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Abstract Commercial buildings account for a significant proportion of the total building energy use in Korea, and cooling
energy, in turn, accounts for the largest proportion of total energy consumption in commercial buildings. Under this circumstance,
chiller staging is considered to be a reasonable and practical solution for cooling energy saving. In this study, the part-load
ratio and the operating characteristics of a vapor compression chiller were analysed within an office building. In addition,
energy consumption among different chiller staging schemes was comparatively analysed. As a result, significant proportions
of total operating hours, cooling load and energy consumption turned out to be in the part load ratio range from 0% through
50%, and thus energy consumption was significantly affected by the chiller COP at low part-load conditions, indicating
that the chiller operation at the part-load is an important factor in commercial buildings. In addition, utilizing a sequential
chiller staging scheme can reduce the annual cooling energy usage by more than 10.3% compared to operating a single

chiller.
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Table 1 Input condition of simulation

Division Content

Program EnergyPlus v.6.0
Floor plate area 73(m)x48(m)

Site/Weather location  Incheon(South Korea)

. From 05 : 00
Model Chiller Schedule Until 18 : 00

System  Chiller Capacity 850 kw
Terminal Unit Conventional VAV Box
Cooling/Heating Cooling : 24C
Set point(C) Heating : 21°C

AHU supply 13°C
temperature
AHU fan design
HVAC static pressure 750 Pa
Value —
AHU fan efficiency 75%
Mlnlm_um outside 762 E-04 m'/s/m’
air rate
Chiller design COP 5.0
Plant Boiler desi

Value oiler design 80%

efficiency
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3.2 Load Distribution Algorithm
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Table 2 Simulation input related to part load ratio

Field Input
Minimum Part Load Ratio 0.1
Maximum Part Load Ratio 1
Optimum Part Load Ratio 1
Minimum Unloading Ratio 0.1

| Identify available equipment |

Load equipment
to optimal PLR

Load equipment Load equipment
to capgmfy in uniformly to
equip, list order capacity

Sim Equipment

Remaining
Load?

Load equipment
non-uniformly to
capacity

L

Load equipment
non-uniformly to
capacity

Sim Equipment
Sim Equipment

Fig. 1 Load distribution algorithm.

Table 3 Simulation cases
Equipment Capacity Operating priority

Field ;i Algorithm
List [kW] 1st 2nd g
Case_1 Chiller 1 850 Chiller 1 X
Chiller 1, . . .
Case_2 Chiller 2 425 425 Chiller 1 Chiller 2 Sequential
Case_3 Ch!ller L 425 425 Chiller 1 Chiller 2 Uniform
Chiller 2
5 s e} vy ¥sr17E FekE A
= WAfolt). whA o2 Uniform 21101 ‘%“4 = 9¥E
el $4 919k Aaglol wAste FaE 77t
WE717F sdstA H-etE A2kl Qﬂr Table 29]
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Q) o

< TYE AsS Hol7] witol Optimal Ao
Case #2404 A|L)AFH ) Table 33} o] Case= &
37HA 2 #573l] Base Case”’} %+ Case_1-> 850 kW
o] g5Fo] Baslx ¢k W5 7] 14, Case 2% W57
£ 5:5H &R ﬁﬁg el Hake] EHj= Chil-
IerlJJr Chiller 27} $-A<=9 wel =215 o2 F3=
=] 2] 3F= Sequential Xﬂoit!}él Case 3= vl kx| = Y
57) 2tE E&ste] -5k <= Chiller 13}, Chiller
27} FU3 B-ak= 2] sk= Uniform Ao 28 e

Case 3% —ro}«l Alo] daglE 54374 |
glo] sAlel 7hso] Frh
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4.1 Cooling Load of Chiller on the
Representative Days
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Part Load Ratio [%]
2 v oo
3 & 3
X R R
BF)
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Hour

