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Ml e drretaat shelt
G. Bagarella(2016)2 37199 S|EgZ ndelet HdxE AT
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Bae(2019) HlR#/d-AFd9 HEHE Axve AuAe sERx
Fremd 2E 99 WAES 4% F, 4 JFdw A7

W. Gang(0149)= ANN 482 B3 9249439 §8¢ slegzo)
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g 9% B4 AU Aol A, BIH3 8] =R, 33(7). pp. 53-61.

32) £9F. (2018) —a—}omac ATYRR] A A=A AT YT 2.

LAY ALl EH= ES A= =T,
34(11). pp. 81-87.

34) £ F. (2020). stolB = AFAdudr] A8 AL SEHZ Aade] G e 2
A, d%ﬂ“ﬂ]ﬁﬂﬂﬂ%% . 16(3). pp. 8-16.

3B) JEA, EFF.(2021). olF DY S|EHE Ax"e] W Ao 2 54 F5A

- Fdol A 6_}3;]%%@ 17(2). pp. 30-41.
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. GA HASE ol gto] §58 A=u 44
L. Xia
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M. Dongellini
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- AbolZ Zragk B oluA A7 B4

36) W. Gang, J. Wang, S. Wang. (2014) Performance analysis of hybrid ground source
heat pump systems based on ANN predictive control. Applied Energy. 136. pp.
1138-1144.

37) G. Bagarella, R. Lazzarin, M. Noro. (2016) Annual simulation, energy and economic
analysis of hybrid heat pump systems for residential buildings. Applied Thermal
Engineering. 99. pp. 485-493.
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38) A. A. Alacia, S. B. Dworkin. (2017). Characterizing the effect of an off-peak
ground pre-cool control strategy on hybrid ground source heat pump systems.
Energy and Buildings. 137. pp. 46-59.

39) L. Xia, Z. Ma, G. Kokogiannakis, S. Wang, X. Gong. (2018). A model-based
optimal control strategy for ground source heat pump systems with integrated solar
photovoltaic thermal collectors. Faculty of Engineering and Information Sciences.

40) H. Weeratunge, G. Narsilio, J. D. Hoog, S. Dunstall, S. Halgmuge. (2018). Model
predictive control for a solar assisted ground source heat pump system. Energy.
152. pp. 974-984.

41) S. Bae, Y. Nam, I. D. Cunha.(2019). Economic solution of the tri-generation system
using photovoltaic thermal and ground source heat pump for zero energy building
(ZEB) realization. Energies. 12(17). 3304.

42) S. Bechtel, S. R. Tabrizi, F. Scholzen, J. R. H. Minaglou, S. Maas. (2020).
Influence of thermal energy storage and heat pump parametrization for
demand-side-management in nearly-zero—energy-building using model predictive
control. Energy and Buildings. 226. 110364.

43) E. Zanetti, M. Aprile, D. Kum, R. Scoccia, M. Motta. (2020) Energy saving
potentials of a photovoltaic assisted heat pump for hybrid building heating system
via optimal control. Journal of Building engineering. 27. 100854.

44) M. Dongellini, C. Naldi, G. L Morini. (2021). Influence of sizing strategy and
control rules on the energy saving potential of heat pump hybrid systems in a
residential building. Energy Conversion and Management. 235. 114022.
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3.3 TRNSYS Y Base model =4

3.3.1 Base model Al E# oA mdz 758

TRNSYS W TRNBuild®} Simulation studioE ©]-&3le] Wi #E 2
Base models RE9dsiAt. A Adwd 7IE §5F IEHPEZ
Alz=gle] &3t AlojdaglFS TRNSYS ulolA FEHAu Fat =
Atol el Agd HA Aodags AT Matlabs 283 oH
TRNSYS¢te] dAAIE Fal #Alo] A3s 53 5 vk

TRNSYS+  University of Wisconsinol A 7Rkl 22fg  7]dke]

N

AlEdold 2o g4 71F Alx®E FAHeLE] Y RdyS
23 »mEII} AZTIE(Component) 3FHe 2485 7jbtoz RBAS

Fadch TRNSYSE A% %3 a4 2 Axge] 54 ddd 47 32

Alojgire]F2 Matlabs €83t om <Fig. 12>9F o] TRNSYS

46) Transient system simulation tool, TRNSYS. (2021.12). http://www.trnsys. com/
47) MathWork. (2021.12). www.mathwork.com
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hd A8 B 13wl 9 AW 110.16m? ¥l 3.9me]
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Base  model& T390 A B¢ oA z=7 A] 2~ €l
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w}2bn) B (Parameter) 2 Qs A QW = @A HEo
ozl dHolHE dd Tl &
<Table 3>¥ Zt}.

48) J. Remund. (2017). Meteonorm. Handbook Part I: Software, version 7.2.
49) =7 E AR AE, (2021.12). AFE N UAHFAA 7] F. https://www.law.go.kr/
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u] = Wbk 2 7] & 218 8] (American  Society of Heating Refrigerating
and Air-Conditioning Engineers, ASHRAE) Standard 90.13 55&
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50) ASHRAE. (2010), Energy Standard for Buildings Except Low-Rise Residential
Buildings. ASHRAE 90.1-2010.

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

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

53) Carrier Air conditioner Engineering Product Data Book. (2021.12).
http://www.carrier.co.kr/

54) TRNSYS 17. HVAC Library Mathematical Reference; TESS Libs 17: Milwaukee,
WI, USA, 2012; Volume 6.

55) AHRI. (2019). Standard for Performace rating of Fan-coil units. AHRI Standard
440 (I-P)-20109.

56) Y.D. Jeong, M.G. Yu, Y. Nam. (2017) Feasibility Study of a Heating, Cooling and
Domestic Hot Water System Combining a Photovoltaic-Thermal System and a
Ground Source Heat Pump. Energies. 10(8). 1243.

57) S. Bae, Y. Nam, I. D. Cunha. (2019) Economic Solution of the Tri—-Generation
System Using Photovoltaic-Thermal and Ground Source Heat Pump for Zero
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58) Rosenblatt, F. (1957). The Perceptron — a perceiving and recognizing automaton.

Report 85 -460 - 1, Cornell Aeronautical Laboratory.
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m, e 2ae dAA Alawl g U9 delEE o Hito}

108 & o AdANHY Adex dFs &

dqZrd i 3A4e <Fig. 16>3} 2t}

59) Bt 2], FX9 (2017) AW F AE YA 2E B dFS 95 AT
MAGRd A5 HIT *§EH§‘r7jZﬂ§§Lﬂ =3, 17(4) pp. 83-88.

60) J. W. Moon, Y. J. Yoon, Y. H. Jeon, S. Y. Kim. (2017) Prediction models and
control algorithm for predictive applications of setback temperature in cooling
systems. Applied Thermal Engineering. 113. pp. 1290-1302.

61) J. W. Moon, Y. K. Yang, E. J. Choi, Y. J. Choi, K. H. Lee, Y. S. Kim, B. R. Park.
(2019). Development of a control algorithm aiming at cost-effective operation of a
VRF heating system. Applied Thermal Engineering. 149. pp. 1522-1531.

