TV ORAbE % ek
T 57120, FET—H O 80%E T — 4, 20%% HFET
— & & L THEIL T k-fold RZEMGEEZIT 9. 5FET /L D5y
HEfEF & B3 AT & Table 3 1ZRd. £ DR, REB IO
Gaussian-SVC D7 7 ANHil X EfRE AT & K& B2,

KB = AV —
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Table 3 Classification models.

Support vector classification
Random forest (SVQ) Long short-term memory
(RF) . . (LSTM)
Gaussian Linear
a, b : Trigonometric fn. a, b : Trigonometric fn.  a, b : Trigonometric fn. . .
. . ! . X . ¢ : one-hot encoding
Features ¢, d : one-hot encoding ¢, d : one-hot encoding ¢, d : one-hot encoding
etok etok etok etok
Dimensionality . 3D .
2D 2D 2D (expanding the dataset with
of features . . X .
a time-series dimension)

Cross-validation K-fold K-fold K-fold K-fold

Mean accuracy 0.531 0.581 0.622 0.490
Class distribution RF Gaussian-SVC Linear-8VC LSTM

4000 4000 2639 4000 4000
Ground truth 3204
100 5000 3000 3000 e
5000 2011
2000 2000 2000 2000 1669
e 1681 1132 1174 1192
I 1000 1000 . 1000 11 1000 553
1060 51 b . . - . 266 245 .. 366
| = o 00 o = | U | - - -
N 1 H El 4 5 1 2 3 4 1] 1 2 a 1] 1 2 a 4 5 1 2 a 4 k]

—77, Linear-SVC 3 X T8 LSTM 2%V DFRENEL 5 &
OO, IEfEIAT & FARL L7204 %7~ L=, ARE T, Linear-
SVC & LSTM D 2 DDEF /MTEREZ YT, O
BLOHZIT .

3.3 BTEA#LFE & FHEEE

2025 HEFED D SEARTHFE TR 0O = RIHEE 1 (@) DMk
N30 EERESH, ARy Ml ERICIEI A7 v M
"ol FEBEIITIMEP S B RAZEW ISy O H, A RefR L 7=
PirevZ 3.2 BT~ AFLEBREIC L T T
A~OMLAEG 2 PE L, X(14)~15)oRT L 9122 >
DFHEAE & VERL L EHEI AT 4 3R 8 5 ((16)).

FHAHEAE & LC, TRfaaiiEmia~o AL A Rel 4 BidC,
LD AL R BT IMmbC™ % AV 5 . S5~
AALATREEER I, PSRRIV C, Headroom LR D
FHHEfENEAE L 72 0, FBHEE ) 2 7 3HTC £ B854 F U %
Bk = 1OWE, 7B OTTMEE TSR AR > M
Z EREIZ ARy M oOEFNTR 23 A7), £, BRI
AR, 8 ) SERME AN GBI 2 W 7= e VAR > B
BoOEFHT 5 ((18)).

Hr(t) = Pf,rev(t):if k=1

(14)
Py(t) = Pgrey(t),if k=0
Pf,rev(t) = Pf(t) - He(t)a v, Pf,rev(t) =0 (15)
end
= t;rtz XU X P X (A=B) o
+ Ur(t) X Pf,rev(t) Xk
BidC = Z t, if H(t) > 0&k = 1& U,(t) > Usz(t) )]

t
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MWT=ZQH%®<M@

t

(18)

et & LT, TIRRZEWINSY @ Headroom % 3% 7 L
TRWCTHEP O F EEHEE S LTAKR Yy Mg ~AfL
4% % — A, Headroom i% i€ D &5 & L 7= /7 — A, Headroom
RETIMA THBEE D A7 it 2B A= — A%t
5 L C, KEGEHRERT AR R TG~ D AL T B &
P 5.

AHIETIX, 2 DOHHDOLF VT ( HIER R 5720,
ARy BRI DA R T U RAEREBE L2, &
7o, TR TS 3817 5 BEMFE AR D FEFR O = L F — it
FRITRET 248 & BT, FHi BRI I 1T 2 AFLERIEZ
L DMERMEICE B LTz - FHm 217 9 .

