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A A Au] YA s dF EofellA FE o] §HTh HgE oFA
Amsl wEslE AYWE 2 Python, MATLAB, Fortran, C #<
Aojel  Contam, EnergyPlus, THERM¥} #& Zt% g 339
3}

TS AieR vgIgd Ax"e g5 " Aol Ade w4

70) Transient system simulation tool, TRNSYSI8. (2021.12). http://www. TRNSYSIS.
com/
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MATLABZ 3 74 3 A" 7|eke) b 35 93 598
Z2ad Aoz deolyg A 9 Ay, dugs A F=
AFEETETD g o] FEAA B ZrRafde] dEAde v
o]tk TRNSYS version 18 LibraryellA #A|3&H = AHIE F
Typeld5= MATLABS #H3dESISsto] TRNSYSSE

2= Aee] Fhs s,

3.2.2 Base model =4
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AREEE TS e 2R B A9 vl B Aldoe] golsithe 53 0]
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=z

=
oZ
N
s
rlo
re
=)
X
o1
=
\.BN
Hir
o,
8
L
o
ol
2
4
>,
it
ot
2
%
00!
=

AL AMUES tsdd SEHE Al=gls Adste] A
<Fig. 7>¥ o] st 7zt A 24 93 HUE
A-&3H= building zone summary H|°|EHE 7|¥lo g FpH AlFEHA Fi=
W= 3 7| W vy %383 (American Society  of  Heating
Refrigerating and Air-Conditioning Engineers, ASHRAE) 7|50 43k
<Table 5>3} o] A3}

715 de dels Aee AR o, e AR 72 128C=
713 F-E-(koppen—geiger climate classification)® ASHRAE 7]+ <53 iS4
715-(Dwa / 4A)E YepdHR2®), A& o iy Bl FE duies

71) MathWork. (2021.12). www.mathwork.com
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AT ouUAEAA|FN T A9E HEE FHo dUFEEE
71Eo 2ty 3249 71E 99 0150 WK, A& 0150 W/m’K, H}=t

C_)g'
0200 Wm’K, 3 1500 WmK= AAstk A48 uioa s
A2y 7171, =% B #r] §eke] A fleld duet DOE  reference
building®] ©lolEE ARESIAT o]wf AREE AW sl ASHRAE standard
901, 621, 562 7ol wel AAI}ATD0T), Ay Wik 7Hs AR
0OAH-E 18A|&Z AAs, AW setpoint =%+ ASHRAE standard 559
oPffice 7] & 21C, W 26T=Z g}

2115 kW2 AASHD) AFdY SEFHZ A W g2 717t
gk 2803 kW, W 2501 kW, AFdudrE 139 3RTe &3

&8k dtka 7hAste] 23o® AAIT080, 3 AT A7) 9

72) Beck et al.. (2018). Present and future Koppen-Geiger climate classification maps
at 1-km resolution., Scientific data, 5(1), 2018, pp.1-12.

73) ASHRAE. (2021). Climatic Design Information. ASHRAE Handbook —Fundamentals

74) PR P A BAE. (2021.12). ASFE oo UA A FLA Y E. https)//www.law.go.kr/

75) ASHRAE. (2010). Energy Standard for Buildings Except Low-Rise Residential
Buildings. ASHRAE 90.1-2010.

76) ASHRAE. (2013). Thermal Environmental Conditions for Human Occupancy.
ASHRAE 55-2013.

77) ASHRAE. (2013). Ventilation for Acceptable Indoor Air Quality. ASHRAE
62.1-2013.

78) Carrier Air conditioner Engineering Product Data Book. (2019. 07).
http://www.carrier.co.kr/

79) Water-Cooled and Condenserless Liquid Chillers Water-Sourced Heat Pumps

Product Data Book. (2020). http://www.carrier.co.kr/
80) A3, g, 3, &9, 9FE & o]z A, (2021). A YA AlEHIAS
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Zol= ol dFste= AS 150m A AFT% 16CTE Ao o
e}

2780822} TRNSYS 18

Fhe 2 a8 dolHE Faste] FCU9 Wi &3 2673 kW, WH &2
2o 3800 kg/hrs g9 o=

o] &% £EY, XEY 4 FUEY FEFHE A x®e A Hu-iEA e el
83 =8H, 414), 1-12.

81) Carrier Air conditioner Engineering Product Data Book. (2023.06).

http://www.carrier.co.kr/

82) HANIL. Pump Test Report. https://www.hanilelec.co.kr/

83) TRNSYSI18 17. HVAC Library Mathematical Reference; TESS Libs 17: Milwaukee,
WI, USA, 2012; Volume 6.
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Fig. 6 DOE Reference Building Small Office

