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Abstract

This work investigates the impact of occupant behavior on the effectiveness of energy
efficiency measures for mixed-mode residential buildings in hot and humid climates. These
buildings employ a hybrid approach to space conditioning that combines operable windows
and mechanical cooling. A comprehensive modeling methodology is developed to predict the
interactions between occupants and buildings, including occupancy, split air conditioner (AC)
operation, and window and door operation. The proposed methodology is applied in a case
study conducted in Hanoi, Vietnam. Based on the lifestyle characteristics of the local people,
an integrated occupant behavior model is developed in MATLAB and coupled with a calibrated
apartment model built in the thermal-energetic simulation program TRNSYS. Four occupant
behavior styles with different occupancy schedules, AC use intensities, and ventilation habits
are extracted from representative households in 49 surveyed apartments.

Five selected energy efficiency measures are evaluated comparatively using deterministic
simulations under design conditions and stochastic simulations with different behavior styles.
The selected measures are: reducing the solar heat gain through solar control glass (SCG),
optimizing ventilation through a demand-controlled ventilation system (DCV), improving the
thermal performance of the building envelope through a wall thermal insulation and solar
control glass (TIS/SCG), a combination of a demand-controlled ventilation system and solar
control glass (DCV/SCG), as well as a combination of wall thermal insulation system, demand-
controlled ventilation system, and solar control glass (TIS/DCV/SCG).

The comparisons indicate that the evaluation of energy efficiency measures is closely related
to the occupant behavior style adopted and differs significantly from the results using simplified
deterministic simulations based on design standards. Among the selected measures, the
combination TIS/DCV/SCG shows the highest energy savings in space cooling under design
conditions. Implementing this measure in a typical apartment in Hanoi with a floor area of 85 m?
is expected to reduce the annual AC electrical energy use by 677 kWh/a (about 25%). However,
the predictions considering representative occupant behavior styles show that only up to a
quarter of the expected energy savings can be achieved by this combined measure.

Additionally, not all measures provide energy benefits for the occupant behavior styles studied.
For example, using a demand-controlled ventilation system leads to increased AC energy use
but improves the indoor climate compared to variants with insufficient or excessive ventilation.

This work reveals the significant impact of occupant behavior on AC energy use and the indoor
environment. Therefore, it is necessary to consider diverse occupant behaviors in developing
and evaluating energy efficiency measures for buildings. The proposed modeling methods can
make a significant contribution to this.



Kurzfassung

Diese Arbeit untersucht den Einfluss des Nutzerverhaltens auf die Wirksamkeit von
EnergieeffizienzmalRnahmen flir Mixed-Mode-Wohngebaude in heilen und feuchten
Klimazonen. Bei diesen Gebauden wird ein hybrider Ansatz zur Raumklimatisierung
verwendet, bei dem bedienbare Fenster und mechanische Kihlung kombiniert werden. Es
wird eine umfassende Modellierungsmethodik entwickelt, um die Interaktionen zwischen
Bewohnern und Gebauden vorherzusagen, einschliellich der Belegung, des Betriebs von
Split-Klimageraten sowie der Fenster- und Turbedienung. Die vorgeschlagene Methodik wird
in einer Fallstudie in Hanoi, Vietnam angewendet. Basierend auf den Lebensstilmerkmalen
der lokalen Bevdlkerung wird ein integriertes Nutzerverhaltensmodell in MATLAB entwickelt
und mit einem kalibrierten Apartmentmodell, das in dem thermisch-energetischen
Simulationsprogramm  TRNSYS  erstellt  wird, gekoppelt. Vier reprasentative
Nutzerverhaltensstile mit unterschiedlichen Belegungsplanen, Nutzungsintensitaten von Spilit-
Klimageraten und Liftungsgewohnheiten werden aus 49 untersuchten Wohnungen extrahiert.

Finf ausgewahlte EnergieeffizienzmalRnahmen werden vergleichend mit deterministischen
Simulationen unter Auslegungsbedingungen und stochastischen Simulationen mit
verschiedenen Nutzerverhaltensstilen bewertet. Die ausgewahlten Malnahmen sind:
Reduzierung des solaren Warmegewinns durch Sonnenschutzverglasung (SCG), Optimierung
der Luftung durch ein bedarfsgeregeltes Luftungssystem (DCV), Verbesserung des
thermischen Verhaltens der Gebaudehllle durch ein  Warmedammsystem und
Sonnenschutzverglasung (TIS/SCG), Kombination aus bedarfsgeregeltem Liftungssystem
und Sonnenschutzverglasung (DCV/SCG) sowie Kombination aus Warmedammsystem,
bedarfsgeregeltem Liftungssystem und Sonnenschutzverglasung (TIS/DCV/SCG).

