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ABSTRACT: The mid/long-term simulation, as an essential
part of power system production simulation, plays an important
role in managing the seasonal characteristics of clean energy
power. With multiple generation techniques including
renewable power considered, a novel production simulation
method to support the mid-/long-term multi-energy generation
cooperation was developed. The model is based on the load
block curve, in which the maintenance requirement and
operating constraints for generators, primary energy including
renewable and hydro energy, and the integration of wind power
are considered. In addition, the mixed integer linear
programming (MILP) method was adopted to solve the
problem efficiently. The case study on the modified IEEE-RTS
has verified the validity and feasibility of the proposed method.
It is also shown that the characteristics of multi-energy
generation have great influence on the mid/long-term

generation schedule.
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Fig.3 Multi-scenario model of renewable power output
R /K, Gl PR UE ) S WO REVEAE R StisdT
REPR LRI A5 . I TAEANF I AN S B
NREBT IR ) 23 G AT I, 1%V RE A R
I T R U5 ) A P A TR RUEE T B BB A 8 5
P, AE S WOFT RENE ) 5 D K AR S

AR I, AR N2 SO B BRI D AR
JIRATBEL B sl HL Al A B o ik i g 1) |
Yo BIAGE ] T X, i TR 4R
K HL A HLE
2 HKEASE PRIREY

SRR 5 L L O AN ) S,
PR FHLZH A G Ze R /K F 2 O A I . AT
K LLRTIR S BT REUEA AL N R, M RGh K
W TR,
2.1 BirERE

B DL 4 RGEIAT A A IR AR H A5 R 5L
ARHERI NS B2 e, WL G A AT X
[, KLESAE BRGS0, s Jhia
FREESR T, X S0 SRR LS R A g
WA, W PR,

/1 5

T B
min Y Y [A"> HC, ,, +A"RC,, + A"LC,, +

t=1 b=1 hs

Zng(pg,t,b)Dt.b] (1)

s gets

e FoRI B THFERIHAA, Blan it 5
SRR R 14, U1 B 1B, WA T=52; b
FoREARREL iy I8 () 7 P B A ith 85 73 Bk
B FNhw g ts s MO KHEALAL, KHT FIK
B s, gets RoNBTH s AMKHT N4
85 Dy Nt B ES b AN AT AT IR SEI 1],
hs fo A KHHLA g FIRHNA: pgp RN IANLALIAE
¢ B b S BE R a5 AT AR AR Rk gk
B L 3BT A U H R 2R g B A T R
HClzpn RCp F1 LC,p 3 92275 /K LS HLEE L BT B YA
FHEMRSA A R, B G SR

22 MIBAR

PUARAE Tl s K RFSEm ) L PE . I
[ ) B A P st A A8 RE 0 45 22 5 T R4 3R

DI ALV I EP

T
Zzg’t =MN, (2)
t=1

T

> z,,=MN, (3)
t=1

T

qu,t =MN, 4)

P NER bR g KK LRI Rt K B LA RO AR
s Zges zng M zg WRIRHLA RS 1) 0-1 A2 5,
¢ BRI RE R, AR ERER 1, AN
B 05 MNgv MN, Fl MN, %R T AN BLA WL BT
it A IEL

Q) —(4) ZRAEWEF A A K K F A &
SERMIINAR B BT S EK . T E B L TR
ERALEIX 7> KAERIME) IR, B AN R LA
BREAE A 8T 2 IMEAX Sy

2) K mHa 2.

B2 A LA I3 A V4R 458 B 1] 23K

T
leg,t =MT,-MN, Q)
t=

T
2 %, =MT, - MN, (6)
t=1

T
> x,,=MT,-MN, (7)

t=1

s xgn xp, M xg, AR AL TR
1 0-1 A4, AL TR ZAAEREN 1, &
WL 05 MT,w MT, F1 MT, b & FIUHLALEE A 15
FRLL R ITR],  abt A Y HCRE KA

3) KBIESEL .