Table. 5 A EdolAd & 4 Ft
AXHE T gZr g
A A5 A
&= JFAA
Hhehe 2 2769 m x 123.45 m
511 m
9] 3.05 m
Gl 0.24
s U—Va%ue 0.20
Building gy A% | WK 0.15
1.50
AR SHGC 0.37
WWR 21.31%
A A 713 09:00718:00
A} A 2} 0.07 kW/hr (319)
= 7171 8.07 W/m®
Chlutl =1 10.76 W/m”
317] 0.66 ACH
g dEds . Jan., Feb., Nov., Dec.
2 setpoint 21C
Heating/Cooling w 7] %k Jun., Jul., Aug., Sep.
° A setpoint 26C
deadband 2T (#17C)
— 35 —
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AXHE T g} 2} 1] €
T4 1.012 m x 37.62 m
d A=A 386.00 W/m-K
PVT module fd g FE F 359 EA
PV &2 & 16 %
AALE 45°
i 87 23.71 kW
Air to Water ik Ay v 517 kW
Heat Pump i 8% 21.15 kW
W A8 4| 449 kW
i 8% 28.00 kW
Ground Source ik Ay A 513 kW
Heat Pump Wy 8% 25.00 kW
W A8 4| 472 kW
HAE 2 EA
Ground Heat Hol & zlo] 150.00 m
Exchanger dAEE 250 W/m-K
Z7] &= 16TC
74 687.00 L
=9 1.00 m
| 50.00 mm
Stratified layer 8 EA
Al BieL: A EAAF 0.60 W/m*K
2 =7 4 4% 120 W/m® K
. =4 Al 45T
Setpoint = A 10C
Deadband 4T (£27C)
T3 4-pipe
vl &= 26.73 kKW
Fan Coil Unit e 8% 24.95 kW
A 5 0.20 kW
W 8E 90.00%
BA & 3,800.00 kg/hr
ciyater % 7hd W9l 507100%
i A8 A== 0.17 kW
A 71 HY 507100%
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Comparative analysis of the optimized ANN,

= A

&

[o1s
models using Bayesian optimization for predicting GSHP COP. Journal of Building

Engineering, 44, 103411.

84) Cho, H. U.,, Nam, Y., Choi, E. ]J., Choi, Y. ]J., Kim, H, Bae, S., & Moon, J. W.
(2021).
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Qload = mﬂuid chluid X(]’LS — TLR) ................................................... /_\_1 (2)

o1 7] A,

o
ar
: = =32 2= o
Tss, Tsp - €Y & T35 -5 2% (0)

=
Tis, T @ 73 5 9% 37 =% (T)

COPgyg = Crvet Qusmp™ Qoswr 21(3)
Pysapt Pasar T Pruaret + Ppones + Proups
o] 7] A
COPyys + 228 A5 A%
Qpvry Quspy Qosp © PV, 37199 3 A5dd SEHEZ o s

(kcal/h)
Posm Posp © 57199 S ERZ A A9 JERZ v dg (kW)

PPU]lﬂ’la PPUWSa PPUMP4 .
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Indoor temp. !
Qutdoor temp. [ 0 0
HST inlet temp. 096 -0.78 -0.38 -0.10 0.20 {027 | -0.38 -0.10 020 0.8
HST outlet temp. 096 -0.78 -0.38 -0.10 029 0.38 -0.10 029
HST avg temp. 201 -0.96 -0.78 -0.39 010 -0.20 -0.39 010 -0.20 06
ASHP inlet temp. 88 -0.71 0.35 012 037 035 012 0.37
ASHP outlet temp. 64 -0.70 0.94 0,53 063 53 063|046 -0.94 [0118] 0. 04
GSHP inlet temp. [8 0, I
GSHP outlet temp 017 00 : d 005
PVT inlet temp 013 013 02
% PVT outlet temp. EEE 0.78 -0.78 -0.78 0.71 -0.70 (04T 0.04 KELERRIEE RS osonss 0.45 050056 Rl 0,53 I
g Pump1 flowrate 0.38 -0.38 -0.39 0.35 -0.94 065" 1.00 (0,58 0.63 EvRIY 1.00 |0:58 0,63 BRI 1.00 GBI 0.77 (061 10
‘>° Pump2 flowrate 0.40 -0.10 010 0.12 0.53 48 (EKH 045 0.59 100 [0.46 ow 0,59 1.00 046 0146 0,60 048] 0.92 0.77
Pump3 flowrate [o:18 63 10,06 0,50 0.63 0.46/ 1.0 nna 04461 1.00 Mu.{»snem 102
Pump4 flowrate ERRR] o.95 0461 o BRt oda ] o BRE 1 00 |
Pump1 power 055 100 0,59 0.63 1.00 (0,50 0,63
Pump2 power k8045 059 100046 046 0.59 100 046 0.46 0.60 046 092 | 24
Pump3 power o 050 063 0.46 meum 0.46 thmnﬁﬁtrﬁl}
Pump4 power owm 1.00 mow 1.00 m 1.00 N | -086
ASHP power L 0661 1.00 (0,60 nﬁamHu: 0.60 mx.m‘mum 0
GSHP power o,qa B o0 000 [ 0.0 [EJ 02 X | | 5
Pump total powel 053 07 0.7 0.78 1.00 0,84
Total power [ Dmm 0.51 077 0.80 0.51 0.77 0.80 0.52 080 0.84 1.00 Y 1
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ﬁﬁm¢°&&&&§®@@§f‘f elodededofe?
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< 858171, Al 85817 = Este] oS54 /s 11883t
HAge A Ssdolyol A 4
AAe HA o

Zasth. tolH

o ALt

o & E 9

Shol ol &gt
A gl

i

85) Aurelien Geron, Hands-On Machine Learning with Scikit-Learn & TensorFlow,

Oreilly. 2017
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86) Orr, G. B, & Miiller, K. R. (Eds.). (1998). Neural networks: tricks of the trade.
Berlin, Heidelberg: Springer Berlin Heidelberg.
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Table. 7 9% &% o=xd L% 9 ualn]g
2 » Ll ey I A ey
PVT | ASHP | GSHP | ASHP | GSHP
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=g o A9 gEF 28 0[]
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87) Safa, A. A., Fung, A. S., & Kumar, R. (2015). Comparative thermal performances

of a ground source heat pump and a variable capacity air source heat pump

systems for sustainable houses. Applied Thermal Engineering, 81, 279-287.

