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ABSTRACT: [Objective] With the continuous advancement of the national “Eastern Data, Western Computing” strategy,
the spatiotemporal mismatch between the power consumption demand of multiple data centers (DCs) and renewable energy
generation has become increasingly prominent. To address the inadequate characterization of data center power mapping and
the imperfect coordination mechanism between the computing and power sectors in existing studies, this paper proposes a
computing-power collaborative optimization method based on a two-stage Lagrangian relaxation-alternating direction method
of multipliers (LR-ADMM) for spatiotemporal workload migration of multiple data centers. [Methods] Firstly, a refined
power consumption model for data centers is established by considering the coupling characteristics of information technology
(IT) equipment, auxiliary equipment and cooling systems. Meanwhile, constraints of service quality, network latency and
link bandwidth are incorporated into the spatiotemporal workload migration model. Secondly, a collaborative optimization
model is constructed with the objective of minimizing the total cost, including power purchase cost, carbon emission cost,
wind and solar power curtailment cost, workload migration cost, and service quality loss cost. Thirdly, a two-stage LR-

ADMM decomposition and solution strategy is designed. Specifically, the alternating direction method of multipliers
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(ADMM) is adopted to obtain the initial feasible solution for computing-power coordination, and Lagrangian relaxation (LR)

is further applied to refine the workload migration scheme under link bandwidth constraints. Finally, three typical data

centers are taken as numerical examples to verify the effectiveness of the proposed method. [Results] The proposed method

reduces the total system cost by 14. 10% and increases the renewable energy accommodation rate from 90. 84% to 97. 09%,

which achieves a superior trade-off among operational cost, service quality and renewable energy utilization. [Conclusions]

The proposed method realizes lower total system cost in the numerical cases and achieves an optimal balance between service

quality loss and renewable energy accommodation capability.
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Fig.1 Computing-power collaborative architecture for spatiotemporal workload migration across multiple data centers
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Table 2 Solution results under different algorithms

SR WHL A, BRAAS

FrHL A/ TR A/ QoS A

ERTS o TE % gy o Fa o o A% R 2EE %
T A Rk 348.97 6.85 271.82 24.18 42.47 0.67 9.83 92.81 10.94
&4 LR 344.39 8.08 258.93 24.35 4221 1.02 17.88 92.86 9.49
145 ADMM 324.11 13.49 257.30 23.29 17.42 1.18 24.93 97.05 3.04
LR-ADMM 321.84 14.10 256.47 23.29 17.17 1.20 23.71 97.09 2.32
L MILP 314.55 16.04 257.99 23.21 17.09 0.97 15.29 97.11 O(FE1fE)

https://www. cepc. com. cn



198 NI S

47 &

12 E3 I iER R
11 E3 2 (R = [

i) 2 B3R RS 2R %

O=NWERUNAIROD
— T T T T T T T T

3 ERERTEBE
Fig.3 Spatiotemporal migration rates under

different scenarios

ARBAGAL AN B rh OR g RO B, AT
HAE Ay fiff o i A PR g B 52 IR T AR LLSK Sk R B
SR R O RS R R AR b OR i 2R & 5K
i v 5 Y R SR R AR BL A TRk &
W ER 7 SR T o @A R AR A5 B E L=
)55t T il R AZ BR ; PR Bt LR-ADMM #5573 0 5
FL 70 53 ik, 2 S FH R 345 B 0T 28 4 b i il &
i, TEORFRIE I 4 Jmy S A0 A 5 ot 1) [ BsF, T 325 8
S 2 FARPRET K
5.2.3 USRS L

3PP RER ISR XS e g% 3 R . 4t —2
7R T BT W BE LR-ADMM £ 3 bR (8 Bl 1 10 R 8k
A A 42 .

3 IMEEWSUS T

Table 3 Comparison of convergence performance
among three algorithms

R A AR R E
5 ) % B .
LA UM AR AT W s
&4 LR 6 34546 34439 0.31 228.40
f£45 ADMM 5 327.76  324.11 1.11 773.65

LR-ADMM 11 324.11 321.84 0.70 1 391.09

1 [ 4 7] L, 5B —B B ADMMZE S 58V 2 45t
MBS 324, 11 J7I0F% 2 322, 70 T3 78, SAHRACT Y
B ERIG  H  EB LR AR AR IR 22t 648
WARHE— B B 22 321. 84 J1 0. #PKMRTEC S
IEget M i S s 115, HARf R 324, 117
JUREZE 321, 84 1 7C, BEARUGEIREE M 1. 81%.

