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Research on Thermal Management Methods for Green Data Centers

LI Xiang JIANG Xiao-Hong WU Zhao-Hui YE Ke-Jiang

(College of Computer Science and Technology, Zhejiang University , Hangzhou 310027)

Abstract  The high energy consumption of data center is a serious problem to be solved.
Especially as the development of cloud computing, more resources are centralized to the clouds.
Constructing green data centers and achieving power cost and carbon footprint reduction became
research hotspots in recent years. Energy consumption of data centers consists of computational
energy and cooling energy. Thermal management for data centers mainly target reducing cooling
energy and provide new solutions to achieve green computing. This paper presents a review of the
recent research work of thermal management from the perspectives of status monitoring, thermal
modeling, thermal management policies and thermal management evaluations. We propose the
overall architecture of thermal management of green data center, and summarize its general
framework of distributed monitoring system. We classify the existing thermal management
policies into two classes: single-node case and multiple-node case, compare the complexity,
flexibility and effectiveness of the existing policies, and analyze their advantages and limitations.
This paper summarizes the existing evaluating approaches proposing a new taxonomy of three
categories: global energy consumption evaluation, refrigerating efficiency evaluation, and
thermal/temperature evaluation. Finally. ten possible research directions are suggested for future

research in this field.

Keywords green computing; green data center; thermal management; energy management;

refrigeration; cloud computing
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TR R B R R AT SR AL JE A T RS
f B A 2 AT L 8 Y TR B T — A
(BN 5 22 G 7 B AR A7 A B 5K o AR 40 2 15k £ S8 S sf
AbBRE T3 5 HE X T Proactive J5 i & - HoA 92 B
B R N PR A . H & Reactive J5 ik 2 A B
B LA 28 7] HE PR AR V2 A 50R AIR A Bk A

SCHR 19 T 8 ] v B B R Y 110 g J3E A
P& — BT Bl A V% 00 A A BRI A ) R
28 38 1o XoF BOHE Hh 0 HEAT B R AR ) o R A 3
il Vo B A A () TE 8 CRP AR LEAS [R)AR 2SO A v fiE
JIZ 8 56 R . AR 8 2 i 15 8 X 0l v 18 7 34
AT PG P R G TR DR R B A T TR A
PR [ I 3 4 i A B i v BC #. HTS (Highest
Thermostat Setting) 3 455 % B AF 5 1 E 55 ¥
B Bl A P, 2 T 2 A R AT PR A
(o BRSSO TR AR T A IR S R e I I
(T,..) 7 2 CRAC MR FE 38 76— & U BN . T
AR B i T ) BRRR AR AN — A L 175 X CRAC
()7 B 1% 28 (CRAC Thermostat Setting ) B3R A —
B Z B E AR IE CRAC Thermostat B3R X35 /&5
HeF I R BAT 5543 Bt 8] CRAC Thermostat B3R
B O CRAC ZERAHTZID 175 5 (6] i 3 25 94 77
CRAC.
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X AN TR A o 8 00 Bl o 0 AR A R SRS T
HLAR B3O AR T 5 2008 1 — R P98 bR AT 152
[l PPA AR SO & S VDRI AR - DA PP A
(¥ H B T A AL B AR T A — R
TR O B PP e 2 R I A X AR SR A T A b
TR A T I B R B T AT Y. AR B G
TP AEPR LA B LT AR (D) SRR,

98 B dE PO 1 B2 1T AR (Total Cost of Owner-
ship, TCO" DA R e FE M RN G5 (2) 5
HE. g omELZBARZ — N
B & S Dk R BRI A

A BB R e 0 B PO B A B U R
RPN 845 RV 7 Ik T 2508, FRATK 2t
Bt rp o O A B VRN 2 3 A T (D) 2R Y
REAETEAN 5 (2) R A I RCE I s (3) B4l o 19
P SORBE TR, FRATRX 3 ZEPEMr kA7 Bk (Y [R] B
IR TE 2R B T X SR 9 25 & He s (L3R 2).