_49_

Collection



Start

!

Part A

[Get data]

Obtain real-time data from sensors
The data consists of weather, indoor thermal environment and system operating data

I

Part B

[Select DHW heating mode]

DHW heating is controlled by On/Off controller (deadband: +2°C)
If PVT outlet water temperature > DHW temperature, PVT to DHW mode

If not HST mode select

Part C

[Select HST heating/cooling mode]

HST heating/cooling is controlled by On/Off controller (deadband: +2°C)
Heatng period : If PVT outlet water temperature > HST temperature + 2°C, PVT to HST mode
If not heat pump to HST mode

Cooling period : Heat Pump to HST mode

Part D

[Select FCU operation mode]

Indoor heating/cooling is controlled by On/Off controller (deadband: +1°C)
Heatng period : Indoor setpoint operation based on time
Cooling period : Indoor setpoint operation based on time

!

Part E

[Control and Operation|]

Send signal and each control devices

Fig. 11 7379k Aojdug & 3 8%
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STIDHW) Temperaar [0
ASHP I Ouilet Taperstre 7]
‘GSHPIn. Owilet Temperaure[ ]
STAIST) Temperaure (]

step st N
Operation

BT Temp. ™~ No

ST1 Temp,
Yes|
* 3

Set Cooling
Mode

PVT to ST1

]
AUX to ST1 ST1 Storage OFF |

AUX to ST1

‘ ST1 Storage OFF |

I ' k 1 i
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N1 StepsT2
Operation

Yes

I

- N
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asepst N0
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I i T

Indoor <20T

- -~ No
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~._ Operation
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( Start

'

[Get data]

Part A

* Obtain real-time data from sensors (n step)
* The data consists of weather, indoor thermal environment and system operating data

}

[Select DHW heating mode]

Part B +  DHW heating is controlled by On/Off controller (deadband: +2°C)
* IfPVT outlet water temperature > DHW temperature, PVT to DHW mode

If not HST mode select

[HST temperature prediction]

* Real-time retraining of ANN model

Pal't C *  Generate input data (21 scenarios via flow rate variation of 50~100%)
*  Predict future(n+1 step) HST temperature of each heat source

* Extract the predicted HST temperature closest to setpoint temperature

¢ Define the optimal flow rate which affored the minimum absolute error

:

[Energy consumption prediction]

Pal‘t D ¢ Real-time retraining of ANN model
* Generate input data (each heat source’s optimal flow rate)
* Predict future(n+1 step) Energy consumption of each heat source

!

[Indoor temperature prediction]

* Real-time retraining of ANN model

Pal‘t E * Generate input data (21 scenarios via flow rate variation of 50~100%)

*  Predict future(n+1 step) Indoor temperature

« Extract the predicted Indoor temperature closest to setpoint temperature
* Define the optimal flow rate which affored the minimum absolute error

!

[Control and Operation]
Part F

* Send signal and each control devices

Fig. 16 H & AL g s
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A3 2 Re dS@at AAgke] daddAs drtshs AR 19
THEFE 2 ARAAE 9ugth CVRMSE)x dS3ta AAge

A& 3=

Ll

AEALE F3 o HES gom 0o 2HIAFE 2 = FPrs
olm gttt w3k HF A e (Mean Absolute Error, MAE)E  2)(8)3}
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88) ASHRAE. (2014). ASHRAE Guideline 14. Measurement of Energy and Demand
Savings.

_66_

Collection



- 24(6)

2(7)

—
=}
=
o
(@)
i
X

2(8)

o171A,

R EE

Yi-

m dolE

% R <Fig. 22725>3} 2t}

5T
It

i)
_ZTI

H
o}J
N
B
N

ol

ze]
=~
!

HH

T3k, CV(RMSE)= 97]ztel Al 0.749%, 0.933%, 0.889% %t

ATt

}
W7 7F 4.994%, 4.167% =

file)

|

o

s}
ol

UER T MAES] 749 A

_67_

Collection



3) A auF SR

Y717 & PVT, ASHP, GSHP 7 €0 @& o U= v o Srd 9
R*= ZF 09765, 09939, 097792 =& AuuA woen, CVRMSE):
4552%, 5.349%, 17550%<] o= A&=Z ®Ith. MAEE 0.003 kW, 0.030
kW, 0.122 kWe] 22+& vebdith WH7)1z ASHP, GSHP| R* 0.9716, 0.9729,
CV(RMSE) 16.797%, 2.537%% X921, MAEE 0.074 kW, 0.010 kW= ZF

= AU = Ag=E Bt

Wi 7k W)t 22 R%E 09938, 097939 we Ad #A ge

HojFa glrh 3 CV(RMSE) @ 0.851%, Wi 0.736% 2 F oS24 2F
ol & dZA%5 S YEhH, MAEE 0.085C, 083C 2 AULE oZmd9)
53 4 el
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Holw oFrd HFo $54E Felssint

+d 71z d 4 R2 CV(RMSE) MAE
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Table. 11 oY =] AH]=F o

