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Two-stage stochastic-robust optimal scheduling of an
integrated-energy virtual power plant with advanced adiabatic
compressed air energy storage under source-load uncertainty
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Abstract: To address the dual source-load uncertainties of integrated-energy virtual power
plants (IEVPPs) under high penetration of renewable energy, this study develops a two-stage
stochastic robust optimization model that accounts for IEVPP random electric and thermal
load fluctuations alongside adverse photovoltaic and wind power output deviations. First, Latin
hypercube sampling and K-medoids clustering are used to generate typical electric and
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thermal loads, after which load-side uncertainty is characterized via scenario probabilities.
Second, a budgeted uncertainty set is adopted to describe photovoltaic and wind power
output deviations, thereby incorporating source-side uncertainty into the robust optimization
framework. Third, advanced adiabatic compressed air energy storage is utilized as the IEVPP
energy hub, and an electric-thermal coupled power balance and state-evolution model is
established, encompassing a gas turbine, electric energy storage, a thermal storage tank, and
the external power grid. Finally, the column-and-constraint generation algorithm is employed
to decompose the original problem into a master problem and a worst-case scenario
subproblem for iterative solution.Case study results under unified source-load test scenarios
indicate that setting the numbers of worst-case downward deviation periods for photovoltaic
and wind power to 8 and 12, respectively, enables the proposed method to reduce the
average total cost and worst-case total cost by 192.9 and 513.1 yuan, respectively (compared
with stochastic optimization), and by 59.9 and 96.8 yuan, respectively (compared with
traditional robust optimization), under the same uncertainty budget. Although its CVaR90 total
cost is 25.7 yuan higher than that of traditional robust optimization under the same uncertainty
budget, it achieves a substantial 507.5 yuan reduction compared with stochastic optimization.
Overall, the proposed two-stage stochastic robust optimal scheduling method achieves better
performance in terms of average operating economy and extreme-scenario risk resistance
while significantly reducing the tail risk.
Keywords: integrated-energy virtual power plant; advanced adiabatic compressed air energy
storage; two-stage stochastic-robust optimization; source-load uncertainty; C&CG
algorithm
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Fig. 1 Structure of the integrated-energy virtual power plant
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Fig. 2 Solution process of the stochastic robust
optimization model based on C&CG algorithm
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BEATHI R T EENLIRAL U R Ay B s, o E
SRS R W B BRI IR 5o
Hir, HASBEUSREWER. AT AT HEA
[FIJHEAE R — AN A5 T RIS AT R I, AT %3
— Mg IRET I R AR, WA R
i 7 AT BV

gt — MRS 5 b ) SR8 SRR AR (i 2237
SACFER R o, wriiliz st T mid . b
— AN, PRNERA Mo=4s T, =8 =8\ [y
=12 WHTHESHCER, H TR AR T 1
REARAEEE ST X TR, e A2
MIHBTE TS, RS T EHREH NES:
VAR, FRAT AR SR BB AT AR

NI Rt  ER S SN 5 A NI 7 N S 5 A N
CVaR90 & B AAE Ay gt — Mk 5 N K 545
Horb, PR T R T RAE ST U
WIS TR E LG B E AR F T R AR
VAT 5T iR KI2 AT KUKz ; CVaR90 & pleAs Hi
S 90% BAF /KT N 8 e AR 37 5 1) 1 B4 4 2k
KV A ERARRS, PR TG, s st
AR AU 34> BE VAN AN AR AL T v i 455 1
PERE, 8 G HLES 5 B 5 B s bR U IS i v
A B . BIEr R it E AR T

