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Considering the combined heat and power synergy of
advanced adiabatic compressed air energy storage system in
multi-objective optimal scheduling of virtual power plant
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(School of Energy and Electrical Engineering, Qinghai University, Xining 810016, Qinghai, China)

Abstract: Addressing the deficiencies in existing virtual power plants regarding coordinated
heat-power dispatch, which lead to high operational costs and carbon emissions, this paper
proposes a coordinated heat-power dispatch model for virtual power plants incorporating an
advanced adiabatic compressed air energy storage (AA-CAES) system. By exploring the
closed-loop coupling characteristics of "energy storage - heat production - heat utilization, "
the model aims to reduce system operational costs and carbon emissions. The model takes
photovoltaic systems, wind turbines, micro gas turbines, batteries, thermal storage tanks, and
AA-CAES as core components, establishing an electricity-heat-gas multi-energy flow
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coordination framework. It elaborately characterizes the interactive constraints between heat
recovery and heat release demand during the compression energy storage process and
adopts the minimization of total operational cost and carbon emissions as dual objectives.
Using typical daily data from an industrial park in Qinghai Province as a case study,
comparative scenarios with and without AA-CAES are established. The augmented ¢
-constraint method combined with the entropy-weighted TOPSIS sequential decision-making
algorithm is employed to derive the dual-optimal solutions for total cost and carbon emissions
in VPP models with and without AA-CAES, respectively, for comparison. The results indicate
that after configuring AA-CAES, the optimal compromise solution achieves a 5.1% reduction
in total cost and a 5.0% optimization in electricity purchase cost, while carbon emissions
decrease by 15.8%. Nighttime curtailed wind power is fully absorbed, and the share of gas
turbine peak heating load decreases significantly,achieving a synergistic improvement in both
economic efficiency and low-carbon performance. This provides theoretical and engineering
references for the efficient and low-carbon dispatch of industrial virtual power plants in
Qinghai.

Keywords: virtual power plant; advanced adiabatic compressed air energy storage; multi-

objective optimization; combined heat and power synergy

e “Rx” BAsHEsNT, RE B RS
] DB BB AR AL . R JEAR KRR I ) B,
SR BEIR S R T R, A R L () B 25 FR g 1 A
R PR T A H A T e R AR AR, ik
ms AR, HEBRKIA6 N H B, & T A
A FERK LR AL X o 1ZHBIX R AE . A PH AR BRI N
FHE, WrRETRIENL S OIS 60%, SR E EE T
TEVEREIE AR Y, R ARSE T RS . KA S A
Rerek, JEECT “EtbBlgE At 5 ¢ NiE A
RemioR” HAFR AL 5. AR, KRR B R 1
FEG: AT 75 3R 5 Re R I Bl . SO
PEAEZ, SECE T RGN G 1) 7R FEE A
A, JCHAE AR R AR B, {9 &GN
FEH

FEALE )B4 (virtual power plant, VPP) it
WBEHA, MR AMAAXBIE. ATEAG. EhHE
B AT R OISR BE AL TR B, RERE L
ZHReIR R BFIR R G S R, £F5E
BAT RPN AT S SR, WA RBE) i E
GIPMEZ %S AL L T T R R o=
FE, KABRIAR LRI 5, AL i) # iR
& I 5 i AEESS BN AR S E LB (R
AHH I R RV S5, SRR GO™ EAK
AR AR, KRGO GINE, IR

AR, s T IB1T A 5

AR — 8, Ak TG 5] N —Fh e B i e
5L RE IR BB RE SR . IR, SEHtAR
O 4f S S Ae H R (advanced  adiabatic
compressed air energy storage, AA-CAES) [A1
ERERE R, Aar . MR JERA RIRAI#H
R DS O0 3, FE RS ) i S AT S
e ML GtRE RS, AA-CAES it KA E i
H 5 o A7 i R D REST, AT AE TR 46 B Bl 7 K5
TGN R AE R TF AT, LB IR S RO
HUIR 56 A A o 7R BEB Bl R SR LR HH B il
PERAT S, TEBRHBY BOSEBLK I e, IR 5 & fith
TR “ RIS P+ I R0 1 EAM#E REAR R . S
BR[12] 4 5 1 K FH BE A 4 45 SUf e, B EE AL
WUE R BN 2MW I, 5 Ho 4 2 U RE IR 5 12 4T 1Y
REREIH ARG L) 27.8% A, (H1Z RGN
ARG 0 RN B “fg” JR1H, KRB
I HL A AR TS A7 U 58 A A . STHR[13]44 2
TN 2 KA IR & e LAk RE S B R RE AU R
[T B R B T A R R
FREEVR I BANRR I, RS BE M7 R 5o
PR ) RS 1 32 PR T-1% 5t CCHP R 48 1) BEAS
B 45 HAL AT A i MES H AR, R
JRZIH, O JoE T 2 24 ARk R R B 5 oK. STk



A T R RS U RE R AR R RS R 2 BRI EE R 3

[14]38 A XIHER G REIR A G0 P 48 U 28 2 U g
BEAE, AP L v i PR R S H T I AT U
B4y, REWSERTI W] AL REIR A 2, Rk 2%
GUBIBATHUAR . SR, ZWFR IR RG A, =
L e G DX I R X 2% (1 B R REARFIE T, R
Fo5 ZE R4 S S RE R G B S Aol R
MR R SR 2R, B2 5 & A i SRR I o BE A TL AN
IR