62) BFEE (2021). dlolEJAE ] UAEES gk AFAAH V9 WgF FEF AL
1S N TSt et vhALSH9 =R
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Input data

* Indoor temperature(n) [°C]
Outdoor temperature(n) [°C]

HST temperature(n) [°C]

FCU inlet water flow rate(n) [kg/hr]

Simulated data

SIH|0|E{HE 15

Output data
* Indoor temperature(n+1) [°C]

Collection
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Bayesian Optimization

Train algorithm : Levenberg-Marquardt
* Number of hidden layer
* Number of neurons

Cost function : MSE
* Number of max fail

Max train epoch : 400
¢ Mu, Mu increase/decrease factor

Goal: le-2

Gf|OJE E& 3 Ff st

Train/Val/Test data : 60%0/20%/20%
Normalization : Min-Max Normalization
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T59 ggFdHolH HMEE ol&3t oFnd g5 Ao JhEx HE
A4S HA3s7] Ysl HA-F"A A F3HMin-Max  Normalization)
WS ALESlo] 21(3)3 o] A fstE AAe . dFRES 5y

A=d delErE 7 SAES Hlaste] HolHe dAHs

inSs
Jn
e

T HolHAE
x; * Min-Max A7r3td X Hlo|HAE W iHA 3

z, . X HolHAE U A dolg

1

423 AYex g=xd st

dESrde gFe Ay HA A TAE AAsts dxdA Wyl
Levenberg-Marquardt (LM) 3% g &5&
SHSH 7w 7 A4S & o] Ak FH A S (Bayesian Optimization)
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7IHE ALt odSF5EEe g% E(Learning Rate)© le-2, FHdl
epoch¥ 40032 AAsGc. LM dugs5e o=xd g 23

HA A #SF5EE= 2o A7 we} 752 - 7E Y (Gauss-Newton
Method)#} 74 A3} (Gradient Descent Method) & ®Zo} 2 &A]7| v
Ha oag et o SR Ao H)83(Cost function)™= 2(4)7 o]
Mean Squared Error (MSE)® LM 34+ 93 5 (Back

Propagation)2 %3 MSEES 3HAi3lsle WdFoz reo 75X 9}

HEFAE FAgh oju] MSES At=ole dg¥sdd gt AAgta
o Skl a7t Abg T AA g3 oS3kl QAke] 7IWkstr] o
0ol 7MH&+5 d5F4d5o 73 S o grh
Costfunction (MSE) — % (yi _ yAi)27 (Z =1,2, 7n) .................... /51 (4)
i=1
o714,

n: "oy 75
y;: AEElolE o] A Al
yi: A @ElelE el tig SRl oSk

wuo] Aol A H9HM A4we FR % Tz Sol we HA
e BEet ghol vt Wiy dIEde $5% 4= A
dRE A HAF zuEs 2§ BE gle] BEHo|U)

o] x¢t  H A3 (Bayesian Optimization, BO)&  H]o]x]¢t o] &4
71Hkato] ) o 2] 2 (Surrogate model)S A3 F FolW W9 WolA

63) H. U. Cho, Y. Nam, E. I. Choi, Y. J. Choi, H. Kim, S. Bae, J. W. Moon. (2021)
Comparative analysis of the optimizd ANN, SVM and tree ensemble models using
Bayesian optimization for predicting GSHP COP. Journal of Building Engineering.
44, 103411.
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Predicted indoor temperatire(n-1)
Operated FCU inlet water flow rate(n-1)
HST temperature(n)
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Heating/Cooling
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Predicted temp. (n-1) =
Indoortemp. (n)?
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Generate retraining data
[Indoortemp (n-1). Outdoor temp (n-1).
HST temp (n-1). FCU inlet water flowrate (n-1).
Indoortemp (n)]

I

Retraining
. Train the ANN prediction model with generated
retraining data

Generate input dataset
[Indoor temp (n). outdoor temp (n).
HST temp (n). 80 cases of FCU inlet flowrates]

. FCU inlet flowrates range : 100 ~ 500 kg/hr

I

Prediction
. Predict 80 cases of future indoor temperature via
ANN prediction model

I

Optimization
Extract optimal FCU inlet water flow rate(n) for next
operation

. Extract FCU inlet water flow rate value and
predicted temp. (n) which lead to
(min|Predicted indoor temperature —
Setpoint /Setback temperaturel)

« If Heating peiiod,
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predicted temp. (n) >
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Control
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< END >
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AARAST(R-squared, RHS 3|7 Rdo]A ofZzto] AAZS dnjr}
2 UgleAE AR AR FoR 1o rtEss AAGS
o 53k 1He] AuuATE =55 WEdth NMBE (Normalized Mean Bias
Error)= A dSgke] ox HdS AA#Re HHow o
Aarstgt 5 wEE
s dAA)] Ads & F Ak 2dY S A9 e &t
gaRel A oxel WE gapgel A4 wdd + Qs WEd g
A AEee] &l a7¥rh CV(RMSE) (Coefficient of Variation of

2 EAd gem AAge JEom wAw

Root Mean Square Error)¥ Q.25 Al 35l

Qe AYigk o] ouE xSt glen olE MEsR X
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CV(RMSE) F+ Ax+E EF 0% 2H1EFE dFAd50 -3 2
oJu] st ASHRAE Guideline 14-201469e 4= Z+zF 10%, 30% ©l&hs,
Re] 4% 08 o4& HAAVFoz 3 7 Aud 242 46)-A(1N
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64) ASHRAE (2014). Measurement of Energy Demand, and Water Savings. ASHRAE
Guideline 14.
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Table 7. 4 ALl E HeH7HE 913 A gl 7la

T B ARxA
ANEgolma | 7z Jan, Feb, Nov, Dec
s 7)1 Jun, Jul, Oct, Sep
A o] timestep 10 minute
Sl 52k
W | setpoint 21T
7] 7F setback 17C
Base WHk7] 7} setpoint 25T
case
o AUl2E AojukA W7
o On/Off Alej/m|A-53 Ao/x 2 Alo] vl
Sl 5k
W | setpoint 22C
717+ setback 18T
Al EdeolA W7 7F setpoint 24°C
Case 1
AlyE e
o AU2E Aojta WA A setpoint ¥
e On/Off Aoj/x % Ao nlau
Ayl aks
W | setpoint 22°C
71 7¢ setback 18T
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Zevtor zgste] AU2E=E AolsiH AAZ AWl setpoint 7|E
deadband 2T WAl ZtEgth 2 AFtolA Abe HA AojdigF&
A 'l 7hs AL el mhE o 10 o] AUleRE oSt Ay
setpointel]l 7} AR WO m {FS Aol wepA Z; Aol
A= Ao H7F AJE 2 7]E2 <Table 8>3 #o] A3 Th

b Ao A= Aol AeHze AV W, A
219l On/Off Aol A Hzx= A

setpoint deadband uWlo] =E3dl&= AlFS 7|22 33Ul Base caseE:

E

)

e
JE
=
o
fr
2
offl
ol
rr
ol
Jo
ol
ol
1~

AAZ, d7|ke] A9 HAAHLEQ 21T 7]F22 lower deadband?l

C 7122 upper deadband®l 26TCo| =d3}=
NS 7IEo® HA AojdnegFo Aol ss EA s Atk &g, Ao
G B A, bF T Wi Febvl 2 & AgE aLesky
Azdet AW setpoint FAe] HThE AJ2®E Thso] QTHA e

AR Al S, AlAE vZbs Aol AW2E7 deadband Bt
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Table 8. & AojLdagE A% Ao AsHNE 93 715

T & A o] ¥ 4] 7| &
On/Off Ao A 71 7F (08:00 AM™08:00 PM) &
3 7 A A FZx 2 On/Off Aloj7F AW setpoint
=2 Ao deadband Wol| =23l= Al A
A28 w7}E o %= deadband W $1E
_ On/Off A} _
87t Hol ¢ AfAol Fuse AF
Ho Al 2~ Fo| &= setpointX.
A9 A 44 Aol | — ]_]’o o == setpointX.th
T d3g o] gRE= Al-

53.2 Aljdaels HA3t 9 Hed7t

MEd FHA AojdagF A" Jhsdd wEk AEA HelHE
ggste] AU Ao des gt webs HA Alojdag]E
AeF7rE 918l ¥4 F53 Base model W 482 F38 7] On/Off
Ao g5 Ve s AL HAEE ALY FHe] Aol AL,

R IEE PN L A R o

(1) Agex AojAds

W 712 5 AAZIE W Aol E A
22> WHFI e <Fig. 25>¢F #uh Jdd
Ha-HA7|2zol yYeu=  ES ZZb typical day, peak day®

r }0

T drI7Ee <Fig.

okt
N

18 W ),

ARG o Ik ke zhzb <Fig. 23>, <Fig. 24>, Ww7|7+e <Fig.

26>, <Fig. 27>3 2t w3 Jdadk 7178 = 9z Ao

=4 CV(RMSE)$ AWyex  Aojo w& MAE, NMBE,
H

CV(RMSE)+= <Table 9>¢} Zom Aoy Ao 24 X+ <Fig.
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28>7 zro] vhERyiTh.

HA G F, A HSY Y HA Aojdug S dEATEE 747
0.73%, 0.66% %2 ASHRAE Guideline #4715¢ 30%Z A3dts e
el olwf HA AdugFe dFHTEE HAEH Ao gy
11% Fg=Rew dA 7]zt

offt
2
Ho
¥
rot
2,
Ao
o
i)
b
il
i
&
11t
>
)

staS Bl AUlex dFrde] Ave] FHHASS ofn|etrt.

