ABSTRACT
MIRIANHOSSEINABADI, SEDIGHEHSADAT.A Framework for Realime Performance
Measurement and Verification and Commissioning Using Building Automation Systems in
Existing Buildings (Under the direction of DSoolyeon Chg
Building practitioners are persistently trying to develop more energy efficient buildings while
maintaining and improving human comfort to achieve the Architecture 2030, 2025
Commercial Buildings Initiative, ahNetZero EnergyBuildings (NZEBSs)initiative goalsin
this regardproperlyoperating and maintainintpe high-performancéevel of thebuildingsare
thecrucial factos to keep existing buildings in shape asalve energgontinuously Building
Automaton Systems (BSs) as thekey information sources for buildif@ommissioning Cx)
and Performancéeasurement and Verificatio(PM&V) have gained populant among
building managersHowever, the BAS installed in é¢ise buildings either cannot estimate
perfomance reduction relative to the desigtent or inform the building masigerabouthow
much energyasbeen saved by implementing the Energy Efficiency Measures (EEMS) in the
building after the commissioning process. Therefore, building managers and owners hire Cx
engineers angdpend a lot of time and mont&yachieve, verify, and document the performance
of facilities, systems, and assembilies in the building. This is an expensive process which should
be repeated several times during the building life cycle. This problem leads to a widespread
demand in using smart meters, devices, and analytics &solgdl as multi-measure whole
building programs among building managers to reduce time, cost, and complexityanfl C

PM&V and to generate deeper savings.



The continuous commissioning is the most recommemd@iimissioningtype becausdts
effect persists ovdime, andit is less costly than the manual periodic commissiorsgone

of the most recent and advanceommissioningconcepts, the automated continuous Cx
process aims to make the-gaing Cx activity automated. This is a challenging concept since
the human intervention is somehow expected talie to respond to any problema certain
degree.

This researchpresentsa cohesiveframeworkto automate the continuow®mmissioning
processdo some extenandto measure and verify the performance of dings in reatime
basisin existing commercial buildings. This framewdskconceptualized based on the-
going Cx conceptand IPMVP optiorD approach OptionD is usinga calibratedsimulation
modelto predict facilitybuilding energyconsumption

The proposed methodology in this stuaiyns to integrate an EnergyPlus calibrated model
presenting the projected building energy consumption taedBAS providing the whole
buildingd sperformance metrics datahis would offer reattime huilding performane
monitoring and fault detection amtlagnostics The reattime Cx and PM&V frameworks
intended to recommerabrrective actiongn order to maintain the high performance level of
the building and to provide potentehergy savings and improvement inldung performance
after implementing those actiofeg the selected time intervalstinereal time

Calibrating the EnergyPlus modeinctions asa key proceduran this frameworko achieve

ideal building performance\ two-step calibration approach,liteation to historical data, and



calibration to real time data,aslopted as the main calibration method for accurately projecting
the whole building performance in real time.

The RealTime Cx and PM&V framework is testdy implementing the frameworikito an
office building (the presentase studylocated inResearch Triangle Park, NC for JuRf &

6", 2016and Septembertto 6", 2016 The experiment results shdhat the reatime Cx and
PM&YV framework significantly improvethe energy performance of the building by informing
the building manager with detected faults, possible causes, recomneemoedive actions

and potential energy savings in real time



© Copyright 206 by Sedighehsadaflirianhosseinabadi

All Rights Reserved



A Framework for Reallime Performance Measurement and Verification and
Commissioning Using Building Automation Systems in Existing Buildings

by
Sedighehsadat Mirianhosseinabadi

A dissertation submitted to tli&raduate Faculty of
North Carolina State University
in partial fulfilment of the
requirements for the degree of
Doctor of Philosophy

Design

Raleigh, North Carolina

2016

APPROVED BY:

Dr. Soolyeon Cho Dr. Wayne Place
Committee Chair

Dr. Ning Lu Dr. Steplen Terry

Dr. Suwon Song



DEDICATION
To my parentdNasrinAbasaltaeandMohsen Mirian and my sister Zahra Miridor

their continued support and love.



BIOGRAPHY

Nasim Mirianreceived hema s t adegrée $n sustainablechitecture and hédachelor
of Sciencein physics from University of Tehran. While studyingthe PhD program ahe
College of Design at North Carolina State Universstye workdas a research assistant at the
Building Energy Technology Laboratory (BETLal$he is particularly interested lomilding
energy modeling and performance evaluation for the design and developreastanfable
buildings. Her research focuses on the developmentth&f framework for reatime
performance measurenteand verification and commissioningsing building autmation

systemin existing commercial buildings.



ACKNOWLEDGMENTS

Firstand foremostl would like to express my sincere appreciation to my advisor, Dr.
Soolyeon Chpfor his continuous support and encouragementdbnd s br oad Vvi si or
knowledg and wise direction have helped me a lot in my research at NC State tthveards
completion of this dissertatioham also very grateful to my committee membéns Wayne
Place Dr. Ning Lu, Dr. StepharTerry andDr. Suwon Songfor their valuablecomments and
help

| would like to express my gratitude kdr. Marvin Malechathe cean of theCollege
of Design, andDr. Soolyeon Chpthe director of the Hb program, for theifinancial and
professional support thePhDstudentof theCollege of Degn. | would like to acknowledge
Mr. Greg Eadesat the Environmental Protection Agency (ERAfpr his valuable input,
discussions and accessibility.

| also appreciate my colleagueand frieng, Dr. Soheil Mansouri,Dr. Ahoo
Malekafzalj and Mr.YeobeomYoonfor their productive discussioreout the work and their
assistance throughtthedata collection phase.

Last but not least, yndeepest appreciation goes to my parentsnaypdister Nasrin

AbasaltaMohsen Mirianand Zahra Mirianvho havealways supported me during my studies.



TABLE OF CONTENTS

LIST OF FIGURES..... ..ttt ieeei ettt e e e e e e e e s eemseeeeeeaaeeaeaeaeaaeaesasammeaeaaaeaaeens X
CHAPTER 1 INTR ODUCTION ...oiiiiiiiiiiiiiiiiiiisiseeieesse e e e e e sessseeeeeeeeaaaaaeaeens 1
LT SIGNITICANCE. ...ttt e e nn e 2
1.2 Description of Problem Ar@a...........oooviviiiiiiiieeeee e 3

1.3 Conceptual FrameWOrK...........ccuuiiiiiiiiiieeeiiiii e e e e e e e e e e ean 5

1.4 RESEAICH GOAL.....ciiiiiiiiiiii e 6

1.5 Definition Of KEY TeIMS. .. .ottt ettt 9
1.5.1 Building Automation SYSEEIM..........cooiiiiiiiiiiiimeer s eneeseeeeeeees 9

1.5.2 Building CommiSSIONING (CX)..vvvrrrrniiiiiieeeeeeeieieeeiieas e eeeeeeevienne e e 10

1.5.3 Performance Measurement and Verification (PM&V)..........vvviiiiiiiannee. 10

1.6 DISSErtation OVEIVIEW. ... .uu i i ee e e e e e eeeeeeeeieeee e e e e e e e e e e e ettt mmmr e e e e eeeeesenannn e e s 11
CHAPTER 2 LITERATURE REVIEW ... 12
8 T 1 1 o T 3o 1o o USSR 12
2.2 BAS Market and TeChNOIOGIES. .........uuuiiiiiiiiiiiiieeniiiiiiieicceeeee e 12
2.2.1 BAS/BEMS/EMCS Data POINES.......coiiiiiiieieeiiiiiceeeie e eeeeeeeeeeeeeeneee e 14

2.2.2 BAS PrOOCOIS . ...ciiiiiiiiee ettt e e 16

2.3 Building Commissioning (Cx) teChNOIOGIES.........ccovveiiiiiiiiicceeees 18
2.4 Automated Continuous COMMISSIONIAG .......cceeeeririiiiiiiimee e e e e e eeseeiereeeeeeeeens 21
2.4.1 SimulationBased Commissioning TOOIS...........cccccuuvrmiiiiieemiiiiiiiiieieieeeee 25

2.4.2 Building Controls Virtual Test Bed (BCVTB)......c.cooveeeiiiiiiiiiiiiceee e 31

2.5 Typical Faults Identified in Existing Building CX...........cevviiiiiiiiiiiceniiiiiiiieeeeen 34
2.6 Performance Measurement and Verification (PM&V)...........coooviiiiiiienne i, 37
2.6.1 Automated Performance Measurement and Verification (PM&V)........... 39