=
h

A 7% g9 ¢ R? CV(RMSE) MAE
PVT 0.9765 4552 % 0.003 kW
L\ e ASHP 0.9939 5.349 % 0.030 kW
GSHP 0.9779 17550 % 0.122 kW
ASHP 0.9716 16.797 % 0.074 kW
7] 7k
GSHP 0.9729 2537 % 0.010 kW
Table. 12 AW 2% o&nd XNTH7 A%
=4 7z g 4 R? CV(RMSE) MAE
L\ ey HST 0.9938 0.851 % 0.085 C
a7 0.9793 0.736 % 0.083 C
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%49z setpoint hH] MAE, CV(RMSE)E= & 719 #lo] Al 1507,
4.02%, WASd Aozt 040T, 1.08%, HZ Aol 036T, 093%=
et th A F 71 E Ao diu] vl A& E B H A Ao Al WA A=
MAEE oF 73.33%, CV(RMSE) 73.13%7} &4dHdon, HF Aolx
76.00%, 76.87% FFE HA AgdugEF AL A g AAA
Aol g Aoz FdF sl

I T AW Ao A v AEE Aojek HAH Ao ALk
d = A== CV(RMSE) 0.84%, 0.72% % T Ao 42 2% ASHRAE
B 7159 30%° A3ste 232 By, oju HF Aojdaes Ao
A e vAHEY A E oiv oF 1429% € A7 UERY
3l st
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chebskeh A Alo] o] m M3y W HA Aol A Y Aol
MAE+ ¢ 4843%, CV(RMSE) 60.69%7F 3=k, HA Ao+
81.25%, 8L62% F4slol A Adgueld 4% A g agHd

Aolgs Fdd Aoz FAHAT.

Typical dayoll A 8 Sdx= AW2% Ao A& FASE A4S HolH
setpointel A AL FE A7t WA =@tk mgh A 7R
Aol A stF T &7 7ol v 2 A+t deadband Ao 7}
APem o 0F= Jhes AASAT. HALSE Al HA
Aol s BF oF At 7bede Eges Holu qrF 7Nk Ao
2op ve fHEFoR stEHE

Typical dayolA AWe% Ao A= <Fig. 24>9 #o] H A
Aol Fel A setpointel] 7HF WA EEsta 2 FH H[ A Y
AoydarelF, A7k Ao Mot A 7Nk Ao B HE TE
Aol A deadband 715 22T 7HA =&3t7] 98] 11:007H# 7Hg o] %
Q& AZY Eobxl 97 2=r F7F JhEo] glad: AWt deadband
Hel W ARG, A AEE 2 HA AddaeFe A rH7Iu
Aolet @l deadband $l°] setpoint 21CHA & 98] 2% Al bl A
Al 7hEo] gl H T

G F b v Ul EE Kol Peak daye W77t Peak
dayd =gz &% Aoj9 A$ <Fig. 25>¢ 2o setpointo] I+ % 7] vk
Aol Al 7hd AA =gttt o] A$ Peak day A9 HIdx =0
FFE ol Ao AF AR 27t D B dAFew EAHHY
o]% HZAH Ao, uA LY Ao o7 EEdlrt. Peak dayd AL E
Aol A= <Fig. 26>4 &lo] Zhgsirk. LA T Q7|2 =7
-124C7HA WE 7= 9 Al 7FA] Alo] WA 2% Typical day Bvf @
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e Ak =R, FHL Al A W E flo] AWLEE
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[

A e ) 7ko] WA A kol A A A TFEO A& o7
Aol & WGk, vAEH Aol E HAA AojduEFe] Fg Y
= A u 13:007+4 7FE A=A glo] Wi

Faygte] wat Aol 97t WA Had AL FAF )

Seoul Heating period Typical day HST Temperature

480 10000
470 P—
460 |
%000 &b
450 =
S p
00 @
S0 ! 2
@ |
S 430 6000 g I Rule based control flowrate
£ 0o 5000 & memst nen-Adaplive control flowrate
= £ &= Optimal control flowrate
g4 . - 4000 Z Rule-based control HST Temp.
T 251
&= 400 | . o 5~ nonAdapive coniol HST Temp.
T 300 | B Optimal control HST Temp.
2000 2
380 i
370 1000 &
360 . : i i . . 6
800 900  10:00 1100 1200 1300 1400 1500 1600 1700 1800 19:00
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: o : = = w o oAe] §
Fig. 26 A& 3977 Typical day = 8% <% 9 Ao &
Seoul Heating period Typical day Indoor Temperature
240 10000
o
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22 8000 80
— =
¥ o0 =
Z 000 @
£ 200 g
§ 6000 £ == Rule based control flowrate
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2 5000 @
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2000 B
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14.0 1000 &
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Fig. 27 A< 39717t Typical day = A% 9 Ao
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Seoul Heating period Peak day HST Temperature

48.0 10000
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- 8000 §
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e 7000 2
© 4.0 &
i
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Fig. 29 A& W77t Peak day & A% % Ao 3

A

Wz BS F9E 2 4% AHE
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H A 39 Aol 3 HA
Aol Z CVRMSE) 2+2F 126%, 098%= HA Aloj Lz Zo] A8t
HAe T3 ool oF 2222% FFHE A

Alo] WA ME ZHZ setpoint tHH] MAE, CV(RMSE)+= 1% 7|9k Ao
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AYeE dF AEE CVRMSE)= HIA &3 Alol7F 0.88%, A Alofell Al
056202 A S8 Aol oF 36.36% /ATt