x2 HETEEMBRESERE
VS EA S Jt FAE 1) P T8 SRR
- e s N Useful Work Produced e
DCP) 8.1 I L i 5
Total Quantity of a Resource Consumed
DCeplo0] A B R Useful Work f‘)roduccd o
Total Energy Consumed
&7 ) Total Facility Power i 1
#E#t  PUE/DCE[V IT i% % TG L gl pUE— 2t Faclity ower = py e 1 o
S IT Equipment Power PUE
CPEL] ‘IT W& H 'ﬁ (IT Equipment Utilization X IT Equipment Power ) o Je
IT %25 hAE L) i 56 & Total Facility Power
o Energy Consumption of an Algorithm Under All CRAC Modes
SP-EIR! A N R R R B2 e
SLTR RS AR Energy Consumption of the Optimal Algorithm Under All CRAC Modes i
Heat Removed by CRAC
CoPls-21] 1| 5 R ES fo B
° e B LARRCK Energy Consumed by CRAC i
e 5 N RN A Cooling System Po Us
e cgprese A AR e i
EX4 Average Cooling Load
by HVAC System HVAC &4kt 5 Average Cooling System Power Usage e g
A Effectiveness 7862 ITR&EREELR Average Cooling Load e
e s . Installed Chiller Capacity
CSS["&‘“] 2| zA\'_’/\ L i
R TCAR T Peak Chiller Load i £
[
. . . (TP = T rec) 70
RCLyy BLAR I A R 1 R RCly— [1 > e } X 100% T E
5: (Tmax-all = Tmax-rec) X1
RCIL83]
i
. e o o D (Toinree = T piney o
o ol 45 1L NEES 3 RCI o= i—1 100 LA
RCI LA 1o 98 1 Clio=| | P i 150100 % B
(Trin-ree — Tmin-all ) X1
1A e NI Generated Heat L
o HRF! BT 50 A AT 30 AR 7 5 55 S - - LS
b Generated Heat Recirculation
K (Thermal Management Margin) + (AC Margin)
SH LWPI3] A5 AV ORI W A : RS
{r‘ran]f‘c B ]V SRR I (Hot Air Recirculation) e
i RTl62) B b SR A Return Temperature of CRAC-Supply Temperature of CRAC oy B
Total Heat Extraction by the CRAC Units X
SHIFZS'\ gk AN K 1 I %1“ al v25 7 e 25 21:
HE B o A I AR Total Enthalpy Rise at the Rack Exhaust A
. y . Enthalpy Rise due to Infiltration in Cold Aisle
RHI™) A VS JIET: g - B
R O I AL 555 Total Enthalpy Rise at the Rack Exhaust w2
RTI] P[] 375 #0W AT Short Circuiting %500 AY Return Air Temperature-Supply Air Temperature s g
ZEA R S AR Rack Outlet Mean Temperature- Rack Inlet Mean Temperature i
CoVizl.1z] T BE A3 AT ¥4 ) e i Variance of Temperatures i PA

5.1 £F/eeRTMm

XoF B vhoC 1 IR BE AT A B R AT LA ) A Y
U /0 1 V2 REFE - DT 3 AIG B8 40 v O B I8 A7 AR . 42
JR B REFE VM 2 4 B s O B AE — AR N2 R
() FA BE B R b0 Y RE R AR X R AR AR T
PGS R BE dh 0 A 77 & (Datacenter Productivity ,

DCP)" B B b B AE — SR R IR AEAE
R A AT R 77 A8 bR 2R 1 2 Bl o A
RUREFE (5 S REFE 1Y LA
Useful Work Produced
" Total Quantity of a Resource Consumed
(19

DCP
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DCP J&—A~ 38 2 11 i 45, Hot B+ o
A BLR B REAE () 4E 7 % (Datacenter Energy
Productivity, DCeP) , iz (20) £/~ -