BURAE— BT IR )G, iy S8t BRIk 3
TR I FE LI ]

+MT,—1

D Xer =2, MT, 20, 1<t<T-MT,+1 (8)

t+MT, 1

z xh,r_zh,tMnZOa IStST_MT}, +1 (9)

7=t

t+MT, -1
Y X, —2,MT, >0, 1<t<T-MT +1 (10)
7=t

4) R AE I ] B 2

B T)—HUALIAE S 2 YR AE 2 ) W) B 2 I



5513 39 AR 2518 2 RENE R IE I L R 48 R AU 4075

[], AL AR AT A (11)—(13). b MGy MG,
H MG, A5 FEAINVAESE 2 RAGAE 8] (1) Fe /N (1)
()8 o S s Al o ] R L2 PR A 4 BRI B
RSB A5 R BEAGL 1B [ B (A LA

D>z, =1 1<i<T-MG,+1 (11)
7=t

t+MG,—1
>z, =1, 1<i<T-MG, +1 (12)
7=t

+MG -1

Y z.=1 1<t<T-MG,+1 (13)
7=t

5) ffEHe I LN

ffs TARTTEZ B IIALN 5 s TR A%
PANE?/NAE ] 0] S Pt oS I SN L K (P S
Al e fE 22 G HLA .

> x,, <MC, (14)
gEts
D X, SMC,, (15)
hehs
z%f9ﬂ% (16)

A IR hs M ps DK FE AT IK S BE HL RO AR
55 MCyn MCy M MCpy Fn - RIHL] 1R 1B RE
71, BIREWS IR RS LALLM S 80 H N 1.
2.3 HEAEZBITHYR

BRELE LI AL, A 2RI T i A AH N A T
LR, BB RIHER PR AN 7 FI B

D HLAHTFHLATR

AT RASIRS P E ST LIE T, R

Xy, tu,,, <1 17)
Xy, Ty, S1 (18)
X, Fussy +ubiyt <1 (19)

e ugp A upgp WS KAEHLAL S K AL
BURASH0 0-1 A5 e, TEHURHL 1, PRALI Y 05
AU 4y HLAL TR s R A 10 0-1
A, AT R AR ACIRAS N, AH AR Rl 1,
A 0.
2) KAZ)HHHLR.
KHLHLZL Y g 5 3 AL de N BOR H ) R LA
AL RI0)—(23)-
Poip— pdrg,t,b Z Do mintgp (20)
Poip T PUy 1 < Do maxtla i (21

0 < pdrg,t,b < pg,maxug,t,b (22)

0< PUTy 4y < Do maxtg 1 (23)
U pomins Pemax 23 ANV 1) /N EOR H ) FI%E
WUEEE s pdrgips purg,s 73 W IHLAL AT SEAL 1) T %
FUATT) B8 S 3 RO eV H ) SR8 I sl b
RHITEOL . 25 REHLALICHERE s BRI, A (22).
@3B, BB ARNAL S AR
XTI R L KPR, B
PRUEAE[R]— IS T B (1 ) AN R] A7 gar 2K SO Ff AN AR
ISR, B
Ug | =Uy g =""=Uy, p (24)
3) KHIEATLR.
5L, K AL 76 2 ds N BRI
WA RELR, W25 —28)FTr.

Py = P 2 Py inthy (25)
Phep T DUT S DiymaxU 1 (26)
0< pdr,, ;, < Dpmax s (27)
0< put, ;< Dy maxMn.i (28)

AR S KA, AU PR R,

BRBLALZI AN, 7K FLIE AT 5 B A2 P 3t /K R
L. B, JKHLE R H O N AV T SRiE )
HPjymins BIE0(29)0 LU, i H ) N I FUAL
) HPpgimaxs BIE0(30)0 7K HLSE 7SS 2 I BE I H
i HE), 5K AINF KR MBI FIIR.

Izh (Phip = Pl ) 2 HE, iy (29)
hZh: (Do TPUL ) < HByg (30)
0= pdr, b < Phmaxth i (1)
0< put b < Dhmaxth s (32)
HE,, = iDt,b hzl Phip (33)

YN B ERCh 1L WFST RN 1 AR, 4R
AT 7K B KK B A T 2 X (34) . (35).

