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Multi-time scale low-carbon dispatch for Xinjiang green computing parks
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Abstract: Green computing power parks integrated with renewable energy bases in Xinjiang face coordinated scheduling
issues, which are caused by fluctuations in wind and photovoltaic power output, computing task deadlines, inter-temporal
coupling of energy storage, and variations in the carbon emission intensity from purchased electricity. To address these
issues, a multi-time scale low-carbon scheduling method covering day-ahead, intraday, and real-time operation was
proposed. Unlike conventional approaches that represent flexible computing power as continuously shiftable loads, a task
queue model was established, incorporating the task release time, deadline, energy demand, upper limit of single-task
power, upper limit of aggregate computing power, and unfinished energy, so as to characterize the temporal shiftability of
computing loads. The energy usage effectiveness varying with ambient temperature was adopted to represent cooling and
auxiliary energy consumption in data centers. Constraints on energy storage state-of-charge transitions, mutual exclusivity

of charging and discharging, capacity at the point of

common coupling, and purchased-power ramping were

E&WA : FR ARSI H (72595835,52266018) .
National Natural Science Foundation of China (72595835, established. All costs and losses were converted to
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mixed integer linear optimization model was developed. At the day-ahead level, a baseline scheme with 96 time intervals
was formed based on the prediction information for the next 24 h. At the intra-day level, wind and photovoltaic power,
electricity prices, carbon emission factors, energy storage states, and remaining tasks were updated every 4 h, followed by
rolling optimization. At the real-time level, task, energy storage, and purchased power were adjusted every 15 min
according to actual operating conditions. A parameterized typical day for a green computing power park associated with a
wind and photovoltaic power base in Xinjiang was used as a case study, with four schemes considered: fixed tasks without
energy storage, task queue optimization, fixed tasks with energy storage, and multi-timescale risk coordination. The
results showed that, compared with the fixed-task scheme without energy storage, the proposed scheme reduced operating
cost by 61.36%, decreased the curtailment rate from 9.92% to 0, and increased renewable energy utilization from 90.08%
to 100%. After equivalent investment was included, the comprehensive cost was 38 709.43 yuan, representing a 4.53%
reduction compared with the baseline scheme. Across 400 independent out-of-sample scenarios, the CVaR95 values of
cost, carbon emissions, and peak power at the point of common coupling under the risk-based scheme decreased by
1.62%, 3.55%, and 1.68%, respectively. However, the single maximum peak value increased slightly, indicating that the
proposed method improves the average tail risk in the most adverse scenarios, but does not guarantee superiority in every
extreme scenario. The results indicate that coordination between flexible task queues and energy storage can enhance the
capacity for local supply from renewable energy, indirectly achieve carbon emission reduction, and balance the economic
operation of the park, peak shaving of the distribution network, and the quality of computing services.

Keywords: green computing park; flexible task queue; multi-time-scale dispatch; carbon emission factor; energy

storage; conditional value-at-risk; computing—electricity coordination
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Fig.1 An computing park integrated with a renewable energy

base
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Fig.2 Computing and electricity synergy system operation

procedure
2 RS EB-R-fiEpE A e EE

ANTR) T AR Gl 5 Tl By, 2 (58 g el DX )
Bt O AU ER AR A3 2E A SISl 55 BRI 55
LA R IAT 55 2 B MR At L SR B A 55 BT 5
BRI G B 25 0y AL B | H R R4 5 B A
— 5 I [R] S AR AT 55 G e, AT 36 A2 5 AR BR 14 i
P2 T 5 R Ak e AR R A AR e HE T DY I B
AT P, AR SCAVRE S 7 G 3 B A8 R0Ch S S5 m]
LS , T R S R R T AT 55 20 i kg AT R



% 8 kER,F . HBGELAHNER bR R EAS A E - 99 -

2 B 20 | Al T SR RN IR 45 R 24 AR AT 55 BA
H1), DT A HE, 7 8 AR v S X AR B g £ ey 1 B
[ T RS
2.1 #FHeglREREEET
el X (1% 7] AT R B TR D) SR AT 3R
P(1)=P,(t)+ P.(1), (1)
X P (), P,(1),P.(1) 535k ¢ B B ) ] FEAE BB |
UL SEARH T
B 0 TT SR Ly (1) P DG T 67 fof 12 PEAT:
F5 fpng PR A AL >, B
Li(t) = Ly i(8) + Ly o () = Ly (1) + D 2,(1), (2)

kekK

KLy () S SCBEIT G far , A2 SER L 55 Al Al
S5 MR AT AT 55 5 Ly o (1) T PR Ty B0
F 4% 30 2 AT 45 PAT D 3R 2, () BINAS 2 5 K Ry 24k
R4 SEL

Xt T ZRAMEAT 55 ke, B RN 20 7, , Ak 5 220
N d,, A AR TR E, R K PAT R &, , HR
2y

S (1A + B = E, (3)
0<ux,(1) <%, rk<t<dk’ ()
x,(1)=0 HiAth

zxk(t) S Pﬂex,mﬂx
FeK , (5)
LIT(t) S PIT,max

K2 B AR RE 58 AT 55 b I RE 1 75 5K 5 Py s
Py 73900 R FENESR 3 G0 A 5 5000 R0 TT 07 £ ) B
KAE; Ak B Be o 2 (3)—(4) BT 55 AT FERE
UR R FT BT B B i ST
by ik — 20 Z i R 55 B 2O SUAE 55 kR
SERLAE
EM = max(0, E, - z:‘xk(l)At )o (6)
2 E=0 I, R AT 55 78 B I TR 1 58 185 24
B0 2 (T 55 17 6 SR SERIAIG . Ep
AAE R Ge i AN AT I IBGE 9 LAS AR A B AR