HeF FIRFITT, AR — P e R I S A
FAAEREI AL IR R BE DTV, B X T i e 5
KA L7 5, /Y 1 1F K AA-CAES # i i ]
HUREL L) 2 HARPCAC TR BERAY . %G, 5T AA-
CAES I LR A HLEE, XF AA-CAES I #- sl &
REREREAT A, W 1 A A RS A R ) A
LB, 335 DLISAT AR AR HE R ME N H b, R
F34)" e-Z0 01 58 A-TOPSIS TF /3 Flikik th i 4
. wa, WS REG SEGER] TR
BEAT X EG, B80E T N AA-CAES J&5, REfl L) (1
IBAT BRAS I HE RO 3 A, DA (0 Tk 7

RE AU HL T e P R O R B R SR S AR
2%,

1 i+ &% AA-CAES Hy JE 8l & )~ 2 4
sEHy

AL T X AA-CAES I E VLT R 41,
AT e EE B KOG DR i FE RE M 4787 9 N 3
s BEefe KL REBREEHL. AA-CAES.
&b IS AT R T, TR
LR B IS AREIEAN . KRG URLAR) 1251
NG, BN BT R
ZREYR A, KFEAA-CAES K i fif B 5 Al R &
Rtk SEBLXOL BRI ARSI BOE 9. - A AT
DRI HIESRAS, A R ey I S A e A, R0
FETHREIN R LB R s TR e, A
i EEGIB BRI T RS iR T fe it 1 &
GUARRSCHE . LR 2 e U A T A 22 4 ] 1
B

ER AT
A

____________________________________ !_______________________________7
|

| sl A |
| Fik

|

| |
Sl BHT ;
| |
| |
Lo R

1 Zai 3
|

| |
: SRR TS |
! EEER - ;
| |
i Y i

— [

— [25]

El1 ENE] SRR RESR

Fig1 Multi-energy flow model framework of the virtual power plant

2 B ZEAAmER
21 BirE#

ASCUAAT A RRIR L TH A N R, i Dlis
AT WA B M RN B HE I s MG A B B AR A AR A

FE IR AR GERIBAT AR B TR, St n] A REJEH

9 R AR, SEELBE IR K R R AR T
HAx—, R K247 B £, ) 73 iy DA

NLANERP, R AN 7] B A AL 2 SR«



! R R % 5 B A
1T 2L AR LB 4 S
C’e" = i(kpvppv(t) + kthwt(t)) 1) (1) EEEJ%%Z@]:

Hrb: ko k3 ARICAR . RIS ZE A R
HOOUKWhY P, (t)s P, (t) 53 il & t i B R
R TE EE F) (KW

2 R REEHUR R

Cy, = 2kgtPg,(t)

Hor: ke AR HL A ALK A o/
KWh) P, (t) At B THEHLE 1 (kWD .

3. R RIS YE A

kcaes(Pgaes(t) + Pcdaes(t)) +

Cun = 2 ko (Paatt) + P+ ol He () HA ()]
o Kpoos Kpun Ko 77 AR RAEZS S MG RE B

i, i PGS 4 AR R B GTkWhD . P2 (t)-

Pe (1) IR R4 2 Sk e 7o . TREBIhE (KW,

Pe(t). PL(t)/ral & b7 BEERE (KW,

He(t)s HE(t) 3l e AGE 7S AR (KW,
4. 5 W2 B RS

Caia = D[ Moy ()P (1) = oy ()P (1) ]

i=1

Hoe m, () me,(t) /Bt B,
HLA (TERWH) 5 Py (t)y Pog(t) 43 5 & t i B
H. BHIIE (KW,

5. B Hlf i

T
Rheat = zrrhsat Hsel/(t) (5)
i=1

Ho om, N EE S RN K CTERWH)
H,,(t) Rt B ah = (kW)
L EFTA, ERR— 8 AR kL
fi=Cent Cy+ Cyo * Cyy — R (6)
Hbr—, HERH IR, @ & ARG
HETR) H bR RN -
= Ay Sy (1) + A S Py (1)
e A R LB A R 2 (li/kWh)
Py (t) Nt BN T (KW o A I HL B
HEBCR B CHKWh) |, Py, (t) 9 t I B i o o) 3¢
kW),
22 AREH
AT R R )OI R AR TR A O A R 4K
f, FEGPCN A FE T, A5 L —H

(2)

(4)

ren sto heat

(7)

P+ PP 4 Pot 4 Prssds 4 poeids 4 pow = [ oke 4 poaesn 4
ppateh 4 psel (8)
Horp: PO B J7, PPN BE LI

FetRt F1, PO Bt A R R S Ee LR R Th 2R,

Pgeesdis Syt B t IR 4 = SUAG RE TR DI 3, Pt Sy it

Bt E bR T E, PP Iyt Brt A e 9 6 HL T

B, L R Bt H AT, PrEes I Bt R 4

SfERE AR R IIE, PE NI Bt & i R I,

P el Ryt B t [ BRI A HL )

(2) A a7 -1

Htgt + Htcaes + this = Htcass,demand + H[Ch + Htsell (9)

gt — gt caes — caes,ch caes,demand — caes,dis
Ht - agt'Dt ’ Ht - acaesPt ’ Ht - chaes’Dt

(10)

s HE i BOR R AL A HLIBC 72 A2 11 24
IR, HEes NIt BUt 4 2 Ul RE 78 HUE AR o (el
38 Th 3, HP® Oy I Bt il A B SO T R
Higeescemand g ik BE ¢ s 45 2% /< Ak e HL BT 7 19 24 )
By HP W Bl R T AT, HEe N B
SRR, a, MR RHLARLEL (KW R/KW
HLD s Ol J 200 2% U E 70 FLAR BT R B (KW Y
KW HL - Bea, He 4 2% S it HE LA TG SR R HL (KW
AW HD o 7 ZBHIRE, 3 (100 F1 AA-CAES
() RIENSR A R R R HOTON 2, XA M R
VR P AL 2 M ) SR gt T 25 HR I 2R T AT 1 5 2
fai4k,  fE 0% %I i R G0 %O RS B IRFAE . AA-
CAES SbriafT o Fik R M7 /242 TOURFE