2.6.2 PM&YV Option-D Algorithm...........coooeiiiiiiiiiiiiieee e eeeiveeeceeeeenn 43

2.7 BEM Calibration Methods..........ccooiiiiiiiiiieeee e a7
2.7.1 Performance Gap iN BEM..........cciiiiiiiiiieeeeeeeeeeeee e 47

2.7.2 Common Calibration Methods...........ccooviiiiiiiiiiieeecccc e 50

2.7.3 Examples of Calibrated SimulatiQn.............cccccviiiiieeeiiiiiiiiiiieeeeeeeee e 51

2.7.4 Advanced Calibration PrOCESS........uiiiiiiiiii e 53

2.8 Literature REVIEW SUMIMAIY........cceeiiiiiiiiieieiimee e e e e e e ee e neeeeeeeees 55
CHAPTER 3 METHODOLOGY ...oiiiiiiiiiiiiiiiiieeee ettt e e e e e e e e e e s simmma e e e e e e n e e 57
3.1 FrameWOorK STTUCTUNE......eiiiiiiiiiie et 57
3.2 Framework DeVEIOPMENL........oiiiiiiiiiieie e 59
3.2.1 RealTime Automated Continuous COMMISSIONING........cccceveeeereeiiiaaceennn. 59

3.2.1.1 FrameworkPerformance MetriCS...........ccovvvirviiiiiiimmmeeeeeeeeeeeeeiiiiinnnns 62

3.2.2 Performance Measurement and Verificat@orrectiveActions.................... 64

3.2.3 Performance Measurement and Verificatlomergy Savings............ccc.u...... 65

3.2.3.1 Energy Savings MEetriCS........ccooiiiiiiiiiiiiiiieee et e 67

3.2.4 Advantages and Limitation of the FramewarK.............ccccoeeeeveeeeeciiieeeennn. 67



3.3 Framework FIOW Diagram..........ccoouuuiiiiiiiieeoeeeie e eeme e 70
CHAPTER 4 DEVELOPMENT OF A CAL IBRATED SIMULATION M ODEL FOR A

CASE STUDY BUILDING ....coviiiiiiiiiiiiieeeee e smnne e 71

4.1 Case Studuilding Selection ProCESS.........cccuuririiiiiiiieesiiiiiiirieeeeeeeee e 71
4.1.1 Final CaseStudy BUilding.........coouuriiiiiiiiiieeiiiiire e 76
4,1.2 CHMALE ANAIYSIS......oeviiiiiiiiiiii i it e e ceeerrr s e e e e e e e e e e e e e e aeees e e e e e e e aaaeeeeeeeennnnnnns 78
4.2 Case Study Building Primary Model Development..............coooiiiiicce e, 80
4.2.1 Geometry DeVEIOPMENT........uuuiiiiiiiiiiiiie ettt e e e e e e e e e 80
4.2.2 Primary Model Envelope CharacteristiCs..............cccuuvveriieemniiiiiiiiiiieeeee 83
4.2.3 Building Operating CharacteristiCS.............ooviiiiiiiimmmn e 86
4.2.4 Primary Model HVAC SYSEEMS........cccuiiiiiiiiiiieieeeiiiiiiiieie e eeeeeees 87
4.2.5 Weather Data for Primary Model...........cccuvuiiiiiiiiieemiiiiiiiiiiiciecce e 92
4.2.6 Case Study Building Calibrated Model Development...............cccvvvvieeennne 93
4.2. 7 Weather Calibration..............ueeiiiiiiiiiieeeiiceieeee e 95
4.2.8 Calibrated Model Internal Loads.............ooooiiiiiiiiicmee e 98
4.2.8.1 PROPIE....cco ittt 99
4.2.8.2 LIGNTS...iiiiiiiiiiiiiiie s 100
4.2.8.3 EQUIPIMENL ..coiiiiiiiieeiie it eeee sttt eeeens bt e e e e e aaaeaeeas 102

4.2.9 Calibration STEPS.......cooiiiiiiiii e 102
4.2.9.1 Calibration Process: Step.L..........uuuuiiriiiiiiiimmeiriiiieeeeieeeeiaeeeeeeseeane 103
4.2,9.2 Calibration ProCess: SteP.2..........uuuuiuriiiiiiiieeeieiinieeieeeeeeaaaeaeee e e 104
4.2.9.3 Calibration ProCess: SteP.3........uuuuiiiimireiieiimaeriiririereeeeeeeaaaaeeeesseans 106
4.2.9.4 Calibration ProCess: SteP.4..........uuuuiiiimiiiiiieeeiiiiiieeeeeeeeeeaeeae e e e e 109

4.2.10 Calibration Steps Graphs........cccccceeeeiiiiiiiceeeeeeee s 110
4.3 Case Study Building Cod€ompliant Model Development...............ccceevvevveeen. 114
4.3.1 CodeCompliant Model Envelope CharacteristiCs.............cccvvvvvvviemmninnns 115
4.3.2 CodeCompliant Model Requirementsrf&CB................ovvveiiiiiiccceeeennnns 117
4321 LIGNTS. it 117
4.3.2.2 HVAC SYSIEIM....coiiiiiiiiiiiiiii et 118

4.3.3 Code-Compliant and Calibrated Model Simulation Result vs. Measured
.............................................................................................................. 119

4.3.3.1 Energy Use INtensity (EUD.........coveeiiiiiiiiiiiiieeeieeeeeeeeeeeee e 119
4.3.3.2 Whole Building Energy USE..........ooooiiiiiiiiiieeen i 122

A4 SUMIMABIY . ...ttt et e e e ettt e e e e e e et e amme e e e e e e et b e e e eeeessmmmessba e eeeeene 132
CHAPTER 5 PLATFORM OF REAL -TIME COMMISSIONING A ND
PERFORMANCE MEASUREM ENT & VERIFICATION ........cccccvveeee. 133

5.1 RealTime Data ACQUISITION..........coiiiiiiiiiiiitieeee s ceeee bbb 133
5.1.1 DataBase ACtors in BCVTB..........coooiiiiiiiiiiiieeensiiiiieeee e eeeeeeeeees 137
5.1.2 Simulator ACtOr in BCVTB.......ooviiiiiiie e aneee e 139
5.2 BCVTB PIAtfOrM......eeiiiiiiiiee e e 140
5.2.1 BCVTB Model DeVvelopment..........cooouviiiiiiiiiiieeeeeeeeeeeeeeeen e 142
5.2.1.1 BCVTB MOdel DIf€CIOL........uuiiieeiieieeeiiiieeeeee e 143

Vi

Data



5.2.1.2 EnergyPlus Calibrated Model INPULS........ccooviriiiiiiiiieeciiiiieee e, 144

5.2.1.3 Building Performance Data.............ccccuurririiimmmiiiiiiiiiiiiieeeeeee e 148
5.2.1.4 Building Performance MONItOriNG...........eueevviiiiiiiiiieemeieiiecceeeeeeenn 149

5.2.1.5 Fault Detection, Recommended Actions, and Potential Energy Savings

153

5.2.1.6 Real time and simulation tiMe..............ueeeeiiiiiiieeniiiiiiiieiieceee e 155
5.3 Input Data to Test the Integrated Platform with the Case Study Building.....156
5.4 RESUIS @Nd DISCUSSION. .. .uuuiiiiiiiiiiiiiiii ettt e e e e e e e rmmme e e e e e e e ananes 166
5.4.1 Test Results of Cx an PM&V Framework: Julif & 6", 2016.................... 166
5.4.2 Test Results of Cx and PM&V Framework: Septemeo16", 2016......... 175
CHAPTER 6 CONCLUSION AND FUTURE STUDIES.........ccoiiiiie e, 184
REFERENGCES...... ..ottt ettt e e et e e e e e e e e e e e e e e e e e e e s s s immne e e e e e e e e e nnnns 189
N N | T 0 PR 196
APPENDIX A. CASE STUDY BUILDING ZONE SUMMARY .....cccoiiiiiriiiiiiiiiinnann, 197
APPENDIX B. TECHNICA L GUIDELINE ... e 200