Die Vergleiche zeigen, dass die Bewertung von Energieeffizienzmallnahmen wesentlich mit
dem verwendeten Nutzerverhaltensstii zusammenhangt und sich signifikant von den
Ergebnissen vereinfachter deterministischer Simulationen auf der Grundlage von
Auslegungsstandards unterscheidet. Unter den ausgewahlten Malnahmen zeigt die
Kombination TIS/DCV/SCG bei Auslegungsbedingungen die héchsten Energieeinsparungen
fur die Raumkihlung. Die Umsetzung dieser MaRnahme in einer typischen Wohnung in Hanoi
mit einer Grundflache von 85 m? lasst eine Reduzierung des jahrlichen elektrischen
Energieaufwands fur Klimatisierung um 677 kWh/a (ca. 25%) erwarten. Die Vorhersagen unter
Berucksichtigung reprasentativer Nutzerverhaltensstilen zeigen jedoch, dass durch diese
MaRnahmenkombination nur bis zu einem Viertel der erwarteten Energieeinsparungen
erzielen werden kénnen. Die deterministischen Simulationen unter Auslegungsbedingungen
Uberschatzen signifikant das Energieeinsparungspotential von Malinahmen.

DarUber hinaus bieten nicht alle Malknahmen energetische Vorteile fir die untersuchten
Nutzerverhaltensstile. So fuhrt der Einsatzeines bedarfsgeregelten Liftungssystems zu einem
erhohten Energieaufwand fur die Klimatisierung, verbessert jedoch das Innenraumklima
gegenuber Varianten mit unzureichender oder ibermafiger Beluftung.

Diese Arbeit zeigt die signifikante Auswirkung des Nutzerverhaltens auf den Energieaufwand
fur die Klimatisierung sowie das Raumklima. Es ist daher notwendig, unterschiedliche
Nutzerverhaltensweisen bei der Entwicklung und Bewertung von Energieeffizienzmalnahmen
fur Gebaude zu berlicksichtigen. Die vorgeschlagenen Modellierungsmethoden kénnen dazu
einen wesentlichen Beitrag leisten.



Contents

[\ oY 0 1= 8 e = 1 1 T = VI
1 Y8 o X LU o3 { oY o 1
2 State Of the Art...... e e e s s s rn s raa e n s enn s snnnsanas 3
21 OccupanCy MOAEIING.......uuiiiieeiieieee e e e e e e e e e e e e eeesaaaans 3
211 Static occupancCy SChEAUIE...........oooiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee e 3
2.1.2 Stochastic occupancy Modeling ..........ooovviiiiiiiiiiiiiieeeeeeeeeee e 3
2.1.3 Occupancy data COIECHION .........coovviiiiiie e 5
214 Drawbacks and MitationS.......c.ooeoeee e 6
2.2 Behavior MOdEliNg ........coooiiiiiiii e 6
2.21 Deterministic behavior modeling ...........ccooiiiiiiii i 6
222 Stochastic behavior modeling .........coovviiiiiiiiiiiiiiie 7
2.2.3 Behavioral and environmental data collection ...........ccoeveevieie e 9
2.24 Drawbacks and lIMitationsS...... ..o 11
2.3 Energy effiCienCy MEASUIES ...........uuuiiiiiiii s 12
2.3.1 EXterior Wall INSUIAtION ......oouieiieee e 12
23.2 Solar CONIOl GIASS......ccoiiiiieeee e 12
2.3.3 [ DCTo IR =T =] F= o {1 o PSSR 13
234 Dynamic solar Shading .............uuuu e 14
2.3.5 Hybrid ventilation strategy .........coo oo 15
3 L 80 =1 10 T=] 01 1 3 16
3.1 StoChastic SIMUIALION ... e 16
3.1.1 BerNOUI @VENT ... oo 16
3.1.2 Inverse transform SamMPIING .........ueuuuii 16
3.2 THErMaAl COMTOI ... oot 17
3.2.1 Mechanically conditioned SPaCES ............ceiiiiiiiiiiiiicie e 17
3.2.2 Occupant-controlled naturally conditioned spaces............ccccccceiiiiiiiiii. 18
3.3 INAOOT @IF QUAITY ... s 21
3.4 SPIit AC SYSEEM....iiieeiiieeeeeeee ettt anne 22
3.5 Multizone building modeling with TRNSYS........oum e 24
3.5.1 Thermal Zone and QITNOAE .......ooniiei e e 24
3.5.2 Coupling with the airflow model COMIS ... 25
3.53 ATTTIOW MEIWOTK ... e 25
3.5.4 DIIVING FOMCES ... 28
3.5.5 (=g |10} =101 A g a (oY [ TP 29
4 1 T=3 4 To o (o] [T )Y 30
41 RESEAITCN WOIKFIIOW . ... e 30
4.2 Data COIBCHION ..o e 32