(3) FHILIBITLIR

AR THEAL -

PR" < P#< P>, - Ry<P{-P! <R, (11)

Hobre P N B R S LB N R
P N SRR K T, Ry, E I 5 R il
(R RINHZNE .

fl e RGBT R «

noP: -
SOCs, , = SOC; +

ppde
Ew Mo , Se{caes,batH}
(12)

Horp: sRfERE KA, WTHUE caes (L4
TAMERE) . bat (BHIM) . H (E#GE . SOC;
WA N BT IR i i fr OIRS CEEHN, 0~
SOC,, 5 W& s fEI B+ TTAR I (O faf HUIRAS ) ng,



A T R AR A S U RE R AR R B ER ) 2 B IUGIREE R 5

B sHTEHL GERO MR, g s s MR Ol
HOHE, Py sENBUt R (RO I
R, PR sk sER BULIIBCE GRHO Tha, EX

B s BUER R . K& il ReR KAL)
RS R, AT )45 S I i 5 24 ) i o2
%j%o

(4) M HLR
0 < P < Ppaxup™
0 < Ptsell < P;:%xutsell
u + u <1

Horr: PR 5 R A LR RT3 (i HL R
B LR, uf” —kHIA R, 1 RIRI Bt A
PO R, O R AN HE, w4 &, 1 RoR
Beti g, ORARAER, LR up + u <
A ORAIE [F] — Ay BROAN RE [R] IS D R AT

(5) fEAEBATAIR
0 < He (1) < Haon * Upen (1)
0 < Hag (t) < Hinc ais = Unas (1)
Upan (1) + Uy g (1) < 1

(13)

ancthh(t) - Hdis(t)/r’Hidis
H

SOCT™ < SOC,(t) < SOCI™
0 < Hsell(t) < Hsn;?lx
HEZ (1) < Hy (1) + HEL (1) + HE (1)

SOC,(t + 1) = SOC,(t) +

cap

(14)
Horfre H, () Rl Hy, (1) 73 9009 78 3 D SRR
RS Uy () Uy (t) AR, T3 A
[l 78T . SOC,(t) /& I H Al HOIRES S 1y e
Ni g NI s SOCH™ 1 SOCK™ 43 il /& A fi
WEE BN . ORIV HCGRE (4 A EL0.1 Al
0.9), HI NEKEMRINZ, He i Bt it
#, HEn(t) & CAES UL #vi, #AE A i
FRAH, ARIUE CAES Jl AL TR SRAR e A2

3 ATH) AR5 HM-TOPSIS 5
PR E RN £ B iR KA

HE VLA R0 A T B R R &2 H AR LA IR
e PHEEAR CRBARCN) SIRERTEH bR (i
HESR ) AT, W H AT H xR A
BB ERARMIME— . DN, ASCRA “SekiE. )5
PR AP BBy G s B e YT e- 2Rk
A B 5043 A7 1) Pareto S AR AR s SR 5 K H RS AL
-TOPSIS VE M4 2 WL e tH i3 7 %8

B BOE R e S B e, SRR SN I 0 B
WEA 7 3 AU A SR AT HTVR AR B 52
3.1 5 e-REA RL Pareto fi# g
B g- 2 HE* (Augmented €-Constraint
Method) & — MUk A SK i 22 H Fr A0 AL 1) 1) 22
Jiik, FZU B 2 HR I A N — R A1 5
HARTia) @, 38 5 3 AN (5] ) 249 3 B0 E A2 F Pareto
RS . MR TALG R INBUERANE, 1%I715RE
R AL B H Ar ek B AN A — 3 3R Pareto VA 7]
i, BAE R ARSE AT N A .
AT B H PRI /L, 2t E
b CR A ME) e FE B, B M
WWAER H A5 fyo 8 5670 0 KA 52 H AR Ak 9]
A, E & B AR BUETEH . SR BN A
i R -
™ =min {f,(x):xe Q}
;7 =min {f,(x):xe Q}
e, THEAE f DR NME R, AE £, A
JAE f, B /MBI f, (RAE f7
£ = min {f,(x):f,(x)=f™xeQ}
= min {f,(x):f,(x)=f"xeQ}
H A 58 O H B f, BB BN [ 67 ] Y8
'L/(Ey‘jrz = fzmax _ fzmino
H R H b B Y LS 4y NS XA, AR R
N+1 AL R -
k

g =M+ =1,

N (17)

AR SCHUN=20, B4 21 MY AR e fH -

i A k = 0,1,---,N, SRS T s, B
A 3R1S —2H Pareto S AR MRS {(F,£) Yo 1XMREEIT)
PRIAN B £t 23 0 2 H AR A R AR AR, ) AR
T 5t SR A AU &R o
3.2 f§L-TOPSIS ATk & MITF AR

B e-Z) AL R Pareto iR 8E L & 2 AR
BOfifE, & ARAEL T SRR M 2 TR) 2 B0AS 5] R AL A
KFo NMEEF L B SR TR, ASCRH
JAAL-TOPSIS AP AT Z R ME R . T iEE A
T IEEGE & WL BLAR #5 F0 TOPSIS i M HE 7 g
71, ReERMFEHPEN & T B S, R R R
X S 4 BRI RE I

% Pareto fiE £ L m AN A AT R, BARE
THANTENAEAR: AR, FIBHECR fye KRR
AR FERE X = [ X0l eor FeH X, RN 5 p DRI

(15)