Aol ekl A, 37kA Alojiael w2 A setpoint &% HiH]
MAE®$} CV(RMSE)E On/Off7} 050°C, 2.73%, ®l2S Alol7b 0.20C,
1.27%, A& A7} 0.17C, 1.04%= el 1 % A Aol On/Off
Aol tin] Aol kAol MAEE 66%, CV(RMSE)E 62% 345 o
setpoint 7]+ &2 7} ¢k A AojE FPst= Aow AT

H12S Alole] 79 MAESH CV(RMSE)7} On/Off Alo]wk2lel] n] 3]
Zol Aol bl FgE Ao=  HolAwk Max (-) error7k
-208C=  Alo] A7t o]Fofx AzkdiyE ExE A Ao

o2 Yehyth ol Fdg A AE
FP3 HA Aol Max () error’/b -080CE ZAddon o=
AAZE FHE FE AFEdY Aol FdE o] AAHoR Ao
AN Fgol IS FAGE AL on @)

On/Off, H#-& Ao
deadband (20T) °]49 AUWEE FXslglem Hit 75C Bl aH
T2 UIEE IR FAF 7S 2 QE Aul=%7} upper deadband$!
22CE dol7ts dEo] tg wAsd k. weka] 3744 Ao Aol w2
NMBE+ 7tz -0.0030%, -0.0019%, -0.0057%% X% A setpoint

., HAA Aol EF AW setpoint 7]¥ lower

eERT FEAow o B AL Ao AL & F gk ok
W RRRE v A BARAAL e o R Qs BAEHA
— 60 —
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ool vt ddow BAEL
Typical day?] 9|71Z7AcA AW setpoint <%0l 7} w=4 =23
Aojkal e HA Ao] 2 veltl o= AU setpoint =EE A o] &)

A ZtelE 07:00 AM Al-o A o] dARE 17C2 AW setback &X=ol

g A 2wrt AoEa ' HA Aot &2l On/Off Ao
Se 2R(162T0)dAHEEH TS AlZste] AW setpoint ==l
Tgst=d o B2 Algte] AW Fow dArtEHT)

Typical day % On/Off Aoje] 79, o]& o] 7]=o] W& ALH
S/del wel 07:00 AMT11:00 AM Afolelvb 7hs = lom iz npsegt
LT ATYd = AW=7} lower deadband?! 20C Xt} A A5 o]
ol aE A Fokrh wekA 5 AZEdiel A o] On/Off Ao ¥4 &
setpoint 21°Coll H]3] A7} tha @& 252 {45 A
22 Typical day <71Z27AAM2 w43
A= Ao Ae zol7F yEhuAl okt 7 oAl A E5F 11:00
AM o] %= On/Off A2y da] AY%=7F setpoint 21C 7]
Hd 06TCRHE FHdbo] JPH/AT. ol AL A7]e] W FEF
gho] WMAlsh= wiedt % AlZbfell A AlojdaielE W BAI A whet

|t

W bEe] 57 dol AW oF5E Bt

4

T

2CE 7V 710 2 %™ Peak day®l 45, Al 7FA

2
523t AJH o] lower deadband?]l 20Co| =233 oL},

H] 3] setpoint <%°] Z=Y3st=d 3A7H}
0488 Aold] ol&¥ W Aer dZmHe] o3 NMBE7
-0.13% el whEk A tiv] vad = AYWLEE o SFss APl

ol Ao} eA7t WAT Aow WA,
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Peak day & On/Off A& o] &3 Tt 7152 49, Typical day<t
=
@A HEE 7)Zke] EAskA ol AATIFERF AEHHow 20T 22T
Atolell A On/Off Alel7k a = At ool nls XA Alo] A

iu}

s7b 2 on A olF, 47 =8 £F by AL

1=} [e)
T ar
4 7bsS AEste] setpoint ZEel A AE FaASATH

g 7bsol A

haid

o2

dol ol Aol A AA pad AL

g W 7hs glo] AW2%7F lower deadband?! 20°7C X.th

v

28.0
Base model
270 4 )
=——non-Adaptive control
260 1| —Optimal control
?m ] Indoor setpoint (21°C)
2
£ 240
]
1
2230 Peak day
Z
S 220 4 ' f
=
g ; ‘
S 210 — ¥ LY iy L
E50 N “ e 'mmmf ﬁ {L [ALLLILARL L LU 4
200 4 %
0 Typical day
19.0
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1 701 1401 2101 2801 3501 4201 4901 5601 6301 7001 7701 8401
250
—_ | —Qutdoor temperature
O 200 A
£ 150 {
g
=
5 100 4 Peak day
E
g 504
g
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E
5.0 4 {
) 5.0
-10.0

1 701 1401 2101 2801 3501 4201 4901 5601 6301 7001 7701
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Fig. 22 Base case W7|3F A A7 5 A= 9 9rj2%

=
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(A) Temperature

24.0 4.0
On/Off control
230
35
g22.0 1 ; ——non-Adaptive control
S0 - A 30 5
- =}
E 200 1 5% E =—Optimal control
g 19.0 =
E‘ . 20 2 Setpoint
|
2180 =
5 z id Bacts
£170 15 g (B) Fluid fraction
& 3
160 10 T |EZZ2On/Off flow
150 | g
o : 0.5 E=non-Adaptive flow
150 NN AR /A A A A BA/ERA oo ’
1210 140 310 440 610 740 910 10:40 1210 140 3:10 4:40 610 740 910 10:40 =2 0ptimal control flow
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Time of day [10 minute interval]

Fig. 23 Base case W77t Typical day & 2<% 2 Ao F%F
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=
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=
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-
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Time of day [10 minute interval]

Fig. 24 Base case W¥7|7F Peak day & AW<% 9 Ao H&

Gyt A, WA HA AAnHe  AFPIE
CV(RMSE)+= Zt7F 091%, 024%% FHZA Aojdigse d3A4gd=s
AN S B3 NASF vl 70% ol FAEA

37FA Ao HAlel mE AW setpoint =% tH] MAE$ CV(RMSE)+=
On/Off7} 054C, 247%, WA& Alol7F 0.23T, 1.26%, HZA A7t
0.06C, 0.37%= F71313 FdUstA ASHRAE Guideline 71#¢l 30% &

3t g nAvk
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MRS Aol ellemsl Wl AERd e dsdAe] Aol
37t -196T7A WS Aol kel s Welqr o
selg gl olel wlal A4 Alolel WE Ao Aol eAE 05T

A A A FPAAE AT g5s F3 A5 50l
FAE AL 4 Ak ol9k A setpoint =% TH] CV(RMSE),

WH7)1 7 W Typical day$} Peak day =% AW setpoint &g &=t
2 Ak Aol A uwet AA Zol7b yERYRA] gkgrom,
W71 7k k= 9e] Peak day® 9 oly el Typical dayol = A2 717F

Wilo] 7tE T} ol Aubdow w IR} =S QHREH WA E
o]

Typical day® 7%, 100% AAFZFELE 7Fs¥ On/Off A|o]¥2] o
vl v H g Aojel HA Aot ¢ AL 3

A&yt 1 5 HA Aode 27I7FE AAS ALsta Hdl 60%]
TS o] &3t setpointdl] HHA AUWEEE A3t o]
Ao waet Aol x7b hagh A Aoler gy H[AE Aoje
setpoint =%o H|3] HF Aoz v Yrs 7HEsi o B2 F3HE
A8t

Peak day & On/Off Alol& o]&3t W 71&e 49 11:00 AMY-E
08:00 PM7H#] A|&H o2 7hsE o AU setpointEth 04T o]
e 22 {FAHAL o= 11:00 AMHFH A&HHE =2 Ywisz
oled] setpoint =% 25C¢ lower deadband?l 24T7H# 2AYE
WA 71 A el Wi rbsol FREA X7 wolth v A Alo] ¢
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$-, 12:00 PMF-E Aol 2xko] A7|7F 1.9CT7HA Asshn v A o
S Btk ole HAS Ao o]&H AHAuexE ofSREe
AAg din] v g Age=E o 74 Z&(NMBE 0.04%) 2. =
e AT Ao @A7F Ao ofyjd om ddkEnh o] H
HA Aole Wurbsel wek Aol ik Azt 00w FHEH
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Fig. 26 Base case W73t Typical day & AWH<=%=
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ZZ20n/Off flow
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Fig. 27 Base case YW 7|7t Peak day & A% 2 Aol #3F
1.5
- 1.0 B
o H .1
%.: 0.5 : : : : :
=] 8 7 . .-t { £z /’ il
EZ 00 27 e Z
w L : k: £ ) H
E 2.0 ‘ i g
23 ; §
g7 .15 $ TR T i
ot ; Heating | Cooling g
=20 d period | period
255 h
Base model  non-Adaptive control B Optimal control
[ Base model % non-Adaptive control B Optimal control
Fig. 28 Base case WY ¥ 7|7t & Ao Alojox 2

