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ABSTRACT KEYWORD
Purpose: With the increasing importance of indoor thermal environments, comfort-based system control E._F-_’A‘-%Er':!

methods have been developed to create comfortable thermal conditions. However, the achievement of thermal %f—}:ﬁ Aof

comfort often conflicts with energy efficiency, highlighting the need for strategies that simultaneously improve OE“:O,IIE Fo07

comfort and reduce carbon emissions in buildings. A critical step in this process is understood to be the impact of

key occupant information, particularly clothing insulation (CLO), on carbon emissions during the operation of  Carbon Neutrality

building systems. Thus, the aim of this study is to explore the effect of CLO on the carbon emissions of these ~ Ihermal Environment Control
systems by being examined. Method: The impact of varying levels of CLO on energy consumption and the resultant g?;?:fel dcl\(/)[r::::rilo o

carbon emissions was assessed using a PMV-based control approach in this research. Annual carbon emissions

were evaluated through simulations, while empirical validation was conducted with actual subjects under A CCEPTANCE INFO
PMV-based control in a Test-bed setting. Result: It was found that CLO significantly influences the energy usage  Received Feb. 22, 2024

and carbon emissions of the system. A doubling of the CLO value was observed to lead to a decrease of  Final revision received Apr. 8, 2024
approximately 36% in annual carbon emissions during heating periods and an increase of around 20% during ~ /Accepted Apr. 12,2024
cooling periods. These results highlight the substantial effect of CLO on carbon emission fluctuations and

emphasize the importance of accurate CLO data being acknowledged. Furthermore, it is anticipated that these

results can be utilized for establishing optimal control strategies for achieving both thermal comfort and carbon

reduction simultaneously during the building operation phase.

(© 2024. KIEAE all rights reserved.
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FE AET H 2 F2dE) H\— lobal Warmmg Potentlal GWP)
£ &oto] 5719 CO,E ZAketet tha4d gl GWPe = &7
2022 =7H2AZFAQIRE ] H Ao A A[Ast= IPCC Al 22 lg
7YE 1A 9] gh-& AHE-oFgl o™, Table 1.7+ ZTH30].

COxqe 9=°] T7 9 «E o] ohE | AAEZol #i=
AsE o}oq Azt AS 5L 95 B E dAS=HY
2, 5871, 2571 59 ’\]@% Eq. 1& AHgste] 2A7FA vlEw

£, 7171 59 7] AHgel me

tCOeq= Y [Fuel X NCV X f, X107 ° < GWP] )

consumed

tCOyeq=Y [ Power X f, X GWP] @)

consumed

where,
tCOyeq: 143 A E % (ton CO; equivalent)

Fuel » A2 A8 (fuel consumption, Nn®orkg)

consumed *

Power, A A= (power consumption, MWh)

consumed”

NCOV: & EeF (net calorific value, MJ/ Nm? or kg)

GHG: 247} (greenhouse gas)

£, WiEAIS(emission factor, kgGHG(CO,/CH,/N,0)/TJ or
kgGHG(CO,/ CH,/ N, 0)/ MWh)

HEA 5 oflu A Y, AadH], FAHEA 55 FHgh 2A7EA
HEASE ou|shy, SR 2A7IA FRABAE A 1A
St= =7F 15w EA s —Z—" A-8SFATH30]. 2 A1 A+, Al
o] @ Test—bed Fd A|ARIS G A HAZA BE= WY&
AR&-R}, whetAd, 7}i = AL HEAs 2 e A 4
7} Table 2., Table 3.2 Zo] A-&strh, HAZFALNG) Y] -+,
2207 9 QA R0 g EASE A8egen, A
2o] 79 udTo] ofd 4uleke] MiEASE Telsin
Table 1. GWP values by greenhouse gas

Greenhouse Gas GWP
CO, 1
CH,4 21
N,O 310
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Table 2. Emission factors for gas fuel combustion