4. BE>IaL—2ay

41 FRLET—42ty b+

AWFIE T, RBEHIEE ¥ — 0 RIT 2 2Rk
ETE7 /L GPV-GSM H ARk OH ik R T T — ¥
(K 84 IR Ze) 2 FIV - 19 R LKL BRI, &K
H 4 & [kWh/m?], B [m/s], SASIR[CCITH D, b
1 RFREME 2 A L, 2K B 5 Ed SH NHfE 20, miEEs
F O RIRITEAE 280 L CEDTG oS A a v
MZADLET 30 DEICEHB L. ZNHORRT —H
EWElE T L DD E FINT, PV SN LERESMEE L
TR 15°, HAif 0°CEm) A KE L, A= 1kW
BT 2 KB EENZHE L, HEE TRIMP &
L7e. DI, TAaais i e (O ALRROI D (Al e 14 B
DYBEOAR Y TG Y ATH 10 B O )D&
THIR T 2 AMLEREIRZICICA D K 5, AR O 9 K
(A AREYERE, ISTICEREL, T— ¥ NEEGAfEL /2 D E
BhrbyIalb—varEET s L2 BELL. —
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VL HIAREF(140.1259E, 36.057°N) & L, %42 IR 1% 2020 4F
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oo EMEET VRGECHER L2, 7238, xI5rEm
WL, KR EPEFEIZEOND 9 KD 15 K19~
30 ARy ME Lz BREAEILFHEOMEE - 1kw &L,
THIEREBNEHMERECTESRE L2 & ERRICA
5. Fiz, EREFICOWVT GPV-GSM 1T L 52K BH
BT HME & KRBT O AR B R (M) 2 v T
BH LT

4.2 SFVAHE

AWFFETIE, AR EOTNRES S 7 7 A LI
Bab LI, BRTIETIS~O AL S 2 T 5 7200
3OO0 FIAEREL, ENENOAFLERISIZ ST
BT 21T 7.

Scenario 1: ME R FHI & TS 728 KTl D27 Z A (Class
4 L SHIIHFEINLHE, TG~ ALET, AR
v FHIASARLT B, (BRSFHY)

Scenario 2: ¥ 7238 K F# | (Class 5) (Z/FE SN D HA,
EAETLTH G~ AT, ARy Mg~ AT 5.
Scenario 3: THR¥E 7238/ Nl (Class DIZFEI LA TA,
REDFEAET D ATREMEDMIK <, B A £ 0 A
72912, THRIBAZEDLIL 4y O Headroom % % E X3 T HI{E 2
ZOFE EFEE S U THRAGRE TS~ AT 5.

Scenario 1 & 2 1% Headroom iR EI2Mz, &67450 &
I~y VEBELTAMAGEERETH7—ATHY,
Scenario 31X U A7~y X0 Y, HEDMMEOAIH % &
PR 5 KARARHG T 5
4.3 BAHMIGM@EE

AWFFETUE, TS O TEZ AV Z EREE LW
N, BEFIEICEBIT 5 Headroom ZRET /LT U ALAB LW
LB B E FIEZ R 2 720, il iss TRlicBE 92
Y27 R L, S A AW THEEATT - 7=, Eiadii
Tk 1 7B ) T A i e ) B3 | T (EPRX)D D = IR %L )
@O B IEHB A EALMRE 2 A L, AR > ki
¥ 1% B AEIE S ER S FT(JEPX) ODFT H AR » b i liks
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(a) Balancing market. (b) Spot market.
Fig. 5 2024 market price distribution.
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Linear-SVC ) LST™M
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Fig. 6 Confusion matrix for 5 classes.

Scenario 1 Linear-SVC

Scenario 1 LSTM
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Scenario 2 Linear-SVC Scenario 2 LSTM
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=) 324 345
FP FP
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Fig. 7 Bid decision.

Table 4 Assessment of bidding decision performance under
Scenarios 1 and 2.