Fig. 2 Part load ratio variations(Case_1, 3).
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Fig. 3 Part load ratio variations(Case_2).
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4.2 Part Load Ratio Variations
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4.3 COP variations

t}2 Fig. 4, Fig. 5+ 7} Case?] Wi ¥ COPE e}
Wk Fig. 4= Case_1, 3¢ thgh 2#j3zo|™, Fig. 5+
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of TaAFAL) W=7 7}5/\1 711 05 : 00~18 : 00A] <]
E¥E B 3779 79 Case 1, 32 1.7~5.5, Case_
29] Chiller 12 1.7~6.6, Chlller 2509 EXE BT
249 9 Case 1, 3 5.6~6.1, Case_22] Chiller 1
2 5.3~5.7, Chiller 2= 0.5~3.8¢] ¥¥E H2It} Fig. 4
| Yeld Case 1, 3¢] COPE= %%+7] 05 :00~09 : 00
Al 7HA] eF 172 AASHAl FA]8k=dl o= ohd A
I} wbR7FEA 2 Minimum Part Load Ratiool w&} 715
o] Aefx|7] wjFEo 7 AtgHl ofEHe 4§ Chil-
ler 12 07 : 00A] 5.7, 18 : 00A] 5.6 A|2|3F Yrx|
Azl et 6.09] 3 YA Al Bl Fig. 50014
Case_22] COP+=, Chiller 12 F7+7] 05 : 00~07 : 00A]
7hA] ok 172 dASHA A8t 13 1 00A] 7HA] 35
3t 6.4 7|=3}a 16 1 0049 6.65 7|How HAk

o_&r

2

—A— Intermediate Season ~i- Cooling Season

cop

3 / e N

2 [ \\

1

OrH-rJ

12 3 45 6 7 8 9 101112 13 1415 16 17 18 19 20 21 22 23 24
Hour

Fig. 4 COP variations(Case_1, Case_3).

- -4k - Intermediate Season Chiller 1
—— Cooling Season Chiller 1

—>— Intermediate Season Chiller 2
—4#&— Cooling Season Chiller 2

A-A A A
6 A A
'y
: ’_./\_ ./1
| : A
a 4 +
S / A 4/‘—*‘0 \
3 - - o« \
IR » \ \
5 \ g o \
[£5 ~ LA
I \ \

. /
1 3 ) 7 \

A L & N
0 ¥ N

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
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Fig. 5 COP variations(Case_2).
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Chiller 1] COPE 07 : 00A] 5.6, 18 : 00A] 5.7 #<]
gk A A= et 549 @S IS Belth
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T 7 7FA Case] oJ54 i 07 : 00A]¢] F-3}=
381 kWeo|™, Fig. 2, Fig. 42] PLR 44% COP+ 5.69]
I F7H7) hEY 151 00~ 4 9 F3lE= 301 kwelHd,
PLRS 34%, COPE 552 &5 53l v, Case_
29 E Y COP 1Al o] E}E CaseEd “Jolst dEls
Hol= ol 7 ¥E 77t Asske Ft ekl at
ool It} 71719 79 Case 1, Case 3¢l H]3te] &
Hhe] gakel 425 kW] Chiller 17t 7HsS- 814 Hct o}
A 7] tEY W¥s7] 7Fe Akt & Case_1, Case_3
2 3069 HakS 2= W Case 2+ 4.619] €53

S FAE Bk
4.4 Detailed Analysis on Annual Data

U} Fig. 6~Fig. 83 Table 4~Table 6= 10712
Part Load Ratio 7-7F8 Azt 74 7FsAIZF, A7 74
Cooling coil rate ¥ A+ F Y57 A7] 2vES v
Ebdl ez e} JO]U}. A7+ % Cooling coil rate]

Qo= RE Case’} 5U35}7] W&ol Table 40wt
el itk 1dle] WE 7k 7He Al 7] Case 19
AL 78 AR PLR 0% ©]AF 10% T Rke]
7ol 951A17F o & Zh kAL, 90% ©]4 100% ©]
3} ko] TAZFeZ 74 wokt} Cooling coil rate:
40% ©o]AF 50% m|wF F-7Fo] 116886.2 kKW, 50% ©]4F
60% "Wk FL7ko] 79347.8 KW O 2 =) YrEl o,
0% ©o]AF 10% w7k G-7to] 83.3 kWZ 7Hd @ 1S
Holth WE719 d7] AH82 PLR 10% ©]/d 20%
n) gk FL7ko] 27479.9 KWh, 40% ©]7 50% W 7o)
19773.3 kWhso.2 =74 YEelRon, 0% ©]/ 10%
vk St7ko] 83.3 kWhZ 71 SHIth =, 0% ©]4 10%
ngk Gt7ke] b @l s 7] s Al 7&-% vERd v
ol W 7] A7) oluA| vk 7 e ghs
YR AL o] 7hsAlgte] Ear P%—‘%E—O}EOl vho}
Al COP7} w7)= shARE, W5 7|7t Al slofsls §-
sh7h e war 1= Qlel 7] ol x| AnlwE Bk v