C:la = 1000 Ca zEznﬁn , ( ; )
T

I s ey, P AR S8 ST 55 E R IO 1) A 55 Jo o 25
2.2 RE-BEERANERSEERE

FIPUEAE IT D4 5 6 5 il v e A i 6
FR B A OB R o O PR BB R AR, AR
SCRE PUE ARy ph BRIE I 5 A 1 98 v TRUIR 258 7 7Y

HMERTT S E, AN FRRAEIR 55 25 51 80% 5] A PUE bR
B3 A B BR PR AR IR AR A TR A A
1 T()<T,.
0o T()>T,.
Pu(t) = Puyy + apmax[T (1) = To] = by Fi. (1), (9)
Pyc(t) = Pyp(1) Ly(t), (10)
P < Pu(t) < Pug s (11)
K F (), P ()53 50A o i BRI [ SR VA J5 AT LR
A M PUE; T, 0 A SR IR )5 A IR B W[
ToRFEMEIRFE ; Py W FEUE PUE, B T, F A9 JE Rl B
R 5 a, R PUE BEERBE IR BE I A0 30 bR K 2250
by N H SRV TR S G PUE B AR T (1) g o BF B
()28 SNSRI E 5 P (¢) Ay o Bt B 500 Hp o0 18 it A 2
B3P g s P 2BIR Py (1)1 FBRE ERR
2.3 HEHHEMEFRE
FL — B B o B BRI H 1) 55 5 [ i
A TR L. &P, (1) PCCHME B,
BN XTI ) T B HE A E o, () 1
Eo (1) = k(1) P (1) Ar, (12)
() B8 R I, BT ] T R Al S5 B S AT
55 AT U s FH A R LA NI 5 2 KOG
H 1 FEME EL e (o) FARISE , BT[] 48 12 2 AT 55
AT, (53 7 B A Sl I A L T
2.4 fHEERGE
fitiBe 2R G0 nT M KOG 2l e 7% S ol RN R A1 55
Wit BE B )%, HESOC AR HERL I it >
Soc(t +1)=S,.(t) + P (t)At — P, (1) Atim,., (13)

F{ree(t) = (8)

E .<E <E ., (14)
0<P,(t)<u,(t)P,, (15)
0<P,(t)<uy(t)P,., (16)

w,(t)+ug(t)<1, (17)

1 Soc(0) A ARBE R GE ¢ I BT HUIRZS 5, Bl
O30 R FE R R 5w, (1), . (0) 73 B R AERE R G0
I B IS HCRARZS 5 E, D 6 RE 2 S8 N R TR A%
AES B s By 7PBRE, B B R ER

3 ZEEREXKEEHERSKE

55 2 2 N ISANGHT REVR A AT 55 BA S a0
PUE | HL~BiAE & A1 ZH 254 BE SOC 5577 11 %1 M) 1 2% (4
S bE X R SR B AT R o Oy ik — 20 S LRI fiy
i S ORI OE AL, 76 R R A SE Al b A g — &
MBI EE bR R R SIS AT 2R H T - H N -5
I 3 JZ2 SR A5 T T A R A R G A RS i A

.



- 100 - 5. & %

R % 48 %

3.1 BiREH
(0,53 07 Bl DA B B A (R EF 5 B W F A A
RETE AR R HEBRLAS 57 KGR IR 55 o
T PR O (R RN T AT o Shy bt S AN [) o 49 48 A
ELHAR N T 350 H AR R B B SORT A T8 A
g RMART o), #r g2 A0 Hbr
minJ = (1-8) (C g+ Cpp + Copon + Corn + Co +
Cramp + Croa) + BReo( 1) 5 (18)
K. J RERG Bs RBUE ;B N KBS AL R C
FAME A ; C, A REDE AR AE A 5 C.,, AR
W HL R HE RO AS 5 €, 37 MF6HRTT 5 €, 0 PCC
WA D e AR 5 € AW HL I (EAE ST s Ry L (U,)
R BT o BN E 5 o 1 S5 XU 1
S L AR Sy

Ci :ngrid(t)ﬂ.(t)AtO (19)
SEREA M AL A
C,. = Cbmzl:P«h(t) + P(lis(t) ]At > (20)
2 e, WA RE R G0 ST AL L B AT B AR
SN L B HE TS A
Coiton = C(?()zngrid(t) K (t) At, (21)
o, W ENLBRARBULAS .
FERFCIETT
Cow = o D P (1) AL, (22)

K P, (0) e W BBy R 2 5 e, S BAALFE
HLAE T R AR
IR 455 B AT I R 2 (7)o T X AR ] AU 249 3R
Yyt 5E VS R, PCCIW HL YR IRBLAE T C.,, F1
W IEST C .0 53 3 R
Coamp = A, 2 £,(1),