(16)

k=01, N



6 i B A

5 & R

S, X, TR p MBI BRI
BT WA FE AR 8 9 A B R AR GBUNERARD
RN ZEVE AT R EAG AL 3, DAV i B 0 R 2%
QR
max (X,) = X,,
Yoa = max (x,) - min(x,)’

Kb max(x,) Fl min(x,) 5 518 % g AN Ax
(K B KA AN e /MEL sy, AARHEAL IR BIFRARE, L
{EIITEO, X [ Y
AT g MRS T HE p MR SRR -
_ Yu
Pog = —
2o
2y, =00, % p,Inp,. RETHESE q M6
(A BN -

p=1,--m, q=1,2(18)

(19)

_1
€, _7W‘;ppq Inpy, (20)

G e ML T TRAREE K B IR L, e K
TR, (EEEBU/N. R A q MR
PRI ZE 5 R EL

g.=1-e, (21)

W48 AT L
w,= (22)

2.9

R bR AEACFERE 5 R bR AU AR, 5 BINAUbR
PR -
Vg = Wq * Vg (23)
IEFRARA VAR SRR (A A, SR AR
VAR bR ) S/ IMEL R K -

V= (maxpvm, maXprz) (24)
V- = (mianp1, mianpz)

THEE 7 2245 1E A7 BRAR R 1 R B 25

2
dy= | D (V= Vi)
=1
! (25)

d; = i(qu B VL;)Z
SRV CHIATRSIERD A
d-

- P

C =
body+d,
C,e[0,1], C, KK I7FMMN. wH C, 5
RIETT A m A i BT % -

(26)

3.3 RFRMERIE

AR BSA BRI 2 R . S
b B e 4 T e- 2 AR i A [R] R R T2 AR
6, KR —R5 0 BRI, 45 5] Pareto fiff
& HBrBokt Pareto iR Nt 77 5%, i)
RS W SN NS/ ) QI O EN S DR
TOPSIS V&t 5% J7 S MIARXS WAL RE . e b i
L SR I TT RAE R R . 2R SEDL TN
% HAREAL 2 S IL o SR 10 E B Ak BT b B

4 HG|2H

41 RESHEHIRE

AR 336 BT i A Tl e [X 2024 4 1 ) s
A Bcdh A D S0 o M O B S . izt X R
FIER IR I, X FRMBME T ERAR
i FERI G A E I B, DAk 5 E AA-
CAES [ B B R R S LA I RS R 71, 75 &
ARSI FCENL . %X T A RERFAL 2%, RENS
A RO MY S e 7SR AR A RIS, XA
W5 AR 708 B IR I R, T
feft 7T R AREMSEMER R8s . W
WBE N 24 /NS TR ) RSO A /N, DA A2 T
FETT S R BEOR SRS AL iR .
Matlab ) YALMIP L HA46, 454 CPLEX12.10 3K
AR AT R

1. 078 H RO H 77 AR T i A

JGAR 0 U] R B (R VB RF AL, U H 3L
FERARTE s R 7 32 R 2 A 52 i 2 B i 50
P, BB SR s TR S ST 2 e U
I B AR A7 070, 5 AR RE Al ) 2R 7 R
M. B3 s 7R H RO 7 K #A A g
S

2. B MRS B SR

ASCHE SRR AR X TR
AEENLS SEEELE ARG A A RE . 7 R T S A
FLZTE. RAFRESETENERA,

HIZR 1R AL, Al AR & 5 CAES HUE BRI
e B TR TR T oK RIS TR A HLAIE H 1
RS IR LR AR I 2 T A7 A A W8 R IR ZE 4
B, DRAE ¥ AEFTHI 7E A M TR R BE R I N, fi B
FRR A2 R E KL VEA DR LU

3. 7r I LY



oz A T R AR A S U RE R SRR RIS ) 2 BT R 7

e B ERERAR

v

KARL Fl e, At

HEEHER

o

A

RF AR

l
RERNT

| /B TOPSISERE |

DJ!

=
4 plhiParetofifsE

L e

B2 ETHE e-ARZESHIN-TOPSIS EZH % BirkiRi2

Fig 2 Multi-objective solution process based on augmented g-constraint method and entropy weight TOPSIS

method
F1 REBRESY
Table 1 Parameters of system equipment
P& 24 U
g N B LA RW 2000
& HRREHA BYEA GLKWhH) 0.024
. BEHLAT/KW 800
RAREHA IBHERA (GEIKWhH) 0.015
DU 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 Ezkﬁmm%/kw 400
B () KA (BRI 1 Ol
360 R s 0.55
E3 s AR R SR e R s ORI LA kwh)
TRHEBCR S (Wi/kWh) 0.0005
Fig 3 wind and solar power output and electricity/ ’
heat load curves on a typical day BORFEHR I KW 300
AACAES B & R/kWh 2000
; o - EUERAS (GE/KWh) 0.008
S = SN | IUAN: T NECE, R N =
Wy B R Bl 0B EOR, R T =
A A A . SFBCRE AN N 0.4 JT/KWh, (RS —— i 2B kWh 800
BU T 65%, gt By FiE 63%, B —FEEARIE SBHERA] GLikWh) 0.02
v N N = . 2% 100
o B 7 100% . FiL B 120 PO K 1 80%, AR o
b i T fif A
F LS Y AT IRE A 5 LS 5 T 5 B Ll SEHERAT GERWR) oot
W3 A7 CE AT ZZ IR AR R 9 P B 5 A1 g e o G 0.0002