Table 4. Modeling information

Type Emission Factor Modeling Information
CO, (kgCO,/TJ) | CH; (kgCHy/TJ) | N,O (kgN,O/TJ) Total floor area 511.57m’
LNG 56,100 0.41 1.06 Buildin Orientation South
. nfu 1.g Location Seoul, South Korea
Table 3. Emission factors for power consumption AT o] Climate zone 4A
Emission Factor Value Unit Number of Floor 4F
CO, 0.4747 tCO,/MWh Wall U-value: 0.35W/m’
CH,4 0.0125 kgCH/MWh Floor / Roof U-value: 0.25W/m?
N, O 0.0100 kgN,O/MWh Construction Window U-value: 0.16W/m’
WWR 30%
2.2 }\] B Eﬂ 0] 4:]— E.Tfi_]%' Infiltration O.7zac/h
Occupancy 1.86m"/people
H QLML 134 02 A B o)A Ed) ZHolEF 3te] A& Internal Metabolic rate 110.7W/perszon
- - _ - . Load Equipment 11.77W/m
AH|Zo] n] 2] olgke iHF 1l UL of| 1] 2] = A BA5Y
A Eof nA = FFE EH 2 v A SHA EASH Lighting 400lux (6.9W/m?)
ok Algdlol A2 Ay G874 Aol 9 oz EAo] 7h5et 58 HVAC system AHU, VAV system
ZAE oA A] sl =2 13491 EnergyPlus(version 9.4)& AH8-35141 HVAC Cooling COP 34
system Burner Efficiency 0.81
AEg ol hA AR 1 [ERE=
ot AlE o]t a2 wl= ol 1~r(Depart_ment of Energy, Ventilation [ Tals e
DOBSIA AZete F#E o2 2 A8< Bsigth. 2D
o 78 ABE Table 4.9} 2o, 4374 Y D22 dude
S11.5Tmlolek, 71 ¥ et A&2) /15l 4AEA 7] ¢ Control Cycle

SR AAtArt32]. A& 24, HEEE 59 F8 HEE
715 tof 9t ASHRAE Standard 90.1, EN ISO 6946 7| &2 u}2
. HVAC A| 2812 AHU % VAV 7 Ao] A|A8o] HEE[Qlo
o, Hda= AAZTALNG) 9= 719 B57]+ A 7|5te=z
253kt

Alzelol e ¢ SA] AR AAR o] AHlEF
= 71F0 8 g EFS A0k oo A HES A AT
2AEE F5 07:00~19:00019  o]2le]  A]7H00:00~07:00,
19:00~24:00)2} 22 H| A Alzko= A7 sginth & Aol A
+ 2o ga HjE o) A= 9FE EAh AS FHo=
ot7] 2o, EdS 1FUE AREokleh AR SEFe
ASHRAE Standard 555 7|&2 2 Qu 2 St7o] A dutzo g
Aste 2591 Light Office work/Standing/Walking® 475}
o oo afiFsh= g2 110.7W/persono]th[14]. o], AJE]
Ao == o2 t3 Al 4714] 310.38clo, 0.50clo, 0.74
clo, 1.04clo) 2 & AAstoiet, o 22 =4 F&(14, 331& 12
gfsto] A7gotgl om, AN g2 2.47% ¢ HAI = it

of

[e]
e

filo

O @ ok or

2.3. PMV 7|8k Ao} T2 A A

Zolkg §HI PMV 713t Aol PMVE Ao %2 meu
Aol g ek, PMV 7|5t Aol 2ol 22 mejotel, 44 H
PMYV setpointZ G-2|5}17] 918 Wk Al A=lS 753t} A2 e
oA B A TA0IA Aol o] ARgre W P Y BT
514 92 Z9<l Adlel PMV 00 2 U5t 28519k

=3), Test-bed A7) A9 AA7F AlolZ S8 Alo] LA 2~
£ Fig. 1.7} 2] 755 9o, Alo] TA AL dloje] 57 T, 4
ARt 2ol AFE T, @A PMV & A, Alof A4 $41 B4
2 TR, 94, dole] 54 BA e AE Test-bed tol 758
AAE B 152 71402 dolel7t Q) 4 dloje $7E

Adig7d diofd, AUl oln|#], A28 A ARgFo] EehE.