Coa = A, maX,Pg,.M(t), (24)
P (1) = Py (1= 1| = R, 0).(25)
Croas = /\szmk,s , (26)
VL SED W D W 5][53 1 ST RS A G SRS EY I @
()N aes F o B BLR PCC I HL ) 58 JTE 3 ik R
R, A SRV IR AR B B I E T %R e K AR b
C oo Prees Poia, (1) 73500 3355 s T B9 PCC A 2
FIET A (PCCIEH 25 ¢ I B Sl Fa D) 2
3.2 DELEEHEHSRFEBITHAR
FE— R EE BT BN, el DX D) ey A 2 8] 0
SR L) FE A L TRy 2o
P(t)+ P(t)+ P, (t)+P,(t)=
Lo (1) + Poo(t) + Po(2) + P(1),

(23)

£ (1) = max(

(27)

K P (2), P(¢) 530 K OSBRI L (1) R
el X B A fng o 2 (27) ZE 00 Ay Ha 9500 0 A1 38 FL )
B AT A0 ke L PR

ik & H AR S AHE AR, FE XGRS
FoUINAE A 22 B, e 23 o IR 2 R AR TR e R
JEI0I R B FLHE B 72, 55 o5 PCC )4y 75 12, [W] Bsf A 9
T A I8 B AT 55 AR B () ZESR AR v o> . Ak, #E
TR 2 SR ) G i L B (0) S EE A
WIRK R T BB B E (T ) A5, I 388 & i n] ik
AR -

El»(o) = Eb(T)

E(t)2E(T)- o0, -r(T-1)
Ko, RIS SV O 25, BLO. 50 MW «h;ry i BLAS
I B SF 1] 78 AT 355, 0. 45 MW - h,

3.3 AHEMEEEXKEAR
H A I 2537 5006 KOG | A 2138 R, 090 i HE T
T4 B it A - 48l B
P()=P.(t)+e1)
m(1)=a(t) + e,(1),
k(t)=k(t) +&(t)
P (), (), k(1) 5351 R AT AR BB IR M ) L He
B AR R T A BIAE s ,(¢), .(2), &,(¢) 53510
AT FRAE BRI 7 R BT R A 0 52 2%
BIROREAS CVaR il ot il B 22 5 Lotk Ak T 15

1
1 +azp\§i’

P o XU M (Value-at-Risk, VaR) B {E i L4k
i€ N YR s T RGEWIH H VaR BIE S,
E0HE =) -s; ] AGss THRR BT A p,
K s R AEREE . s, &, T IVIIT L, AL
a=0. 95, ILA Y CVaR ic > CVaR95.  H i KUK T %6
K H 40 HYN 255 5, BB i ARG 2 20 5 5e L[]
e SE 5 A B B SR A 400 41 7k 57 RE AR AR 37 5
CVaR95 i e A F] 20 2 37 50 V- 1945 21, S U 2

(28)

(29)

Revw =5 + (30)

ARG .

FEL A R HE IR 1 (4 AN 6 1 E PR Bl B B
[ (29) B 7 (1) Sk (1),
3.4 =BEKEEE

Ry A 4 Je 22 M L HINAG 1E RE ) RN S A 4
PE AR SCR I H AR - H IR sh-SEiHE IE 3 25k
ffRAE SR 2 RT3 (20 (1) —(2)) AR 5558 L.
it RESE B SOC \PCC 25 f I C I S50 24 o, {8 78 T
FE LA R E AR R ) E AT AT
3.4.1 HAEMHRIEZ

H #if 2 LA K 24 h(96 4~ 15 min) R AL TEH .



% 8 4

RER, F HBREFHEX S oo REARE R L - 101 -

SEEEAE 25 S0 R A/ 1% st
LU B L POC gt 7 TR AR
Ve S

A B

Jor = min D€, (1), A0, R(0),u™) +

BRvuro (Jo) + PsoclSoc.os = Soc.ols (31)
K C AR B 1 RGBT A ;™ o HETZ R
AR LR AT 55 AT D) At B ST D) RN
yj%:ﬂsocy‘j H j{ﬁ Eﬁﬂjﬁﬁﬁﬁfg-ﬁ %%& ;Psoclso(g.%_
Soc ol HT 219 1R SOC 5 H 2K SOC 1y it 25 #2252, I&
TIE A A 7E 7 22 8 B R A b () T RS2 4T . H R
2 5 8 4 JR e B M R XUB AR B, LA SRR M H
WAL JE TR
3.4.2 HWEZ
H N2 TEIE B ap iR 2, biE S hriz
FrHEaE , R 48] LOARAS 38T i KOG T0I | 7 o 4R
A WHEH AT S NS B . H N2 AR 3h
F7 A2 A7, AR SCHE 4 hiR 8 — Ik SRR H Y
155 AT 23 AERE D) R AN B D R g T LA
H N2 B bRkl
Jo=min S C(PT (), (1), k™ (1), u”) +
pllu® = uPMl,, (32)
Kb Y AR SR LR I %05 N, R B TR 3h 7
AR 3 P(e) o™ (e) R ™ (e) 535310 by SR i 557 g
Pt LA A HE R B0 5w Sl BN R PR
i s p, MR 22 1R R B p ™ — w1 R
FEAESNI, TR H O TR e 2 H AR
PR 2 5 8 T30 BT TS BR R, 6 R B i
PR [ BB e SEBRas A 73 1
3.4.3 SERMEIEZ
SEJE LA 15 min hy JE SO0 Fif i Be i B2 45
A AT PR AL IE o SR AR S ER KOG ) 52
R far 41T SOC 4% 1T 55 fig 2 Al PCC TRk
ZZE AR B R A B4 SR Al T2 A e PR 24 i
N E o K
SMI Y AIER INTEA
Jir =min € Z C,(PY (1), " (1), K" (), )+
PP (1) = P2 (1) +p E"™, (33)
A S R TR I B ¢ T B AR ) B SR A
G P (), 7" () A k" (2) 430 Ry 52 B BE IR
T3 A R HE R TR0 5 p, hy W R 2 23 Al 25 75 )
REGPY, (1) 8 H N ZE B I LT 5 p, Ry SR
RITCAE S IRT R B SEREZ LS R