7] wjiZelth 10% o]/ 20% W% Fike] A T Al
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-+, Y% 7]5 Minimum Part Load Ratio®] 24 zkoll
w} WE71E Oon/Off AlojE 7] wjiEo] A4
10% T3te] Z7] ALg-EFo] F-3tdl gin|ste] =4 Ay
e Aoz ek Egk Ws 719 PLR T3kl 50%
o’ 60% RS 7| H O R Ths AIZE A7) AR,
steFol dASHA HasteE AL &9 & 5 glon,
PLR 0% ©]/ 50% w9+ +7Fe] 7] AL-g-5Fo] Y¥E7]
o] A7k A7) AFRO] 74%E A}A|ETE WE |7 2
Bl FEY-SHEo] Wom CoPrl WolAal 1= <l
3 A7]an|Fgo] s A¥E ZHstsd, 22
Q13 Case 13 1] Y&7I7S ZEA7]7| Bhe
20] o)de] WErE AEAl7E uleAlele] B8
S A5 Aotk

Case 29| A7t & A7) AM|EES 50% ©]4 60% T
Tk F7bo] 24028.9 kWh, 80% ©]4F 90% w|wF F:xlo]
10756.2 kWh=2o.2 =4 YEYS™, 0% ©]d 10%
njuk 7o) 60.4 kWhE 78 wokth. Case 39 729

Il Chiller Electric Consumption [kW] - -® - Cumulative hours of Operation [h]
20 1200

1000

Consumption of Electricity [MW]
Cumulative hours of operation [h]

PLR < 10 10 < PLR < 2020 < PLR < 3030 < PLR < 4040 < PLR < 5050 < PLR < 6060 < PLR < 7070 < PLR < 8080 < PLR < 90 90 < PLR < 100

Part Load Ratio [%]
Fig. 6 Case_1 cumulative operation hours, electricity
in each PLR.

Table 4 Case_1 annual PLR data

Cumulative Chiller Total

Part load hours of electric cooling
ratio [%] operation consumption coil rate

[h] [kwh] [kw]

0 < PLR < 10 951 60.4 83.3
10 < PLR < 20 800 27489.9 59130.2
20 < PLR < 30 222 11773.1 49375.9
30 < PLR < 40 217 12409.0 67833.2
40 < PLR < 50 295 19773.3 116886.2
50 < PLR < 60 166 13087.0 79347.8
60 < PLR < 70 57 5288.4 32009.9
70 < PLR < 80 34 3806.5 224225
80 < PLR < 90 14 1869.4 10556.8
90 < PLR < 100 7 1060.8 5764.6
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10% ©]’ 20% w©|RF +7bko] 27480.7 kwWh, 40% o]/
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I Chiller Electric Consumption [kW] - - - Cumulative hours of Operation [h]
30 1200

25 1000

Cumulative hours of operation [h]

Consumption of Electricity [MW]

Part Load Ratio [%]
Fig. 7 Case_2 cumulative operation hours, electricity
in each PLR.

Table 5 Case_2 annual PLR data
Chiller electric

Part load Cumulativ_e hours consumption

ratio [%] of operation [h] [KWh]
0 < PLR < 10 970 60.4
10 < PLR < 20 495 8834.5
20 < PLR < 30 193 5289.9
30 < PLR < 40 142 4169.9
40 < PLR < 50 145 6481.5
50 < PLR < 60 305 24028.9
60 < PLR < 70 152 10527.4
70 < PLR < 80 147 10106.8
80 < PLR < 90 152 10756.2
90 < PLR < 100 80 6397.1
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. Chiller Electric Consumption [kW] - “® - Cumulative hours of Operation [h]
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Part Load Ratio [%]
Fig. 8 Case_3 cumulative operation hours, electricity
in each PLR.

Table 6 Case_3 annual PLR data

Chiller electric

Cumulative hours .
consumption

Part load ratio

[%6] of operation [h] [KWh]
0 < PLR < 10 970 60.4
10 < PLR < 20 798 27480.7
20 < PLR < 30 219 11609.3
30 < PLR < 40 216 12340.1
40 < PLR < 50 297 19898.1
50 < PLR < 60 167 13160.5
60 < PLR < 70 58 5372.1
70 < PLR < 80 35 3920.1
80 < PLR < 90 14 1877.0
90 < PLR < 100 7 1065.3
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