TULHI IR, 3R 3 TP “WIR A " 4 S e A B
B AR RS A n H AR, Wi AR R — R iR . 1%
5i LR 514 55 ADMM #4 M\ 530 FT AT 1 %, (BAL 52
ADMM 7£ 1 & B 58 sl 5 i — St Ui, LR s e it

324.5

324.11
324.0r

323.5¢

JC

323.0f

i}
S

AT

322.5¢

322.0f

321.5

LAHREL
E4 LR-ADMM 83372
Fig. 4 Convergence process of LR-ADMM

AT 53 U Aar VE BC U 25 , SO0 46 AR (327. 76 T3 6K
T ARG —BUEVME R L5 LR (345. 46 J170) s IR B
LR-ADMM [ 55 4 Hij 17 2 20 5 47 1) ADMM i 14 /)
324. 11 JiJG,

ML 4] LIS B 3ANFRAE . — 255 — B Brifh 2k
FETT 2~3 56 PN B 2 BRBEDS N B, R0 ADMM 38 i — 3%
PR 7S S IR R A8 PR 5 e 00 1 4] 46 i 22 WAL S )
BN s R — B BUE BE S 5 B Bei ph £ At
RN, KWL G T S5 C A
Je R AL B B s = 258 b BE RS R IR T R A i
W, HAESS 6 40 J5 Al T P4, W1 v e 141k
P 25 B B PRI LR LR, B S 1R Ak S X RE A i
FEVER A . LR-ADMM B 25 T8 R A5 Ak an 141 5
No GEAESEIAL TR AN 2 vp )T RS R
8. 49% i #% % 8. 05% , =5 (R iE FE R ih 11. 01% 3% =
11. 17% , 2R BE /N o X FBH AR B Bt LR 41461
AR EE T AN SR T YT A B R 17T 2 X B AT A
R BN AE (I 23 Y S AT AT S X IE IE . & Tk
AN TR B BN B R MR 5 Bk SR R A S5 a6 b D B SR
A4,

11.25
8.6f —o— W HIERE R
- BWEBE |
8.5 11.17
S S
«}; 8.4} 11.15 o
) X
‘»3 8.3 11.10 ;ﬁ
=y iy
E ) it
< 11.05
8.1
- 11.00
0 2 4 6 8 10 12
AR EL

5 LR-ADMM EAM=EBERETWL
Fig. 5 Variation of spatio-temporal mobility for
LR-ADMM algorithm

https://www. cepc. com. cn



5511

PINGE 5 T T BERMS 19T H R st~ S8 7 1ol 313k 1) 22 508l v L B v P R AR AL 199

ZEA R 3VE A RE S AR, AE AR SO B R
ADMM F75 RE A 5 PR AR A5 0 et A s 1 43 Pl MR 00 ey
fif, ME 25| A LR T , il i — 20 ey S AH 5G 1T
B BN AE I T BRI, DA AN I8 2 38 3 78 AR 1Y
HI4E T REACE A o — 2 THe TR o] 5 4 1Y
X F . W H Bt LR-ADMM & 5 19 K @ i ]
1391. 09 s, i T4 58 ADMM 5311 773. 65 s, XF L A
A H 324, 11 7 0K 321. 84 Tt U AY 2,
AR SCTE [a] 24 AN BEAYG H FTIE B B B AR ULk, 44 23
min [ SR I R ZE H RT3 50T 0] IS, AN 258
BF 1 249 B 1T 2. 27 T3 56 o BRI R B A XS e
ADMM BE IR 35 7E RSB R s T Rrek B
ek, 55 B B LR 04/ R BR F A i3 - 5 40
ADMM 535N 58 B HL — S0 U A i 20 Ak B A
TEAVH 5 B B A S A T I R B R FH AT B8 2
W ER AR AT HEAR IE , AN N AR 5 24
SR Ry T R YT A ] S S
T B T A R BT 2 UOR )
W7 1) J8E, 1 A5 4545 TR A 25 1], AR 3o it
JFENEREE T A o AR SOR LUK g 3 AR S 5 5T
AL U EAE T T 5 4y A A5 A
e e

