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Ol 88 7|2 &4 Atd| (US EIA, EnergyStar)

Average household site energy consumption by end use, 2009 Ci:i\
million Btu per household =
- +2% mHomes built before 2000
®Homes built 2000-09
80
60
o
40 -21% £18%
+3%
0 e | -
Total Space Heating” Water Heanng Air Conditioning*  Appliances,
Electronics,
Lighting

« US Energy Information Administration (MIL4X| HE %!, S & 24 ) part of US DOE

- O &2 ’.;', SR0M 522 QF0|5(HY da 2 d 37, HE 43 ood =
g2 28 o5 A7IMAHY|, gaeldxr|, 4y 0 2-30, ARH, TV & FHEX| (DVR, Al
27 6)

» There is not a straightforward relationship between building age and energy use. (US
Energy Star)

sources: https://www.eia.gov/todayinenergy/detail.php?id=9951
https://energystar.my.site.com/PortfolioManager/s/article/Does-the-ENERGY-STAR-score-account-for-building-age-1600088546 156
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Soopme -ll_ HA) Image: 15141, On Camera: 1A, Size: 17.86 KB, Fri Jun 15 11:53:05 2012
Files in Archive: 43986, Size of Archive: 758.78 MB
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HE #1 HE #2 MY #3 MY #4
(BENS S (R HZ) | (EHE+XA H2B) |[(A3E HEH S
Yo XAX = 3.99 4.19 405 402
%2 CO, (ppm) 700 508 440 455
™ CO, (ppm) 1,131 844 688 716
Z|CH CO, (ppm) 1,646 1,458 1,080 1,363
HZTHXL (ppm) 208 275 217 317
Z[=2L (ppm) 1,000-1,099 600-699 900-999 500-599
1,000 ppm Z1t2HE 76.4% 27.3% 4.2% 25.0%




OB

L A2 W, 2 HE/CIY/AS, MLT| 7| on/off WHHT|7| on/off A
<

g2, M7 Mg, 58 S

I/

* Depending on the building type, climate, and degree of automation in
operation and controls, occupants could increase or decrease energy
use by a factor of up to three for residential buildings [Andersen 2012],
and increase by up to 80% or reduce by up to 50% for single-occupancy
offices [Hong & Lin, 2012].

» Behavioral efficiency has been identified as an efficient and economical
method compared with retrofitting technologies. (Chen et al. 2021)

Chen et al. (2021), The impacts of occupant behavior on building energy consumption: A review, Sustainable Energy Technologies and Assessments, Vol.45, June

Andersen, R. K. (2012). The influence of occupants' behaviour on energy consumption investigated in 290 identical dwellings and in 35 apartments. 10th International Conference on
Healthy Buildings, Brisbane, Australia.

Hong T. and Lin H.W. (2012). Occupant behavior: impact on energy use of private offices, ASim: IBPSA Asia Conference, Shanghai, China.
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1. Average value model (80s-2000s) 2. Markov chain model (2011~ )
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» s wlo oo oo 0 wmle @ ' " A 02 e
: el e|E D g2 o.sCG J o.sCG 0.9 o.gCG k’—». Robinson
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Image source: https://www.nature.com/articles/s41592-019-0476-x/figures/1
2. Agent model 3. Random walk model (2015
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Source: WGBC 2014

e 1%

Energy costs

® 9%

Rental costs

® 90%
Staff costs in
salaries and
benefits

10% Variation

A 10% variation applied
equally to each cost has a far
from equal impact

+-(0, 0%

Energy costs

+- (0,99,

Rental costs

+- 9 .00

Staff costs

Figure 1.1 Typical business operating costs and the effect of a 10% vanation applied to each cost

Image source: Hensen & Lamberts (edited). 2019. Building Performance Simulation for
Design and Operation. 2" Ed. Routledge. Ch.1
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Classic mass-damper-spring model: ordinary diff. eq.

rs

DO

B*>4KM  overdamped

DO

Spiral sink
A,=arwi a<(

, critically
B =4KM damped

_ %\ﬂr): e s
|

\/ t'

x(1)

mx + bx + kx = u
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=c|& 718tel A= oY X| AlZ20]8 2= (1970s~2010s)

Form
Materials
Systems
LUise

Climate

[ Bl Trtity o Tas®) o (AT Fomidl @ Taritl]