Vil



LIST OF TABLES

Table2-1: Common Calibration Methods.............uviiiiiiiiiiiceeiiiieee e 51
TADIEA-1: ZONE LISL.....etiiiiiiiiiie ettt reee e e e e e e e e e e eeeeeeetanae s mmmeeeeeeneenes 82
Tabled-2: BUIlAING ATBa...........uuuiiiiiiiiie e eeeetiee s e e e e e e e e e e s aaeess s e e e e e e e e e e e aeeeeeesessannneees 83
Table4-3: Case St u dBuilt Bxerior @onstrugtiors.....A.S.......ccceeeveeeeee. 84
Tabled-4: CONUINUEM. ..ottt ieee et e e e e eere et e e et e e e e e e e e e e e e s s e e e eeeeas 85
Table4-5: Case St udBuiltBndowsdhanagt@riStiCSA S........vvvvvvveieeens 85
Table4-6: Case St udBuiltBteriord Canstrugi@ns.....A.S........oeeeveeeernnnnns 85
Table4-7: Case Study Buil di.ng.0.s...Wi..n.dow...L.86
Table4-8: Occupancy Peak for Eadlone Type in Case Study Building..................... 100
Table4-9: Step 1 AJUSTMENES. ....coviiiiiiiieee e 103
Table4-10: Step 1 Lighting/Equipment/Occupancy Schedule.............cccovvvieeennll 103
Tabled-11: CONINUE..........uuuiiiiiiiie e e eneer e e e e e e e e e e e e e e eeeeeeesenmmmreeeees 104
Table4d-12: Step 2 AJUSTMENLS.........iiiieii e eene e 104
Tabled-13: CONINUE..........uuuiiiiiiiee e e rrer e e e e e e e e e e e e eeeeeeeaensmmmreeeees 105
Table 4-14: Step 2 Lighting/Equipment/Occupancy Schedule.............cccovvvieeenLl 105
Tabled-15: CONUINUE..........uuuiiiiieie e reer e e e e e e e e e e e e eeeeeeeesesmmmeeeeees 106
Table4d-16: Step 3 AJUSTMENLS.........iiii i ceeee e eeee e 106
Table4-17: Step 3 Lighting/Equipment SChedule..............uviiiiiiiieeciiiiiiiiiieieeeeeeeeeee 107
Table4-18: Step 3 Occupancy Schedule...........ooooviiee e 108
Table4-19: Step 4 ACJUSTMENLS........uuuuiiiiiiiiiiii et e e e e e e e e e e e e 109
Table4-20: Step 4 Occupancy Schedule...........ooooriee e 109
Tabled-21: CONUINUE...........uiiiieie e e rrer e e e e e e e e e e e e e eeeeeeeanenmmmreeeees 110
Table 4-22: ASHRAE 90.12004 Opaque Components Minimum Requirements....... 116
Table 4-23: ASHRAE 90.12004 Exterior Windows Minimum Reqgements for Code

Compliant Model vs. Proposed Building Design.................euvvvviceeieeeveeeeiininnns 117
Table4-24: Lighting Power Densities Using the Building Aidathod......................... 118
Table4-25: HVAC Adjustments for ECB............ooiiiiiiiii e 119

viii

wal



Table 4-26: Case Study Building Calibrated Model, Cdadiempliant Model, and Real

2 T8 T] Lo [T o T = T 120
Table 4-27: Case Study Building Calibrated Model, Cdadiempliant Model, and Real

Building EUI Break DOWIL...........uuuuiiiiiiiee i s s e e e e e e e e s amenins e s e e e e e eeeaaaeeees 121
Table6-1: Average Potential Energy Savings for Each Performance Metric Provide by Real

Time Cx and PM&YV FrameWorK...........oooiiiiiiiiiiimennsisiiiiibeveeee e cneneseeeeeeeees 186
Table A1 : Case Study Building Zone SUMMALY..........ccovvviiiiiiiiimmmieeeeeeeeiiiieiinneees 197
Table A2 @ CONtINUET........ooo oot r e e bbb e e e e e e annseeee e 198
Table A3 1 CONLINUEM.........ueieiii et reee e e e e e e e mmmeeeeees 199



LIST OF FIGURES

Figurel-1: Conceptual FrameWorkK............ooo oo ee e 5
Figure2-1: Literature ReVieW Diagraml.........cccceeeeeeeeeiiiieeeie e enne e 12
Figure2-2: BAS Companies and Their Product..............ccuuuviiiimmmriiiiiiiiiieeeeeeee e 13
Figure2-3: BAS/BEMS/EMCS Data POINtS.........uuuuiiiiiiieee e cceeiiiie e e e eeveeen e 16
Figure2-4: BAS Protocols: BACNet/ModISULONWOIKS..........ccoovviiviiiiiiiiimemee e 17
Figure2-5: COmMmMISSIONING TEIMNS . .uuuuuiiiiiie e e e e eeeeeeieees e s e e e e e e e e e e e e e e eeeaearrnnmeeeeeeeeeeeeeenannn 19
Figure2-6: Comparison between Different Commissioning Processes.............cc....... 20
Figure2-7: Information System Architecture in W@aseal/Online Systems.................. 22
Figure2-8: FDD User Interface (Bailey et al., 2011) .....ccccoviiiiiiiiiiiiiicceeeeeeeee 30
Figure2-9: Architecture of the BCVTB with the Middleware that Connects Different Clients
............................................................................................................................. 32
Figure2-10: Programs that are currently linked to the BCVIB........ccccoooeiiiiiiiceeinnnnn. 32
Figure2-11: Architecture of the BCVTB with the EnergyPlus as one of the client and other
clients such as MATLab O BAS ... e 33
Figure2-12: Typical faults in existing commercial buildings............ccccocoviiiiicccen. 36
Figure2-13: IPMVP GUIAEIINES......cciiiiii e 37
Figure2-14: EMIS Inventory DY NEEA...........uiiiiiiieeeeieeeiiiii et 41
Figure2-15: Popularity of Each M&V Protocol (Donkelaar et al., 2013)...........cccc...... 42
Figure2-16: (a) IPMVP OptiorC Selection Process (b) IPMVP OptibnSelection Process
............................................................................................................................. 45
Figure2-17: AnalysisModelfor IPMVP OptionD...........ooooiiiiiiiiiiiiiieen e 47
Figure2-18: Building Energy Model Calibration ProCess.............ccccvvvvvivimmmeeeeeieveeeinnns 51
Figure3-1: FramewoOrk CONCEPL........uuuiiiiiiiiiiiiie ettt e e e e 58
Figure3-2: Framework ArrangemeENLS..........ouvuuuuuueuiiimeeeeeeerriiss e e e e e e e e emenranne e 59
Figure3-3: EnergyPlusModel Calibration Sequence...............coooiiiiiemn e, 62
Figure3-4: ReaiTime Automated Continuous COmMmMISSIONING...........uvvuueuiieesieeceennnnnnd 62
Figure3-5 Framework performance MetriCS.........cccuuuuuriiiririmeniiiiiiiiiiiieeeeeeee e e e s eeeeeeeeees 64
Figure3-6: PM&V- Corrective Actions and EEMs Development.............cccccceevveeeeenne. 65
Figure3-7: Potential Energy Savings Calculation...............coocciiimmmniniiiciiiieeee 66



Figure3-8: ComprehensivErameworkFlow Diagram.............ccceeevvvvvveiieenneeeeeeeeeeeeeennnnd O
Figure4-1: NCSU Office BUIldiNgS........ccooviiiiiiiiiiimmr e 72
Figure4d-2: NCSU BAS INtEITACE.........ooiiiiiiiiiiiii et e e 73
Figure4-3: Niagara FrameWOLK...........cooiiiiiiiiiiiieiee e 73
Figure4-4: Research IV BUilding...........ooiiiiiiiiiiiieee e 74
Figure4-5: Metasys Interface (4 AHUS).........ooooviiiiiiiiiiicreeeees e 75
Figure4-6: Case Study BUildiNg.......cooooeeioiiiiiieiieeee e 76
Figure4-7: Dry-Bulb Temperature and Relative Humidity 3D Chart for Raleigh, Weather Data
11T 5 T 79
Figure4-8: Annual Temperature Range for Raleigh,.NC...........ccccooiiiiiieeeiiiiiieeee e, 79
Figure 4-9: Case Study Building Lake Level Plan and Zoning Arrangement.............. 80
Figure4-10: Case Study Building First Level Plan atwhing Arrangement.................. 81
Figure4-11: Case Study Building Second Level Plan and Zoning Arrangement........ 81
Figure4-12: User Input and US climate ZONEeS..........ccceeiiiiiiiiceeeiiieee e eeeeea 81
Figure4-13: West and East Facade of Case Study Building in SketchUp.................. 83
Figure4-14: Case Study Building AHDIagram................eeueiiiiiisiecevieiiiiciseee e e e e e e 87
Figure4-15: Case Study Building VAV with Reheat Diagram...............ccevvvvvieeeivnnnnee. 38
Figure4-16: Case Study Building VAV with No Reheat Diagram..............ccccoeevieemnnns 88
Figure4-17: Case Study Building Split System Diagram............ccoooviiiiiiccceeeeeeee e 89
Figure4-18: Case Study Building Energy Recovery Unit Diagram.................ccc.ueeee... 89
Figure4-19: NOAA Weather Data for 2015.........uuuiiiiiiieiiiii i 96
Figure4-20: Creating AMY Weather File Using Elements............cccoeeeiiiiicecivniceennn. 97
Figure4-21: AMY-2015 and MY Weather Data Discrepancies...........cccccccoucuvvveenrnnnnn. 97
Figure4-22:(a) TMY, (b) 2014 Weather File, (c) 2015 Weather File Dry Bulb Temperature
............................................................................................................................. 98
Figure4-23: (a) TMY, (b) 2014 Weather File, (c) 2015 Weather File Relative Humidi®
Figure4-24: Model Calibration Steps: Lighting EleCtriCity.............ooooiiiiiiiice s 111
Figure4-25: Model Calibration Steps: Equipment ElecCtriCity............ccccceeiiivieeen e 112
Figure4-26: Model Calibration Steps: Whole Building ElectriCity...............cooeevviieeee. 112
Figure4-27: Model Calibration Steps: Chilled Water Energy Use............c.coovvvvvieaens 113