Scenario 1 Scenario 2
Linear-SVC LSTM Linear-SVC LSTM
Accuracy)| 0.631 0.503 0.879 0.869
Precision| 0.568 0.443 0.115 0.057
Risk 0.134 0.237 0.047 0.052

E O & KT 5 72, RIS RER T, BT
2024 4END 1 RO T — Z 2 Uz, ik & E
FUE, R & SO CHIR T U 7 OFHE I E R TG
& ARy Mk & V=, Fig. 512 2024 4F 2 i
K& D537 2R3 AR R AR > b 4380 (365x12) D H B,
TR TS T OMMAS N AR » M %a ERIA A 1386
m|IThHoT-.

5. BRBIUER

Headroom 7% /& Cl, SFEMERu = 1.0OKE, T 72bbil
FEORK TRz LR S 7 2l i £y 2
T, WRIEIR O FE R ) T A & I R E0T e & 3 B 22
¥ UTH AR LT,

FRAEEE ) A 7 3FTic X A B ETIX,  Fig. 6 125 D
DY T ADIRRAITIZ 77 L, Fig. 712 Scenario 1 & 225
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A AFLE R EICEE T R FITTSZ R 3. IRFITAIC R
WTIEffEZ R & L, TNUNERRZTRT. £z, £
NENEMEL K EZ WIGAITRWEAT/RY. Fig. 7 CTli, 7
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ZeE, ITALE TALY D) Z&&KT. Table4 T
X, ARLEERE OIRFAT FI % Accuracy (IE fif #),
Precision(Gi&3), Risk(V A7 #81E) ® 3 SOE I
DUNT R - FFAf L 7.

p ~ TP + TN
COUracY = Tp TN+ FP + FN

(19)

AFFFED AFL A OB R E T T VL, MM CRAET
MK TN U CHRREFE TS~ TAFL LR 7 F 2
ZIEMIZHB T2 2B ET D720, TP (true
positive)ix, BEDZ T AW [AFLLZ2 THYH, »OF
HFERELTHIELLS TARL LW GBI Y T
A LEF LT, —7, TN(true negative)l, BED 7 T AN

[ALT D THY, FTHFRRE LTHIELS TARLT %)
EFEINT T T AL EFK LT-. F£72, FP (false positive)
X, BEL LT TALT D] 77 ATHDIT 2D
59, TARLL7Z2w ) LRRGEHENT Y T A, FN (false
negative) (%, EfiL LTiE TARLLARW) 772 THD
bbb d, TAILT D) LBoEINs 7 A%R
7

TP
TP + FP

Precision = (20)

FN
[ = 21
Risk = S INT FP+ PN h

Accuracyl¥, TP & TN BeH 2 7 izxt L TIELL 4
HINEHEERL, ERRKREVIEEET RERE N
LERT. 2P TIUTHR LT Class 5 DHFER/NS W
®, TN DIEFIZRE < 72V Scenario 2 TlAccuracy i
KIZFHm S 47z

Precisionl®, TAfLL7Z2\W ) LISz 0D H b,
ELL TARLLZ2Wn ) sz BIE 2R L, ERKRE
VN ERERBEE 2RI TE 72 2 & AF 7. Scenario 2 Tl

IAALL 22 EG SN PICESENZ < G EN T
5728, PrecisionldFH LALT LTV 5.

FP 1%, MEBRMEZ D2 L TRERAEY A7 130
—Ji, FNZ, EEOFEARRENELD Y X7 @0,
bV A7 8E06, Riskld, VA7 EHNSE5 FN
BEF TV TEDLEEZTNT2HEETH Y, fEH/)
SWEERWET AL THD EWVZD. UL EOST B E 2,
Scenario 1 @ Linear-SVC EF AN F U A« EF /L &
i LT, B -G U AT ONT U AR R
HThreBEZLND.

Table 5 TIE, LLTFD 3 2D7—R 220\ T, FHiRiHE
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T2 ML ATREEEL, FRIA R AR, B X
OVERIFHEE (2 DT~ AFLREE N — 2 VRIS ) D
FERERT.