Ng; Nsurface

Nzone
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T Z Qi+ Z hidi(Tsi = T2) + } , 1 Cp (Tzi = T7) + titin Cp (Teo — T;) + Qsys
i=1 i=1 i=1

O] X[ (unknown) H== =8 > parameter estimation
2tE% 7{-5 > Monte Carlo simulation

Image source: https://gbs.autodesk.com/gbs
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Al in building energy management
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= Supply air direction
Unit heater (61EA
W vy

@ Temperature sensor (18EA) t 'y 4 ﬁ)l & 4 Al
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Ra, S.J., Shin, H.S. and Park, C.S. (2023), Implementation of real-time model predictive heating control for a factory building using ANN-based lumped modelling approach, Journa/
of Building Performance Simulation, Vol.16, No.2, pp.163-178 (Mar.-Apr.)
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» 23 229 -3E 11€7HX| (3 S ™ 7AEH 22 6ATH| =& HE)
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Process 1 Process 2
Real-time data measurement ||Indoor temperature prediction based on ANN
Input variable Output variable Measured variable
30 — [ ‘ Equipment (past 10 min*curr_ent time) . (future lﬂmin)_ (current time)
—T15---ANN |
H Outdoor air temperature sensor | 1 OAT [ AT | | T
b H Indoor air temperature sensor I I T
H Unit heater I I U T i
Process 4 Process 3
L w \ \ ! L \ \ \ ‘ Transmitting signal Searching for control strategy
Jan.28 Jan.29 Jan30 Jan31  Feb.l Feb.2 Feb.3 Feb.5 Feb.6 Feb.7
Control variable
(current time-future 10min)
- : Optimal U —  Control strategy +
Control signal
1) T < 13°C : Whole ON
2) 13°C < T < 15°C : Exhaustive search
3)15°C<T : Whole OFF
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o Temperature sensor
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@ Boiler Control Machine (BCM)

M2 AE LHEF 13 -46 % (A2 H 432 2h)

LHHf WA 20.2% A2
Prediction window: 0.5A| Zt
By WX/ 00{Hd nA glo] B

Cho, S.K., Kim, J.H. and Park, C.S. (2024), Integrated control of radiant floor heating systems in residential buildings, Journal of Building Performance Simulation, Vol.17, No.2, pp.220-233

Boiler
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Room . model #1 |
gas use 5.'.'.'_'_'_'_'::.'.'.'.'_'_'_': measured
measured : ; data
Hats; 1 model #2 i
hot water T [ SEERETERPRREER
del #3 control
mode . opt. solver - >
room air T P variables
Inputs Hidden layers Outputs
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x2‘,2, XZH, th, t+12
ANN#2 X3,5, X311, X3t; xi*z’
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XIHU
ANN #3 || X200 X2, X2,,
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KSR eI TR i
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« #3: E4
« "You can't manage what you can't measure” by Peter Drucker
 “You can’t improve what you can't simulate/calculate”
« EPI, ECO2
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ol | op [BERE 1.Zolgh | 1.1olgt | 1.00lgt regression analysis
cizsia, | L =
Jlet daraul Ih=' (| cvimE | - - £ i i
| SR el 1 Weight (a) Weight (b)

#1: Insufficient #2: Objective
variables quantification of

#3: Weight (b) is not continuous
but discrete

New EPI
weight (a) required.

For 1,000 buildings sampled from Latin Hypercube Sampling
- EPI calculated vs. EP simulated

=

2:0.01 P value: 0.001

n
o

I
N

e
<o

[F8]

5

Total EUI (kWh/m? yr)

15 20 25 30 35 40 45 50
EPI points (AS-IS)

R?:0.66 P_value: 0.000
5,50
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B
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%)

Total EUI (kWh/m?
okh

6 07 08 09 1.0
EPI points (TO-BE)

Image source: F A, 0|5, M=, BHE 4 (2020), H9Y U 242 0|8 U= OHA| d&E7te el /4y, thetd =t ==& HM36d M52, pp.177-185
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ISO vs. dynamic simulation

.z. ISO (normative, #HH H2)
* NEN2916 =2 1ISO13790, 1ISO52016, DIN V 18599

- Ci==4! (algebraic equation) |4t

« A=t £=F(?) > defines the minimum that society

deems acceptable (Grondzik and Kwok, 2019)
A 22 . s=4g ugey| Qe A5 =5

o= - [

a=

« WILo| MOl (evil approach HifA|)