CcLo

PMV HP system

imation .
catilEie calculation control

(by Al model)

Fig. 1. Experiment process of PMV-based control

AATE 2ol AHE TA A= A
R-CLO model-& AH-&-gHH20]. 74
ofo] AjAzte] o8 JHE ArET 4
7t £34 it Axzre g Afazte] 2o

S8 A PMV &
setpointe]l ¥2|oH=2] W7y, o|df, djofE] 4=3] ThA o] A Ao
717 FAE g s 9 AolsF JH O] tiEGHS Agote] dA
PMVE Aatettt, 2 AFo| A Test-bed?] ol oJsf AA=L2]
Herght 2= Biskgo] WA Yehve A8 18 ste] PMV 7]5t
Alojo] Alo] 717+ 10802 AgstAct. upr|ete 2 Alo] A4 &
A A AL @A PMV & ET 2 thS Ao] Ato]Z9] 24 A
W2 g 24 ol A4 == Ak E o Alo] Ato]Ze]
PMVE FHHHY(-0.5 (PMV {+0.5)2 FAT 5 = AFLT
£ onjgitt, A7t AR = H, 224 (infrared, IR) AAE 5
o) S A2Hlo] A2 F FAl5 o] Alo]E Pttt

24. A3 ¥9
AAZEPMV 719 Ao AP-g A5l Test-bed s =3ttt T
H Test—bed®] HHE 3 A o|n] 2] = Fig. 2.9 Zom 39 F
B Table 5.9 2ot AP L & 535m’ HH O 2, F 79
vro 2 A ghdZ o W 200mm, HHE 300mmE FAE L
o] 1704 Egt=|H, Rt 2ol 7+ 1714
AAEG Ee, Wdde 8l 714 #7129 S|EH
(Electric Heat Pump, EHP)E Ax|st3l.o™, EHPS| W 45
2759 2.80kW, COP 3.64, 3A Y2 770Woln, 1 A
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AL 2ol YO WE DA 7|8 A|0fe EIABIE Y 24

A5 3.50kW, COP 3.89, A& 900Wolth, A|lAHL AL Table 5. Test-bed information
o] 9| on/off A|o]E =8I}, Configuration Information
Interior volume 5.35m’x2.2m = 11.77m’

-bed=Z+E Hlojg] A W =20 i =
Test—bed+= flol8 574 S A= S MALE 535 T —— 3 3502 (2,675%2,000mm)
A

Aot PMV &35 914, Fi ig. 2. o} Zrol 5k, 7REE, 3 Wall structure wall insulation layer 200mm
FEALEE ZAG 4 9 FRAAES ¥ 5 12m olol A% 200mm siab

o e o - 20mm insulation material
sttt Az o5 JHE H S5 8f 7Hzt A E 2= Floor structure 40mm lightweight acrated concrete
AA)5te] FAT A7 F AL o]n|A|E AT} BT, A 40mm morar
27718 B9 Aol £ F A AR W S ZHT 5 90 Lighting LED x LEA

o _ Type Electric Heat Pump (EHP)
W, 108 .02 A2Y 45 A0S $ae] 919, EHP A2 , Cooting: 28000
ofef IR 41 AIAZ Astgich. AAE BE AAE 424 54 HAC | ey Heating: 3.50kW
o] 7}53F Arduino @ Raspberry Pi 7]1?— 2 J125]o] A7 Y| system Ccor Cooling: 3.64, Heating: 3.89
s L P - Power Cooling: 770W, Heating: 900W
olg 3]o] 7hEsttt 2 AFoAE 15% A0 R 87 9 olh] consumption g ’ g
A doles At
AY Z 9P EA o|E.S 285} Test—bed | A &F-2 2HA| . [ mom -
£ A g7 st 2,370 PMV 715 Alo] L2 A A
S0t A5 F RS Tl 2o A o2 ATESkAL, WY T
Aol Sttt AAZEo 2 BN 9 A o]n A S H5 e, :
|l MV 7hS A5 ste] dlo]E1 S Alo] 71711 108 Ft &
A}, 102t & PMV 3 Edi2 ohg Ao} 717ke 45t L | =
ATEE A4 Ay 2rg Aol A2 Aol S - | - i
ol 2712 A BF 0|49 271 S5 0.38clo, 0.50clo, . | S Sensors |5