Xi



Figure4-28: Model Calibration Steps: Hot Water Energy UsSe............evvviiiiiiieecnnnnnne. 113
Figure 4-29: EUIl Break Down for Calibrated Model, Co@®mpliant Model, and Real

BUIIAING. ...t eeee e et e e e e as 121
Figure 4-30: Scatter Plot for Heating Electricity (a) Calibrated Model, (b) Godepliant
1770 T L SRR 124
Figure4-31: Scatter Plot for Cooling Electricity in Calibrated Madel......................... 124
Figure4-32: Scatter Plot for Cooling Electricity in Co@®mpliant Model..................... 125
Figure 4-33: Scatter Plot foHVAC Electricity (a) Calibrated Model, (b) Codeompliant
1770 T L PSSR 126
Figure 4-34: TimeSeries Plot for Lighting Electricity (a) Gbrated Model, (b) Code
ComPliant MOEL.........oeiiiiiiiii e 127
Figure 4-35: TimeSeries Plot for Equipment Electricity in the Calibrated, and €ode
Compliant MOEIS..........coooiii e 128
Figure4-36: Scatter Plot for District Cooling (a) Calibrated Model, (b) GGdenpliant Model
ENEIOY USE.. e e e e 129
Figure4-37: Scatter Plot for District Heating (a) Calibrated Model, (b) G@odmpliant Model
ENEIOY USE.. e e e e 130
Figure4-38: Scatter Plot for Plant Electricity in Calibrated Model............................. 131
Figure4-39: Scatter Plot for Plant Electricity in Ce@®mpliant Model....................... 131
Figure5-1: Linking BACnet Actor/Writer with EnergyPlus in BCVTB........................ 135
Figure5-2: Adding Configuratiorfiles for BACnet Reader/Writer...............ccoeeeinieee 136

Figure5-3: Edit Parameters for DataBase Query in BCVTB Interf&@L Language...138
Figure5-4: Array of Records Data Type Output from DataBAseQuery Actor in BCVIEB.

Figure5-5: String Data Type Output from SQLStatement Actor in BCV.IB............... 138
Figure5-6: EnergyPlus Simulator Actor Parameters..........cccccoovvviiiiccceeieeeeeee 140
Figure5-7: BCVTB Model Main DOMAINS...........ccoooviiiiiiiiimmeeeeeeeeeiee e eernanne 143
Figure5-8: BCVTB Model SDF DIr€CHOL..........ccoiiiiiiiiiiiiiieeeeiiiiiiieee e e 144
Figure5-9: EnergyPlus Calibrated Model Inp BCVTB Interface..............cccccevvvvvvveenn. 146
Figure5-10: Variable.cfg File for EnergyPIus INPULS............cooooviiiiiiiccc s 147
Figure5-11: Building Performance DaBCVTB Interface...........cccooeeeviiiiiiiicceiiieeeeeens 149
Figure5-12: Variable.cfg File for Energy®$ INpuUt............ccuvvviiiiiiiiieeniiiiiiiiieeeeeeeeeean 150

Xii



Figure 5-13: Lighting and Equipment Electricity Simulation Data ConversicBCVTB

(=T = Tt OO R TTTTPP 150
Figure5-14: HVAC Electricity Simulation Data ConversidarBCVTB Interface............ 151
Figure5-15: District Cooling and Heating Simulation Data ConversiddCVTB Interface

........................................................................................................................... 152
Figure5-16: SystemCommand Actor for Calling the FDD Python C4dBEVTB Interface

........................................................................................................................... 155
Figure5-17: Simulation Time and Real TinieBCVTB Interface...........cccccceeeiviiiiiiens 156
Figure5-18: Weather Station Data 2016 vs. 2015 AMY Weather Data for Jtitp B" (a)

Outdoor Air Dry Bulb (b) Outdoor Air Relative Humidity..................ovvvvviiemmnnne.. 158
Figure5-19: Weather Station Data 2016 vs. 2015 AMY Weather Data for Jtilyo26" (a)

Direct Solar Radiation (b) Diffuse Solar Rail@.....................oovvvvvierieiieeeeiiins 159
Figure5-20: Weather Station Data 2016 vs. 2015 AMY Weather Data for Septefhtmeé1

(a) Outdoor Air Dry Bulb (b) Outdoor Air Relative Humidity................ccccccnneee. 159
Figure5-21: Weather Station Data vs. 2015 AMY Weather Data émt&@nber ¥ to 6" (a)

Direct Solar Radiation (b) Diffuse Solar Radiation................cc.c.vveeeevveeevennnnnes 160
Figure5-22: Weather Station Data 2016 vs. RDU atfer Data 2016 for July'2to 8" (a)

Outdoor Air Dry Bulb (b) Outdoor Air Relative Humidity...................ovvvvviemnnee.. 161
Figure5-23: Weather Station Data 2016 vs. RDU Weather Data 2016 for Septetrtbed™

(a) Outdoor Air Dry Bulb (b) Outdoor Air Relative Humidity.................cccccenneee. 161
Figure5-24: AHUs Supply Air Temperature Measured on Jiit@ 6", 2016................ 162
Figure5-25: AHUs Supply Air Temperature Measured on Septembar 6", 2016....... 163
Figure5-26: AHUs Outside Air Flow Rate Measured on Juljta 6", 2016.................. 164

Figure5-27: AHUs Outside Air Flow Rate Measured on Septemf¢o 8", 2016.......... 165
Figure5-28: Chilled Water Supply and Return Temperature Measured on"Juty&”, 2016

........................................................................................................................... 165
Figure5-29: Chilled Water Supply and Return Temperature Measured on Septetidét’1
12 0 PP PPPPRRRR 166
Figure5-30: Lighting Electricity Performance Monitoring With and Without Safe Zoh&7
Figure5-31: Fault Detected, Possible Causes and Corrective Actions..................... 168
Figure5-32: PotentiaEnergy Savings if Implementing the Corrective Actions.......... 169

Figure5-33: July 29to 6" Average Lighting Energy Use Fault Detectiand Potential Energy
S T= 1Y/ T L T PP PP PP UPPUUPPPPR 169

Xiii



Figure5-34: July 2%to 6" Equipment Energy Use Performance Monitoring............... 171
Figure5-35: July 29to 6", 2016 HVAC Energy Use Fault Detection and Average Potential

ENEIQY SAVINGS ..oiiiiiiiiiiiiiee e enenae e 173
Figure5-36: July 29to 6", 2016 Chilled Water Flow and Cooling Energy Fault Detection and
Average Potential ENergy SavingsS........cccccuuuuriiirimmmiiiiiiiiiieieee s eeeereeeeeeeees 174
Figure 5-37: Septembersito 68", 2016Average Lighting Energy Use Fault Detection and
Potential ENErgy SAVINGS........coooiiiiiiiiiiiiiiieee ettt 176
Figure5-38: Septembersito 6", 2016 Average Equipment Energy Use Fault Detection and
Potential ENErgy SAVINGS........coooiiiiiiiiiiiiiiieee ettt 178
Figure 5-39: Septemberito 6", 2016 HVAC Energy Use Fault Detection and Average
Energy Savings POteNtial...........cooviiiiiiiiiii e 179
Figure5-40: September 1st to 6th Chilled Water Flow and Cooling Energy Fault Detection
and Average Potential Energy SavingS........cooooiiiiiiiiiimmee e eeesiiiiieeeeeeeaees 182
Figure5-41: Septembersito 6", 2016 Chilled Water Supply Temperatute................. 183
Figure BO1: Java Class Path Settings..........ccuuuuuiiiiiieeeiiiiiiiiiiieieeeee e eeeeeee e 201
Figure B2: System Variables File..........cccooiiiiiiii i, 202

Xiv



CHAPTER 1 INTRODUCTIO N

High performance buildings are currently cuttingedge topicin the field of
sustainability and energy conservation. In this regandding practitioners are persistently
attempting to expanchore energy efficient buildings while maintaining and/or improving the
human comfort to achieve the Architecture 2030,52G@mmercial Buildings Initiative, and
the NetZeroCommecial Building Initiative goals.