HEh:,t,min < HEhS,t +HChS,t < HEhs,t,max (34)
T
Z(HEhs,t +HChs,t) = HEhs (35)
t=1

s HE g pmin~s HEps gmax 7390 0 7K HL 3k 4 J W 1 (1)
R, FEEGRTARIZERRIK s HE), A7KH
i (A F o 6] T LA S AR 1 1 Y v el sl A R
WL B e AR R N AT DA S RIS 'S 2R
4) WMFEIBITAR.
MABENLL Z Rt B, fEdhKid #2



4076 SN & I =T 1 R B = S )

40 35

H LUVBIUE D AI8AT, i i N Is AT 4R

pety — pdry, > piausTy (36)
Dacp T PUT, < Dt (37)
0< pdr,,, < p&oe us (38)
0< pur, ., < poattors (39)
Poiy — Pramyss =0 (40)

A plP BRI Z pie o pioe,
Rl prme 53y 4l LA s N R DD de KR
T FRGE K T %

WAL, 7K ES BE H i 75 0 A KR L
R, W@,

S ¥ Pl prmgn, =0 @
b=1geps Ty
St g e 4 Al WL A A
5) i Akl LB AT AR
SR FH VT A5 ) T 04 44 X 1) Ach 237 9 ) ) Bl
HUtE. 0] 4 JER, oy W RGEME T B ¢ SO0 EL b
RTREIE I )y, (o), Pl ] M BTREIR AT AN X
], 3o pop pmi B pmes 3 g A5 B

i i L R

Pr, ;mb Drbs pr,ta,)l() PIMW

4 HhEERFIHAXE

Fig. 4 Dispatchable region of renewable power

BHEBSEIE T [P p, ] W, )
FA IR LR M ) B A T
[0y PP I HERUBLALE SO 4P . 5 A
G = EL RS T4 Nt 22 A N T N i
R, BIaC47). (48); HALE (W prp) 5 RETH
FPANEAT T G, RE(45).

SRR AT p, B T p)T I OB
ATIEIH T ], U2 LR S BORT REVS
oot IR 4 SRR ARUE D AE T prn s p
o, TR I ik I B .

KM Z A 13905 pr s KARNEHR {7} fifiid
PRGN g MR A, b s A ARFE S B
RV T B WL U SR A

REt,b = Zﬂspj,t,th,h (42)

S R R T DL R
LC,, =Y z,max(0,p, = pl,,)D,,  (43)

N Hb, 7 S5 75 i 1T Lk
RC,, =Y 7, max(0,p;,, — py)D,,  (44)

5 REAN N (MR B R AL, DR 2R A r RUHT RE
PR TN H AR B, (D) PR

MBI T AR ES 1, OB REUE T T 201X )
BN B /1R g AR D, RGUSAT AR
TP Dy i A s I H AR 1S, R 9 X TR CR,
RAATATHT BEYR I B R, AR R AG ] TR
H bR s BB AR B 3 5 5 18 EIR R
PERZEGEPE N 2R, TR B R U AR A, S R E
HREUE LT 1Al Ak XA
24 RBEEBITHR

FREEXT S HLAARSL, RGSATIET AL -
Ty ESET . SHTE LA . AT R
PEATRORZE SIS, E LU I — SR R £k,
DR 5 R 2% 1 i P e B 1 i 7 LR

IDRLWIRSLIESY

ng,t,b +zph,t,b tDrip +Z(P§’i“2 _Psz?z:p):]mb (45)
g h q
A Ly WITBE ¢ SiAar B b IR s D

2) HEPETZR .

Zpg,t,th,h + th,t,th,b +RE,, - RC,, +

g h

LCt,h + Z(P?eznz - p;’::r[;p )Dt,b = Lt,th,b (46)
q

3) AR,

QAT R, AR B RESR L TE AN, H LA
RSyt 1 1 S 51 9 SR 5.8 = I
Zpurg,t,b + Zpur}:,t,b + Zpurq,t,b 2 pr,t,b - p;ntu}; (47)
g h q
zpdrg,t,b + Zpd”h,t,b + Zpdrq,t,b 2Py = Pryy  (48)
g h q

MR . i sh G BALIN 25, R4
MNARUE A N R, wX49)FTR.