A, e B F AR 5 SR R A T R
LA, Mz T ARG HBIRSS T A2 H
BRESEN R . S M I SO I TR i LA B
AR F LR, 80% I LL e — & B

&S . BARSH B BN IE 4R,
4.2 IZERERDH
N ARGVl AA-CAES X e U HL |48 57 S5k



8 itk & A ¥ 5 & K

JE B RAS AR BRI AR S AT o =2 H s T
T E M. LRGSR EWMR 2PN, K5l
HERUME 3 s

AT (JT/kWh)

*k2 BHRKE
Table 2 Scenario setting

Tt AA- & AA-

7755 CAES CAES SRS BAORD BRI R
WHEL (h) 75 % N N
4 SFENE W52 N N
Fig4 Time-of-use electricity price W53 N N
W4 N N
BAT IR BCR, ASCRE 6 XTI R, 4+ mus J J
5| Bl 26 1 AA-CAES 54 AA-CAES i fh it &, ¢ ke J J

*3 BRURMERE

Table 3 Simulation data for each scenario

eSSl BT & RUA TG IBAT BURITG T B AR T B HIRN/IG 4 i kwh Tkt

75 AA-CAES 1. B A RN 5152.64 3585.38 2139.54 572.28 2294.3 4.0250
2 BRHPBUR A 5348.17 3089.70 2839.54 215.56 1749.6 3.7753

K5 3) Wi 3 5329.64 3100.06 2610.61 381.02 1971.5 3.8253

& AA-CAES 4. BRA SN 4436.40 3883.11 1151.97 629.41 961.3 3.7220
5. AR 5148.35 2511.46 3009.29 0 0 3.1658

6. ;i % 5059.72 2561.74 2480.99 0 0 3.2215

LEREW, HE AA-CAES G, R&GE=fit 4.3 AA-CAESHEELtY VPP HEIZITEMN
TUYR B AR NS T B AR PR SRR 1 4.3.1 AA-CAES fifs SR
WE W, (HANTEIRSIALHIAAE 2 R FE R HH & 5 A 6 n] %0, 75 AR AL B AA-CAES (11
KE/NEFRT, gl “RigmAK” BERMINE S, BRI (UKRSEMEBRSEEL. & Bt &
AR TR 46.16%, TR RA FRE13.90%, RIS I R AERR R T, SZPRTE AR . NEE
B HE S EP PR 7.53%; ERRHFBURICHIR N, &R EMEERE, R4 2 B CRE. 0:00
G ONTR L R AEAR BRI BO R I 7%, B R —8:00 N7 A I FEARAS I By, FiL A7 i ZE RF 7E AKX
JRAR/INIEHE 1115.98%, (EAERER AR T s B TR, RGO A T KT, R KR TR VR ek
BREENLALI 71, BT IEAEIT 18.7%, & mk  Huilggh, WHAEE s ks e gha, & B ™ &
AN B 3.74%, T i HE BCRE R A B i om0 AR . 9:00—16:00 HE N H JE] Tk AR R e g,
16.14%; TEZ HAsiR TR T, fErefieiien wasul Bk, etk iIreasist, BT
FHmriiis, £ 5EHERN, WHEERAMRL B, fEEBOT K, RGBS EE L
4.97%, EIEAPENG5.06%, MBHFERD L R E B mER B m i B, S80WH
15.78%, JLF 54 HAnFEF. a7 W, AA- AR SHRAGRED E7F. 16:00—24:00 fifaiiE 4 (Al
CAES [ RIGIN B RENE RA T W MM AT Z V&, JeRHE REE, K BT, XA
CBME I RE SRR T M R B A 2as, o JIUFE R E I3, RGN 75 50 R e v 5 1%
WA Z BAR RV, nERNEFARNT S, BhefrfetiE. mkaT i,
IR LR, R RGE AV AA-CAES I 2 0L H | 92 S BB A R (10 5 15T BO
YEPE T G R TG T R a4y, KEAF “HEFER. AREHE” FEE17R
&, GV SR A DL
7 FfE8m &I, fEfic B AA-CAES 5, K&



oz A T R AR AT R RE R SRR RIS ) 2 BRI EERT R 9

2000 7

el R AR E
B st B I
1500 = o fi

1000

500

T (kW)
°

-500

-1000

B (h)
5 JF AA-CAESH T FEREE
Fig5 Schematic diagram of electric load balancing
without AA-CAES

o 5 10 15 20 25
B (h)

[E16 JcAA-CAESHER I IRZSE
Fig 6 Battery state of charge diagram without AA-
CAES

FUEE T (¥ ity HL B 77 -5 5 Ao ~F- 8 45 P 1 B AR AR P K
. 0:00—8:00 & i A\ HL & AR B Bt, AA-CAES i
AT LA R B, BRSO ] TRVl b T A 1
RNHHATIEAi ki Re, 5 AR 70 KBRS I H
REFGE AN 45 23 A BE A7, B XL P A 200t L 37
4. 9:00—16:00 H [F] F i sy B, AA-CAES
TN BORARAS, K7 (R A7 )37 s PR RGP R R
T, A BOE AN AR A T R R R O, R
RIRSFHR B mIEI s . LUEAL-TOPSIS ik
Preh 7 o0, NN AA-CAES J5, Z 4 A
1 2610.61 7G4 2 2480.99 7, T I%4.97%; HA
A H15329.64 76 1% % 5059.72 7C, T [4%5.06%; Bk
Hejgo 3.8253 t[% % 3.2215t, F[%415.78%, <<l
T A SRR R B 32T . 16:00—24:00 it fif
[l YA B B, AA-CAES R AR 5 512 i Ha 471 faf R 1 1
FM ) E, AREPII S, RS E AL
ZatE, BRI RGUET PR, 5IFEE,
AA-CAES [N N sk % 7 & sl 1247 K 77,
AL T it BE R BEARIZ TR . T AA-CAES I,