The Energy Policy Act of 2005 (EPACT) and the Energy Independence and Security
Act of 2007 (EISA)try to reducdhebuilding-related energy consumption and dependant
foreign energy source€PACT defines a high performance building &s,building that
integrates and optimizes all major higlerformance building attributes, including energy
efficiency, durability, lifec y c | e perfor mance, a n(Malmedalc up ant
Kroposki, & Sen, 2007)

Among the newand innovativeechnologies for high performance building® the
Building Automation System®8@AS) andthe Building EnergyManagement SystemBEMS)
which have gained popularity among building owners/managers. This is mostly b#vause
BAS, the BEMS, andthe Energy Managemend&nd Control Systera (EMCS) are main
information sources fahe building Commissioning Cx) and PerfomanceMeasurement and
Verification (PM&V) in achieving energy savgs. However, the BAS installed in buildings
can neither estimate performance reduction relative to the design intent nor inform the building

manageabouthow much energy could be saveditmplementingcorrective actionsr Energy



Efficiency Measures (EEMs) ibuildings after the Cx procesBherefore, it is not sufficient

to just rely on the BAS in the building to achieve energy efficiency goals.

1.1 Significance

Buildings are the main cons@mof primary energy in the world. In the case of United
States, buildings consume more than 40% of total energy and more than 70% of the total
electricity use. Fossil fuels (petroleum, natural gas, and coal) are still the main sources (about
85%) of enggy in the U.S, with other remaining sources such as nuclear (at8%) and
renewable energy {8%). These fossil fuel energy sources will be eventually exhausted in
about 50 years (for petroleum and natural gas) and in about 250 years (for coal) thged on
existing reportgEIA, 2013) It is, therefore, important to design, construct, operate, and
manage buildings to consume much less energy through energy efficiency techn@agies.
the other hand,mprovingor maintainingthe performance of existing building stock is
extremelymore crwial than newly constructed buildings regardto thelntergovernmental
Panel orClimate Change IPCCiover t he whole building stock
savings by 2030 is in retrofitting existing
and energy savings for 5% can be achieved in commercial buildings who nsakart use
of energy efficiency measur@®CC, 2007)

Building energy sysims often represent more energy consumption than it is expected
compared to the building design intent (about 20%). Adiog to the Bailg et al. (2011),

HVAC systems, mainly air distribution systems, and common control systems are the main


http://www.ipcc.ch/pdf/assessment-report/ar4/wg3/ar4-wg3-chapter6.pdf
http://www.ipcc.ch/pdf/assessment-report/ar4/wg3/ar4-wg3-chapter6.pdf

sources of flev in the building. Although identifying the specifand mainsources and
fundamental originsf energy waste ioertainbuildings can be challenging, but it is possible
to achieve more than 20% of energy savings by conducting existing building commigsioni
(Mills, 2010). Therefoe, most of the buildings go thugh the commissioning procesdsring
their life to maintairahigh building performance leveAfter and during the Cx process, some
building owners or managers invest in implementing the suggestedctive actions or
Energy Efficiency Measures EEM) in the building andthe savings on energy cost and
expenses along with its continuance are their main concerns.

This researclaims to develom new commissioning and performance measurement
and verificationNPM&YV) framework which can maintain or improve the energy performance
level of buildings in reatime basis A systematic approach for the developmentthad
frameworkand its applicatioims essential for the success of tesearch, since it is not easy to
identify a ppblemnor its source in the buildingior torecommend a set of actionés the
new commissioning anBM&V frameworkis developedit is expected toeduce thecost

associated with the building commissioning pro@esto save energyoving forward
1.2 Desciption of Problem Area

The Cx and PM&V process requires hiring Cx engineers and takes a long time and hard
work to achieve, verify, and document the performance of facilities, systems, and assemblies
in the building A critical obstacle ishe absence of data/information on adequate features and
details because of shortage of measurement systems or issues in obtaining siMbsiaif.

thesmall and medium size existing commerbiailding have not been equipped with required



sensors and B8S/BEMS todetachabnormal changes in load conditions or irregular operations
(Bailey et al., 2011)It is also an expensive process which should be repeated several times
during the building life cycleTo perform the commissioning process successfully for energy
savirgs, a standardizedramework both cost and timeeffective, is required for the
performance M&V of buildings. This also should integrate the data from exBA&gand/or
BEMS as main part of the key evaluation parameters.

BAS, BEMS, and EMCS are key orimation sources for building commissioni{i@x)
and Performance ®asuremenand Verification (PM&V)processA systematiBEMS has
the potentiato save energy bgstimatedangeof 5% to 30%(PérezLombard, Ortiz, & Pout,
2008) Howeverthese systems are not enough for a high performance building. They cannot
estimate performance reduction relative to the design intent and are not able to inform the
building manageabouthow mich energyhas been saved bynplementing the EEMs in the
building after the commissioning procg&ailey et al., 2011) On the other hand,uilding
managersendto savethe costtime,and compcationsof PM&V by usingdatathroughsmart
meters, dvices, an@nalytics tools to generate deeper savings.

Therefore, to stop or minimize the reduction loé touilding performancével and
operating efficiency over the building life cygitis highly efficient to applyan active program
(automatedcontinuousCx tod) that identifies and responds tcetbthangesand coordinates

with the BAS, BEMS, or EMC®Hensen & Lamberts, 2012)



1.3 Conceptual Framework

Figure X1 shows the relationship between the technologies and processesupipairt
maintainng and improvinghe performance of buildings. BAS and BEMS are the main sources
of information from building. This information is used for bottommissionig (Cx) and
performance M&V Through the commissioning process, the details obtained from BAS and
BEMS are finetuned to achieve the optimal performance. PM&V is the process to confirm the
difference or performance improvement afferactions ad certain measures (or EEMs) have
been implemented. Tachieve energy savingshese processes and technologies will be
integrated, as shown in the left side of the diagram, to dewlgaitime framework for
PM&V and Cx, as shown in the right side lo¢ tdiagramThe Cx process arfelM&V methods

are integrated t@resenta cohesiveframeworkto automate the continuous commissioning
process to some extent and to measure and verify the performance of buildingdimereal

basisin existing commercial budings.

Methodology
for

Integration

Figurel-1: ConceptuaFramework




This frameworkmplements thduilding simulation and machine learning techniques
(model calibrationjo calculate and predict the building energy consumption and savings after
implementing EEMsA calibratedEnergyPlus radel which is built based on the building
description, geometry and materials, internal heat gains, schedules, and chiacactdris
bu | di ngos H&a&aSbetsvges theeBAS and building manager and geneeate
active system. This active systemableghe building energy manager compare alternative
corrective actions using whole building metrics after detecting the faultépahigto validate
enhanced performance when corrective actions and required Energy Efficiency Measures
(EEMs) have been implemented.

The research success criteria is to demonstrate that the building performance improves
(by presenting the energy savingsthe casestudy building), ideally to its design intent, by

executingthe correctiveactions(adding the EEMsto the building.

1.4 ResearchGoal
The ultimate goal of this research project is &ohieve energy savings iexisting
commercialbuildings throug smart building management systdm respondingto the

following questions

1 What are the typical faults and problems in commercial buildings during the

commissioning process?



1 What are the important parameteperformance metrigsin BAS and/or BEMS
information which can be used to facilitate the process of fault detection and Cx in
buildings for building managers?

1 How the Cx andPM&V processes can be integrated inahesiveenergy management

frameworkusingthe data from BAS data?