AU % Ao] A FAAS flal Ao WA E A2 % setpoint tHH] MAE,
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Seoul Cooling period Typical day HST Temperature

13.0 10000
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9000
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%000 8%
__ 100 =,
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i 8000 E == Rule based control flowrate
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Fig. 30 A& Y977k Typical day & =9% 2= 2 A
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™ setpoint Bth H o] -203CE HolH deadband Al A5 8T 3+
222 fAHAY. 7)1 7ke] Typical dayel Peak dayi= setpoint =9 7FA|
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Seoul Cooling period Peak day HST Temperature
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__ 100 =
S oo 000 2
£ %0 £
R 6000 E o Rule based control flowrate
g 70 000 i smss non-Adaptive conirol flowrate
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Fig. 32 A& W¥B7|3F Peak day 5 €% 2% 3 Ao #F

Seoul Cooling period Peak day Indoor Temperature
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Fig. 33 A& WW717t Peak day & AWL% B Alo] #F
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Table. 13 A& AojHHo WE =dx &% Ao ASAE
T 7 Fv7] 7k R\ Py
Base v A& = Base v A& =
7} A
BAAE | e | AS | A | case | Aol | A
A= A
- 091 0.75 - 1.26 0.98
CV(RVEE) (%)
Max (+)
2.09 1.39 0.81 2.04 1.30 1.04
error [C]
Max (-)
-2.05 -0.80 -0.80 -2.03 -1.31 -1.13
error [C]
MAE [TC] 1.50 0.40 0.36 1.27 0.64 0.61
CV(RMSE)
4.02 1.08 0.93 5.36 1.66 141
[%]
Table. 14 A& AolHHo] 2 A% Ao AS5AE
T 2 de-7] 7¢ -\ Py
Base H] & & 3 Base H] & - 3
7} A
w7 case A A o case A A o
A= AYw
- 0.84 0.72 - 0.88 0.56
CV(RVEE) (%)
Max (+)
1.18 0.70 0.40 1.02 0.82 0.55
error [C]
Max (-)
-1.95 -091 -0.40 -1.23 -2.06 -0.59
error [C]
MAE [TC] 0.64 0.33 0.12 053 0.47 0.20
CV(RMSE)
(o] 4.68 1.84 0.86 241 2.64 1.12
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Aol WA w2 g Wl oyA Au S <Fig. 34>¢ k. o
T Wy oy x| v v45Y Alodaig] s 50824 kWh= 71 B2
A= Aulgke] HASATH thg o & 278 Alojd el S 49959 kWh,
HAA AolLduelFE 49116 kWh <oz Fowdet. FH 7wk Aol
H] 4S8 Alo]= 865 kWh(1.73%) Z7tatg ot HA AoudngE 44 A
- 84.3 kWh(-1.69%) 7431t}

T 7 Alojs W olu A 21115 kWh, W olu A 28844 kWhz
Az F AU 2HlF F WY s A O B2 oA &u7E o] P A

R AL FARG, ol Wyt BT AV1LEs Huy Lvd

ol H A Alo] B HH Ao A VI SJEHZI} JbEHH I
Ay Anlg Frtste AdE Btk ddetgdch. g, 7 A2
JFEAZFS <Table. 14>¢F zZow Wl 71% A HHLE Aol 49 =
7HEAZE 2559417, AW2E AolE  $F Fa F TFEARS
654.0A1 7o 5 FH 7|9 Ao o] 7.3%, 76.9% F713S &elatdtt. A
Aele] A9 Y F TFEAZE 2530413, 3k S TEAIE 65754702
S7HE A3z Helg
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TIke WA EH Aol A9 JHEARF 5882407 A WY
FHEAIZE 986147kl H, A Aloje] AU E3 A WY ABARE 747

512307, 975641 HEHE HAATh AH Ao] A ALY FFEALE
l’:L

=
e
N
E
(T,
2
2
=
IE
n
U:
i
Y
ne
0,
e

= 7ksk At

FHA Aol aZ gu] Aol wue] mE AlxEl 9o ox
ARl WskE <Table. 15>9F Zth. HA AojgdnegFL & 7|8 Ao
iyl g Al A g Ra F A 2" FEARE SUbE 4 & 4917 kWh,
8k & +71.7 kWh=2 % +1635 kWh F7hstqivh. Wiel A 24 & - 2284
kWh, 3 %2 -194 kWh=2 F -247.7 kWh 7H&stgioh

A4 Aojdnez W HE A 99 3 Axd BN gad w

1000.0

= 900.0 —
= —
] 800.0
= 700.0
2 _
-] 600.0 /
£
5 500.0 .
= 400.0 ,
g |
5 300.0 ,'/
o 200.0 )
g ,
= 100.0

0.0

Jan. Feb. Aug. Total

ORule base 869.4 448.9 873.9 4995.9
Onon_Adaptive 9274 | 5198 801.9 5082.4
Optimal control|  902.7 492.0 775.6 4911.6

Fig. 34 Ao} W2 W oy A 4n| =
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Table. 15 Ao} WAd wWE A]~8 @AW 715 A1 7F [Hour]