4.2.1
422
423
424
4.25
4.2.6

4.3

4.3.1
4.3.2
4.3.3
434
4.3.5

4.4

4.4.1
4.4.2
443
4.4.4

4.5

4.5.1
452

4.6

4.6.1
46.2
46.3

5.1
5.2

5.2.1
522
523
5.24
5.2.5
5.2.6
5.2.7

5.3

5.3.1
5.3.2
5.3.3
5.3.4

54

Case study iNtrodUCHION..........cooiiii e e 32
WeEather data .......coooiiiii e e 34
Indoor environmental data.............ooooiiiii i 34
AC operation data.........ccooiiiiiiiii 35
OCCUPANCY dAtA ... oo 37
Thermal COMFOIt SUIVEY ... 42
Modeling and simulation Of OCCUPANCY ........uuuuummmmiiiieeee e 44
Occupancy characteristiCs ..........oooiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee e 44
Apartment 0OCCUPANCY StAE........uuiiiiiiiiiiiiiiiii e 45
NUMDEr Of OCCUPANES ......coiiiiiiiii e 47
Location Of OCCUPANES ........ouuuiiiiii e 49
Movement Of OCCUPANES .........uiiiii e e e 49
Modeling and simulation of split AC usage behavior ..............cccccooiiiiiiiiiiinneieeenn. 50
Split AC usage characteristiCs..........ccoooiiiiiiiiiiiiei e 50
AC TUM=ON QBT .. ettt e e e e e e e e eeeans 50
AC event dUration ..o 52
Simulation WOIrKFIOW ........ooouii e 53
Modeling and simulation of window and door operation .............ccccooeeeeiviiiiiinnnnn.. 55
Window and door operation characteristiCS ...........coooovviiiiiiiiiiiiiicee e, 55
Trigger-based window and door operation modeling method .............................. 55
Simulation-based multi-aspect evaluation ...............ccccoooiiii 58
Evaluation of energy-saving potential................ooiiiiiiiiiiiicc e, 58
Evaluation of thermal comfort............ooooiiiiiii e 58
Evaluation of indoor air quality .............cceiiiiiiiiii 60
Modeling and Validation ... 61
Overview Of MOAEIS.........ooiiiiiiiiiiiee e 61
BPS MOAEL ... e 61
Occupant behavior interface ............cooii i 61
CHTC calculation Module..............oooiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeee e 62
Weather data ProCESSOr.......cooviiiiiiei et 63
SPIit AC MOGEL ...t nnnnnnnnnnnnnnnes 63
Multizone apartment MOAEl ..........ooo i 63
CO2 generation rates for 0OCCUPANTS .........ceviiiieeiiiiiiiiiiieee e 64
Internal heat and MOISUIE gaiNS ..........uueuiiiiiiiii e 64
Representative houSENOIAS...........coouuiiiiiiii e 65
AC USE INEENSITY ..t e e e e e e e e e e e e e e e e e e e aaaens 65
Monthly electricity CONSUMPLION.........oooiiiiiiiii e 67
Household composition and occupancy schedule ..............cociiiiiiiiiiiiiiciiieeeee 68
Window and door Operation .............ooooiiiiiiiiiiiie e 69