The scope of thieesearch is to develop a framework that matkpsssible to measure
and verify the performance of buildings in réiahe basis, which in turn enables the
commissioning process continuolifie present framework is a real and ideal structure which
aims to finctions as a guide for the creation of a tool or program in order to develop given
structures.The framework consists of kgyerformance metricand data points from BAS,
BEMS, andEMCS that mainly affect the building energy performance fandson energ
related issues for maximumergy savings in buildings.

To answer the research questions properly, the research has been divided into three

phasesSpecifically, the researgihases andbjectives are:

1 First Phase: This phase concentrates davelopng a frameworkfor integrating the
Cxand PM&V. The main focus in this process is to develop a frameworkuhetions
effectively on the commercial buildings. The objectives of the first phase research are

as follows:

- To provide iterature review on buildng commissioning and performance

M&V: review existing manuals, standards, and technical documents.



- To identify and analyse available technologies on BAS and BEMS.
- To identify common problems and faults in commercial buildings through the
Cx process.

- To dewvelop appropriate framework for the integration of PM&V and Cx.

1 Second PhaseThis phase aims to select a case study building for testing the
framework and talevelop an analysimodel for the IPMVP optieD in order to be
integrated with the frameworklhe objectives of theecondphase research are as

follows:

- To =lect a casstudy building. The casgtudy building could be from the NC
State campus buildings or other sources in the Raleigh metropolitan area. In the
third phase, the building is useximplement and test the framework developed
in the phasé process.

- To developan algorithms for thePM&V options D (IPMVP). The Cx and
PM&V process in the framework are systematically organized for the real
applications based dhis algorithm.

- To devebp casestudy building EnergyPlus simulation modéGeometry,
loads, and system model).

- To create the cassudybuilding EnergyPlusalibratedsimulation model. In

this task we need to develop methods to transfettirmaltrending data from



the BAS and EMS to the casstudy building EnergyPlus simulation model

for the calibration purposaélected inpujs

1 Third Phase: This phasenvolvesimplementingthe framework foreal time Cx and
PM&YV in the case study building. The objectives of the third pmasearch are as

follows:

- To confirmthe frameworkperformance metricémeters installation for case
study building).

- To developkey corrective actioneandEEMsor ECMs for M&V Options D in
the casestudy building.

- Totestthe framework in the cassudy bulding and document issues such as
problems, difficulties, barriers, or new ideas for further development of the

framework.

1.5 Definition of Key Terms

1.5.1 Building Automation System

In general, a Building Automation System (BAS) f®eused and intertwinegetwork
of hardware and software thatreens and supervssthe environment in various types of
commercial facilitiesBAS manages building systems suah chillers, boilers, Air Handling
Units (AHUSs), Rooftop Units (RTUs), Fan Coil Units (FCUs), Heatr®u Units (HPUs) and

Variable Air Volume (VAV)boxeswhich helpto maintaincomfort and safety of building



occupants. Advanced BAS also includeswer monitoring, security Closecircuit TV
(CCTV), card and keypad access, fire alarm system, escalatorspipyy and water
monitoring Building Energy Control System (BEM$) a particular subsection of building
automation that link system components and devices to control and connect all the functions

and processes in a buildi(gerz, Hansemann, & Hibner, 2009)

1.5.2 Building Commissioning(Cx)
According to ASHRAE guideline for the commissioning proce€ is a precise
documentation process whose purpose is to ensure that building systems are designisd
installed suitably, and functionally testadd that they are able to be maintained and operated
for performance that is in line with design inte@k assures the efficiency of building systems,
the proper training of building operators ar

(ASHRAE, 2005)

1.5.3 Performance Measurement and Verification (PM&V)

Measurement and Verification (M&Vare the termsspecified to the process for
measuring savings provided by d&megy Conservation Measwe(ECMs) or Energy
Efficiency Measures (EEMs). M&V demonstrates how much energy the ECMs have avoided
using, rather than the total cost saved. In general, the Performance M&V of buildings is for
verifying results of energy efficiegc indoor environmental qualitywater efficacy and

projects operating renewable energyHaving compared the energy use -prel post
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installation of ECMs, energy savings are diagnpsadking appropriate adjustments for

changes in conditions.

1.6 Dissertation Overview

Chaptertwo provides a literature review dBAS technologies, protocols, and data
points That chapter also provides an overview on the previous studies conductedfield
of automatedcontinuousCx and Reatime PM&V. Chapterthree is dedi@ted to the
discussions on research methodologies, including the proceduredevetoping the
framework for reatime Cx and PM&V in existing commercial buildings. Chapteur
includes the case study building model development and calibration précedgzing
performance assessments as well as research findings from implementing the framework into
a case study buildingre discussed in chapter fiv@onclusions are drawn out amapter six

follows with overall research findings and future research dppiies
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CHAPTER 2 LITERATURE REVIEW
2.1 Introduction

Considering several technologies and applications that have been integrated in this

research His sections divided intofour maindomains associated with the proposed research.
Figure2-1 shows the literature review diagram.
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©

Examples of Calibrated Simulation
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Figure2-1: LiteratureReviewDiagram
2.2 BAS Market and Tednologies

BAS, BEMS, and EMCShave become an industry norm for developing and
maintaining highperformance buildingsince building owners/managers can achieve energy

savings and energy efficiency goals for their buildings by utilizing these control @otse

other hand, BAS, BEM&nd EMCS are the main sources of information related to the building
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thatis used for the Cx and PM&V purpoda.this regardASHRAE Guideline 13 Specifing
Building Automation Systemaims toprovide aBAS designemwith a complete package of
background information, recommendations for good practice, project considerations, and
detailed discussion of options with respect to the design of a BAS s{A8HRAE, 2015)
Thereforeit is necessary teeviewthe featuresof widely usedBASs such as the ones
manufactured by Johnson Controls, Honeywell, Siemens Building Technologies, Carrier
Corporation, and so fortl rigorous survey is performed itentify andevaluateeach r and 0 s
products and data points availabletba systemFigure2-2 summarizesen BAS companies
and their productsThe BAS generallyis applied in large commercial buildings utilizing
products from Johnson Control (Msga) or Siemens (Apogee). They also have wide range of
application in small anchedium commercial buildings (Synco from Siemens), hotels (Cassia

from Schneider), and residential buildings (Nexia from Trane).

— ;
iVa™ | Carrier Corporation Honeywell Enterprise Buildings Integrator™

~ Honeywell |1
L~ || Honeywell Atrium™

Nexia™
Home Intell

Trane Global Control Systems |

— ABB Group |- ABB i-bus® KNX

___________________________________________________

sy

Cisco EnergyWise ({ Cisco Systems

— KMC Controls || TotalControl (Solution)
BAS Packages " -

Metasys® (BAS) ey < R
R [V 4 _ BACtalk® system (BAS)
—\— Alerton Technologies } ————
Envision™ for BACtalk® system (Solution)

Panoptix® (Solution for Metasys) ‘\ Johnson Controls ‘
Faciity Explorer BAS) | |
Etese s seriadib i) i

APOGEE® (Commercial Buildings)

Cassia Energy

1
System (Hotel Facilites) | chneider Electric I
ystemi(Hote acitics) e 1

TAC Vista (Commercial Buildings) : TALON® (The Staefa Control System brand )

Synco™ (Small and medium-

{Siemens Building Technologies | sized multipurposed buildings)

'
|
i
1
1
i
1
1
1
|
1
1
I
I
1
1
i
1
1
1
I

Figure2-2: BAS CompaniegaindTheir Product
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Existing BAS/BEMS andEMCS areale to acquire, store, and tretite data earned
from building systems equippealy suitable and proper sensotdsing these features, a
building managecandetect any systeshegradabn in the long run and also identgituations
which systems lack propéunctioning (e.g. thedVAC systemstaysi on 6 when t he b
is vacanj. AlthoughBASs are the source of building data pairistit is hard for building
managers to analyze aastimatehe performance reductioalative to the design inteahless
a third-party analytic software applicatiopxiststo optimiz t he bui l di ngds p
Specifically, operational anomaliesjch as simultaneous heating and cooling or improperly
opeaated economizer cycles, require a precise amtidneasurement to bletectedwhich is
not alwaysfeasible).Moreover BASs are not able to inform the building manager that how
much energy have been saved by implementing the EEMs in the building after the
commissioning process. These difficulties leads to the future BE#&hSaw open and secured
system which has this ability to identify ¢th

important to that us€Hensen & Lamberts, 2012)

2.2.1 BAS/BEMS/EMCS Data Points

The BAS/BEMS/EMCS have the capability to allow the building manager and
Operation and Maintenanc®&M) staff to check the status of building operation, to measure
energy consumption, drto monitor the overall performanca| of which are critical to the
success of optimal building operations and energy efficiency. However, building managers
and/or building owners are most often overwhelmed by the amount of the data points and the

datasets available in BAS, which makes it difficult for them to efficiently analyze and interpret
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the performance of buildings. Among those data points some of them are more or less critical
to building managers in terms of the analysis of building perfornsance

To have an overall view on the data points which have been offered SysByeral
BAS interfaces such as Metasys of Johnson Control, SiteNet of SRS, and BMS of Schneider

Electrichave been exploredhese data pointrecategorized in two main groups

(1) Schedules and status information in zone, system, and plant level. In the zone level
mo s t of the data points are related to
comforts. These data points are mostly related to lighting control, occupancy sensors,
building CQ sensors, equipment control (plug loads), and thermostat control
(temperature andelative humidity). In the system level, most of the data points are
related to the AHU temperature and humidity control, fans CFM (VFD) and static
pressureontrol, dampers and diffuser controls, and outside air and economizer control.
In the plant level, most of the data points are related to the chilled water temperature
control in chiller, hot water temperature control in boiler, condenser temperature
contol, and pumps GPM/motor (VFD) control.