PIEAS:  w, 935G 10% 2 M SR B LA
4 BOXESERN

41 BHEE

SR 24 iR, wHEERG A1 he Ay
ERCE G RRIR BRI ) Ak, K, R
Bl HUERE. fEHAGE. AA-CAES FIANBHL . HiHy
K oy B A, FEAE I A AR AR I B 0.30 gt/
kKWh. T4 i} Bt 0.75 Jo/kWh. & 6 I Bt 1.45 7t/
KWh, E:hilis I BN 1145%. HNTIZEH
g s B oA BRI AR 1 1.5 6%, H & BN
HEMERN 8. Fratr kAR —EHW
WA, DABE RS 2 Tl A AP IR &
BRI, AR5 VR AR Y 3 ] [ Y e AN E PR T
ZEAREVR T R AR H AT - A AR A TR e R
AR B B BE AL & AR AR B R TR A 1, SO
Xif 8B TAEBUFEHEAT 1 3E L fafL b B RS FHLE
153 R R B RA AT SERGRIE, BARE—PIX
Ir WL EE 45 R0 75 iy T B A s AA-CAES 4 AL
R ML B 35 AR R [ 2 RCR S IR, AR
JEAR T LB AT R R A AR LR 1 245k, A
I, ATTVEEAG S5 R T T RS [F A e M Ad
H7 T (R B B A USRI B g, TR
TR HIBITRAMEWHIZE . S8 0E,
K2F7R.

Cren = G + $p, P (33) £1 HHRBEEEFEASH
J=1 Table 1 Economic and technical parameters of
Crost = C* + max,., Cij (34) distributed devices
N
CPVaR0 = CPA + 1090 710 % zwkC}_ﬁ’“ (35) W R KTZEIKW ME BITRAERK
o L i SERPV) 600 0.15 0.0228
A, CPONTRIRI HRTIEAT A Cf N4 RKHLWT) 1200 0.75 0.0228
— I 5 N W H AR ZE A p, T S HRAELGT) 1000 0.40 0.678
%o OB otk AR M B HEFE 5 (30 kA s R e A% 300 085 002
R2 MHEEREEFEARSY
Table 2 Economic and technical parameters of energy storage devices
B R IIZEIRW RRZE/KWh /N R KWh VG2 E/KWh BAT A 2L
HHA#(ES) 40 270 60 150 0.025
A (TS) 130 216 48 120 0.018
AA-CAES it 300 1400 200 600 0.025
AA-CAES fifi #4 150 800 100 350 0.025

B 31 4 5 4 1Y T 4 LHS-Kmedoids /712
AR R E AR R AR T R . TTRUE Y, B

S 37 A S B A i 2, B
JIEE R RENS DR B TR AR T Hh 22 1) H A2 fLita 3. s ai
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Fig. 3 Electric load curves under different typical
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Fig. 4 Thermal load curves under different typical
scenarios
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Fig. 5 Predicted value, actual value and uncertainty
range of photovoltaic output
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Fig. 6 Predicted value, actual value and uncertainty
range of wind power output
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Z I8, BRZEAAN123.370, WA G e
XF REAW RIS AT AN P AR E R, (RSB T
FIBONFiE. P51 i mm, 90.45125, X
BIBAT AR K 5 3 M5 5 BARME R
&, AHBAT AR By, Ul AR A7 47 37 547
A REH RBOR R A . 25 SIS, i
A E B AT A ) 4432.0 76, 5 C&CG F ]
75 2 B0 5 8 1 B BT B2 A 4431.93 Jo kA — 3,
WAL T fif 37 5 A G v 5 BENL & B A AR R K A
SER 2k
#*3 VPP AREEMZARE TR ARSI THRA
Table 3 Day-ahead operation costs of VPP under
different load-side scenarios

W WEMAR H RT& AT BRA T
1 0.45125 4447 4
2 0.22625 4355.7
3 0.13375 4479.0
4 0.11500 4437.8
5 0.07375 4476.9

4.3 AA-CAESTiT45M4 9 1h
it B AA-CAES 15 25 & B i 24 g 400 i | i)
M-S TR, AT 300 s AT 45 JR Gk
SR BT 1. AA-CAES 8 B 5 3 P9 5 4 #E
Hi N 6451.32 kWh, i fik & i & 4 4882.36
kWh, JE4i75HvE A 3938.33 kWh, 2K HvE A
1941.62 kWh, fii < gE &3I4 1200.00 kWh, fif
AL E W5 N 537.16 kWh, FiR45REH], AA-
CAES FHAEUE N B M i RE 2 5 HIIGSEL, T2 [H]
I3 ok R 4 AR I IR S S Il e =Y, 7R
L, IS R E T B B R TS
SRR AT 37 o T B Th AR g5 R 7 B
o IEMAFERIRBRSEHL J7. etk 1. R
. BEETBCH . AA-CAES % Hi I H 25 it 45 13
AL R R BE TS H . AA-CAES [ 45 115 Hi 25
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2N BRI RIER, KRS 5
B faf LR 5 75 BT RE R H 7 mH A A B
AA-CAES il it R4 W e i BE, R mifig < ie i, Jf
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Fig. 7 VPP electric power optimization results
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Fig. 8 Electric energy storage and AA-CAES air
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Fig. 9 VPP thermal power optimization results