_66_

Collection CA"’@




Table 9. Base case A|oJWHYE Ao] ASA R
7 & Lk Rds yH-7) 7k
o° = H]| A L = %
AAAE Base v 43 A Base 148 A
case A o A o] case A o A o]
o5 Adx
CV(RMSE) - 0.73 0.66 - 091 0.24
[%]
Max (+)
1.00 0.82 0.81 1.06 0.81 0.55
error [C]
Max (-)
-1.02 -2.08 -0.80 -1.00 -1.96 -0.59
error [C]
MAE [TC] 0.50 0.20 0.17 0.4 0.23 0.06
NMBE
(o] 0.0030 -0.0019 | -0.0057 0.0044 0.0004 0.0001
CV(RMSE)
(o] 273 1.27 1.4 247 1.26 0.37

(2) ol|A] 2n =

Aok 7t Wb ux] 4@ <Fig. 29> 2om On/Off
Aol oiu] AlsEl @aw FREAZE 9 o@ster oux W Wt
<Table 10>, <Table 11>} 2ty A7 Wohdoux] Zn@e 2s
Aol (41719 kWh) > On/Off Ao} (41394 kWh) > 72 Ao (4100.7
KWh) <oz HA Aozt oux Az Zwelq 7+ mgHow
wER

On/Off Aolwael Iz Wwbo|yx 17476 kWh, W§wubolux|t
2391.8 kWh= A7t oux zulz % Waduxe] Hgo] ©f =L
Aeow gt AxE FFEAF ZWAA HW, On/Off Aol Al

L R
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715 4] 7ol

1
o

[e)
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]
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R

1062A] 7F,

7] 3k

Zo] 2A Yepdd. 1 % A Al

3
Hooly A WAstEEe dibel A +247.5 kWh (+14.2%), ¥

17

e
R

1

At

On/Off Ao} tn

7k, 7l
o]

—
o

o~

=
On/Off Aojru vt &2l Aoz eyt

s

H}

3

- 286.2 kWh (-12.0%)=

A

1
o

o]

= 7|E

1

7] 2kl

LOT
of
o
BK

72wk HluA o
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@ e}

]

o

s}
ol

<Fig. 24>°l|A

Al o] &}

On/Off

< A 5]
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rvze)

L

aelE

= AU setpoints ZstE A AL

S

7

[e)
=

b ot

I3

7}

-71.55 kWh
WA gto 2 <Table 11>3 7Fo]

=
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o
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b Az" bEAT
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- o - = I =
sWe g FEHZ Jbe ouArE A asialvl del
wehe
800
= 700 7 ]
= | M %
=4 600 - -
= W7
2 500 — — _ |
= ¢ - Bz
= 400 i) 7
&
=) 300
(5]
Eﬂ 200
5]
=
S8 100
0
Jan Feb Jun Jul Aug Sep Nov Dec Total
0 On/Off 634.7 404.8 4672 668.5 764.8 491.4 224.0 484.1 41394
Onon-Adaptive| 712.0 477.7 420.3 602.8 T12:] 4479 246.5 552.7 4171.9
B Optimal 708.4 479.0 4144 572.2 680.7 438.3 249.0 558.7 4100.7

Fig. 29 Base case AlojH2d

Y717k oy A v

Table 10. Base case On/Off tjv] o= 2n]& W3} [kWh]
B PRES=REPS
ﬁizo [ ®a/E9 g —
G TEEE | as g | zas s cu s
Jan |+ 39.99 - 1.86 127 + 34.28
W [ Feb |+ 4551 + 2.86 + 165 + 22.80
717+ | Nov + 15.22 + 1.12 + 1.48 + 456
CIESRS Dec |+ 3942 + 2.5 + 144 + 2552
0] Jun | - 59.13 - 6.18 - 52 + 2364
¥ | Jul - 65.76 - 6.59 - 7.69 + 14.34
Az | oct | - 4993 — 487 ~ 774 + 988
Sep | - 53.76 - 554 - 517 + 21.04
Jan |+ 36.79 © 184 © 1.74 3338
3 [ Feb |+ 46.72 + 297 + 171 + 22.80
Az | Nov | + 1676 + 125 + 0.88 + 6.12
# 4 Dec | + 4448 + 2.60 + 153 + 2596
o] Jun | = 6483 - 6.80 ~6.11 + 24.98
¥ | Jul - 93.05 - 927 - 10.25 + 16.30
Az | Oct | = 77.62 ~ 761 - 969 + 10.86
Sep | = 62.90 - 6.47 -~ 6.60 + 22.88
—_ 69 —_
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Table 11. Base case A28 @29 715X 7F [Hour]
473t e A kA
= On/Off | w# & # 4 On/Off | H1&&
S| n/! 158E ] n/! ] 44 Aol
A A A A o] A
813 815 1001 961
5| E X 766 1134
(+6.1%) (+6.5%) (-11.7%) | (-15.2%)
=4d/549 813 815 1001 961
T 766 1134
i (+6.1%) | (+6.5%) (-11.7%) | (-15.2%)
ey 1053 1062 1517 1568
_ 327 943
=3F g (+222.29) | (+225.0%) (+60.9%) | (+66.3%)
1053 1062 1517 1568
FCU # 327 943
(+222.2%) | (+225.0%) (+60.9%) | (+66.3%)

(3) Base case AlE#H oMo Wz HA Aojdung = s 24
HA AojduegFe 45 2S5

Base model U

Tk

% F7EE Sle @A 3 TEEH

On/Off AoJ¥razte] Hu-HAS

0Col ZAsHA FHdte= A= eyt
2]y Typical day® 29, ¥law 2 ze b
71FHE 8, &% Alztdiel Ho 06TRHE A
2o G I o A B
327X 7FEsE On/Off Alof

H =]

e &

F A 228 (g

Hl sl 224%
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Pt oY x AH S 2475 kWh (+14.2%) =718t} o] & Peak day=
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On/Off Aol tin] dd = A2=g 7FsAIZES 162% A7Fstah. ol
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533 HH AojdagFol A4 H7t

Az ¥ste] mE HA AL Fe AeHd HI7HE s A
setpoint 2719 WS Fo] AU FSE WGt LAl Base caseol A
AAE setpointE 7]lwoZ Wb+ +1C, W7 eE -1TE
WA A AUFatE 72 FH, Au2E Aol Ads "y

2V S BT oEtA JE e Ay setpointi® 22T 2,
g

30>, W7 +e <Fig. 33>3 #t}. 9bA Base case?t Hd&tA Wy
71z U Fetr), Ha-HA 7|20l el ES ZbZb typical day,
peak day® Ao 7| 747t <Fig. 31>, <Fig. 32>,
W77k <Fig. 34>, <Fig. 35>¢} #Zo] 1} Tgh W 7]zt

T Wl 7 Aol o FAHSE CV(RMSE)S Au2% Aojd uw&
MAE, NMBE, CV(RMSE+ <Table 12>¢} 2o AojHE Aol Q2

dHIE S HA AlgneFo Ao dEFHEgEE 069%FE Base
caseoll Hl& ti TAGAARE FANE T Fom AT TES
S8 WstE AdFe 2 digk 434S B

On/Off Aloje} HZA Aojo] wE AW setpoint &% WH MAE<S}
CV(RMSE)+= On/Off7} 0.48C, 2.55%, #4 A7} 0.15C, 0.93%= 4

Aoje] Ao kg el o 5@ o A on, A Base casest
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5434 ASHRAE Guideline 7]¢ 30%E 433t 78 Bt 1
A Aloji= Base case? setpoint 21C 7] HZA Aojete] Ao
P ZolzF wlAlEkAl ERIE AT ol AuFe Frbel ol

of

(%]