0.74clo, 1.04clo gro &2 AAstgon 2olek 274 of 4054 A
Fig. 2. Test-bed diagram

& APtk A9 F NARE 7 ol P )8 23S 3
a5t on zholeFd o]E %3+ Table 6.3 2T} Table 6.2 A Table 6. CLO cases for control experiments
4 922 15O 9920[33] ¥ ASHRAE Standard 55[14] E£& 1 ao Types Images
FHoto] o5 L AL BE e 4 9l AWHAQ o2 25t Vit o T shirt,
2 FASHATh B8, HEAE A0 2 42 Y, £55E 2 S| walking shors
ga9ch

Aof Zrofst o dxtE & 23 olw YA 129, of A 119Ho] 1 050 G short sleeve shirt,
AHAT, B AL ¢ 25 1@Hm9mw4£ﬂ4§%@ 2| walking shorts
of FFE 1A 4 9= BMIE= % 91(18~23kg/m*) 2 2 otgl
on m@ate] B BMIE 21.7kg/m?o]ch, A@L of24(9~10 074 oo | lone sleeve shirt
) % ALA(1~39 2)ofl AP AT F I AL Aol A T tousers
grotolie AAE § A5 BEFE 1.0mer $E0 = FUsHA
AsrAnt. AR F A2 2 @A) Aol YuE AHEste] A Lo oo | 8 Sheve shir

= aaqe .04 clo trousers,

7H PMV 7]4te] Aol & S35kt suit jacket
3. PMV 7|4t zjo] ZAzt 24 & Istoint Alo] At dA 2 AL} o84 AR 7|7

PMV %< Fig. 3.9] UeRdTh Fig. 3.2 A7} AF6H= 3% o
AZF e PMV 42212 B, PMV ZHol|A] A zte] A #)
3 &4-& 2oL E Aloj7t Aot +FHUSE AT &

=

L.

3.1 AlEdeld 23 4
A Edold A= PMV 74t Alo] 2 dsjHe wshx] b= 4
T AYe % 7|ut A o] (Base) TS T A A5 Alo] ATt o)t

_I

AT AE AR 4HF d SATA R ZH A EA51T o], A& Alo] Wiol mhE AZF o | 2] AHEF- Fig. 4.9F Lot Fig.
PMV 718k A|o1Q] Z¢ Zre]eF2 2. 274 AgE Hiet Zo] & 4.5 AYRZ 75 Ao(Base) ¥ thE o 47X E 43t
47}2](0.38clo, 0.50clo, 0.74clo, 1.04clo) o &2 A5t PMV 7|4k Ao o] ATt F ol 2] Av|-g vepdlth A 1

Algglold Axf, PMV 715 Aloj= BE &ojgf oA A4 & e AASH7] tiEel Al 71719 od A] AH|gko] 7}
27} AFsHE F5 07:00~19:002] PMVE 00f 712 #0153 7 AA v, A 717], 298 9 F5 old s BE 204
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222 - 221G - 2FGA - MU - 222
2o —&— PMV —=— Heating —®— Cooling —— Fans
15 ] Day 1 Day 2 Day 3 Day 4 Base control
ol 60 4 Heating_ |14.8tCO2eq
0.5 n 54.2 Cooling  [36.6 tCO2eq
> ~ ] Fans 11.0 tCO2eq
S 004 >
& 054 8, 50
=1.0 b [ ] 8
e Z 40
20 . s
7:00 19 00 7:00 19: 00 78 OO I9 00 7:00 19 00 ‘B
Winter weekdays é 304
2.0 o
1 Day 1 Day 2 Day 3 Day 4 =]
1.5 ] —8
10 g 20+ 16.7
0.5 O .
2 1 ’mm 13.1
S 004 10.0 10.9
&~ 05 1 10 4
-1.0 4
-15 ] T T T T
N 0.38 clo 0.50 clo 0.74 clo 1.04 clo
2.0 T T T T T T T T
7:00 19:00 7:00 19:00 7:00 19:00 7:00 19:00 Cases
Summer weekdays Fig. 5. Annual carbon emissions of PMV-based control
Fig. 3. Examples of PMV result in occupied times
PMV 7[5t Alof o] o 2] = HE ZojfF o)A A 2=
[0 Cooling  [E53 Fans I ASIR S A e SIS 20152, 4 2
Lighting [[7/] Equipment[__| Water Systems