Frfig S w58 F IR N FE A 1400 KWh AAE, X AR
PR . i as RnR 4 MR 5 PR
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Table 4 Sensitivity analysis results of air storage capacity

il VAR fitt A LIR/KWh BAAR KIBAT AT BRI A AR G
80% 1120 0.93 4572.2 60.3
90% 1260 0.93 4542.1 30.2
100% (i) 1400 0.93 4511.9 0
110% 1540 0.93 4481.8 -30.1
120% 1680 0.93 4451.6 -60.3

MR 4TI, TEHAARCRIRRE 0.93 A48 (1)1 i
N, BEHE AA-CAES i 1A = LR th 1120 kWh 1
%1680 kWh, R4t 21T A B 4572.2 ST
#44516 6. XU IEEN K)G, AA-CAES
PN BB B R AE I 0R, RS T LT HIE R RE IR
TS AN AR AL, AT PRI R GRS AT A

5 MAHEHRMSINER
Table 5 Sensitivity analysis results of heat exchange
efficiency
MBS e st TR
1400 0.85 4549.5 37.6
1400 0.9 4527.2 15.2
1400 0.93 i) 4511.9 0
1400 0.96 4496.9 -15.3
1400 0.98 4486.9 -25.1

&5 A1, {Efif <A & LRI R 1400 kWh
ABEIEOT, BEA 02 0.85 415142 0.98,
R Y RIEAT A H 4549.5 TG4 K 45 4486.9 6. iX
VLR CRIE R G, AA-CAES [ 45 # [m] o i
ML FEE J 3 5E, M-S T RCR N &,

AT eE RGisfr ik,

gi b, AR UR BN R B 2 R T AA-
CAES Z 5455 REH M RE UL L | LA i L A AR
Horr, il AUR R E 0 AA-CAES [ I BUit BE
BEFT, ARG R [ 2 3K [ SRR RE A P 2
Ko FHEEEMBUEFERIHESIANE, AT
$&T+ AA-CAES )12 Re it B R T HE ST
4.5 ZH—MNXHR THESEEMETN

NS UEAN R AR 7 VR A [R] — s ANl E PR 58 T
fHIEATRIL, ATTEAAEG — NI 75 T xR
. G E BRI E T EAT V- . PR
FErh, [EE S ITEAAR R H AR 07 %, JFE
H TR] PR A X 37 57 T EEORT R AR A i 8 R 2 AR
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s ARG AR R 7 e B AR IS 3 A 1 JBE S B 2% 75 5 FA 4%
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Table 6 Total cost risk indicators of each method
under unified test scenarios

AT r, r ¥;’;ﬂ/§:bk Eii/j‘i & CVa;{;/)gn,abk
BEALERAL — — 5040.6 6010.4 5962.7
Rt 4 8 5065.2 5868.1 5720.8
Rt 8 12 4907.6 5594.1 5429.5
Kidrik 4 8 4971.1 5845.2 57251
Aidrid 8 12 4847.7 5497.3 5455.2
SUSCAS . CVaR90 & A i i o 31X U B BE AL LA B