KFAETT I 7 12 S U . 1558 ADMM il
I AE T P P B 2 R AR SR | 4R
WA SO 5 e S, DRI X p 265 A R 5 i T AR D
ANIRF 48 ADMM, HoAe 255 — By Be 51 A ADMM 39
B 50— SO DT I, 55 B Be S S Br Rk
A FN YA T AR R AT P p R 5 — B B
(BRI 5 AR, (F 5 2l 1) B2 52 55 15 F LS AR
e R, T p R S BBORE X AN RS . R B X —
FEE X8 — B B RS R p (WI{EL 1. 0)#£[0. 5,5. 0]
T T PN B S A (AL VR BRI, 45 BUE T 1 e 28 Bk
A HTREVR IS AR AN 4 TR o AT DLAE IR L P
BAARE A 3T 0. 003% (2 0. 01 T3 7T ) L TH 44 A%
F£97. 09% A UESE T8 5 5 0 AR5 R - 28 O B
T WSO B R AT

R4 ENEFERENR
Table 4 Sensitivity test of penalty factor

P KMSATT 0 THIAHI%
0.5 321.85 97.09
0.8 321.84 97.09
1.0 321.84 97.09
2.0 321.84 97.09
5.0 321.84 97.09

5.2.4 WIBT B SR G HME SRR

SHABUEAR SCR F B BE— ADMM #3H , BB LR
Sk 1 1 B BB SR s 1) B PR L AR T A R [0 T R R
AR X B o 2 Fh RIS A% 0 25 AR T 1O
BT 2 W BOR RS AE S — B Be i S e 1 A = 0,12
i F ADMM 58 %8 H — M DR, AE AR AR RS 8 W AR
MU TR B I AN TR PSR i s 7] 20 0 5
R DU g A a2 A v () s B e S 3 - RN R L — 3
PEAR G, TR B 3 o 2 Fh S w151 DA ) 500000 i i
AR, AR UEXT LA -1 o [) 20 B 8T 5 ek 1 i 8 ity
K 6 TR o

348
347} 9347.00
s46f |
3451
3441
3431
3421
341F
3401 339.31
339F

VY % NDIPH

AU
6 [543 H 5K M B U 6 it 2
Fig. 6 Convergence curves of the synchronous

update strategy

4 5] 63X 2 Flor ik e Sl 2% e ml Ul , 2
T 2 B AR AN [ A WO SKORRAE o [0 25 BT SR ek A
5 12 R kAP K R S8 Sl AS 34700 5T T
K22 339. 31 J7 0, (H NG 3 5 P IR, AR I8 2% 45 5
T YR AR R B AT o] BB B AR AL A (9 W AT 3B B8 B 1,
BEAEA7E 339. 31 J7 76, PR BEAR I I 52 B B i
(2 WAL T BEFRRAE , 5 — B Bt ADMM B B B i A
SRR R R B LR Ak i — 20 AR B A 2
321. 84 10, 11 kA E, X — USSR E X [
FEW, [R]85 SR Wl 5 3fe 5 0 M — BOpE AR i [R5
TUHTE 2 283 T AE B — A0 R A BT S A D
B R T WA AT AT 38, 5 SR AR I 2 T T R B ek
T 5 A 7 B o s DO 3 ok S A B3 F A L P 5 L A
P51 2 AR AL, A RGEE e T 2 283 19 T
oo AFEFLAFRIRAT a2 5 s .

128 5 7] UL, PR B B3R S TR A AR (B[R] SR 236
23 [ RS R 5 B BR URTH 908 4 DA% O A8 br 38 1 3
M T[] A6 B B SR s . R AS 339,31 T R &
321. 84 J3 JG, FEAK 17. 47 J5 70 ; B[R] i B8 2 4. 76%
e 2 8.05%, =5 A & # £ H 7.55% &£ A =
11. 17% , iE B FUASE 8 47 3¢ BH 19 B Bt 5 ik BB % o 72

https://www. cepc. com. cn



200 RIS

47 &

®5 TREEREREITE

Table 5 Comparison of various indicators for different

algorithms
B RUEA BRI &SRS RRRIRTE
Tt BEI% BER  NFE%

[@] 45 568 LR-ADMM 339.31 4.76 7.55 93.89
MY Bt LR-ADMM 321.84 8.05 11.17 97.09

43 Mo R 7 G far 0 i 2s mT R TP 5 B RE TR TH 90 R
1 93. 89% £ T+ % 97. 09% , iE B 1 B B o W e 6
BRI R, A 2055 TSR ) B S B T R TR
.