AYWe=7F lower deadbandd] =9dt=d ZaEs Al7bo] Z7bsr =
AR =g Fo= WHEE setpointo] 9F Base case 7Y uwje}
LS T A AAE FYshE AS v

ugkA Base case XA dESE FUMSIE S E HA
AoldiegFe] Aol g P AL 5 Aom FEglon,
W 7IZE el A o] Aol wrhal ddsts A2 Bk

A% FHoA KBH, On/Off Ao
715 lower deadband (21C) ©o]/e] AW2%=E FAstAt A A
setpointE  21C=2  AASFAYT  Base casedl Hl&  GFHESHIF
Z7tA S E HaE =2 QUeEE Jhzl BA VI Eo= Q3

Wi 7ts glolx AW L7} ypper deadband?!l 23T E dol7l:= Y Eo]

o e
58 A% Aele A, 971&%Es 10T olgela whge] 71EHA
Fe WES Adsuy, /1Rt 5CE WE BES grE Ay

setpoint¢l 22T  dWi¥]  Hdl 06CwHEF o] APy FAo=
A AL ol AL F
7Hsol TAE] Mol WA QxE dekEw ojep o] A setpoint
2l o A AUZEE Aold ANHER A3 HA Aojd &
NMBE7} -0.0044% % 2t&% oz FAHT)

Typical day®] 97]ZA0A 24U setpoint =50l 714 w24 =3
Aol HA Aoz detwth ol ddd AlZ o] dEH 18T=E
AAE setback ko v AlojHa W HA Aojet EeEl On/Off
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Alol= setback +=77Hs 271(17C)0] od7 Al FAg Azt
wrEro] A setpoint £Eo] EwdtEd T B Agte] xeW
o= ®Helt,

Typical day & On/Off AJe A5, dAre] o=z oF %7}
a2 AgEe] 54 wet 11:00 AMelA 7:00 PM Atolel =
wibo] ZhEE Al skt webA % Akl A 9] On/Off Ao w2 &
setpoint 22Cell Hl&) AWl thah @& 2w FA AT oo ]3|
HA Ao Aojdngs: Wl A" AR Qs 25 Alghdo
thA ko]l AP E A ot 10:00 AM o] F & AL %7} setpoint 22T
ojgt® A= AIZFH7E A A ettt

Peak day®] 4%, 7 7FA A4 E5F ddeid 7He el setback
Aol zgEo] 22T lower deadband®l 21Te] =gsh=d AW
A Zrol  FAFsHAl YERkth On/Off AlolE o] &3 Wwrbse] S
Typical dayet 28 WHa7bs  glo] HAu=%7} lower deadband?l
21CHRY = A= 7)3ro] dAeA Fof, AA7se AEH o=
21Tk 23T Abolell Al On/Off = ATt

ofe Hla} HA Aoj= W Fsirl 2 o Aol HAFEo R,
Fol7F vbe 9 F AIZHUOl A& setpoint =%=Q1 22Te| 2A 44 #F
e AL fFRoR s Jhestdvh. mek dvbso]l A uhet
AEA 0 AARE BFE Fa Aol 27 03T (12:00 PM)elA 0°C(3:00

PM)el 2ALE Al grad A #AE & 9
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On/Off control
370 9] —Optimal control
260 4 Indoor setpoint (22°C)
825.0 4 |
§ 24.0
g o Peak day
2230 | 'I
E
£ 50 J1NE o adha YL L L il
e |[ T L G R LE i ren M A LT T U
=
S 210 - n
=
360’ 4 Typical day
19.0 4
- Jan Feb Nov Dec
T 701 1401 2101 2801 3501 4201 4901 5601 6301 7001 7701 8401
250
T 200 ——Outdoor temperature
£ 150
-
£ 100 Peak day
9
E 5.0
5
2 0.0
= 50 Typical day
=]
-10.0
1 701 1401 2101 2801 3501 4201 4901 5601 6301 7001 7701 8401
Timesteps [10 minute interval]
. =
Fig. 30 Case 1 @77t AAANLE T AUeE 9 9rjs
24.0 4.0 (A) Temperature
23.0 A 2
35 = On/Off control
o220 - o
o F30 =
5210 | I
2200 | | 55 g ——Optimal control
] &
2190 | =
g 2o B
2180 ] Setpoint 22°C
s o=
170 ris g
E g
=160 1 o = (B) Fluid fraction
Zi150 &
S F 0.5 ~ | EZ0n/Off flow
13.0 A AN — AAN — 'r' 0.0
1210 140 310 440 610 740 910 1040 1210 140 310 440 610 740 910 1040 Optimal 1
AM AM AM AM AM AM AM AM PM PM PM PM PM PM PM PM EEROpumalcontrol Tlow
Time of day |10 minute interval|
: : = o
Fig. 31 Case 1 @717t Typical day & A% 9L Ao F%F
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240 40 (A) Temperature
230 4
o On/Off control

T220 4 AN A I
o —_—
oo | 30
s 210 H
'E 20.0 25 ‘g ——Optimal control
- kel
2190 4 =
£ 20 5
2180 jA = 1~ Setpoint 22°C
-
E 15 &
S 17.0 -
=l 5
=160 ) 10 = (B) Fluid fraction
<150 =

140 0.5 =~ | EZa0n/Off flow

130 IV Y A AL A W W W E Y A,

1210 140 3:10 440 610 740 910 1040 1210 140 310 440 610 740 9:10 10:40 s
AM  AM  AM AM AM AM AM AM PM PM PM PM PM PM PM PM —Cpimateontbl ow

Time of day [10 minute interval]

Fig. 32 Case 1 @717} Peak day = A% 2 Ao F3

WHk7)17ke] A9 A Gk S A HA Aojd ] E9
o 54 &%=+ Base caseo| Hl| AF TFASAA T, CV(RMSE) 0.25%=

AAZ s Fe WEkE AuFst 3ol did 3 H48A4E

Aol Aol kgAel A, On/Off Alojet A Aol mE
MAE$®} CV(RMSE)& Zt2F On/Off7F 055, 2.59%, 34 Alo7}F 0.09C,
0.74%% ASHRAE Guideline 7]%¢l 30%E A3st= s 29
aEy HA Aloje] A, Base case &9 HA  Aofo] ]3|
CV(RMSE)7} 50% #Aadtdd ol <Fig. 33>2 Timestep 2801°] 4]

Hrz LAY 2 st Wd stEAIZEI Peak periodol A €]

A A& Aoz HRlth NMBES 745, On/Off Alol& 0.0072%,

1

HA Aole -0.0017%= On/Off A= AUl setpointell H]& LA

AWLEIL §A8 W, AH AoE i Be LEZ AF oz

R84
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gl e}, o]+ <Fig. 33>9 A FielA 2 Hd #A=FE On/Off
Aoje] H}yurd 2 Qs NMBE 4F& A], On/Off Alo]& Peak periodoll A
e vk HA Aol g exke] Jde] AA 2§

(i3
0%
ot
to
N
AN
N

uetA  Base case XgolA WStz WstsldSol= HA
AlojdaeFo Aol Fex 3 AP 3 Jor oA,
W7 3kell A o] A g o] EmrhaL

oAl Wur|zk Ul Typical day$t Peak day X5 AU
setpoint =9st=d AW AIZFS AA Aol7k vERA] ggkown Ay
et S7F2 e Peak day W obyet Typical dayol®= #Ad717F o
A %A 0.2 On/Off Ao]7F 7} ¥},

Typical day® 4%, Base caseclr #=gd  nwle}  FASHA
BAFFOR JhEEE On/Off Alojol Hla] A Aoae o A2
s3F fFEor WS JbEstduh. w3 HF Alojs Wibo] xaH o

el AAIZE SEE FEl Ale] A7 02TelA 0Tl ZAFEHA

=

Peak period & On/Off AloJ& o]&3% kel A5, WHsrt =7
el 8/1278/143F 8/1978/202 AA 717t &
Ve A glol WiE FdstAh. 1 F Al setpointdl ZA Al E
FyetA E3 8/123 8/13L HAH Aojst Y
FEL02 Q% AoR AtgH