DCeP — Useful Work Produced (20)

Total Energy Consumed
DL b0 58 U 55 80 B A — Bk ] iy
(Assessment Window) ;= H B9 F T /E (Use ful
Work Produced)

M
Use ful Work Produced ZZVi U, (t,T) « T,
i=1

2D
Horbr s MO I 8] BN ) B AL RO AT 55 BB Vo —
A F AR FUTE 55 (A . 40 SR AR % ) ]
BEAAT 55 SE 1 T, 0 1, W N 0. U, (e, T) & — A
I T F) 407 R KK T2 R RS 7S B IR B4R L 58
JEEEAME 55 B9 . SCHRL60 J 78 B4 vt A2 7= 3 1
JE AR E b — 2D AN, AR R T8 O AT 55 58
JEUER XA B FE AR o T T e 3 e 4
CPU F I3 Ik 55 #1153 58 ) 55 20 4 J3 1 & &5t v
L REREA T KL Green Grid® $£11 T PUE
(Power Usage Effectiveness) fl DCiE (Datacenter
Infrastructure Efficiency) F 3¢ F Ak B s wp .0 19 T 4L
AR B L H 0 TT 4 (46 IR %
AR TR 28 At AR RS D) AE R R b
O EIIREZ A SE R, E L (22)

PUE — Total Facility Power

IT Equipment Power
Total Facility Power X time

IT Equipment Power X time

Total Facility Energy

— . 22)
IT Equipment Energy
DCiE J& PUE F{81 %0, B
1 IT Equi
DCIE — _ qulpn‘lént Power < 100%
PUE Total Facility Power
(23)

SCHRC62 3 — B Xt (22) iy 2 T AT 40k . 4
TR AR B TR vk 0 Bk BE Pl 1T %
KW BERE R 1E A A AEFE; W PUE,DCIE J W T &
i 0 RCREAE 7 A RERE (9 LB K. Bl . PUE
i 2(DCiE g 50 %6) W R 0 B K 6 A 8RB AE 5
Kot ol BB RE 9 50 %0, 4RI . TR I A B HE
L) PUE ¥ %y 1. 37. PUE #1 DCiE % 8T 1T
W BUREFE  (HI A % 18 3 A 10 13 75 76 T4 FERE = 19
Ivi) BN S 06 25 i 0 A T B A B an , 1 5 AR 5 45 T FE

AHIE ) 2 32, CPU (18 JH 32 AT REAH 22 AR K. 2 T 31X
ANE L SCERL60 T3 — 25 X H AT 1 #b 5 . 4t — T
W #t3gFr CPE(Compute Power Efficiency).

AN TR) ) ] B S 1 2 7 AR AN R B AT 45 4 BE RN B
Ak B AR O [A] Y 2 5 K. SP-EIR (Energy
Inefficiency Ratio of Spatial Scheduling) 8§ #r™! &
SCOA SR 7 AR B 1 8 T OR  B HE BRE A Av F oR
87 BEAEL S FH AOSEAS [R) A 55 98 188 550325 e 0 140 1l 7% RE A€
AT
5.2 #%BRFEMEEMN

Bods o0 18 R &R (Cooling System Effi-
ciency, CSE) /& il ¥& £ 48 #& M1 & 5 il & 11 2 /0 1L
1B R BE T 18 R GLIB AT B 1 SR RR.

CSE — Average Cooling System Power Usage

Average Cooling Load
24)

Horb 7 U2 H RGHFE R D5 7 BRI Ve REGE
AR 1 B CRRL 2 v i, 1 ¥ 7R 1 g 0°C /K 7E 24 h
Ve R B 0°C 1Y pK Br o 24 10 1 v ). PR P 8 e
T2 A T Ve AR ST B AL I (] P Jz ik B Y fE
R A 5548 307 411 v 1) ) 5% 5 3 =8 50 o0 10 52 e R
L% CSE /T 0. 8 Kw/ton J&— N HF 1 b 1.