T A AR E RO IEAESS, AR TR TR
R NP L R VNN &) LU NN S T
B AA-CAES J5, & R/ N HE I D3R 2 pi i,
fif RS B BIVE L O, s AT A, ek
i 5 RGBT

i Bk Ok

i Bt (h)

E7 & AA-CAESHIE fafar FEREE
Fig 7 Schematic diagram of electric load balancing
with AA-CAES
.
0.8
% 061
=
®oal
0.2 -
o | ‘
o 5 10 15 20 25
B (h)

E8 & AA-CAES HE R TR RS E
Fig 8 Battery state of charge diagram with AA-CAES

4.3.2 AA-CAES R i A 3

HE9ME 107 &1, TLAA-CAESH =T, &
GRS E R, A B AR ST AR R
B HGH 2, AR REE IR R AL
VR E, FRIHAER IS 0—8 h R[] #4
TR, AN A QERELEAR AL, R RECHLAE
T R JE A AR AR AT () (RBP4 i B R W45 0.5 (1)
EHORETFIRFFEE TR, 5 9 h I fif HOIR A Pk 2
THE 09 KA, BB AT, fifi il 25 H
R 90%. 9—16 h Ay H [y sl i, 4h3
AT IRTE, BRAAE N AT I8 2] 200 kw, B
JIME— A% O B s At FAGRE R 20 ik N TR BE TR B
15 i EHCRS EEE 01 LU, #a B S
PEE O IR A, &4 )7 0.5-0.9-0.1 BIK



ik fe A

10

ave
¥

5 & R

VSR, FRUAIRIE 215 0.8, AR R E .
16—24 h IS IZ 2 mlvk,  filt Ve DUREAT /1Nl 78 1
PR, RAFRELE 0.1~0.2 MR AE A IX ] . JEAEE
N, SRR L e e B AT o Bk 100%,  REVRA T
BRI, B E R KRR — R gy, Bk
SEILAA AL PR R RIRT, 7 RO 5 B ) A7

HINE (kW)

I B (h) * * *
9 JXAA-CAES AT FEREE
Fig9 Schematic diagram of heat load balancing

without AA-CAES

o 5 10

5 10 15

F B (h)
E10 JcAA-CAES HIfiEERSRER
Fig 10 Heat storage tank status diagram without AA-
CAES

20 25

ME1FE 120 %1, B AA-CAESJE, &
ol ik R RIEREE RS A 0—8 h T (Bl Fe F A B
AA-CAES DA IA] & 4% R HL A Ae Y AT 28 SR 4
BRI R A = A R R By, B A RSB
TP GG, BARBESEO L 50 BT (8] S Al 24 £ 4o
e DRBY B fifs A ELE FEAE 0.5 W] 46 i HOIR A
TR AR, i AEE FUATIRES B JC AA-CAES
75 10.5—0.9 % £ 0.5F%, E1738EF1K60%
LA lo 9—16 h H A8 5 #4670 B B, AA-
CAES [ B JBUA7 s I R 46 25 /<, — 5 TR FLBEAR
H IR R A ff R 11, 59— 7 VR A LR, S fif
TR ST R [R]39 2 #A B ar 75 3R kS
BRSEE WL BT 2 6 AA-CAES 17 5 200kW [

% 60kW, i (5 EL % % 30%, fil AAGHE SRR T
RO, THGER LR, 216 hiNFEE 0.1 A
MRS RCIRES, DT ARIEAT, FR R 2= 4
%2 0.4, %I AA-CAES I 5 %1% 50%. 16—24
h AU BT B, AA-CAES Ji /b itk /7, filidk
FEA AERF IR, A RREM 0 o, BITH
Bt — SN .

IV (kW)

25

o 5

10 15
I B (h)

E11 & AA-CAES K FEREE
Heat load balancing diagram with AA-CAES

20

Fig 11

16 1‘5 2‘0
I B (h)
E12 & AA-CAES HIEHERSRERE
Fig 12 Heat storage tank status diagram with AA-

CAES

5 25

4.3.3  AA-CAES iU HL 5 (A SR I 18] (7] 25 4k
Bk — 357 it AA-CAES HLH ) 53 71 M 8has
K. HEA3 W, BUoBEIRML (FL 5
L R SR Bl &2 (B 4> 7E 9:00—16:00 58 42 [
A, AR SRR (L S57dn
We#kth 45 (£1.48) £ 0:00—4:00 F1 22:00—24:00
WrE L. XA R R R o R T AA-
CAES 38 /7 2 TAR RS —— M 4 i F2 a6 2R 7 34
MR L R IR IR AN, 3 A AFAE ST I Y B
FEo ARG, TR RIS TR BT AR A E
SEN1.05, T8RS 78 L) SR A LU AR 2 D
1.13, 53 (100 BoE M R%—2, Wik AT



oz A T R RE A AU RE R AR R B ER ) 2 BRI ERER 11

AA-CAES #HURE R P 221 10 ) IR

t
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
B (h)

E13 AA-CAES EBINERSBANEERLXHR
Fig.13 Synchronization relationship between AA-
CAES discharge power and heat release power

5 #Z i

AT %o v A A I 30 X R 0L B ) AT R A
P FEAE . FERTEGN R 1847 A . B HE
RN E, M 7 & AA-CAES F#4H i [H] 1
L) 2 bR RAL R FERLAY, DU AT BUAR S R
BN RHE bR, R e- 24 Rk 5
-TOPSIS{EHAT KAl 51k, FF LAT S Tl X
SR H BRI R E G AT, BRILLF 4R

1.AA-CAES I A 201 i 5 Ao IF 25 #5150 5 70 K
M RIS B R MR T R 4ifif, AR
U B R e, SEI XU ES B B R AR A,
H RT3 A2, [R] A 1~ 410 H A7 fep DA A
Wesh, IR R SRR A &