L s e\ Bty
] o =] A ] o
?‘ On/Off H] = o -L] = OI’l/Off H] = o 34 2_4' Xﬂoﬁ
A o A o] A o] A A
255.9 253.0 588.2 542.3
5] E A &
1=¥= 238.5 (+7.39%) (+6.5%) 623.3 (-5.6%) (-15.9%)
=4 2559 253.0 588.2 542.3
&34 P 2385 (+7.3%) | (+6.5%) 6233 (-5.6%) | (-15.9%)
AT 654.0 657.5 986.1 975.6
e 2 g 369.7 (+76.9%) | (+79.9%) 88 (+30.0%) | (+28.6%)
FCU 3 3607 654.0 657.5 - 9%6.1 9756
- ' (+769%) | (+79.9%) ' (+30.0%) | (+28.6%)
Table. 16 7+ 2 7|5k Ao} din] o= v &F W3} [kKWh]
RIS
T R
(AloI/4) 3| EHE PN P FCU # Total
Jan. | + 2161 | + 797 +326 | + 2516 | + 5800
g | Feb | + 2653 | + 809 +505 | +31.23 | + 70.90
Nov. | + 1846 | + 6.00 + 157 | + 2167 | + 4770
1% Thee |+ 4658 9.49 653 | + 34.80 | + 97.40
CIESKS Total | +113.18 | +31.55 +16.41 | +112.86 | + 274.00
A o] Jun. | - 3647 | - 529 - 991 | +19.07 | -3260
e | Jul | - 4282 | -903 | -1432 | + 1287 | -53.30
7"] ; Aug. | - 5247 | - 1201 | - 1539 | + 887 ~72.00
“ 1 Sep. | ~2697 | -722 | - 1174 | + 1643 | -2950
Total | - 159.73 | — 3355 | - 5136 | +57.24 | -187.40
Jan. | + 11.61 | + 458 +1.87 | + 1523 | + 3329
g | Feb | +2021 | + 605 + 259 | + 1423 | + 43.08
e [N 1317 | + 352 + 084 | + 2045 | + 37.98
© | Dec. | + 2840 | + 4.09 + 484 | + 1173 | + 49.14
E ke Total | + 7347 | + 1824 | + 1014 | + 61.64 | + 163.49
Aol Jun. | -~ 4847 | 834 | 1723 | + 1341 | - 6063
g | Jul | =4182 | - 713 | - 1802 | + 1466 | - 5231
% T Aug | 6824 | 1392 | 2582 | + 968 | - 9830
1% Mo T2 | - 755 | - 1482 | + 1874 | - 3650
Total | = 19128 | — 37.06 | ~ 7589 | + 5649 | 24774
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5.23 HA AL A4 A7t

HA AojdudgFe A4S B7FE Sl I Aoj o HA Aozt

Aol Aes HusH, dA AdsH7tE AdF @AM 7] =4

tlo

A9 I EFE, S FZ FCUY &% WA A S ths <Table. 17> 3}
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<Table. 18719>¢%} #o] YESLTH
d 71 A AofgngEy SE€x 2 AYRE Ao d4F AgeE
Z+7F 1.25%, 091% % =& T A= E Holn ofF A % A~
&F Wbl A AEAHE QA6
HA AoduygFe] Fdx #H AU 259 setpoint WH MAE,
A 0.68C, 2.19%, AH=% Ao 4§
046T, 389% = = tAAS Btk =3, o Ao o3& FEx 2=
Aol Al Max (+) error 0.63C, Max (=) error - 0.60Ceo|H, A% Ao
Al Max (+) error 0.79C, Max (-) error - 1.11C =& tt4 =LA A3 o

Typical day 23 2% Ao A5 FE=E setpointoll 2 A|o] w2 o]

o]t oldd Aol Tz AAe] FPx LER A 7%
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A2 Aol olv] setpointel 24 g A M4 A7) Bl BaA
EG, ol 0F 972 Es 78TO R SebY WY Bak dh ol
2718k Aoj= 11:007d AAE WFAN HA A A5 setpointE
A8 98 ASHow AoE NSk ALE Aol A setpoint
2ol WA =2 Aol P AR Aofolv], FA% & Alofst fALeHA

11:00 o] Wi 287t Zoj5H FH/ M Aof AEHA it

=

&2

Busan Heating period Typical day HST Temperature
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8000 3P
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7000 &
& 440 =
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i 2
£ 00 5000 o —IRule based control flowrate
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i 41.0 4000 2_ Rule-based control HST Temp.
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= 39.0 | \ =
2000 2
380 E
370 s &
36.0 L 4 i 4 0
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Fig. 35 4t W77 Typical day & 9% 2% 2 Ao #=

Busan Heating period Typical day Indoor Temperature
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220 )
5 s 8
N
g0 7000 @
£ 200 g
= 6000 E
£ 190 =
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2 5000 g
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= 160 000 g
£ =
= 2000 B
15.0 2
14.0 1900 &
130

) i R
8:00 9:00 10:00  11:00 2:00 -
Time of day [10 minute interval]

Fig. 36 F4F W7)7F Typical day & A% 2 Ao &
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W71 7F Peak dayoll 224 o] v
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w7l 919 AE MAE, CV(RMSE)+= 9% =% Aol 0.13TC, 2.31%,
AW ew Aol 009, 193%% 7] AT A ~8 Leko] WAR 20| A

W7)7k Typical day %9% % Aol FA7NE AojoA o]y

NMeEE A 2dx 2529 9o 2 (09:009] °]H setpointE sl o] &

o
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)
=
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N
S
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ﬁ