HVAC % %4t % % (Heating, Ventilation, and
Air Conditioning System Effectiveness)®* 5 PUE,
DCiE 2R J2& ik T B df vh 0 A 6] 20 18 79 RE #E L 1]
& #. ERA IT REREFES HVAC REREAEM
FOfE -

HVAC System Effectiveness =
IT Equipment Power
HVAC + (Fuel 4 Steam + Chilled Water) x 293
(25)

Horp 4y 7R3 BE 43 i) g2 TT B4 19 #6 i (Kwh)
M HVAC 7 G816 14 B8 1 (45 v 58 A1 H AP U
). HVAC RGERCREBOR AR ME RGN RR
B AR TR R I Y A A R R LR R X
B /N B8l 0 1 HVAC REE 8K ol &
A [6) B0H0E v TR 2R A7 G A0 s T 0L 32 2 A7 4 T Ml 25
“orH.

h T ORAE B TP Y 2 A PR SR L e R
5 10 B R V2 HIRE S BB/ T AE 1 0 BT i i 2 200
1128, CSS(Cooling System Sizing Factor) J& ¥ & H
DR H RGBSR HIRE T 5 (A v 20 1 ) LU 1A

@ http://www. thegreengrid. org
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Installed Chiller Capacity
Peak Chiller Load

B T Ve 2R G R A RE ) ANV AR SR A 6
F. CSS i i Jo B 2 3 e b0 19 TCO 5 1 53 A1
AT RE B AR AN . O Tl A I R R O B A
M) K 5% 5 [l , Installed Chiller Capacity £33 24 19 K
F Peak Chiller Load. #R & A [6] B9 %88 H 0 A7 7y L #4
RS R ARG IR G SE . CSS I AT
REAZALAR K. (HHLE b FRATTN %S B AL CSS 4.
5.3 RERBEITFN

R R B RS 2 5 UM b O A A T
VR B R AR B A TR O T R AR A
T BE PEI 6 AR 3X 28 48 R AN [8) J2= U A A B2 43R T
B o A A T (PR

BE X ERLAS BILSR B ¥ PR, SCERL63 8 1 T
RCI(Rack Cooling Index)¥§#5. B F &8s # .00 % &)
RGAT SRy LA B ¥ TR BE AR — BUSE AL HLAR
AN Te) 8 BE AR BE 43 A (A% TR TR B S B AR 1y
SIME. A5 08 4 IR BE AR UE R K A TR E (Max
Allowable Temperature, T ) T K #E 17 18 &
(Max Recommended Temperature, T e ) « 52/ 2
IR E (Min Allowable Temperature, T a5 /)
HEFA VR B (Min Recommended Temperature, T rec) .
— T E SRR SRR

Toaxal = Toacree = Trinree = Tineal 27

WERA TR SE 5T Toeree - ARER N AL KT
T v e W FE TR i 2 3 . RCI S 5047 3 % 08 T X W
g0, 53 RCIyq M RCI .

CSS = (26)

— Tmaxfrec) M
T; > Tmaxroc:{ X 100%

(Txnaxﬂll 7 Tmax*rec) Xn

RCIH]: 17{:1

(28)

RV b 251 3 e JBE 45 o LI 42 o A IR BE AR

AL TTRSS i A BEAL M HLAR A TR . 7T LA 3

0 2R TR B A 0 7 CAALZR o B 50D 3 ALK

B, WS (28) 5 R oy (1 2 1R i R o

T ree BE AL S LB B X 155 E B B0, R T2 A HL2RE

M. oy B — A B BADR A T RCT H oY

100 %0 » BISA AT A0 o 52 0 5 19 30 2 03 T T e THL
HIHERAM -

h
(Tmixrrec - Ti’“) in_
RCIL() = {:1 o ; =T m’:[ X 100%
(Tmlrrrcc - Tmlrrull) Xn
(29)