Zpg,maxug,l,b + th,l,b + projt,b +

g h

D(pE =P 2 L, (1+ p) (49)
q

b p AL HI R 5
BRI A S, ATRIEAZ 5 N BT



13

AR 2518 2 RENE R IE I L R 48 R AU 4077

26 H b e ORI 20 SR AP HEAT A N TR 05

KRR RS i 2 nT R 1 B B 1 i 2
TR EUT, R TR A B L AR (mixed
integer linear programming, MILP)n) i, W]k H]
CPLEX 58 fF B K M -
3 BHIoHh

DA% % TEEE-RTS1979%%2 % 5] FF J&& 44 45] 4%
Br, WFICR 1 4EG2 ). RYAE KT
2850MW, & kHL T 7 BE, M4l 24 &, BAE
2305MW; A% His 1 B8, HL41 2 £, B 800MW;
KA 1, M4l 6 &, HAE 300MW; HiKE
AEHi 1 8, ML 4 &, DAES 200MW, HliKak
ERR R NN 0.833 Al 0.9; K HEBENIAE
800MW . MLAIEHEALIE 3~4 JH, & H) AN REIRI A
&1 &H4l.

KL IRIE . RSB LA, AR
WA R PR L SR [20-21]5 A% FPLA S/ HE ) 0y 26 L
60%; KHERKHEER 1200GW-h; 521 H 5
FEPERITIALE ) W3 1, R R YE I WIdh
B 0.8~1.2 /%P RKUH ) i B3k G Ik Kt
ARGV S, 2 LT 5743 210 5740 vh XU rEL HY
NFFH, ERBEZAN 1637GW-h. KU 1 Fih
TrESAGIE S R I T AN BE, T8 R JH i 6
PR HABEAY, nf 5 B AN R 67 A 43 B
WREIR AR 25, HZERAK, WIEREIEA
B3,

1 KEEHETEY

Tab.1 Seasonal characteristics of hydro station

B HE 57 e A7
BER W 35 35 10 20
TiALH Ji/pu 1.0 1.0 0.9 0.9
. 500 — - 3000
= 400 583 R4 .
R 300 = 2s l— 2y 2000 &
= 200 i '
= 1000 =
=100
L | | -

1 43 85 127
t/h

5 ffrSMEBERLIE 1 BAG)
Fig.5 Model for load and wind power
IEEE-RTS ™1 H A7 K LR LA 29 0 10~
208/(MW-h), 7 KRR Ao 7 3 o il el 5
1000$/(MW-h).

3.1 EfEGIS
FE I FIRTHRAAT SRR R AT 43 R 48 - A
Bhr BB HERUK B S BCSE OL, 200 WL 2.,
K 6 FlZ 3.
K2 RGEEEETER

Tab.2 Results for one year’s operation

B4 ol
AR R A/(10%9) 1.3001
AT HLBAS/($/A(MW -h)) 9.26
PN K HLR LA /($/(MW-h)) 11.34
B BEVE T HLE/(GW-h) 87.44
KAt LR/ (GW-h) 0
BRI LR/ % 5.34
900 o ey s, o e e gy 3000
BAR
2 .
]:\ﬂ 600 l N 2000 Z
& ey
0 =
iéj ) v ]M ‘l ‘ 1000@
11 1 e
1 21 31 41 51
/A

G

6 RGHMERE

Fig. 6 Weekly maintenance capacity

*3 KEBREHE
Tab.3 Seasonal Hydro Energy Allocation

EER=A W 35.5 28.8 12 23.7
JKHHEE/(GWh) 4377 471.6 353.6 3743

B 6 1T L, HLALK A B e HEE oy AR T
BUIAT; HEKEIE, REFUOMTAT+RIE 2
)N 2863MW, FHARWFEWIN; KHEHLARE T
PR POKEED . HIIZRMZEN .. B XHE
TR, ZRT RG], o AR
MR FHLE TR 1 R WIR KR E S, X3
Hh K H L R KR R IR 78 AR 1R B ) R HL AR
ICHIAK TS . &5 EF, SEK . R 2T B kb,
3.2 NEFEHERINSHT