2.AA-CAES L LB FIRERE & Wil 7
BB PSR R #4 R I BUAN R, 4G
G IEETE 1 “ AA-CAES+HR S ML+ " £ o0
MEEHIA R, KR PR R R S FE ML PR K
W, R RALEERRIERI R, P eE RS 4t
PnTEEE

3. RG A G SRR S W E LT W
AA-CAES 75, Fit B AA-CAES J& 7E K A e /N
N BRI 13.9% . W LA TP 46.2%. Bk
HEBUR P BRI 7.5%;  LE TR HE BSOS AR 37 5t R ik
H— B 16.1%, SATN N 3.7%; AT
5 SR S A PR 5.1 % T H AL 5% F
[FI, BRHECN % 15.8%, A R T 45 51K
Btk 2 TR AR L2, 38AE T AA-CAES £ £ H bx
PR R T S P R A

4. AA-CAES REf% 78 77 K A K I iff G 5 #i LG

BOLs, A2 B AIR 5 SR AR VA AT G
PR SRR, IR E R IEIX . L
BT AR ) AL R B L Ak ia 1T S AL e
K EBAR S

AR, AT O R 2 1 4 R A R SR A
P, REINEFRSZ RS MR, BRI AR
JE AL IR 20 R KL Dk, X 5 sehrigfr
I3 2 PO R A AE 22 5 o AR SRIE FE 7T AL 7Y
FEAIAL S N 37 s R A HEBE i — D g o R AR
RUFGAAC T T, — A R o BeA MEAL SRR DK 3
751521 AA-CAES J1 45 24 a1 i 2 5 I K IR A4 B
fil S 1+ DFIKT RO BT B 1 AR 2R PR A2 AL R
P TR AT R AR AR SR RS
HRBCRLAH, AR SO IR R Lk TR A
PR, DU RGO R A R A A
A7 A SMAERE, MATIEAR R E5e s I
MhE A, RN SR T T, AT 5 B X
R BRI E M, 0 2 20 e I RO
HEZR, FFRAA TS L], R T f 7 i 4 4
M2 ZYFFELREDN, iR
FERZRIAE N GRS TAESE e .

2 F Xk

AR, R, B PF B . TH] 1A s e e b A B s 1) R L B 70 28 8 R Jee ot )
[J]. mF LT RE 2441,2021,41( 18) : 6245-6259.
LI H, LIU D, YAO D Y. Research and judgment on the

development of China's power system towards the goal of carbon

[1

peak and carbon neutrality [J]. Proceedings of the CSEE, 2021,
41(18): 6245-6259. DOI:10.13334/j.0258-8013.pcsee.210050.

[2] SR KT W/NGR A L LA T AR BRI RGO BOR R
JEBRER[J]. H 1 RS0 H 311K,2021, 45(9): 171-191.
ZHUO Z Y, ZHANG N, XIE X R, et al. Key technologies and
developing challenges of power system with high proportion of
renewable energy [J]. Automation of Electric Power Systems,
2021, 45(9): 171-191.

[3] JAWEAE, 25 AR M 2 R B 43 A B bR 2 5 R B2 [, B ) R
4; [15111£,2020,44(7):23-30.
ZHOU X Q, Al Q. Combined distributed robust economic dispatch
of distribution network and multiple microgrids [J]. Automation of
Electric Power Systems, 2020, 44(7): 23-30.

[4] WEPUA HIMREBE, S0, 55 T A 255 e R B 0 RE LR )R
Wk SRR [J]. 7T AR R TR, 2024,42(01):127-135.
PAN KY, HU L L, WU JY, et al. Design and planning optimization
of virtual power plant control platform for integrated energy
coordination [J]. Renewable Energy Resources, 2024, 42(1):
127-135.

[5] Zhang F , Gong Y , Zhang X ,et al. A multi-objective stochastic



12 & fE

Bo% 5 R

optimization model for combined heat and power virtual power
plant considering carbon recycling and utilizing[J]. Frontiers in
Energy Research, 2024.DOI:10.3389/fenrg.2024.1363360.

[6] #Bte,@5ika, MW, 5 JE T 2ACH BRI 5 ST L) 2 5T

(1 1 Ak 5 g [J]. B AR H 77, 1-13[2026-04-13]. https://doi. org/
10.19725/j.cnki.1007-2322.2024.0123.
Ql B, PENG H Y, LI B, et al. Optimization strategy for virtual
power plant participating in peak regulation market based on
multi-agent reinforcement learning [J]. Modern Electric Power, 1-
13 [2026-04-13].  https://doi. 0org/10.19725/j. cnki. 1007-
2322.2024.0123.

(7] EAEL, B, R 58, 45 . T 2R E M 5 2 B 2R IE IR R AU

HLJ 2 I TR RO [ 5&E I 1 BE U7 k). oA U AE I, 1-12[2026-03-17].
https://doi.org/10.16513/J.2096-2185.DE.25100518.
HUO F F, LYU Y, TIAN H L, et al. Multi-time scale adaptive
scheduling method for virtual power plant based on multi-source
uncertainty and online parameter correction [J]. Distributed
Energy, 1-12 [2026-03-17]. https://doi.org/10.16513/J.2096-2185.
DE.25100518.

[8] TKHRR, &, FH, A5 R UM BE BOR VRS Rl SR a4 (J]. i

fie k22 51 R,2023,12(04):1295-1301.DOI: 10.19799/j.cnki.2095-
4239.2022.0645.
ZHANG W L, GU H, ZHANG C, et al. Techno-economic
characteristics and development trends of compressed air energy
storage technology [J]. Energy Storage Science and Technology,
2023, 12(4): 1295-1301. DOI: 10.19799/j. cnki. 2095-
4239.2022.0645.