RCI F N 1 A HLEE Y i v RCR  IF 3 2 75 4>
(ERAE 7 v 1 ) 5 v A i SRR B L B B T
fiATL R P T ¥ R i BROIR 2. STk (63 J 78 AN [] o] ¥4 AL
2N Ty %5 B2 118 D0 X RCT B 47 T BF 58 C
FR 65 1000 X6 Hafa v AN [] 1 ¥ A T8 3 DA X (L 4%
AR AT 2 Ef P A4 EF ] 3 Rl O X RCT E 1 52
Wi FEAT T ARV

U0 3.3 5T IA 5 e KA R )V SRR Y S
g [N /& Heat Recirculation 1 Short Circuiting.
PG BUARIE Sz 1 I # v AR B as A7 05 ), 7
0 B O Ve R G LAE &R, HRF (Heat
Recirculation Factor) 2 5 X} 0 & R 45 #5 7= 4 1 34
] R4 HEAT T 3 AT 1A g AR O,
R A

0Q = Dlc, »m; + (TV —T,,)
i=1

Horpon B R BE ¢, om TR Ty, 53 9 2 SR T
P2 RV B A B T A A TR
PRV i itk B Chy 7 Ak 1) &8 1R € Fir A7 CRAC 1 i
VAU R B — D L BRI AE %I R AT
PR T GE e 7 AR IR L A AR
175 QI 2 T 2 0 S O TR e S W e o [ 7 Y VA
(8 RE 7 58 55 . e IBCRICHE Hh 0 1 A SRR S T
(Qrer 0Quer) ;H\:':F' vﬁﬁ%%%&ﬁ*'b E‘Jé#*}‘iv}ﬁ
R b O B A L ONE . R I R il 55 s Y
Iy IF BB % IO H M E : (Q.0Q). HRF &
XN
- §=5%
Generated Heat

(30)

3D

Generated Heat Recirculation

O3 RAZT AL T AR S I S A PR ) 22
B o 4 B 77 A #3280 1Y) 22

T HRF {4, LWPI (Local Workload Place-
ment Index) W e JBEE 5 2% F& 1 15 5 1 FA ] 37t 2% 07
s M HE RS S EOE NTF .
LWPI, =
(Thermal Management Margin),; + (AC Margin);

(Hot Air Recirculation); -

(Too—Tw): + 2, [(Tsar—Tsaromn) X TCI, ],

(32)

(Tin.] - TéAT,i)
Horpr s T A T 53 990 271 R 1T A0 18 ik B 35 L (3]
ﬂnjﬂ%%”ﬁ %’*{E) %‘ﬂ %ﬁﬁ{ﬁfﬁﬁ, TSAT *ﬂ TSAT.m\nﬁ
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i) s R A 25 V2 AR 2 R R AR AR IR . TCT 2
2SR GO A R O R B Tear S
I 075 A5 2 B 38 R B AR A AR B XS RO LS S
A BN T A0 V2 OGRS T 7.

X 5%F RCI,HRF I LWPI S 31Es45 f
AR, T E NS5 SHI(Supply Heat Index)
M RHI(Return Heat Index) {3 T 2 4~ 445+ 0>
A I 38 A5 P 5 L K A S B B R R B T
DL B B0 o0 $A S PR RS s bR T
AT R 2 4 b 1 U HT A IR Bl o
WA 2 A EM kA CRAC. IR A ATE I R G5
b T RE IR T HLEE B 1 P4 6 2 T CRAC 1Y)
il ¥ 8 B

n
out in
Qgcncralcd == Qrcmovcd = E Cp,m; ( T; — T,' )
i=1

k
=>1¢,M,(Th,. — Ty (33)

AT LA B 5E s PR A R T o R T, vl
DL SRR A RS o0 B RV L PR A I 25 ELFR
f£ RT(Temperature Range) . FiAR #25 (30) . %
SHI M RHI & XX (34) . (36) fin. SHI %R
TR T AR I BN R N 5 v A RE SR
SEI R R RHT W3R8 CRAC I #A & 5%
AR BE B IS B R O R, SHI R RHT #f a) 4%
FY A 1 HCHE T PRI AR A R 55 TR SHIT K
R ECE RHT A, A P IT AY BE 4 8™ L
ZIRIR.