0 A AolE =E X setpoint] 10T 222 3]

09:00% 8 7HE¥o] & 466M1ko2 AN Ao} ] oF 150A13kg o

7}%% ;_1% Q’%&’%IA‘. -%]Xj] Zﬂ‘ﬂ%‘iﬂ% 7“»9— /\] T-]Lz]ﬂlﬂ]— xﬂo} ];HH] E_E]'
C

T2 Hd 27} 24T 2 74 Ao

=

Typical day A= Aoje] A9 HA Aojduds 7be A A
setpointel] WA =3t H oA 04TE Kol setpointd] HA 2=
AR g A7 Alo)= THEAIRE 566417, H A Alo] 333 AFow
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Table 17 ¥4+ 333l w2 Al ~d g2 W3}

AXJE AH NERAN
o 88 17565 kW
Air Source R R 497 kW
Heat Pump U &% 15.66kW
Wk de v 409 kW
w8 20.741 kW
Ground Source W A A 483 kW
Heat Pump o &% 18519 kW
W de v 3.95 kW
9 4-pipe
i 8= 19.799 kW
Fan Coil Unit Wy 82 22478 kW
AN 5 0.16 kW
Ao ES 90%
A= 3720 kg/hr
Water Circulation frg 7 e 507100%
Pump RS 0.165 kW
e 7kd He 507100%%

Table. 18 F-4F Ao wo & =

T % b 4 ey -\ Py
27 27
YA & On/Off On/Off
" A o] " A o}
=4
- 1.25 - 0.88
CV(RMSE) [%]
Max (+) error
. 2.09 0.79 2.01 1.02
[TC]
Max (-) error
. -2.00 -1.11 -2.10 -1.05
[TC]
MAE [TC] 0.68 0.15 1.00 0.09
NMBE [%] -0.9673 -0.0044 0.9472 0.0741
CV(RMSE) [%] 2.19 097 2.92 231
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Table. 19 H-4F AojvHo WE AYeE Ao ASAE
7 ¥ )2t 93712
24 44
HIMA & On/Off On/Off
A of A o
o 548w
- 0.91 - 0.64
CV(RMSE) [%]
Max (+) error
. 1.02 0.63 1.20 0.71
[TC]
Max (=) error
-1.03 -0.60 -1.00 -1.11
[C]
MAE [TC] 0.46 0.15 052 0.13
NMBE [%] -0.9468 -0.0044 0.5666 -0.0017
CV(RMSE) [%] 3.9 3.73 2.92 193

N

2
2
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e
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i
)
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oX,

Hr7te Sls 97] 87 270 wgle] g2 Ao A
& S <Fig. 43> 2} w3 FF 76k Allo] tin] H 3
Aoje] Alzgl QA o|yA] Ml 9 7bs AZF WskE ohe <Table. 120>,
<Table. 21>3} 2t}

AZE A 71N Alo) o] Wik o A] A S 4151.8 kWhE Wi
ol uA] An|gke 747} 1497.8 kWh, 2654.0 kWhelth, H# Alo] A A7k Wkt
U A 28] #Le 41026 kWholw, ¥ o= A& 16594 kWh, ¥ ol 1%

WAE oA L

03#

:J_
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e g Aom wadc FA7 Aol HA Aol
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Table. 20 ¥

Azl @ W On/Off tin] ol x| Anj=F W3l [kWh]

. =4 22
T /A9 | 9dw
° S EH X ¥ 3
VIR EEE s gs | eas ge| VT i
Jan. |+ 646 ¥ 562 v 454 | + 1520 | + 31.83
W [Feb, |+ 2741 ¥ 3483 ¥ 503 + 9,69 v 4561
Az [Nov.| + 1565 | + 137 T 187 v 868 | + 2756
Dec. | + 33.13 + 899 ¥ 6.19 + 753 + 56.66
| - 47.18 ~ 224 =417 v 832 ~ 4527
B [ Ju. | = 5247 ~ 258 = 686 ¥ 6.10 5581
Az | Aug | = 39.04 ~ 382 ~ 083 Y A68 | - 4802
Sep. SRS ~ 375 ~ 672 v 747 ~ 61.80
A ~ 11401 | + 7.06 =095 Y6767 | - 4924
Table 21 H4F A28 9 49 7}% A1 7F [Hour]
w7 7k yul-7] 7k
T onoff Aol | AA Aol | On/Oft Aol | AA o]
2314 559.2
segx 208. 6172
] ! (+10.9%) (-9.4%)
=a/%49 o 231.4 7o 559.2
S8 W ' (+10.9%) ' (-9.4%)
SpeE: . .
° 4162 632.3 7438 o08.2
S8 Wz (+51.9%) (+21.3%)
FCU ¥ 416.2 6323 748.8 908.2
B ' (+51.9%) ) (+21.3%)
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Zyzk 713 4.68%, 1.84%, 0.86%, 713t 2.41%, 2.64%, 1.12%%= Ao} 374
Asks BAE Fal Aoyl s Ao AUt
QA7E Wk olu Ll eFe v P Ao} 50824 KWh, #3718 Alo] 49959
KWh, A% Alo] 49116 kWh o2 S1Elth 24 Aol A wou:
TR Ao} vu] ok 7.75% SO Wl A7k oF 606% AgE ek
o8 Bal A7 WYy AUAE oF 160% B EAE FAsgck