(2) Meters, which include electric meters, natural gas meter, and/or BTU mé&tegse
meters mostly record the whole building performance (energy consumption) for

specific time periods.

Figure2-3 summarizes the BAS/BES/EMCS data points detail
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Buildings w/ BAS / BEMS / EMCS

Schedules (Set-points) and |
|Current Status

Zone Level

Lighting Control

Occupancy Sensors

Building CO2 Sensors

Equipment Control (Plug Loads)
Thermostat Control (Temp. & RH)

System Level

i |AHU Temperature and Humidity Control
Fans: CFM (VFD) & Static Pressure Control
Dampers and Diffuser Controls

Outside Air and Economizer Control

Plant Level

Chiller: CHW Temp. Control
Boiler: HW Temp. Control
Condenser Temp. Control

Pumps GPM/Motor (VFD) Control

Electric (Sub) Meter
Natural Gas Meter
BTU Meter

Figure2-3: BAS/BEMS/EMCSDataPoints

2.2.2 BAS Protocols

A BAS communications protocol is a set of rules that govern how two or more
computers share information over a digitahgounications system. Among various BAS
communication protocoJ8ACnet, Modbus, and LonWorks are the most popular protocols

for building automation anatontrol networks.Figure2-4 shows the different BAS protocols.
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| EnOcean
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% Modbus E \

bomm e ‘ KNX

Figure2-4: BAS ProtocolsBACnetModbus/LonWorks

BACnet® as he industryds | eadi nigas leenndesignedc at i ¢
specifically tofulfill the communicatiogoalsof building automation and control systems for
applications sch as heating, ventilating, and-awnditioning control, lighting control, access
control, and fire detection systefANSI/ASHRAE-Standarell35, 2012) Sincel1987, after
the first meeting of Standard Project Committee (SPC 135 p) in ASHRAE annual meeting
place, the BACnet protocol has been under vigorous development. In 1995, BA&net
of ficially born with the AANSI/ ASKRAIEO St and
164845 in 2003 and ANSI/ ASHRAE Standard 135.1
BACnet 0 was publ i s hBRA€Cnet was uader c@ndténBdevelapmehtOathd3
has been developed for errata and addenda

In the scope of building automatiamd control networks, BACnet plays an important
role as a data communication protodpbhllows the incorporation of control products made by
different manufacturers into a single, consistent sysidra.only open, consensdsveloped

standard in the buding controls industry is ANSI/ASHRAE Standard 13312, BACneil A
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Data Communication Protocol for Building Automation &whtrol Networks which provides

the opportunity of the affiliation and cooperation of building equipment and systems produced
by vaious companiesin some advanced building commissioning types, BACnet protocol
facilitate the data arrangement and transfer from different building components into a

particularcommissioning and performance monitoring tool.

2.3 Building Commissioning(Cx) technologies

The creation of the Commissioning Guideline Committee generated Bynrtbacan
Society of Heating Refrigerating and ADonditioning Engineers (ASHRARy)as considered
as the official initiation of work on the buildingpmmissioning processlhe @mmittee
devised a process that ensures building managers receiving a completely running and active
building. According to the ASHRAE commissioning guideline, Cx has a +pbdse and
multi-participant methoavhich ensures thdithe various interacting sy@ams in a building are
properly installed and operated as the design ird€murkaslanBulbul, 2006) Through a
wide range of research in the scope of building commissioning, several different terms have
been created to describe thmei and process of commissionifdiese commissioning terms
which were generated based on some modifications on top of the original commissioning
process can be identified agistingand new building commissioninge-comrrissioning,
retrocommissioning continuous commissioning, ongoing commissioning, and persistence
commissioning.Figure2-5 liststhe different commissioningtermB.asi cal |y t he t e

buil ding commi ssioningbo and Aexi sting bui l
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commissioning tems dividing the Cx process betwesew and existing building®ifferent

types of commissioning can entified as:

Automated Continuous Cx

New Bldg Cx/Existing Bldg Cx F\ /
Embedded Cx

1
1
1
i
1
]
1
i
I
1
Ongomg/contmuousCxH Building Commissioning ’ |
1
1
1
1
1
1
]
)
1
1

New Concepts in Cx

/ - Web- based Cx
I
Retro- Cx/Re Cx \:
i
i

Real -time Cx

____________________

Figure2-5: Commissioningrerms

Retro-commissioning is known as theprocess ofscreening troubleshooting, and
adaptingelectrical, mechanical and control systemshim existingouildings thatwerenever
commissioned to optimize energy performance.

Re-commissioningis considered as another formamimmissionng thatcreates when
an alreadycommissioned buildingxperience another commissioning pracé&he factors that
determine the initiation and decision ofag@mmissioning could be ownership or use change
of the building, the existence of an operationabfgm or etc.

Ongoing/Constant/Continuous Commissionings a continuousprocess to resolve
operating problemdrack and maintain benefits from Retta. This process alskeeps the
building documentation up to dat&PA, 2010) In ongoing commissioning process, the
performance trackingpon-going training, and periodic Réx are thekey componerst During

the performance tracking process, the commissioning engayggssspecial software or tools
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to monitor the performance of buildings, specific systems, andfinequipmentSuch tools
usually have functions of measuring and monitoring aetyanf building systems data points
such as electricity use, electric demand, temperatures, and equipment/system efficiencies.
Some of the tools are even capable of sending automatic alerts when performance is out of
expected range. After detecting the lgeans, action is required by the building manager to
diagnose the problem and identife solutions

Figure2-6 shows a typicalitneline of various Cx processes atwmpares when each
Cx process is involved during which phase of the building designghritie life of a building
(Visier et al., 2005)It shows that retr@ommissioning is missing the initial commissioning
while recommissioning and ongoing comrmisning are having the initial commissioning

during the design and construction phases as well as occupied and operation phase.

Initial Commissioning Ongoing Commissioning

> |

Initial Commissioning Re-Commissioning

. B —

Initial C issioning (or missing documentation on Initial Commissioning) Retro-Commissioning

—

Production Operation & Maintenance

Pre-Design Design Elaboration Construction Occupancy & Operation

Preliminary Working
Design Design

Program Planning Elaboration | Construction | Acceptance AccPe:::nce Ordinary Operation

Figure2-6: ComparisorbetweerDifferent CommissioningProcesses
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Embedded Commissioningis defined as an overarching building performance
evaluation method by Akin in his booKhei Embed
book describes this new term aswalding delivery process which is fixed and embedded and
cortinuously certifies and validates design intent throughout the building cieéeembedded
commissioning process definedfias -faunccot i on of Db(0O.iAkinetalg | i f e
2004) During different phases of a building hégcle, he embedded commissioning
accompanies each of these phases and their interactions with timely building system
evaluation.The Building Information Model (BIM)is afisignificant database anglays an
important rolein anembedded commissioning proae&s. Akin, 2011)

BEMS-Assisted commissioningis one of the recent technologies which utsize
BEMS to automate some parts of commissioninghis approachutilizing the Information
Technology [(T) and webbased energy information and control syste&we expanded to help
commissioning engineers collect simple afficient information from thehigh amount of
existing data in order to improve the performance of the buildi{@mpehart & Capehart,

2007) Figure2-7 shows the architecture of IT integrating the building automation systems and

contol technologiesBACnet communication protocol plays an important role in this Cx type.