R G RIS A SR TR PR B B SR g A T
(] AL BT SR, SR fife IO i WS SSORR o PR R e TR U
YhRe 145y Y EA A SR T A SO B B
TR T B A BRI AL
5.2.5 FdlErh s T REE T

Fff s A3 & 7R T LR-ADMM AL T 5 45 DC AY
Ty SR FT A, 123853 S A H R R OXUFRL DGR/
HL), 2P S FH R T FE (UT/ 4 B /2 D152 o

5T, LR-ADMM X 44 5508 .0 7
oA diAT TR E . B S A3 T DAL #)
DC2 7GR i it B Bk T 207 1148, DC1 7R
e XU HEL B B2 A £ 28T I 4 v T T A S Y
Bf B 1 1 A B Il o X 3R B, B 25 iR B8 e A5
R IE RS, R O Bk i &k SRR TR
I Z T B A B DR DG 2R o

AT S 22 TG, DC1 S B “ P fa] v £ 28 H ]
fRAAE B TRAE . B Ia) AU HR s B, A
543 1T HE SR 11 28 2 HE AR I B B RAT , AT 42 5 A b
JACHL T 97K 5 T AE R R F A RUHR s ) A ) B
B, DC1 R (AT T AR B 98/ . DC2 MIZESGAR
g I B AR AR T 22 A A, R S5 R OB AR 7 R
PE o RIS AR A B BR B AR ) RRIE . DC3
4 DU T DR X6 5 2, L F R, TR0 D e, e s 1R - ¢
%, B AR A3 B B AT PT AR A Ab SRR T S 5 &R
ESKiE 9 7 NI S I o 173 2 = NS 8 1 3 1 K/ A g | ST L
AR A R A T R R e 22 1T A TR LR A AU T
FLAT B AT R AR BRUE LR O RR R T S AR .

Wb, B SR D A3 i Sk V8 D) R 24 o B e
ST 8%~12% , H. 52 PRI5 Ik 1 B 5% e ¢ Ry I 4 o
R T v U e AN B[R] A LT B 2T By v TR
di b2 i b A R R TR TAE gk 25 i
B, B R R B R A7 g X o RS
(A5 ], A7 Bl T 8 A S0 R AS 5] b X A [ B ] 1)
e LIRER

5.2.6 4 LT FApRIEHIE

R B8 TR AR SORS 240 1k D) R B R AR B0l A 32 i A s
HC BE TR I FH R0 Sy A3, AR 715 76 [R] 9] 3 55
TINS5y, 5 PUEBCEY R Poo=0,0:P i (Spus
— R L 1~1. 4 3 A B s L 1) PUE 43 531 B
1.20(H5 5 1) 1. 25 . 2) Fl 1. 35(A5 15.3) o 2 A
RS R A ] £ 2 KOG s T 4 sk e RV o B
LR-ADMM 5yk A7 Ak, 31 48— LUK 4 fL T S s Y
VE Ry BT R B A T ITAL

2 FPREAL 2% DC Yy K [ 58 PUE 455 A1 1y 8 Fil Al I
2ZEEL T I 8 Fr7R o FH &1 7 AL 8 AT AT, [ & PUE
TR S 500 v O T 38 ) A B3 50 A A AR R A7 A B i
i 2% . Hivd DC1.DC2 F DC3 1 5 K M 22 23 5 M
6.28% .10.23% F1 18. 05%. 5156 Wl J2 , b Ak LUKS
AL AL A 2 BEGT0 2 2 JE AR T (0 D R A
B2 AR LASZI0 Sk FE v 1R 22 5 % I 25 B L T
E PUE A5 A5 ] ¥4 Ty 23 i gk 4 J32 R 97 28 38 A A ik —
YL R ) R G 20, JC AV R HLIX (DC3) A58
PRI, ¥ f i s, [ PUE A5 760 55 SR 4y
BRI et 5 50 BH R

DC3[ESEPUELS
DC3HE i fb Tl 3
%‘6‘8 DC2[EEPUETS R
Z 120 DC2AE A L D5
'Bg' 80 pay
I3
,HS &0 DC1[EEPUELSH
40 ;
A b DCUE LT =
0/ 1 1 1 1 1
O O N\ N\ N\ N\
N N N N N N
NN NN
e

E7 {DCHE:HFHELEEEPUE
Fig. 7 Power of each DC: refined versus fixed PUE

20

18f WW
16f DCl

14 —°—DC2
—o—DC3

121

0F | pesege e 2

{t+

/%

6r

4F
00:00  04:00 08:00 12:00 16:00 20:00  24:00
s} 2]
E8 [EEPUEEEINEFhmE

Fig. 8 Power prediction error of the fixed-PUE model

https://www. cepc. com. cn



55 11 ) PINGE 5 T T BERMS 19T H R st~ S8 7 1ol 313k 1) 22 508l v L B v P R AR AL 201