(3 A4 AoLueZ 434 Y7t
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ARE FAHIW Aeist w24 L AT AH A due B £
AYLE oF 4% CV(RMSE)« 7247F 47| 3t 8%
09190l WHu717ke] A9 0.88%, 064%2 & |5 ASEES vehch
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L12% 020C2 W 713 125 12 Alo] W4 Bt 93 Aog Bt 3 4
Ao dazlFe 048y Aojdus B Aol FHE BHs Holw Ay
Hgom oF Qo= g Alo] o] el I vzt AdErh
oAl Ao Af HA AojduEFelA PE AL eluA AwEs
glspiet. A4 Aol Al 71E FH7IEE Ao oy el A= +1634 kWhE of
774% VAR WeldA] -2477 kWh= oF 605% 3tasted & -843 kWh

3) A4 AojnelZ 44 7

A4 Aojgmneize] 484 WS 9a o A5 2 AR A5 alE

373%, 0.15C, W71zt 064%, 1.93%, 013C=E HFEx= 2% 2 AL Ao B+
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NIA] ZulEke] 79 HA Ao} Al WH77E +161.6 kWhE oF 10.79% Z7Fa+s .o
Wi717E -2109 KWh= oF 7.95% #h4ste] F 492 kWhel 1.19%9] =] Av)=k 47t

Z7FskAth o= deadband W$l Wl ON/OFF A== 270k #lofeh 2] 4]
A= setpointE Aer §x1817] Y3l 7FEEe] b A 27| Rualr] o)A
b 7bel] o)k Ao A} ofF s Ashy] sl HH Alel¢aeE Wl 7t
A 23S AT Ao Ao deEih w13 Wb Feph A o=
ARl A = A ol A ARt AlAEl TEeS Ak Aol ¥ edd Aem
s A

2 ATdME AEYeld 4 Wl A=" TH
AlEolde] B¢ Alzgl B Ale] 24 T3 2L F8 84V 4 Rdgow
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ABSTRACT

Development of Optimal Control Algorithms for
Multi-Source Heat Pump System to Reduce Heating and

Cooling Energy Consumption

Park, Dong Hyuk

Major in Environmental Design in Architecture
Department of Architecture and Building Science
The Graduate School of Chung-Ang University

In response to the continuous increase in building energy consumption,
there is a growing interest in carbon neutrality and zero—energy buildings,
emphasizing the reduction of building energy consumption through the
application of renewable energy-based multi-source heat pump technology.
The multi-source heat pump system is designed to select different
equipment components during heating and cooling operations, offering
superior performance compared to single—-source systems. However, the
integration of diverse equipment components introduces challenges in
unified control, often relying on empirical or rule-based control methods.
Thus, an optimal control algorithm capable of reducing energy
consumption by adapting to changes in indoor and outdoor environmental
conditions has been developed.

The multi-source heat pump system comprises photovoltaic/thermal
(PV/T), air source heat pumps (ASHP), ground source heat pumps
(GSHP), and thermal storage tanks. Temperature control is managed by
adjusting the flow rates of circulation pumps connected to each heat

source. The thermal storage tank accumulates heat via circulation pumps
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linked to each heat source, and indoor heating is provided through
circulation pumps between the thermal storage tank and fan coil units
(FCU). TRNSYS was used for modeling the target building and system to
acquire data and evaluate the performance of the optimal control
algorithm. The developed prediction models include a thermal storage tank
temperature prediction model, an energy consumption prediction model, and
an indoor temperature prediction model, resulting in a total of 12 models
based on different heating/cooling periods and heat sources. The prediction
models demonstrated high performance with satisfactory R?% and
CV(RMSE) values through optimization of structure and learning rate.

The prediction models were applied to the optimal control algorithm to
determine heat source selection and circulation pump flow rates during
heating and cooling operations. To minimize prediction errors, the
algorithm incorporates real-time retraining to adapt to environmental
variable changes. The performance and Adaptability of the optimal control
algorithm were evaluated by comparing control prediction accuracy, control
stability, and energy consumption with rule-based control algorithms and
non—adaptive control algorithms. The control accuracy for thermal storage
temperature control showed CV(RMSE) values of 0.75% for heating and
0.98% for cooling, while control stability demonstrated CV(RMSE) values
of 0.93% for heating and 1.41% for cooling. For indoor temperature
control, the control accuracy was 0.72% for heating and 0.56% for cooling,
and control stability was 086% and 1.12%, respectively. Energy
consumption increased by approximately 7.75% during the heating period
due to extended operation times under control algorithm boundary
conditions, while cooling energy consumption decreased by about 6.05%,
resulting in an overall energy consumption reduction of approximately

2.85% compared to rule-based control.
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Applicability evaluation indicated that the optimal control algorithm
achieved thermal storage prediction accuracy of 1.26% for heating and
0.88% for cooling, with control stability values of 0.97% for heating and
2.31% for cooling. Energy consumption increased by about 10.80% for
heating energy but decreased by 7.94% for cooling energy, leading to a
total reduction of 1.19%. This demonstrates the system’s capability in
maintaining performance and applicability under varying indoor and
outdoor environmental conditions. However, the increase in energy
consumption during heating compared to rule-based control and the
simulation-based nature of the study suggest the need for further
research, including adjustments to control algorithm boundary conditions

and empirical experiments.

Keywords : Hybrid heat pump system, prediction model, Optimal indoor

temperature control, Adaptive control algorithm
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