SRUMER 5 R I AN B, BB SRR
(P38 SO B A, A 1R 25 FE YR 5530 H
FiZE, G — M3 5 A KOE H 7 e
BRI = 0 H NABIE A, Mg SR e
FRAR 755 T 1 XU R B K

e E kR E, BEE A E T B
[o=4. [,=8W KZE,=8. IN,=12, H V¥R
7 1 5065.2 7T [E 1K & 4907.6 76, e dR A
5868.1 JC [% ik & 5594.1 76, CVaR90 & ik A i
5720.8 JLF#AK %2 5429.5 76 . X Ut B 58 K AN 7
TR e AR H BT 7 TR 58 Z IR M 548 5, M
MRS — MR 5 T H N RS R A . (HE 5 E
Bt fb A B Rzl e R, B HAT
5 5 25 BT [ PR £5e IR e 22 AT RS R BE, TR OB AE
SR T AR E—E R R -

L2 N, A5 1505 v TR i 25 RE A B AL 3% 5
AP RS B, G5 T LB
IFI A RO . Y ,=8. M=121f, &7k
JIVER T2 B Ay 4847.7 7T, 1EFTA T Rh i
K, BBENRACIENC192.9 70, B A AL G &4
AP 59.9 70 Hof R B Ay 5497.3 76, [
FETEFTA 7 B Ak, BRENLL AL 1K 513.1 G,
WFE S S &R 96.8 0, FiREE K
B, ARJ505 1R BE S TE H T B IR SHe 1 61 Aif 33 )
APEANAST 22,5808 55 7 28 5 A U ASAff s
BAEERPBERAE S, R R — R 5 T
S SSJIEAT A IR 3 3 S5 A

M CVaR90 & A KE , ARIjIETEAE [L,=8.
[=12 B} 1] CVaR90 i fli A4S 2y 5455.2 76, B A
TREALL ALY 5962.7 I, 1K U BH AL 5 7 Vi g
A A S AN R 3 5 N RSB R . 7 B R
(2, TR TG A% 45 4 A0 1) CVaR90 & il A Ry

5429.5 70, BATIETTIEMEAR 25.7 o6, XKML
G S MR AR B 30 v XU 3 42 5 A B — 5
e o (AL G M e Ak 1 350 ek B AR R B PR il AR
B TR, RS — e RE
G AR 22 T 1

5 % %

AR T7VFE o) AR AT AR REVREE N R 45 A B YA
PR R A0L REL T T I P 0 A OB AN PR I R, R T
— MY B BE LS R AL TR TV, M T DL AA-
CAES NRE M A I3 A BedR B e L i P B bl
LSRR o 12 5 25 Aar 0 SR FH B8 7284 37 S 3 0
H AR REALIR BN, VRN R F PR AN B e B %) i
RO A FMRZ, HiEid C&CG Fik# T K,
(EEID W

(1) WFEEIAA, AA-CAES JE4iftH &, ¥
M H R R 4 A R R K TR AR & i
6451.32 kWh. 4882.36 kWh. 3938.33 kWh Al
1941.62 kWh, fi#" < fg &AMk AE B30 5 s E
1200 kWh f1537.16 kWh, 5B H ] [F] i) 2 5 ]
“HIEIER R RS . BURME TR,
B R A A B AN S 4 PR B ] PR R SRis AT L
A, HHT T AA-CAES 5 BLit B # R fE /7,
PR RRIBAT LA

(2 fEg—Mikm =T, Ur,=8. N,=12
I, AR T7VETT R DY 35 s AR Ol 4847.7 TG
BN A ) U5 A% e & Ak 23 il B AIK 192.9
JEA59.9 705 M IR e A 5497.3 i, bl
BUAEA A 7] T3 A% 298 65 PR AR A 20 31 IR 513.1 JT A
96.8 7G. H: CVaR90 it hit A B 43¢ [F] Tl S A% G0 6 e A1
ti525.7 76, (HEBENURALPEIL507.5 70, £56>
F, KITETTEAE BT & T AR I 3 st H A
Krfe 1 R, R BE68 5 2 B R AL AL
SR RER RS, IR UE T e M B B BE AL S AL T
FEET7 3 A6 501

Jo BERIT T AT M — 2 2 R R R ML S AT B A
AA-CAES & T AU Z 30 i Re 77 am B4k A2
SN S B IR T 055 2 IR E, KR40
%) 22 Ik 1) JRUE Bhp [ 1 BEASR AR

£ E Xk

(11 skoLAS, THEE, M, & Ul ) B ZHoR 5 miabla i
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