fif L >SOC %2 42> PCC 25 i AR FR> - 55 1k B ] >
2RI S AR E

M H N IHRITE Y17 5L BRSNS AT AT, SEET 2
BT H R4 s M EROE S TR 2% \SOC 2
15485 PCC Ty R 8 R XURS: e, S 2 AR IR A& 1E 32 1k
FE 55 IUAT DI 22 A RE 70 L D SR A FE T 2
ERC YIRS IS AT
3.5 Kfgmiz

H i — H N =52 3 25K AU (1) 22 1) ) R 4]
FESR AR AN 3 U .

VAN Ve U
|
—— | (BR[| [REBIE. | o
FUHUR ||| 24 nild (= RO =) fhdEb% 0 (= S
@4 J 1 i B HLTH % ik

W

NGNS

HE | EFROEII| s p i isoc Y T
S (). kO)F1 ™|z ™ BE R
(REE ) froated T AT 55 5 AT LRl

o 4

i) | [FESEE [ T S

({15 i), oy, S i, soc, pee R AT AT ﬁﬁﬂ
F1S0C FES LI

PSR | (AR RE | AR LR MEEMEHJHU@J
REEAAE || FRE0E || ARSI | \HEHRFT

1]
W S0C, BARIES . AARHK |

B3 HE-HHA-XK&EE S HERERERE
Fig.3 Day-ahead, intra-day and real-time model multi-timescale

solution procedure

e, HETZRBOR ¥ 24 h KOG 7 s Bk
HE s PR ) DX A7 A AT 55 BB A T £ L, B R
fif 20 (18) , F9 5 4 H JEuETTH R, 048 2 PHAT 45 $0uAT
2R AERE TR TR SOC FLs A B DR

W, H N E AR 58 0 A5 SR 2 jiis 1ok
SitfrEhthit. B3 —ANRNZ o, RGEFH
KOG T BN BRI R T i RE SOC FIFEI AR A 55
e s, IF DL H AT o 2% 5k g (32) 15 B Aok
REBhE 0B IR

e Ja ST 2 A BRI B s B S R KU
J1 T AT 55 BABI AT SOC IR 2, KA 24 1T H N
THRIDZ A6 D3P AT 5558 .SOC B/ R IR 78
S B (PCC 25 MY 2 51, 5 2 ot 1, D
L YR I BEI B A 5 2 2R NG A, DU R AL s
KEEAT AERF SOC %4 H51i] PCC YR AEIEZEE
1557 (I BEAT S B AR IE , FEKE BT 5 19 SOC Al
Pl AT 55 5 U2 T — R B TR



102 - 5. & %

R % 48 %

4 (HESH

W UE AT R )7 ¥ L 3T Python 17 ELFE 6 #4 4 Hh
Y H &G a2 A 15 min (24 h 3296 BB .
SR RN [R) R 06 P 0 VR B A ST Bk, X 4 2

75 T7 % R E 57 7y HAN e B e 5 77
F 2 AVHE S AR 7 5 3 R 2 AL 55 5
DAL T 58 5 5 58 4 TRl k25 JBAT: 55 BA A A RE |
Hr BRHEECE F (PUE L Bz H - H N =S5 R 38
1E. 4FPJ7 SR H AR 5% 0 HEPR LR 1.

R1 AXFRBBBEMESZOIER

Table 1 Daily cost components and core indicators of the four schemes

1 25980.00 2433.55 10287.55 869.37 490.39  487.09 14567.94 40 547.94 9.92 90.08 17 387.31
2 25980.00 243691 5370.00 464.69 191.98  266.03 8 729.60 34 709.60 3.88 96.12 9293.76
3 33080.00 2978.05 5192.56 436.57 154.19 74425 9505.62  42585.62 3.12 96.88 8731.36
4 33080.00 2776.14 2195.18 208.44 0 449.67 5629.43 38709.43 0 100 4168.76

42K T7 EILHFE —H P (1), (1), Pu(2), 7 (1),
K (1) FT 55 BB S A (AN P&l 4 FT7R ) |, 256 AR i i
R HS(ER T a4k WWRE AL ) 3 KSR TR
FATSE MRS AL 5 L B0 pUA R B ML 1t
FEHRLH NI A TR
4.1 FERGHZE