- B RF & U CHEE ) FRMEP A O F F & G &
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FNDH—HT, ARy MROBENREIREIZH->TEY,
REAIRA L NT AR OFEN TR IND. TSk L
C, Headroom REDHEHZE LI r—ATIE, x4
Miciz o TAMLNARE L 72 0 (KRBT — X OFEIZ XY
4 2Ry MyBERSh S ), ERIARIEAEREIE 194 (5]
F OB E NI,
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BEND ARy hOAFLEZ[EGEET D729, Scenario 1 TiX
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Table 5 Results: the case only considering the headroom setting case and
the case based on rare-event risk analysis.

Reference Only Scenario 1 Scenario 2 Scenario 3
Headroom
P p Linear-SVC LSTM |Linear-SVC LSTM| Linear-SVC LSTM
f frev for k for k for k for k for k for k
. 4376 1987 2339 4010 4011 4376 4376
w1
Bid count for BM 4376 (1385)*3 (524) (745) | (12260  (1241) | (1385)  (1385)
194 109 161 176 283 334
*2
Shortage count for BM| 2657 83) (49) © (0 | (290 (149
Total planned revenue 12.946 10,188 7,750 8,384 9,614 9,619 10,918 11,121
[JPY/(KW - year)] ’ (18,637) 9,780)  (10,032) (12,365) (12,51)| (19,344) (19,545)
Remarks Bldsélt/lll N BidallinBM| BidinBM&SM | BidinBM&SM | Bid in BM & SM

*1 Bid count for SM  *2 Shortage count for SM  *3The value in () indicates the bid for the higher-priced option.

By Headroom

Shortage count/Bid count:194/4376 spots

By Linear-SVC for k in Scenario 1

Shortage count/Bid count:107/1987 spots

08
?i 0.6
g 04
£
02
0
: By Linear-SVC for k & higher-priced option in Scenario 1
Shortage count/Bid count:42/524 spots
08 |
é 0.6
g 04
=]
| | i |
0 1 1l 1 I 1l w 1 . I 1l
2022/1/1 2022/2/1 2022/3/1 2022/4/1 2022/5/1 2022/6/1 2022711 2022/8/1 2022/9/1 2022/10/1 2022/11/1 2022/12/1

Time

Fig. 8 Annual time series of bidding volume.

Table 6 Monthly shortage count for BM.
(Higher-priced option in 30-min intervals)

Heag;lt}Zm Scenario 1 Scenario 2 Scenario 3
Py Linear-SVC LSTM Linear-SVC LSTM Linear-SVC LSTM
for k for k for k for k for k for k
Jan. 0 0 0 0 0 0 0
Feb. 2 2 0 2 2 2 3
Mar. 11 6 5 11 10 11 15
April 46 27 30 38 39 46 57
May 11 & 8 8 10 37 30
June 4 2 1 2 2 15 11
July 0 0 0 0 0 2 3
Aug. 2 2 1 2 1 9 3
Sept. 7 0 4 5 6 7 17
Oct. 0 0 0 0 0 0 5
Now. 0 0 0 0 0 0 0
Dec. 0 0 0 0 0 0 0
Total 83 42 49 68 70 129 144

6. #ERESHROFE

ARWFFE T, KEGIEFEEITIC I CH it B A SCIRER]

RIS 6 OFHER EOBMY VY —22HWAH Z &7 <,
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7= Headroom 5% E 7 /b = U R A0k 2 & 5 A2 364 0m]
BOILRLEET VOMELRFREE LTHIT S
na.

F 7o, PEEHEORFHIBWT, ARy hHHFIZBT 54
VNG U AER T b NSRRI TSI D MR e
FEFE NI FED S RNV F —EOINIS & B8 LTz, FhE
WAL 7B 7V OREEL &, RRFE LR & WA HED T v
2T DR R b 5.

BE

ARWFFEIE, NEDO KRG bH 5 32 ) IR L e T BH 38
IR 3 B DR 2 e B BT BR 3/ R e s BRI
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