HA Aol On/Off Aol TdaA HufHdoez FFIdgod=
8127 8200 AWe=7F © EA HFAHAT o= 8/1
A ZEd el A Ry 7 Z07:00 AM7ZEA] B =S A=
FAHE HA A7t On/Off Alelrth Wi7bs $ AHAul setpoint

kAl Alzdl g

©
to
o o
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(e] j=1 ) = kv 3 1= =]
frAlel o B& WzhsEe] Hadl7] WEoE FAHY
270
On/Off control
260 —0Optimal control
Indoor setpoint (24°C)
o
225
- th
g n_l U] TR T Y™ T oy B
@ v (A rrm'-m'plm-—-nr
E
&
B
o
S
E]
- 20 Typical day ‘A’ period Peak period
210 T T T T T T T T T T T T
1 701 1401 2101 2801 3501 4201 4901 5601 6301 7001 7701 8401
350

—Outdoor temperature

w
b=
=1

Qutdoor temperature [°C]
=

20.0
Typical day ‘A’ period Peak period
15.0
1 701 1401 2101 2801 3501 1201 4901 5601 6301 7001 7701 8401
Timesteps [10 minute interval]
: =
Fig. 33 Case 1 Y77t AAANLE T AUE 2 9rje
280 4 (A) Temperature
27.0 A 5 On/Off control
o 2
5260 4 =
E £ |——O0ptimal control
%250 58
g &
2
=
5240 7 é Setpoint 24°C
820 | s 2
E E luid fracti
i} S v
=20 | S (B) Fluid fraction
2 =
210 4 5 = |ZZ20nOff flow
20.0 : - . - : - AV, . - - - : . ; 0
1210 140 310 440 6:10 740 910 1040 1200 140 310 440 610 740 9:10 10:40 C—10ptimal control flow
AM AM AM AM AM AM AM AM PM PM PM PM PM PM PM PM
Time of day [10 minute interval]
: : = o
Fig. 34 Case 1 W77t Typical day = AWLx 2 Ao F#
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290 4 (A) Temperature
280 5.5 On/Off control
_ =
Y270 3
£ 3
] =
5 260 -E ~——Optimal control
= 25 8
B il
2250 =
] : E :
‘E 240 L/‘l é‘ Setpoint 24°C
13
g L5 B
'E 23.0 = X i
= - s (B) Fluid fraction
=220 A 7%
2 % N 5
¥ 7 i 05 = |Z20nOff flow
w0 { ¥ 7
’ 7
200 +———- . —r ; 0
C—10ptimal control fl
812 813 814 815 816 817 8/18 819 8720 PRIRSCRUOLE0W

Time of day [10 minute interval]

Fig. 35 Case 1 WW7] Peak period & A% % Ao &3
1.50
¥ o 100 T
5 g
= 050
58 i
(1 X
£y 0.00
i 2 050
v
g v
8~ 100 L
o Heating period [Cooling period

0O On/Off control (Setpoint 22°C) B Optimal control (Setpoint 22°C)
B On/Off control (Setpoint 24°C) B Optimal control (Setpoint 24°C)

Fig. 36 Case 1 WdW7] AA7| F Az &2
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Table 12. Case 1 Ao]WHE Ao] HATAE

; ETRAE I
TE Setpoint = 22°C Setpoint = 24°C
47 A4
FA® On/Off On/Off
o A o 8 A ol
= R
- 0.69 - 0.25
CV(RMSE) [%]
Max (+) error
] 1.12 0.79 1.03 0.45
[c]
Max (-) error
-1.02 -0.60 -1.00 111
[c]
MAE [C] 048 0.15 055 0.09
NMBE [%] 0.0038 -0.0044 0.0072 -0.0017
CV(RMSE) [%] 255 093 259 0.74

(2) oA AFE-=F

AW setpoint  ®W3le] W& On/Off Aot HA  Aoje AT
Wkl x] vl g2 <Fig. 37> #Zom On/Off Aol div] A
Aoje] Azl g4 TREARE R WSt oux] ARl Wsks
<Table 13>, <Table 14>¢} #Zt} A WkdolyA v &2 On/Off
A7k 4510.73 kWh, 24 #|oj7} 452772 kWh= AU F-317F S 71k
w2l ZFZF Base case® &Y AWl oiv] On/Off Aloie= 9.0%, A
A= 104% <7 At 2 & On/Off Aol b7 7kel] 11.8%,
W77kl 69% F7bell e, AAAlE 24z 11.2%, 9.7% F7teto]

1

oAl B del v A Mg Fkeo] o 2 As I F

At o= AW setpoint W3l wE ik R Frlz <l njAA 2

= X
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ANL71Z Wl G rbEe] Skgtel wE Ao A HETh
On/Off Alojutale]l ko] x] H2 48386 kWh, WHol A H2
639.1 kWh=Z 2 setpoint ¥ 3}l %= Base case$® #Zo] A7 Wilo| A
ulEge] vlgo] o =A yeElgth a2y Ala®l 7hsAIZE SHAA
HHl, On/Off Ao Al At Fsf = Alx~d(Wdy =24 F=Z, FCU
M) 247 | Foll= 415417, Wi Rkl = 110641 (e 2 Wilol
2

268 ¥ @ol ZhEHAAT, I e A gto]l Wt ThE A Rke

S

Base caseoll H3] @i7bs AlRbo]l 21% Srbet™ A olyA AMEw

Wslol] A 283 A Felst = gl

ofe] Hl] HA Ao Al G ThE A 128247 S. 2 Base case
thH] 20% 7kt ¥bH Wukrbs A 7ES 157941 S 2 Base case$t 2
2kol 7F YAl e kT

We] 79, Base case WH] 7hsAIZE WSR-S 11A]ZFo] A RE o A

AFE S 97% F718kaith ol <Fig. 26> <Fig. 34> FHZ Ao

<Table 12>, <Table 15>3} o] HZ Ao 3 EHEZ 7}
961 A 7Foll A 10574172 2718 AL EFAE FAd 4 9t}
wikel 7§, Base case®t o]l On/Off #lej7t #HA Ao w3

A ZWeA o $5@ Aow et oE %A BAG v
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HA Aol #uk ofygt On/Off #Alo] Aok F7bstglomn, ol upzt
On/Off wiH] = Aloae] 3|EHE JhEAE F7H&°] 65%AH
Base case ZAdoA 47%= #FAasdch wEbd EWd, 2, 129)
o 2] F7F vl &o] Base case UlH] FAad AL g 4 v

9200

800 —
— 7
§ 700 | M %
=)
5 600 % %
A 500 7 ]
] Wi %
z %
& 400
o]
o
%ﬁ 300
=}
4 200
100
0
Jan Feb Jun Jul Aug Sep Nov Dec Total
0 On/Off control 705.4 460.7 510.8 709.8 799.8 536.0 248.8 539.5 4510.7
@A Optimal control| 769.6 542.0 459.1 628.2 740.2 481.7 280.5 610.4 4511.7

Fig. 37 Case 1 Alojw2l¥ Wdu}7]|7F oy 2] Av] &

Table 13. Case 1 A" 24% On/Off thH] oA AH] =k W3} [kWh]

o . RESIEES

= N EEVES b .
VIR S T FCU
Jan |+ 30.78 + 2.5 + 1.89 + 37.24

W [Rep | + 4883 + 2.83 + 1.70 + 27.96
Az [ Nov | + 20.29 + 1.46 + 1.10 + 890
Dec |+ 4461 - 277 + 1.62 + 2994

Jun + 20.72

I + 10.84
Az | Oct + 6.38
Sep + 18.98

— 82 —
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Table 14. Case 1 A]=# 849 75 A7+ [Hour]

w7 3k 7] 7k
TE | onotf Aol | AR Aol | onofr Alel | AA Aol
888 1057
3 EF L 848 1200
] (+4.7%) (-12.0%)
=4/&=4 888 1057
vit 1200
3 HAX 818 (+4.7%) (-12.0%)
T\ 415 1282 1105 1579
3 Hx (+209.1%) (+42.9%)
1282 1579
FCU #H 415 1105
(+209.1%) (+42.9%)

(3) Case 1 Algeloldel Wi FHA ALl A

ofr

Eapel

AH AelgugFel 84 4eB/bE S8 Base caseclM A
setpoint &%°] W3S Fof AUFsE VAR H, AULE Al
g 9 oA an s Pkl
Aul setpoint7h WBE 2= Ul HAH A LuF Al

WHl7) 7HS 0.25% % Base case WH] 2%
BastdAT 53 Fgs Bk E=e, Aol AR AAL
2=

=]