VL TET [ 39 35 X' 356 i 1) T 2 2 62 53 ) [l IX Ry
A R A 2 B S E ik R B R R — 1
il S . XU AL R 12. 00 MW, SEBR S 73
il 4 5.71~10.31 MW, H & HL 5 4 179. 26 MW +h;
FAREEHL R 11,00 MW, 1§ {5 4 10. 83 MW, H & HL
4 67.92 MW -h, RURL 12 (R 4E 555 0, otk
b TS H TR s KO B RN Y R E T e
Wit st. W ARRE RO 7 i Sk HE
R T IR 5 PUE KA KA 55 AT $0A 77 1.

bl X B S & & 2L Py, R 12,00 MW, Hir 56
HEIT G fof A 7.50 MW, 2 PEAT 55 B A& R LR
P M 4. 00 MW ; £ i 451 2 %5 5 4 20. 00 MW - h,
FE L T ER I 5,00 MW, E, (¢) I A 2. 00~
18.00 MW - h, 3Unl &4 #3424 0. 96; PCC W 1, 1 FR
8.00 MW, JXUHL SR At hE H A5 4% 5% R 4500 5
B 1 100,780 F1355 JC/(MW +h)
4.2 FEZRTLE

40 J5 ZEWIAT 55 58 R I 2R 100% , B>k F R
170} ZI A e 2R Ge R A FEAG , imi 3E # T 5 TAR
o M THE L, R 238 5 SO0 F 5
30. 45 %2 16. 20 MW - h, F-48 PCC IE(H DR i 4. 06
FEZ2 2. 22 MW, BEHIAUHEEATE 55 1 L m]JE i i 2%
e SR I 5 7 58 3K I L 2R 14. 99 MW -h, 4 57
HLERFEZE 7. 71 MW -h, (0l T 555 H K AR
Y 52 7 W (8] [R) 5 & A, H PCC I fE T R T+ £ 5. 36
MW,

T HEABITHIAR N 5629.43 50 , B T %E 1

TR T 61.36%, Ho i i HE I Fl PCC B )
R 76. 23%,76. 02% 1 13. 25% ; HL7) H K|
L A Rk 1 oy ol f R, SRR TR 1Y
9.92% FE = 0, AT FEAERRIEF HFH T E 1M
90. 08% =1 2 100% .

TEASHER R G, T & 4 255 ARl 38 709. 43
TG, BT R4 53% BT 28 11.52%, Ji
[RIJE 20 MW -h [ A EZE B34 in T H #4 7 100 JT 1) 45
EA T, MiAT WA A H s G . W
I, 5 % 4 WO BR B AR iB 17 WA B HE i e A
BRERTH 98 , 70 4 A RN PR A T tE RE ) 7 22
B /N B A i 15 7% 75 A I B0 56 2 4l B
M55z 5580

4TT MW PCC I HL TR 2 i 5 firos . 7
28 1 TE AR [] R Ge vog U R S AR A F, 5 T 58 2 L i
155 %5 07 FEAR 22 85 i B g sl ) 5 HL 32 oAt RE 2
W TERRE IR A e B s W HL D) 2% 5 28 3 R 1%
I B RS e 1, 200k [R) 20 SO AT 55 AT IR 205 O
LA TREAT 55 Sk ne , (0 F il 2 46 R 43 B
BRI, T K PCCIEIH Y S R 2 3. 52 MW,
4.3 HERHER5E£HEM4TR

MIRE &, RS T SRR RE XN 2 AN A Y
R (R B B2 VR AT 55 BA B3 2o el A8 338 T s A
A BsF 220 52 B0 i A0 SF- % i BEE 2 SOC R A I 5k
BB I B . BB  RITE AR IR & A%
it B[R] B 8 w8 A 55 A T D R A e 7 H D) 3%, JF A
o M — B B PCC sy UG B ARG Al SE T 45 T R |
R A RE , AT T AT PR I8k 224 iy 38491 o) ] 1]
SEM IR O BB FNGE H 25 8, A3 98 R A 32 el AR
BUAAZ BRI EHET AN AR B O B 5 o —
o R R AR e W] ¥ R R A s AT
BB