Dynamic simulation (high-fidelity tool, EnergyPlus)
« SM 8 As ZAL

- HEXA 27

Grondzik, W. and Kwok, A. (2019), Mechanical and electrical equipment for buildings, 13" edition. Wiley






1ISO 13790 € 11 2|& (monthly &)

Lt OfL4%]
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QC)nd = an_ N X (Qtr + ve)




ECO2 vs. high-fidelity

« Latin Hypercube sampling S3}f 5007 7

e

Sk =0

=
O EX: 0|SF, ZYE, F8A, BHEg, Sl 2024), & E& A20HX| oM BIF =10 MHE - I AHE K=&
IZHII T2 I (ECO2)S FACZE -, et =S| =2 HM408 M1Z, pp.169-176

1) Design variable sampling

Light density W/m?
Infiltration ACH
Fenestration SHGC -
Glazing U-value W/mK
Wall U-value W/mK
RoofU-value W/m2K
Floor U-value W/m?K

i) Simulation model

& <
EnergyPlus ECO2

Target building modeling

1i1) ECO2 vs EnergyPlus

8.00 — 20.00
0.20-1.00
0.14-0.70
0.12-0.24
0.07-0.15
0.10-10.20
0.70 - 1.50

_’.

L ®
Latin Hypercube
Sampling
(500 sample)

Synthetic data
(500 simulation results)

(QQ

EnergyPlus ECO2

ECO2 EUI Heating

ECOz EU[ Cooling

EnergyPlus EUT ;i

EnergyPlus EUI

Cooling
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« M2 I: ECO2 Eg|0|E dtakd
+ High-fidelity 2T} 2XH3IEZ (3, 0, normative H<E) (IBPSA Italy)
- open source > H2 ATAXS/AX| L0 =S| AHEE EOo > Aad/FH /el

The 3 party software 7l 2§ 2 = T2t (At2: US DOE EnergyPlus®t DesignBuilder)

. HAIEOl M| E/AME £87M53 P2l X

Curlett, B.P. and Felder, J.L. (1995). Object-oriented Approach for Gas Turbine Engine Simulation. NASA TM-106970. p.3
Malkawi, A. and Augenbroe, G. (2004). Advanced building simulation, Ch.1. Spon Press
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M II: a completely new design

« Unfortunately, it is often regarded as a safe route to expand existing tools,
but it has been shown that this approach requires more effort and produces
less desirable results than a completely new design (Curlett and Felder 1995;
Malkawi & Augenbroe, 2004)

« better OS, better program language, efficient engineering solver (MATLAB), open source

A

« IT/computing 7|& ZTIE: Rhino (ClimateStudio> EnergyPlus)
- QUX 22 HEE X5t Ihs

« 2 H2 normative, A T2 EnergyPlus (0| = ZZ2|ZL|Ot F)

idf.set_wwr(
WWI = kwargs.get('wwr', 0.5),
force = True,
construction = 'Construction_Window’

Curlett, B.P. and Felder, J.L. (1995). Object-oriented Approach for Gas Turbine Engine Simulation. NASA TM-106970. p.3
Malkawi, A. and Augenbroe, G. (2004). Advanced building simulation, Ch.1. Spon Press 33



MZ I AL 7|&=

« High-fidelity model (Monte
Carlo sampling2 S 3,
40,000-50,000(??) 7§ 4=
s 44Y)

« Surrogate model (Al &)

« Validation
 Surrogate vs. HF model

Gas
Electricity

e
=
N

eq

e
=
>N

0.05 [

0.04

ANN model (tCO2 /m2)

0.03

0.02 |

NMBE =-0.11%

CVRMSE =1.33%

0.01
0.01

0.02

0.03 0.04 005 006 0.07 0.08 0.09
EnergyPlus (tCO2eq/m2)

0.1
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1 2
-

=
- OB

- HE2EY

« THE d=0M 21t 7|0
Al

- Zhotet A B s/w F7F > dH| N =28
- HF=218 (3, $3) d=0XM =24t 0

« 12| 2|2 EE H|E vs. Al

- ALE geiots S

 Tool
- =52 MStHX o2 WIS &+
« HE/MZA/KR|LRK|CHY /55 7|2 92

* Myth of “one-fits-all”
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