S &3] Base case®t FAFS Aoz FlFQow  7|E On/Off

d1 7 ) A A o]= Typical day®t Peak day E5F On/Off
Aojdale]  wHlE] 53 AAMHTE HISW I F Peak dayo

Wvbso] gl wel A g5S Fal Aol Ak 0Tl

ZAeHAl EskE Ae® yEsith Typical dayel -, ®lald 22
Wy Reh dAsE Fake] JFdiE s, oF Azbdiel A

06CHE Ay FHydulo] Aax At o]= <A Base cased 2%

kS
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oJUyx] ZHwWHoA &=, Base case UWH AU setpoint F7F= <l

AR AUFstel A Wb v AR B SO A=

FOsh 1 F W] A%, A" Aol AodmeE e
AAED = A WA A po ods) On/Off Ao dHl o

2 diyAE 40H]EH Base case®t A A4S BATE e
Auisl 7= e I ko]l vt FAsilom HA Aot
olyel On/Off #lo] =g Wik 7hsA|gke]  F7ketqith. ofel wet
On/Off thu] FHA Ao JEHZ 7HsAzt S7Hs
Base casedlAl 4.7%= 7HAastgon €, 2, 12€) dWdyA F7}
H]& 3k Base case WiH] At As &< o+ 3l

W1z 5 HA Aloje A dgs 3 Aol dF Agr 4
Aol kgl A FEE RN e, Typical day & ¥H7Feol wel 2o
LA7F 0T FHats Bas Bt

olw] WHk717+e] Peak periodl A& setpoint =& FHA7|A Eole=
A7 S A RE, o= AlaE]l ARAle] &7 Fo B 7%
Aow EAHAT. webd WiRe St wE HA AojdagF
A gL =rha st o] Elgsith

WPtz 2 dAskE dFAIAE AEe SN, WiRe St
w2l On/Off Aol Typical day®t Peak day 25 &A= 7lsH e
Alzrol  AA =T HA Aol Al AWl setpoint >k=el %E
245 3 Ed F dyUAE Y EE&HoE o&e= Ado=
EAEJAT. 28y JuEe F7kel me} Base case tiH] i 58

ol Zed o FEF= /e oo wel F9x setpoint
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e, Base case TH]

V&

=
[}

A E=t I S R

HH Aofe] whE el

webd, 7

¢+

B

B

Aot a2

oF
=

14 Aol

=

5.3.4

Base

3

_(H

7}3k7]

g

Dz

case°l| A 971 x

o

o

il

3}

gadl

setpoint

—_
file)

Goll

b SR,

w2} A

Case

atlom,

73

MER

ol A

)1\—]_,

= H
= T

A

AW setpoint 21 CE
25C 7)% +1C=2 WA

Base case9

7NE
o 4% 7]

b o,

)

=
N

s

]

7

ks

ﬂU..O

ol
o))

Iz

ﬁo

<Fig. 38>z}

1)
;oT

7]

Njo
B
o
ofy

[

LHESE 0.1

=7
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ek

o

il

%

0
o

b

kx4 <Table 3>9]
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Fig. 38 95 A& 9=

Table 15. A& A F-5o] Wz A]2® L2k W3}

AXUE AR Q] &zt
o 85 7.13 kKW
Air to Water W Ay AL 2.01 kW
Heat Pump W & 6.74 kW
Wk A8 AL 2.22 kW

3 4-pipe
o 85 11.22 kW
Fan Coil Unit )y & 6.62 kW
A 9 0.16 kW

Ao ESs 90%
AAFZ 700 kg/hr
Water Circulation frg 7hH W9 207100%
Pump AA AHAEH 0.165 kW
e 7 9 207100%

, WIS <Fig. 42> #th. <A Base case ¥ Case 13
A W 712 O B2, Ha-HA7 o] YEUe s
717vS 27+ typical day, peak day/period® AA3Fgomw WS
7+7} <Fig. 40>, <Fig. 41>, ¥7]7k& <Fig. 43>, <Fig. 44>¢} o]

gogey, wa, Wbl 1 F U 7 Aol o=

ot
i
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CV(RMSE)¢} A& Aojo] b2 MAE, NMBE, CV(RMSE+ <Table
16>3 Zom Aoyl Aol ex Fx+ <Fig. 46>3 #o] YErth
W77 5 HA Aojdug e Aol dSHIE=E 0.72%%E Base

casest Case 1 7ol Hl3) tha FAHAAT, G 579 B
Grom AAZ Se Ba wsiE Aure 24 9 Asw gl g
4g4 2 #94S ng

AU setpoint &% ™H] MAE, CV(RMSE), NMBE+=

o
2
5 ox
a9
1o

L3
L
=
—
a1

T, 0.93%, -0.0045%= <A AlE#Hold =05 2ol #F
2 HAA S YERY. ol FHd Aol S X+= Max (+) error’F 0.54C,
Max (=) error® ZL7|7} 0.77CE ks Ag AoJoxte] =7]71 ¢
A e

W71 7ke] A9 On/Off Alojeb HA Aol B5F AW setpoint 7]
lower deadband (217C) o] AU2EE FAsHom, Fakd Hl& o
S& Hd e E M A ISR Qs Case 1ol H]3)
setpoint =% 9] upper deadband (23C)E Wol]7}:= o] 7438t
Typical day2] <7]ZHAA AW setpoint =%=o] WA Zg3tk
Ao A S HA Aoz vewt. ol dded AlF o] dEE 18T E
AAE setback &l 8t AlojHa dW HAH Aol & On/Off
Alo]= setback +=%7Hs 271(17C)o] old7 AT g Alztdle
o] 07:00 AM ol AUY2=s I 8 &
o] 28% FHo= HQlY

AP 715 die] 2 RekE HA = A& 7]l whet Typical
day AA7]7F Well= A&A 0= On/Off Aloj7F = At HA Ao 9
A G Thse] Mg wet stEE Sal Aol A7 05T (08:00
AM)OA 0T (2:00 PM)E $# 3} T},

iy

o

o
ol
rlo

I8C= frAsHA X

il

R

Al

s
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Peak day®] 4-%, 7 7FA AlojyA] =5
+Ho] g o] 07:00 AMF-H setpoint =% 22T Zgst=d 2w
AlZrol FAFsEAl YERE T 07:00 AM ol el A, A Aol 04:00
AMSF 07:00 AM A}olol On/Off A|lojwhA 3t fAsk A% FolE
Holow o= Aojdugs W AAxA JFoR dAddr. oF

A3 Aol Wy Bakk 2 on Al Aufgom, ¥

gl Aol a7t HAk gFAstH oy Typical
dayoll ml&) tha @l AZte] A2 FHAYh ole FAFE do] whEr =
Typical daye} €& 97| T =EA YElYE Peak dayel sk
ggo]l 597 Wit o2 Als¥Th

290

On/Off control
280

—Optimal control
270

Indoor setpoint (22°C)

260

250

Typical day

210

Indoor temperature [°C]

200
19.0
180 Jun Feb Nov Dec
o 701 1401 2101 2801 3501 4201 4901 5601 6301 7001 7701 8401
250
200 4 l —Outdoor temperature
150 . Peak day
Typical day
100

Outdoor temperature [°C]
=

b h

I 701 1401 2101 2801 3501 4201 4901 5601 6301 7001 7701 3401

Timesteps [10 minute interval]

Fig. 39 Case 2 @717 AAAIF & AYex 2 9rj&%=
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240 4.0

(A) Temperature
23.0 T
3.5
220 \/\/\J\/\,’\.—«rﬁ = On/Off control
' d i =
=210 =0
£ S
£ 200 25 © |=—=Optimal control
g g
2190 i
£ 20 5
£ 180 = Setpoint 22°C
2 17.0 r L3 Eﬂ
N g
=~ 160 56 = (B) Fhud fraction
S50 | 7 / =)
140 ‘\}4 ,\g\ Los ZZ Ow/Off flow
: 7 _—
o A NANTV D -1 0
1210 1:40 3:10 440 6:10 7:40 9:10 1040 12:10 140 310 440 610 TA0 910 10:40 —1Optimal control flow
AM  AM  AM  AM  AM AM  AM AM PM  PM  PM PM  BM PM  PM  PM

Time of day [10 minute interval]