R X AN ZR A Y 5 I A XU R B, 4R SC



% 8 kER,F . HBGELAHNER bR R EAS A E - 103 -

[ —=— Rty Setkthi s Wit | or
20 IR AR 3,
5F e HE2—Y— %4
= 15r E 4
= 2
Lol . ER
B i S/ =
Loy, 32
v = =
5r s
1
0 I | | ) 0
00:00 06:00 12:00 18:00 24:00 00:00 06:00 12:00 18:00 24:00
N} ] ff i)
a PJHIIRA ES 4EFREAMRETLL
a Outputs of renewable energ
0.625 - %EZEM/\ ® 0.450 Fig. 5 Comprehensive performance of the four schemes
—a— Jr AT . N7 NN
0600 | BHEMAT - (AT 55 A R S N >4 i s B RE A RN -
; 0575 0375 = PRI 732 A LA A O T R A 5 JRURS: 249 TR BIR ) ik
Zo0ssor B K HI 40 HZRI7 5 , 78 B=0. 25 Fll a=0. 95 HY 554
0.525 | S WL H BRI, 5% R 5 5 i XS 48 05 0L 3% 2, 7
10300 & N .
§ 0.500 - 213 A 6—7 Fr s .
E
0475 K2 400 ARARIMFHR K IEIR
0.450 . . \ 0.225 Table 2 Risk metrics of 400 out-of-sample scenarios
00:00 06:00 12:00 18:00 24:00
R o BB ORE BeHE  PCCIBMTNR  Rokig
b Electricity l;rf:?jﬁfrﬁ?fnri%inn factors s ARG CVaR9S/ TG CVaR95kg  CVaROSMW fA/MW
127 284 WEE Ss4160 647030 798560 4272 5.981
1 ZIE|
10F 283 0k
9t JXUVJ{] 5457.61 636554 7701.97 4.200 6.042
L “
7 281 7000
200 z
& S5r _
Al 280 2 o
3r 279
s
L 278 6000
or =
-1 ! : : 277 §
00:00 06:00 12:00 18:00 24:00 =
I ] ey
c /%5 PUE 5000
¢ Temperature and PUE
70
6 |- - —_—
ST ) ’ 4000
&4l T sE e A JRUS: 2 B 7
H P YA R T
3T Ee6 #AIBHEITHAS
2 Fig. 6 Distribution of out-of-sample daily
| : : : operational cost
00:00 06:00 12:00 18:00 24:00
R 1) A —1 .y S
XL 24 R By H Yis 41.
e | DU H A A S 341,69
d Computing task and runtime EF%% 5457.61 JC s ]JYZ"( CVaR95 EE 6 470. 30 j‘[}lg%
4 FERAEMREFEENERNATABA %6 365. 54 JC, [ MR 510 1. 52% M1 1. 62% . Btk
Fig. 4 Xinjiang typical day inputs and flexible computing task CVaR95 F1 PCC & {8 CVaR95 43 5l F B 3. 55% #il
auene 1. 68%. 3 Vi WA XU 3903 3 3 e, i il 3 31

530 i 400 2 51 35 S BEALRD Al OREASS  GREREUE TAT T Sk RE T R AR T R AR 5%
KOG AN R HE IR 7375 IR OSIEMERIARIE S aRik .



£ 104 - NI S A % 48 %
T 1. 68%, {H B — e RGNS AT LTk J5 2 R ATH
S SPGB XAE 55 B BT O A% S R R e
ot —o— W TER; TR T AHE I IT R it 21 Al A e I R o
—o— AR LA A
sk S DR
; SE W
9 [1]JFAN X C, SUN J Q, ZHANG W W, et al. Modeling and
- 3l simulation analysis of capacity optimization configuration for
low-carbon energy systems in oxygen-enriched coa-fired
s L power plants using wind power for oxygen production [J].
Renewable and Sustainable Energy Reviews, 2026, 232:
I | | | | 116791.
’ o 0 2] ERRRU S, FHREHR, PRMED, % TR
B7 ISR H NS AR PG B AR by e 4 T — A AR SR T AR 1 i

Fig. 7 Distribution of the tail portion of the peak

T B KU 7 8 0 A e KA R 6. 042
MW, W 25 T e PE T 22110 5. 981 MW, 341 1. 02% .
L, 251U BR T CVaR R HBIE N , A e N
B RFEA IS A . PR vA A 400 413 S b )
1155 5E LR 40 100% , 31X S AT 45 A 1 <7 Ik
HTZE LA A n] AT PSS S AN B AR Sy 5 e M B
A RS

5 #ig

AR SCHEST T S0 55 7 Pl X 22 ) ) R A e 4
FERSAL, I3 i AT AT AR A e — TR AL | 2 RN &%
WO, EELRWT,

(D) Bt ZI ALk B 21 R 75 oK AT 55 T
RHREH T LR BEaE A M E B
Tr e Ak S AT S TS IR 1A 55 BR S o R 58 I RE 1
155~ e O I, Wk S T R 57 24 R 5 SLA 4E
i R B AE AR R TO A, B R A P ATIRAS R B T
AR AR LR

(2) 783 45 2504k LR H v, Z2 15 ] )RS XU
P[] 7 S AF OGS 1 5 AT 55 oA e O 6 s A7 A I
L Bk HE BB R PCC I 4 5 T B 61. 36%,
76.23%,76. 02% F113.25% , I T4 BR T #5135 K
FOEIG . AT 55 RS 100%, Ui B Ik 25 ok A
AT 55 st 1) FE HEFN A% BEIEAS -

GIITPAEHB TG, TR ALEE AR T
K 4. 53% 04T = FAUES Ak T £ . BT A
LA AT TE S AS e A& R IR B AR
o PHREZ UM T T A A ) RO |45 5 1 34
TR £ e RS HEA TN .

(4)400 I HEA SNy e R, XURS: T 8 Ml AR |
fire HE Fl 0 (B CVaR95 43 51l N B 1. 62%), 3. 55% Fl

Jiti 2 U (% B (2023)1779 %) [EB/OL . (2023-12-
25)[2026-04-01]. https://www.gov.cn/zhengce/zhengceku/
202401/content_6924596.htm.