I EDNG N IRA RN S 2 2 LB 524 5 9 N
H ORI B HEAEHL A= 40%. 35%. 30%.
25%, RGFEAEIRIFNE 4 P, B KL
YLVETRFE RGN, REEMHTREN Y 9l fE ) 13 2
Tt FRBIFRFEERRAR, R K WS AT AR
Ao [RIAEARSA] B TR RE s, KL



4078 i Bl

T % 4k

40 35

x4 FREINEIFIERE TFEERR
Tab. 4 Results comparison considering thermal units with

different peak-shaving capacity

VTR THIEVRIE EVRIE HIRTE

60% 65% 70% 75%
SURA/(10%8) 1.3490 13221 12953  1.2718
BN R HA/($/(MW-h))  9.61 9.42 9.23 9.06

FAL KA (SA(MW-h)) 11,61 11.49 11.35 11.20
BT HEVE I L /(GW h) 177.63  113.71  64.96 32.68
KA gar L ER/(GW-h) 0 0 0 0
BTV A L% 10.85 6.95 3.97 2.00
ARIe ATy AT B, BT R L RS
A bR,

K7 PRGNS EE T K HLIRIER L7095 4 60% A1
T5% T, K HL il 3 A5 R R e F R R A 18 2 HE AR
Ulo AHELT T5%IINETE, HIERIE D 60%IN, R4
WIERE AL, BIAERE 2K, &L
AP RAE (1 TE AT it 4 .

W 75% ISR W 60% AR

3
/)

7 FREKBIFIERET RIEREN BRI L

Fig. 7 Maintenance schedule of flexible units with

—
x© [\~]
(=] (=)

TN LA R IE 2 /MW
Ny
(=]

51

different thermal units

3.3 IKEFFIEFMSH

N 3T R R S AT R R, 2
AR K LR R VB L SRAFEAT T & T
RGIEATIbR. W13 5 Fs, A A i o e Y
PR, JKHEE A IR R, RE

x5 AFREIKEBEBETREN TEEERN L

Tab.5 Results comparison with

different hydro energy adjusting capacity
KR KRS KERE KEHEE
ZH WS RS R e

[1.0,1.0] [0.8,1.2] [0.6,1.4] [0.4,1.6]

BRAS/(10%8) 13120 13001  1.2971  1.2919
QTR HA/($/(MW-h)  9.35 9.26 9.24 9.21
AT K HLERAS/($/(MW-h))  11.35 11.34 11.32 11.28

BrhEYE 7 HL 5 /(GW-h) 90.76 87.44 81.64 80.80
KA A HL R/ (GW-h) 0 0 0 0
BT RBUEFE HL % 5.54 5.34 4.99 4.94

IBAT ARG — D PRAR, R RCRAH N A Tt
52 IR, 7K LA R R HR BE )t — A G i,
HTREUEFE LR NUHT R ST AR BT N . AAE
KR, b AN FE LA A8 2 HF iy 2K e vl
IyHC N G (RS 1 AR IR 1.0
£ 1.0, IEWATHITE RN, K RS A ISR e
YL IR R ) IR AR, RGEAT A
BrReIE FE R AR A T BTE, ISAT RS B .
3.4 HhEEIREFIEZ NS

KRS A AR R E NS E 1L [H]
INHRELLR 2 MpEE: 1D B I, MR R
P, BB e AR o AN REOFT BB H 0 5 B /K
PRI AR, B A Daar BOR A R [0 XS
My 2) f5E L RO X RERIE, EA SR
R R TSR T SO g P 5 KU i 58
R AR SR R R

fE B3R 3 FHEIE T 0 ml 24T A L AL R 1B %
e, "RRRGH RIS TR K 6 . A%IE
HTREUE ) 5 AT SR S I PR AR, I AT A
HUBT BEVSVH 29195 b #4815 BE Atk 5450 v (0 S B 5 DL A
St AHUIE IR TAIETE I A LUKEL, XU
EHUSCRIERFIERS, SZiRigERe JIRE, REEMFFR
TR R AR A W]