Total Energy Use (GJ)

2000

1800

1600

1400

1200

1000

800

600

400

200

Total Energy 1653.28
Cases Base

3317
275.7 267.1 279.5 3017
86.6 86.4 86.5 86.8 87.1
1880.36 1847.55 1816.78 1843.93
0.38 clo 0.50 clo 0.74 clo 1.04 clo

Fig. 4. Annual energy consumption by control methods

PMV 7

ek

™ OSE

2|9} W oflif 7] 9]
otk WHk o] 2] 9] A2 1.04cloo A 0.38cloz &+o]&Fo] 7h4-sH
off wat 331.7GJell A 267.1GJ 2 <F 19.5% v A7} A7 =] S},

W i AE= Wo| FF 240 2uH oUAE

i},

e%lw*ﬂ

Ao1] 739 2

AHU A4

°ﬂLVlL 17401] E}E}*
7149t o] (Base) 2] 7

=T

R °ﬂL111 Mﬂ Hl&o] WA vEhdT.
KA olgFo] S7rgtel mhet whgofu 2] 4K
o] Zastglrt. ZefeFo] 0.38cloollAl 1.04cloZ Z7F3 o, A
7t Eoj A A i A AF] THE Aol #Asy] Wizl o
152.09G] (°F 36%) 9] vl 217} o A& & & Aok, 3 of

7§_?_ z]-/]ak 71-0] A ASHAR

Ul A7 A ]

9

Z700 gt A7 22°C Bt g7 AAH%le, olz

AT VAV AR AL A7} 27k A8 ek

A4o shelenh, 4, B Aol B Fo) L 24,

B oA W] S o 27 W AL & 4 9lek W oA
%

Zeof w2 oy 2] A7k a7t @ oz o Bl s)
Addez A yerget W oy z]E 1.04clodl A 0.38cloZ 2
gro] Zragh o, 125.9GJell A 75.6GJ = <F 40% ol 2] 7} 745}

Agdlold dite £EH Azt oluA] A 7|t & b
W ARl uhE gaHlEgS 24 gauEEe olu A A
‘51394 FAI2k FAFSHA CEFAIRE, A| A" o] whet AR E = Ao

FR7E 22t Aok yehdth Algdoldol die dAztA
(LPG)E Amz ARgstglon, ¥ 2 W2 7|5 Agstglth 2t
A 2FO] ARG A FRE TP sto] BAEER(COxe)S AFET
A¥H= Fig. 5.9 2ok AUlR % 7]5ke] Alo] Al AtEw= W, 3,
W SAHEHS 22 14.8tC0Osq, 36.6tCOzq, 11.0tCOzeq]Th.
HHH, PMV 7[4F Ao} = 2ol uhe eAuf & 2kl 7} Koln, 1t
4 35.4~54.2(C0zeq, B 35.5~44.1tC0seq, M 10.0~16.7tCOsq
o] =z =EH Ik do] A9 PMV 7[5t Aloj= AUk 7|5t
Alojell vls] A =3 FFA717] sl gaulEge] BT A U
Bt A2 & 4 ok dH o g Q% gaulEde Aol 71
W2 0.38cloolA 54.2tCOxgE HlOH, Zoo] 7P} =2
1.04clod|A] 35.4tCO,eqE UEFITE. o] & 2hejgFo] oF 2, 7H) ol
A5, SAEEE oF 35% Wobd 4= Ql&-& Kol of2%t At
+ Fig. 4.9] dgolld 2] A7 vled FARE #2)= gelwv] A&
Zrojeo] -8 gA0A B Aol Fsahe Holzch yika we]
SadlEFS ZojFo] Yotd a5 Fashs FAE Uehllen, ¥
HFo] 74 zrojeke] whet A7k 2o 8.4tCOqeq, ©F 19.5%2] viZE 2t
SER-Fi=g

Algdold AIHE Foll, PMV 7]9he] # & Aloj= A et Fg
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