[3IEife, LA, IhE R “AREOE 5 T RS ) AR Bt

FELT]. BB, 2024(1) 1 120-130.
HUANG Chaochun, LUO Yihong, SUN Jinliang. Research
on the computing power guarantee of the "East Data, West
Computing" project [J]. Guizhou Social Sciences, 2024
(1): 120-130.

(41500 lie, MR BR, B, % “AREBOURE IS = T

P B rh o B HE s (R B RS T 5T [0 ). MR} 4%, 2025,
45(3): 459-471.
GUO Yuanyou, YE Yuyao, WANG Changjian, et al. Spatial
transfer of carbon emissions in China’s data centers under
background of "East Data and West Calculation" project [J].
Geographical Science, 2025, 45(3): 459-471.

(50, VPG, BN, 55 . FI8) LEE T R b i 45

A AR IR R g EE AL (D], BULARH Oy, 2025, 42(4) .
630-639.
PAN Ting, XU Yanbin, WANG Yuqing, et al. Integrated
energy system dispatch optimization considering generalized
integrated demand response [J]. Modern Electric Power,
2025, 42(4): 630-639.

[oJF IS, EWE, sk, 5 WIMGiE— s H 25

5 0 BUIR 4 A S 0 R R (1], T E ), 2025, 58
(11): 49-61.
DONG Xiaoliang, WANG Yuxuan, ZHANG Shengnan, et
al. Market participation of integrated source—grid—load—
storage projects: Status and prospects [J]. Electric Power,
2025, 58(11): 49-61.

(7R AEM, 3Kk, BRIEE, 5 SR 1O Y255 RETR
FR YR i i - ECE U p ) R £ K SR R L ] b AL
TREAAR, 2021, 41(16) : 5500-5521.

LYU Jiawei, ZHANG Shenxi, CHENG Haozhong, et al.
Review and prospect on coordinated planning of energy flow

and workload flow in the integrated energy system



RER, F HBREFHEX S oo REARE R L - 105 -

containing data centers [J]. Proceedings of the CSEE,
2021, 41(16): 5500-5521.

[81EhIede, Bz &, B, % Bl b D 2R B REIR RS
fea it Fessih [y ] iz, 2022, 43(11): 1-13,
MA Xiaoyan, MU Yunfei, LI Shurong, et al. Review on the
optimal operation of integrated energy system in data center
[J]. Electric Power Construction, 2022, 43(11): 1-13.

[9]CHEN M, GAO C W, SONG M, et al. Internet data centers
participating in demand response: A comprehensive review
[J]. Renewable and Sustainable Energy Reviews, 2020,
117: 109466.

[10]JVESA A V, CIOARA T, ANGHEL I, et al. Energy
flexibility prediction for data center engagement in demand
response programs[]]. Sustainability, 2020, 12(4): 1417.

[11]JLI B, CAO W Z, TANG TY, et al. QoS-based bi-level
demand response for data center to facilitate renewable
energy integration[J]. IEEJ Transactions on Electrical and
Electronic Engineering, 2024, 19(5): 625-639.

[12]YANG T, ZHAO Y J, PEN H B, et al. Data center
holistic demand response algorithm to smooth microgrid tie-
line power fluctuation [J]. Applied Energy, 2018, 231:
277-287.

[13]DING Z H, XIE L. Y, LU Y, et al. Emission-aware
stochastic resource planning scheme for data center
microgrid considering batch workload scheduling and risk

Industry

management [J]. TEEE Transactions on

Applications, 2018, 54(6): 5599-5608.

[14]RADOVANOVIC A, KONINGSTEIN R, SCHNEIDER 1,
et al. Carbon-aware computing for datacenters [J]. IEEE
Transactions on Power Systems, 2023, 38(2):1270-1280.

[15]WIESNER P, BEHNKE I, SCHEINERT D, et al. Let's
wait a while: How temporal workload shifting can reduce
carbon emissions in the cloud[ C ]/Proceedings of the 22nd
International Middleware Conference. ACM, 2021.

[16] XU H, FENG C, LI B C. Temperature aware workload
management in geo-distributed datacenters [J]. ACM
Sigmetrics Performance Evaluation Review, 2013, 41 (1) :
373-374.

[17]LIU Z H, WIERMAN A, CHEN Y, et al. Data center
demand response: Avoiding the coincident peak via
workload shifting and local generation [J]. Performance
Evaluation, 2013, 70(10): 770-791.

[18]LIU W Y, YAN Y J, SUN Y M, et al. Online job
scheduling scheme for low-carbon data center operation:
an information and energy nexus perspective [J]. Applied
Energy, 2023, 338: 120918.

[19] GOIRTT, HAQUE M E, LE K, et al. Matching renewable
energy supply and demand in green datacenters [J]. Ad
Hoc Networks, 2015, 25: 520-534.

(20147 4%, ¥R, BRUEDT, 2 Bl O A ENEOR BT 5

ZEIR[T] AL T4, 2026, 77(4): 1667-1684.

YANG Lei, YANG Hui, XU Jingfang, et al. Review of
research on liquid cooling technology for data centers [J].
CIESC Journal, 2026, 77(4): 1667-1684.