Fig. 40 Case 2 Y717t Typical day 5 AW L% 2 Ao

240 4.0
(A) Temperature
230
33
—220 e W e W B R Tl = On/Off control
1 2
& 30 =2
2210 =
] £
] E | —Onti
E 20.0 25 E Optimal control
2190 =
: 18.0 et = Setpoint 22°C
g s B
3170 15 E
] =
= 160 | g = (B) Fluid fraction
Zis0 )
] / L os ZZZ On/Off flow
14.0 ; Z’ % A Wa W7 3
] ZlZN A 77
150 ; v/////,*% DAND G000 A4 A 119
1210 1:40 310 440 6:10 740 9:10 10:40 1210 140 310 440 610 740 910 10:40 =0ptimal control flow
AM AM AM AM AM AM AM AM PM PM PM PM PM PM PM PM

Time of day [10 minute interval]

Fig. 41 Case 2 W77} Peak day = A% 2 Ao

W71z S FHA AlLdaeFo Ao o= A = 0.33% %
=7 yelgd. Aol okHAdE YveElE MAE® CV(RMSE)&
0.08C, 056%= AUF3t 2 Alx~® &Fo] HAHE 7oA WHl7]7h

Hlel o s 484 % S 1Atk

=2
o

L3
N

olmj NMBE+ -0.0009%% AW setpoint WH © %& &=
Aojste AFoZ gHe, ol Alxd® JugsF 7
Peak period®l] wAYst #Alo] Q. zfo] ot oz Addrt 53| <Fig.
43>3} 7+o] Peak period & On/Off Ao TU T FFo=
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s Aol EAT Ao ex7F b AAl AEI Ao® HT o]
B3] On/Off A|lol+= <Fig. 42>2] Timestep 3750 F-+ % <Fig. 44> 9]
8/1, 8/29F %ol AUl setpoint &%= tiv] FWyUE FE=Z <ld NMBEZF
0.0051%= A= AR FAHET. oA A Fab B A" &5
WAstol = A Alojdag]Fo Alo] AgE B dFHL ¢ s

golsglom, A4 2 Fggol Brhn BHEE AL Gk

[e

T Ao e Wyl W) Typical dayeb Peak day =5 AU
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Table 16. Case 2 Aoy Aol AS5A®

o O
T2 hedczd i ERHED
Setpoint = 22T Setpoint = 24T
A 3
HIMA ® On/Off On/Off
A Al
A=
- 0.72 - 0.33
CV(RMSE) [%]
Max (+) error
) 1.00 0.54 1.04 0.45
[TC]
Max (=) error
-1.06 -0.77 -1.00 -091
[TC]
MAE [TC] 052 0.15 0.4 0.08
NMBE [%] 0.0037 -0.0045 0.0051 -0.0009
CV(RMSE) [%] 2.68 0.93 251 0.56

(2) oy A 2m =

On/Off Alojet A Alojo] AP Wbol A AHl &2 <Fig. 47>

2
Zom On/Off #|o] whu] HA Aoje] Axdl aid JHEA 2
sl ka oA AH] % W3tE <Table 17>, <Table 18>3 2t}

A Wbel YA 4B Ee On/Off Alol7b 52559 kWh, 2 Ao 7}
53174 kWh= et AojiAd  HA Wby A din] W
Wikol g« o] v &S On/Off7} 50%, 50% = i+53akA thebdt wbdl H
Aol 53%, 47%= FelUA] Anjgo] T ES Ao FolmTh
oluf e AE= On/Off #loi7F 26285 kWh, A Aloj7} 28089
kKWh& On/Off Alel7} 1804 kWhwtE o Zulatg o Wibey A

ZRio) A AR Ao 1189 kWht o $48 Zez 31H.

AN —
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e Ao w2 etk On/Off Alojol w& Hut Wbelu ] vk
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O On/Off control | 916.5 618.5 6012 686.8 820.3 519.1 269.5 824.0 5255.9
@ Optimal control| 955.4 680.1 574.1 646.8 784.0 503.6 309.1 864.4 5317.4

Fig. 47 Case 2 Ao}l ybubr| 3t o YA AH] e

Table 17. Case 2 Al2=®l 2 4% On/Off H] o 4] An]=F W3} [KWh]

. PESIES
- e %9/54 Fhg U
) UEEE | sas e | sas 9= c
Tem + 334 + 4510
W [Feb |+ 21.96 + 0.89 + 313 + 35.64
A7k | Nov | + 2654 + 157 + 115 + 1032
Dec + 3.13 + 42.40
Jun + 18.34
g | + 15,64
Az | Oct + 988
Sep + 21.40
Table 18. Case 2 A|2~®l @AW 75 A|7F [Hourl
wH 713 ek R4S
T | onoff Aol | A" Aol | on/off Aol | A4 Aol
1005 1025
SER = 1001 1103
] (+0.4%) (~7.0%)
%a/349 1005 1025
1001 1103
S8 P (+0.4%) (~7.0%)
W 1561 1579
449 1035
S84 P (+247 8%) (+52.5%)
1561 1579
FCU = 449 1035
(+247.8%) (+52.5%)
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Case 1 =1 Wl HA AJduel= Ao 454 %= CV(RMSE)S
44 CV(RMSE) ¥ MAEE Wyhy 7|zkel zbzh bk 0.69%, 0.93%,
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H5e meth o F Wi Ul A AEE Case 199 BE A HA
AR AEe ngom, YU W F 9AE B Case 13 2ol

Az g REoRYH /@ oz ANtk web] HA
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ABSTRACT

Development of a Hybrid Heat Pump System Control

Algorithm for Comfortable Indoor Thermal Environment

Cho, Hye Un

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

Recently, with the increasing need to respond to energy demand,
interest in a hybrid heat pump system that can efficiently supply and
extract energy along with the use of renewable energy is increasing. The
hybrid heat pump system can improve the system efficiency by selecting
facility elements and heat sources conFigd during cooling and heating
operation, but to this end, it is essential to have optimal control measures
considering the characteristics of each element and indoor and outdoor
factors. However, as various facility elements are applied in a complex
way, empirical control or rule-based control is mainly applied due to
difficulties in integrated control. Therefore, in this study, an optimal
control algorithm for hybrid heat pump system that can provide an
optimal indoor environment even under changing indoor and outdoor
conditions was developed.

The target system is a hybrid heat pump system consisting of
photovoltaic/thermal panels, air heat source heat pumps, and heat storage
tanks, and controls the indoor temperature by changing the circulating
water flow between the heat storage tank and the fan coil unit installed

indoor. For data acquisition and control algorithm performance evaluation,
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the target building and convergence heat pump system were modeled
using the TRNSYS program. The developed indoor temperature prediction
model predicts indoor temperature through learning 80 flow scenarios and
environmental variables acquired through simulation. A total of two
predictive models were developed by dividing the cooling and heating
period, and the optimal number of hidden layers and neurons of the
artificial neural network derived through Bayesian optimization was
confirmed to be 0.21% and 1.09%, respectively.

The developed predictive model i1s embedded in the optimal control
algorithm to obtain environmental variable data for each control cycle and
then derive the circulating water flow rate for optimal control of the
indoor temperature. In addition, it adapts to the new environment by
re—training the embedded prediction model in the direction of reducing
prediction errors through real-time learning functions.

For the performance evaluation, adaptability, and scalability evaluation of
the optimal control algorithm, indoor temperature control performance and
energy consumption were analyzed by comparing with the existing on/off
control in various scenarios. In all scenarios, the optimal control algorithm
was analyzed to have control prediction accuracy CV(RMSE) below 0.72%
and control stability CV(RMSE) below 1.04%, showing excellent control
performance over the entire section except for control errors due to lack
of system cooling capacity. In terms of energy, heating energy
consumption increased compared to on/off control due to the increase in
system operating time caused by boundary conditions within the control
algorithm. However, it was verified that the cooling energy was reduced
by up to -14.4%, enabling efficient use of heat source energy through
controlling load-side circulating water flow.

It is believed that the optimal control algorithm developed in this study

has excellent indoor temperature control performance and adaptability and
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scalability under new environment and system capacity conditions, thereby
improving the performance of the hybrid heat pump system and improving

the use of heat source-side energy.

Keywords : Hybrid heat pump system, Indoor temperature prediction
model, Optimal indoor temperature control, Adaptive

control algorithm
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