Q
SHI = ——>——
Q removed +0Q
_ Enthalpy Rise due to Infiltration in Cold Aisle

~ Total Enthalpy Rise at the Rack Exhaust

Dle,m (TV — Ty DT —To,)
o i=1 =1

- n - n
Drem (TP =Ty > (T =Ty
i=1 i=1

34

Qremoved
Qiemoved +0Q
~ Total Heat Extraction by the CRAC Units
~ Total Enthalpy Rise at the Rack Exhaust

RHI=

k n
DM (T — Ty DT =T
=1 o i=1

— n - n
Diem (T =Ty D(TM —=T,,)
i=1 i=1

(35
RHI=1—SHI (36)

k(6418 8 T RTI (Return Temperature
Index) Z ¥, iZZ BB S MY Heat Recirculation
Short Circuiting FIB ML AT T 46, HIKN

T — Ta
(T mean = (T e
CT 7D e FNCT ) g 53 B 22 7% 95 50 A L BE A9 F
B, BAREOLR O R AR R &R

T = (T s Tap = (T (38)

WA Ul BAVRA T RTT B {H 2 10026, 40
RRTI R K T 10000 AR D7 00 3 58 2
Z Short Circuiting Z W i3 58 . SCHRL64 10 AS [7] £ 4
LSS RS R S FE % BE N 00 N RTI A #1471 B
G 45 R FWDR B 0 B ¥ B R HAGE T 1T R
B s o Il D B3 ) A RO

T gk At BB T AR D BN R Ry B
G LA T SR R AT . B o A TR
B IR 722 CoV(Coefficient of Variance) J2& 7
VR MR R AR AR SR A o R
[F) 5 55 1 U A 22 AR K, 2 5 BOIR B2 AR 5 TR) B A 8
RIAGER B ). ZS BB SR K.

RTI = 37

6 REEREE

AR SO B A0 B O 18 B0 85 5 DR A A L G
T B A | B B L AR BB A T T
X B rh O B PGS BRE Y AR BEAT T SR 0E. SCE
& HO6 R O 9 AR R BRI B AT T M A
PNTET o) BT i/ 220 i SR BT R R B R AR
Z A4 L0 B IR BESR E BEAT TR S LB
GE AT I A T A Bl I DL S AR R L AR T
T 22 747 i A0 R A BRRIL R A BRI HE SR O 2R 0 R HE
L PR BRI S SRR T B TR RR . BT AR SORE
SR O PR DR SR AR 4 4R ik
PO I R GBI AR SR AN = 2R AT
A2 B R4

B b0 By A TR ARET LGB ) B AR T
B0 AER AT 1Y L 22 A 25 PR A BRI T vk
A B R JE T B GR T =R
ENERE S S NN =N S o) 2 NN 4 &
SR R AR IR R 0 O Y R R AR T I 2 OB Y Pk
i FATE S X 2 A TAEMBS . IFE & A i
fifh » 25 R R 2 (0 R0 HE v B BG4S BT B — P
Ik 5 11 1] L.

(1) S 58— 19 4y B IELJEE B 4% ML V. 76 B dls
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W B ST N 25 5 AL T B RE AR v REAE . AT
5 B B A T RERCR.
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Background

The high energy consumption of data center is a serious
problem to be solved. Especially as the development of cloud
computing, more resources are centralized to the clouds.
Constructing green data centers and achieving power cost and
carbon footprint reduction become research hotspots in recent
years. A lot of work dedicated to thermal management and
thermal balance has been done. This paper surveys the latest
research result of thermal management for green data centers
from the perspective of monitoring, modeling,
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and evaluation.
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