[FI P 8 fros, 51 TAIETE 11 P ALALR:

&6 FREINEFFETFERRT L
Tab. 6 Results comparison with

different wind power characteristics

24 2! 5% 11 T T
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B K L BAS/($/(MW-h)) 11.34 11.42 11.53
BT HEVE I L /(GW h) 87.44 91.98 138.25
R AT HL R/ (GW-h) 0 0 0
B RBUE A L% 5.34 5.62 8.44
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Fig. 8 Maintenance schedule of flexible units with

different wind power characteristics
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Tab.7 Results for 1 year operation of real case

ZH K
AR B AY/(10" 70) 43078
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BB T L2/ % 0.26
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Fig. 9 Weekly maintenance capacity of real case
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The mid/long-term simulation, as an essential part
of power system production simulation, plays an
important role in managing the seasonal characteristics
of clean energy power. With multiple generation
techniques including renewable power considered, this
paper develops a novel production simulation method to
support the mid-/long-term multi-energy generation
this method, the

requirement and operating constraints for generators,

cooperation. In maintenance
primary energy including renewable and hydro energy,
and the integration of stochastic renewable power are
considered. The model is formulated as a mixed integer
linear programming (MILP) problem and solved by
commercial solvers efficiently.

The weekly load block curve is adopted for
The

distributions of renewable power for every load block

reducing computational burden. probabilistic
are determined correspondingly. In this way, the seasonal
and part of the temporal characteristics of renewable
power can be taken into account.

The objective function is to minimize the total
operation cost of the grid, including the thermal fuel
cost, renewable energy

spillage cost, hydro loss

punishment and load curtailment cost, as shown in (1).

T B
min Z Z[/iH ZHC,W’[, + ZRRCt’b + ﬂLLCt’b +

t=1 b=1 hs

Z z fg(pg,t,b)Dt,h]

Is gEets

)

The constraints regarding unit maintenance are
considered, including the times of maintenance, the
maintenance duration, the consecutive requirement for
maintenance, the minimum interval and the maintenance
capacity of generation plants. With the introduction of
some binary variables and proper reformulation, all of
them are in the linear form.

In the operation part, the on-off state, the minimum
and maximum power output and the upward and
downward reserve constraints are considered for all of
the conventional units. For hydro generation, the forced

S2

power out, the available power output and the energy
balance of the whole hydro stations are also taken into
account. The unit state, power output and energy

constraints of the pumped storage stations are

considered.

Considering the stochastic nature, the operation
constraints for renewable power are formulated
according to Fig. 1. The expectation of load curtailment

and renewable energy spillage can be calculated as:

LC,, = m max(0, p[y, = p;,,)D,, 2)
s
RCt,b = z 7T maX(O: pf,t,b - p;ntm;; )Dt,b (3)
s
Upward Downward
A
|
|
|
|
|
Load |
p Renewable
curtailment : Ienergy spillage
|
1

min

Proib

max

Pros Prub PIMW

Fig. 1 Operating Constraints for Renewable Power

Based on it, the grid power and energy balance can
be obtained. The resulted model is an MILP problem and
can be solved efficiently.

The case studies are carried out on the modified
IEEE-RTS79 and a real provincial case in northwest
China. The influence of thermal flexibility, seasonal
distribution of hydro energy and renewable power
characteristics are discussed. The results have verified
the validity and feasibility of the method. It is shown that
the characteristics of multi-energy generation, including
flexibility of thermal units, water regime of hydro
generation, and seasonal as well as temporal feature of
the
The proposed

renewable power have great influence on

mid/long-term generation schedule.
method provides an effective tool for power system

planning with high-penetration of renewable power.