(215, RSO, 28, & 5T adar T 19 K06

Hil &Lt R A BT[], 225 8 ERe I,
2024, 46(10): 1-11.
BAI Zhang, HAO Wenjie, LI Qi, et al. Capacity
configuration  optimization of wind-solar hydrogen
production based on life cycle assessment [J]. Integrated
Intelligent Energy, 2024, 46(10): 1-11.

[22]F#&, BRHAR, T, & BT R TR i

AR WX A LI [T ], 285 B SRR,
2022, 44(6): 52-58.
WANG Xin, CHEN Zucui, BIAN Zaiping, et al. Optimal
allocation of a wind=PV-battery hybrid system in smart
microgrid based on particle swarm optimization algorithm
[J]. Integrated Intelligent Energy, 2022, 44(6): 52-58.

(23 ]WkT5, Mlelil, &L, 55 . KNot-ArE R G A L
feBe BT T ). 754 RENR, 2022, 44(5): 56-63.
YAO Fang, YANG Xiaona, GE Leijiao, et al. Optimization
of capacity allocation scheme for wind-solar—hydrogen
energy system[ J]. Integrated Intelligent Energy, 2022, 44
(5): 56-63.

(24 )7F J30E , 2L, KA, 4% . IR 0 35 L Mt -SMES 1R

AERER A BRI ETLLT]. SRR SRR, 2023, 45
(9): 59-64.
QIAO Lihui, LI Mingche, ZHANG Rui, et al. Capacity
configuration method for a battery=SMES hybrid energy
storage system in a DC microgrid [J]. Integrated Intelligent
Energy, 2023, 45(9): 59-64.

(25 JF W, 5 2, A 50, 45 . 2 ) RO AN 05 ik

ARG RBCEMAIH )] 5 BRI, 2024,
46(11):73-82.
WANG Haiming, ZHANG Runzhi, ZHOU Jiahui, et al.
Optimal capacity configuration of off-grid wind-solar
hybrid hydrogen production and green ammonia synthesis
system [J . Integrated Intelligent Energy, 2024, 46 (11) :
73-82.

(26|22, TR, H/NG], 6. HTF NSCA-II-PSO 53k

BB W 2 HARLfbis AT ). s, 2023, 21
(1): 118-125.
ZHAO Zhenzhen, WANG Weiqing, FAN Xiaochao, et al.
Multi-objective optimal operation mode of microgrid based
on NSGA-II-PSO algorithm [J]. Journal of Power Supply,
2023, 21(1): 118-125.

[271LV Y, L1 Z Y, DENG D, et al. Low-carbon dispatch of
integrated energy systems considering solar thermal

coupled combined heat and power units [J]. Energy

Science & Engineering, 2025, 13(2): 562-581.



-

- 106 - a7 L R % 48 %

[28 ]ZHANG N, YU S T. Carbon emission accounting method 7%, 107552504969@stu.xju.edu.cn;

for enterprises considering green electricity and green BEONE(1979) 55 208 W N LR A REIR R4 BT
certificate  consumption [J]. International Journal of e & I AR fHFeH AR J7 | ros ,xc1979@xju.edu.cn;
Industrial Engineering Computations,2026,17(1): 19-30. EFI8(2003), 5 A, AR ERBRK L i i S AR T
[29]MEILUS E V, BROWN N R. Rapid nuclear energy IS, 2117027726@qq.com ;
deployment for powering predicted data center demands S (1980) , %, #8%, 4, ANSEBTRR IR A XU &
[J]. Nuclear Science and Engineering, 2026: 1-21. L M BB BE R A S 07 T AT ST, fxc0102@126.com ;
[30]WANG H Y, HUA W Q, PENG J Q, et al. Public INEIRF(2003) , 55, A=, SR 23545 RE R AR G2 07 I A AT
sentiment analysis of data center energy consumption using 5%, 107552404976@stu.xju.edu.cn;
social media data and large language models [J]. Energy FYEP(1959) , 5, Bz, Wi, NFRIBR &
and Buildings, 2025, 341: 115802. ML DG Z B AR AR AL Redas il S A6 T | Pl R4 b
[31JZHANG Y L, LIU J. Prediction of overall energy AP KT 326 AR 25 7 TR ESY , wwq59@xju.edu.cn;;
consumption of data centers in different locations [J]. a1 (1974) , 5, #8211+, NEr] HA GBI & B 5 I
Sensors, 2022, 22(10): 3704. W0 B BB S R SRR L Rk IR AE Sl
[32]LIU Y, HANG C Z, HAN Y, et al. Capacity configuration 2RO S SR 7 TR A FST , 2513041660@qq.com;;
and optimization of PV/T coupled gas turbine multi-energy FEEI(1979), 58 # b7, Wi, NS nl B fRIR A &
cogeneration system for data center[J]. Energy,2026,342: P G N S hEfE s B T TREE L DSPiR AR RS
139552. TP %5 WIS, ¢2j010111@163.com;
(A SLr & : TH4e) PR (1980) , 2o, Bd2 , 1+, NSRRIk o S HO T
il L RGO R S5 T O 5T L xjchengjing@xiju.edu.cn;
R 20200814, e AL 1 S A
BRI B b0 A IR RS ) R RISy
EEE T T FIAESE , wyz80hou@bit.edu.cn,

HKESE(2003) , F, A, NESRERG REIR AR GL 7 1 A RS