K 20 AL AR R [ 5 PUE B 1) SE S AR X L L
F6, hFo6 A, [EE PUEBIE R RS MA N
375. 137170, BAG 4R AL D) R AR AL (1) 321. 84 J1 Tt 1 i
16. 56% ; Hr BEVR T 44K 11 97. 09% [% % 94. 68% , (%A%
2. 41% ;I [a) 3T F 3 8. 05% [ % 4. 81%, 25 [ iT 7
R 11 17%FEET7.96% . WRAK K , [F 2 PUE
G 3 N NI o N S| IR N N 1 B |
17. 74% . 18. 06% F1 82. 96% . H: v 3 H il A< 4% e f
Sk BA U B [ A2 PUE BRI 55 1 5803 X6 £ oy 5
RE I 1 07 DE e ¢ & U RE T, 5 BUHT B TR I 8 5%
RFFE.

F6 FEgigiRxttt

Table 6 Comparison of key metrics

Ky
£zt
(e ke i [& 5 PUE 575

SEAT T8 321.84 375.13
WA FL J A/ 5 T 256.47 301.97
A%/ )7 70 23.29 27.50
FEHLRA T I 17.17 31.42

LR NA T I 1.20 0.84
QoS A/ T3 78 23.71 13.40

i ]S E RS 25/ % 8.05 481

23 [ 3E R /% 11.17 7.96
THAN /% 97.09 94.68

Zi I, W% PUE BERUE A faf 5 (R SR
IT Ty 6 pi [ 7 L A7) A% 0 i 5 2 0 4 BEATL B
A+ Tl ¥ Ty 26 i 2 A/ B RN A 7 o 2 AR A, =S
Bk TR P Ay 352 [l PUE BERL R Ge b
ZM T 3k — PR 2L, TR X LA Sz IR A [i) X A [ e BB
B b0 ) R 3R IR SRR S 25
7T 52 W) 573 A S % 1R R RT YA A DE FC 300K o AR SRS 4
b Ty A5 R 3 ik & X 2 I I B R v TR
B R FR SRR, fEY FRALEE O e N
P I [ 80 BB 1 S U T S PR ) T SR I Atk .
T AT X L B A UL 2 AR A 1) 22 5 R HE X
B 25 AL 5 AR AR R S R 2k TR SR AR
A O B -V O R 5 AT SO — 3 51 A SEIN L
s TR PR ARy A R i BRI 1T 1R R i 22
TAE,
5.2.7 M BUBNEST

A SR T R A ML 0. 02 JT/kg 284K % 0. 15 I8/
kg, IS E5 RN E 9 Fs .

Bt 5 B AN T 1 L TG A BUAS IR AR 5 AR 3 3
UL 1 (H 2 S5 M T RS AT i 28, S 3O 4

400 14.0
380 138
o LA 13.6
2 360 -~ LR-ADMM i 4% -
- e /) N 3% i O\
R o TR 13.4 %
= K
4 340} 132 5%
113.0
320t s
300
97.100 [———————— . 126
97.090} s
97.080} Lo
97.070+ - AR/ % :
X 97.060F o~ [T/ % {10.5 N3
g A =
Je_i— 97.050+ - 23T H/% | 10,0 Eﬁ\r
NV e
ST 97.040+ los
97.030+ 00
97.020t :
97.010F o T {85
97.000 8.0

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
WAf/(OG/kg)

B9 BMBRES T

Fig. 9 Carbon-price sensitivity analysis
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Fig. 11 Sensitivity analysis of new-energy penetration
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FA1 HEHOLSH
Table A1 Data center parameters
P oy L EYCIE
DC1 DC2 DC3 DC1 DC2 DC3
P AR 1 B/ 25000 28 000 26 000 Ll AT ES 0.03 0.03 0.03
L7 PR )W 0.12 0.13 0.12 o I B o 7 A 0 kW 100 100 100
NENFERE oy 0.15 0.14 0.16 LR A W 4.32 3.77 4.92
LS5 e/ (/) 28 26 30 ITBA R ERRAW 108000 105560 127920
FA2 BATERSH
Table A2 Power node parameters
REDSS A5 B 25 /MW TR -/ (kg/kWh) KL IE(E/MW SR A /MW
1 181 0.884 3 116.1 56.7
2 170 0.757 6 47.3 1485
3 214 0.527 1 5.8 13.8

https://www. cepc. com. cn



55 11 ) PINGE 5 T T BERMS 19T H R st~ S8 7 1ol 313k 1) 22 508l v L B v P R AR AL

207

RA3 BAESH
Table A3 Cost parameters
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Table A4 Network parameters
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Fig. A2 Time-of-use electricity price
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