91 FHRARPE AE 5. el R U R 2 R LA B2

AL [J]. RS Fk,2022,46 (23):59-68.
YIN J J, XU W J, LI J L, et al. Multi-energy flow optimal
scheduling model for advanced adiabatic compressed air energy
storage [J]. Automation of Electric Power Systems, 2022, 46(23):
59-68.

[10] i, 7 58 1% Biifg ek, 45 . 20 AE B I P K 25 5 RRIUR R G4kt (V). T
L L2 244%,2010,30(36):1-7.

WANG H M, ZHANG Y C, CHEN H Y, et al. Review of integrated
energy systems in smart grid [J]. Proceedings of the CSEE,
2010, 30(36): 1-7.

(1] AR 55 o, X B S db 20 TR 4 2 Uk e R G B B D 2 AT

HLER [J]. figfERH¥ 5 4R ,2023,12 (04):1205-1214.
WU JY, HAO L L, LIU Y Z. Thermoelectric cooperative operation
mechanism of advanced adiabatic compressed air energy
storage system [J]. Energy Storage Science and Technology,
2023, 12(4): 1205-1214.

[12] Yang Cheng, Wang Xusheng, Huang Manman, et al. Design and
simulation of gas turbine-based CCHP combined with solar and
compressed air energy storage in a hotel building[J]. Energy and
Buildings, 2017, 153: 412-420.

(131 TR, NE B8, 2 STk, 55 . 2 XA 0L B T 26 R U W 1R T Al AL
R[], A [ H AL T2 244, 2017,37(23):6780-6790.

ZHOU Y Z, SUN G Q, HUANG W J, et al. Optimal model of

integrated energy coordinated dispatch for multi-regional virtual

power plants [J]. Proceedings of the CSEE, 2017, 37(23): 6780-
6790.

[14] Li Rui, Chen Laijun, Yuan Tiejiang, et al. Optimal dispatch of zero-
carbon-emission micro Energy Internet integrated with non-
supplementary fired compressed air energy storage system[J].
Journal of Modern Power Systems and Clean Energy, 2016, 4(4):
566-580.

[15] M, ok T, R PR . 25 REBR 20 AR R A0 L T e A LAY [J]. Y
$4,2020,44 (08):2901-2910.

CHEN H, ZHANG N, KANG C Q. Economic dispatch model of
virtual power plant considering carbon constraints [J]. Power
System Technology, 2020, 44(8): 2901-2910.

[16] 2= M8 A5 1L XU, A8 T B R SR R (R 25 BEVR R G 2 F AR IR AL TR
£ [J]. B 77 A 36 4%,2017,37(1):103-110.

LI P, XU Q S, ZHAO B, et al. Multi-objective optimal dispatch of
integrated energy system considering demand response [J].
Electric Power Automation Equipment, 2017, 37(1): 103-110.

(7] %4, £5F, 245,56 1F BB EMLR G R R % 2 H AR

FE [J]. W TR 4%,2021,36 (12):2510-2520.
YUAN X D, WANG D, LI 'Y, et al. Multi-objective optimal dispatch
of integrated energy system considering electro-thermal coupling
[J]. Transactions of China Electrotechnical Society, 2021, 36(12):
2510-2520.

[18] X IR 30 2. HURUELIR R 2 H bR AR AL T BE IR Db st T v

[J]. H T4 AR 2:4],2021,36 (09):1850-1860.
ZHAO J Q, YE Y F, LI H. Convex relaxation method for muilti-
objective optimal dispatch of integrated electricity and gas
system [J]. Transactions of China Electrotechnical Society, 2021,
36(9): 1850-1860.

(190 A A= 48, A= 3 B ok 42, 46 .l b A0 30 48 2 U e B AR A 9 30 R e e

B[] E AL TR A 4, 2018, 38(10): 2893-2907, 3140. DOI:
10.13334/j.0258-8013.pcsee.172138.
MEI S W, LI R, CHEN L J, et al. Research progress and prospect
of advanced adiabatic compressed air energy storage technology
[J]. Proceedings of the CSEE, 2018, 38(10): 2893-2907, 3140.
DOI:10.13334/j.0258-8013.pcsee.172138.

[20] AR AKHEE, KIBH, 42200 . ST e- LA MR E RS2 H Al

B[], L) R GRS 5 4511,2021,49(19):65-73.
SONG Y Q, LIU Y, LI B J. Multi-objective optimization of wind-
storage combined system based on augmented € -constraint
method [J]. Power System Protection and Control, 2021, 49(19):
65-73.

[21] SRAEAE B b R, 5 A 2 PR A 2 U R 1 2 AT SRR VR R it
AE 4 M F 5 [J]. R [ L T FR 4% 4R, 2018, 38(S1): 142-150. DOI:
10.13334/j.0258-8013.pcsee.180314.

ZHANG H Y, CHEN S, ZHU T, et al. Study on energy supply
characteristics of distributed energy system with adiabatic
compressed air energy storage [J]. Proceedings of the CSEE,
2018, 38(S1): 142-150. DOI:10.13334/j.0258-8013.pcsee.180314.

[22] 24 7S ik T, 280 . WAL-TOPSIS YL AE L f I 22 H bt Kl o 1) 12
FH[J]. MR ,2018,42(07):2210-2217.

LI'Y J, ZHANG L Z, LI B. Application of entropy weight-TOPSIS



oz A T R RR A U RE R AR R RS R 2 BRI EER 13

method in multi-objective planning of distribution network [J]. Power System Technology, 2018, 42(7): 2210-2217.