1Y/ [e Yo (=Y IRYZ=1 {0 =) 1 o] o IR 70



5.41
5.4.2
5.4.3
544

6.1

6.1.1
6.1.2
6.1.3
6.1.4
6.1.5
6.1.6
6.1.7

6.2

6.2.1
6.2.2

6.3

6.3.1
6.3.2
6.3.3
6.3.4
6.3.5

6.4

6.4.1
6.4.2
6.4.3

71

7.1.1
7.1.2
7.1.3
714
7.1.5

7.2

7.2.1
71.2.2
7.2.3

7.3

7.3.1
7.3.2

\

AC operation model validation..............coiiiiiiiiii e 70
Occupancy model validation ... 71
BPS model validation ............ooiiiiii e 73
Coupled model validation .............ouuuiiiiiie e 76
Developing Energy Efficiency Measures........cccccccceiiiiimmmmneennnscsnssennnnns 77
Deterministic simulations under design conditions .............cccccceiiiiiiiiiinieneeeeeeen, 77
Occupancy-related SettiNgS........oovvviiiiiiiiiiiiiieieeeeeeeeeeee e 78
Indoor climate-related Settings .........ooooiiiiiiiii 78
Ventilation-related Settings ..........oooviviiiiiiiiiiii 78
CO2 generation and internal gains............coooiiiiiiiiiiiiieeeeeeeee s 78
] 1= o 10T T TP PPPPPPRR 78
Material ProPerti€S ......ccuuuiieiiiiie e 79
Weather data ........ooooiiiii e 79
Baseline analysis under design conditionS ...............uuuueieiiiiiiii 79
Cooling energy demMand ..........coiiiiiiiiiiiies e aeaan 79
Indoor environmental CONAItIONS............uuueiiiiiii e 80
DeSCription Of MEASUIES........uuieieeee e 81
Thermal Insulation SYSTEM ..........oooiiiiiii e 81
SOlar CoNntrol GlasS ........uuuiiiieiiieeee e 81
External Fixed SNading ............uuu e 81
Automated Shading SYSEM ........uuiiiiiiiii s 82
Demand-Controlled Ventilation................ue e 82
Evaluation of measures under design conditions.............ccccceoiiiiiiiiininieieeeeeeeen 83
Reduction in cooling energy demand ..............coooiiiiiiiiiiiieeiee e 83
Impact on the indoor enviroNmMeNnt ... . ... 84
Selection Of MEASUIES.........cooiiiiiie e aeeenees 85
Assessing the Impact of Occupant Behavior............ccccoovviiimiiiiennnnnnnnn. 87
Stochastic simulations with representative OB styles...............ccccc, 87
Representative OB StYIES..........uuuuiii 87
Occupancy-related SEttiNgS........oooviiiiiiii e 88
AC-related SEtINGS......cooo i 88
Ventilation-related Settings ...........ooviiiiiiiiiiiiiii 88
Repeated Simulations...... ..o 88
Baseline analysis under different OB styles.........cccoooiiiiiiiiiii 89
AC electrical energy use and heat gain analysis ..............ccuevviiiiiiiiiiiiiiiiiiiiiiiiiens 89
Exceedance probability of thermal environment..............cccoovviieiiiiiceee 91
IAQ and VENTIAtION ... 92
Evaluation of measures under different OB styles...........ccccooiiiiiiiiiiiiiiiiiie, 94
Energy-saving potential.................ueiiiei 94

Mitigation of overheating Fisk................ueuiiiii 96



7.3.3
7.3.4

10
10.1

10.1.1
10.1.2
10.1.3

10.2

10.2.1
10.2.2

10.3
10.4

10.4.1
10.4.2
10.4.3
10.4.4

10.5
10.6
10.7
10.8

10.8.1
10.8.2

10.9

VI

Mitigation of Overcooling FiSK ..........ccoooiiiiiiiiiiie e 97
IMmprovement Of TAQL ... ... e 98
Summary and OULIOOK ............euuuemmmmmmmnninninnnnnennenennnneneeeenneeneennsnnnnnnannne 100
Bibliography........ccciiie et 106
N0 7= 3 T 1 119
Technical specifications of measurement equipment ..............oovviiiiiiiiiiiiiinnnns 119
Weather station ...........oiiiiiii e 119
[AQ At IOGGET ...ttt 119
Comfort measuring Kit..........ccoooiiiiiiiiiie e 119
Model COMPONENTS......coeiii i e e e e e et e eeees 120
Weather data ProCESSOr........oviiiiiiii e e e 120
SPIt AC MOGEL ...t 120
Estimated AC energy use based on energy bills ..............ccoooiiiiiiiiiiiiniiiiiien. 120
Construction material and window properties............cccccovvvviiiiiiieeeeieeeieee e, 121
Layout and Wall COOES.........uuuiiiiii s 121
Wl SUIMACES ....ueieie et e et e et 121
Interior building COMPONENES ......vveiiiieei e 122
Exterior building COMPONENES .......ccooiiiiiiiii e 124
Parameters related to airflow Network ...........cccooooioiiiiiiiiio, 125
AC performance data.............uueiiiiiiiiiiee e 126
Internal heat gainS. ...... ... e 128
Probability tables............u 129
AC turn-on probability tables ... 129
AC Event Duration ECDF TabIes .........coveviiiiiiiiiiiiiiiieiieeeeeeeeeeeee 132

Apartment OCCUPANCY Fate ........uiiiieiieeece e 138