2.4 Automated Continuous Commissioning

As one of the most recent and advancedhmissioningconcepts, the automated
continuous Cx process aims to make thayoimg Cx activity automated. This is a challenging

concept since the human intervention is somehow expected to be able to respond to any
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problems in a certain degreEhese efforts are begse Cx and retr€x fixes do not persist
over time. The manual periodic commissioning is alesetly. However, if developed, the
automatedcontinuouscommissioning and diagnostic technologies can be persistert, cost
effective, and continuougurrently,there are several researches conductethe scope of
automaed andcontinuouscommissioning to develop tools and methodologiesonsider the
intricate and complex issues of building energy performance management and to assist
reducing the loss and wasikenergy in the buildings by applying various approaches

A commissioning process is divided into four subdivisions. 1) Performance criteria
definition, 2) measured data collection, 3) ideal performance and measurement comparison,
and 4) problem diagnostiAutomating the commissioning procesgquires the automation of
these four subdivision$iAn automated continuous Cx tool is called successfully automated
when almost all four parts perfectly operate in harmony to eachoafherkaslanBulbul,

2006)
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Figure2-7: Information System Architecture iWeb-BasedOnline Systems
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In 1999, Performancand Continuous R€ommissioning Analysis TogPACRAT)
is developed by Facility Dynamics Engineering for continuansalysis andautomated
diagnostics ospecific HVAC systemswvholebuilding energy, and zone distributiorhis tool
collects measured data from EMCS and compares with the baseline data which is created by
PACRAT according to multidimensional parametére. typical use of equipment, on a
particular type of day, & particular outside conditioripata visualizatiorpartlets the user to
better understand the building systems, tblearacteristics and neeflee, n/a)

In December 1996Pacific Norttwest National Laboratory (PNNL)Honeywell
Technology Centeand University of Calrado developedVhole-Building Diagnostician
(WBD) which is a modular diagnostic tool and focuses on detecting and diagnosimgpoom
problems in HVAC systems andj@pment. This tool uses a diagnostic module along with a
database tetore measured data for analyzimbe operator irgracts with the WBD by starting
an analysis or viewing theesults of diagnoses. A diagnostician module can be scheduled to
run at regular intervals anitiated manually.

ENFORMA (Portable Diagnostic Sdiwns) is commercialized by Architectural
Energy Corporation in 199@his tool uses portable data logging equipmeiaind a software
module named HVAC and Lighting AnalyzeiThe data logger records time series data
virtually from any sensor or transducara minimal cost anshdependent from any EMCS
however it does natupporta diagnostic module. The user should detect problems from the

outputs of the software.
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In 2001,the CANMET Energy Technology Centdeveloped the Diagnostic Agent for
Building Operators (DABO) to guarantee optimum operatainbuilding systemsDABO
consists of fouinterconnectingnodules:fithe building energy agent, the fadktection and
diagnostic agent, the commissioning agent, and the condlitised maintenance agent
ADABOG6s fault det ect iindially aachnhinlyg utilezesto vasiableadc- mo d u |
volume (VAV) boxes and air handling unitChoiniére, 2001) Later in 2003they added a
BEMS-assisted commissioning tool to tiegnostic agerin top of theDABO which serves
as the interface between thailding operatoand theBEMS. It supervisesuilding control
data, storing itn a structured databaskhe database role is performthe advanced analysis
of the monitored dat&xecute extra automated testsh@fcomponentsand systemgé/AV and
AHU), recognize faults and diagsiag them, andssess possible enhancements in energy
efficiency.fiThe toolsare able to create and develop reports adapted to various partners in the
commi s s i on i(Coi&Chomiere, 2093I)

In 2007, Curtin proposed aAutomated Building Commissioning Analysis Tool
(ABCAT), which uses calibrated mathematical modelftweseethe consumption of energy
for specific weather conditions. ABCAT is a Microsoft Excel based tool that uses three
different sensors tearnits required datayhole buildingelectricity, heating, and coolingThe
estimated and forese@mergy consumption is compared to the measured consungpitbn
defects andlaults are detectealccording tostatisticallypalpable deviations between the two
data set$Curtin, 2007) The usei s aodderaify fihé dates of the periods analyzadjust

thresholds fodifferentalarms,describe and list thatility costs, set up foldeand file locations
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for automated importation and saving of filegw statistical results for the calibrateadselne
mode| andinspecta summary of the consumption in the periods anafyg@ghum, Claridge,

& Curtin, 2012) All the above tools and applicatiofelow a similarstrudure:

1 Collect necessary information
1 Process and graphically visualize collected information
91 Detect problems

1 Diagnose possible causes

The first and second items are easily achievable through BEMS/EMCS, but the third
and fourth items are quite challenging in terms of automating the procetbgegrstill cannot
cover all HYACequipmentMoreover, the abovi®ols are unconnected softwaregucts that
cannot be founth abuilding control system. Data filege required tdbe treated offine, or
an interface to the buildingontrol systermeeds to bedeveloped to enable dime analysis
(TurkaslanBulbul,2006)Thes e t ool s al s daelassabasdinem@lelahick B o0 X ¢
is a simplified model based on the first principle analysis. It has fewer input and is easier to

calibrate.

2.4.1 Simulation-BasedCommissioningTools

Applying simulation to evaluate the actual performancebafldings has been
addressed byseveral researchersin their performance assessment or continuous
commissioning toolBuilding simulation programs provide a model in which all the elements

interrelate and the internal structure of the process is modeled aaccessi bl e ( AWl
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model).Simulation-based Cx andmline Fault Detection andiagnosis (FDD}ools carries
the conceptof reattime simulation to enhance the building performance intres basis.
Due tovariety of simulation programsthe realtime concept can change from method to
method.

In 2002, Clarke et al. presentadsimulationassistedcontrol system tancorporate
simulationutilizing ESPRr within reattime EMCS operationo improve control capabilities.
However because ahe practial problems LabVIEW was used in the test instead of an actual
EMCS.AIso, the ESPr systemneeds sveral changes to deal witherealtime simulationln
ESRr, the realtime approach requires the data transfer into the simulation program databases
to mantain thecorrect model state until the current tig@arkeet al., 2002)

In 2003, Wang and Yoshida proposedathodology of how t@pply simulationto
continuously commission a Variableir Volume (VAV) air conditioning system. This
prototype ofpersistent and ongoirgpmmissioning tool can be staatbne otbeembedded in
aBEMSto continuously monitor the runningobaui | di ngdés HVAC systems
duringoperation phasdhis approach uses the available modeBVWACSIM+ and SIMBAD
and evaluates their input and output to figure out if the moaethes with the requirements
of the new continuous commissioning tool or a new simulation model need to be developed in
regard to the design condition. A preset threshold identifies thaliffeeences between the
building measured datand simulated da are considered a fault in the syst¢Wang &

Yoshida, 2003)
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A prototype hardwaren-the-loop simulation environmenwvas developed in 200fr
controls testing and training usifgPARK (Simulation Problem Analysis and Research
Kernel). SPARK is an objeebriented, equaticibasedsimulation progranandsuitablefor
the simulation of the dynamics of HVAC systeii¢ghenapplying simulation in order to test
the real control system,alsimulation slows down to be able to run in real time. The simulation
connects to a control system field panel throudjaraware interface consisting of digitat
analog (D/A) andanalogto-digital (A/D) cards that plug irotthe PC running the simulan.
However, this mechanism is not scalaiéeause of the limitation in capability of exchanging
data via the analadjgital converte(Xu, Haves, & Deringer, 2004)

In 2012, Costa et al. proposedathodologyto facilitate thedecision making process
of energy managers in determining thest building operation plafiThis approach uses the
building calibrated simulation modi test the impact of changes in control settings of energy
systemsbefore implementing that in the kdingd ( Cost a, Keane, Raftery
2012) Later on 2013, theyecomnendeda new integrated toolkibased on the proposed
methodology This toolkit limits the building performance criteria intauilding function,
thermal loads, energy consumption, system performance, and legislation

Thistoolkit uses th®uilding Information Model (BIM), a three dimensional graphical
building geometry and its database, to define and gather the information related to building
performance and specific building geometry objects. The BIM also helps the researcher to
create te Building Energy Model (BEM)rad calibrate it usinguilding measured datin the

next stepbuilding manager defines new key factors such as temperature set points or lighting
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level set points for any different operatiglanand runs the simulation agaThe comparison

between preous results of the calibrated model and results of the calibrated mwittiel

different key factors enables the manager to evaluate the thermal comfort and energy

consumption othe building related to that key fact@osta, Keane, Torrens, & Corry, 2013)
Pang et al.proposed structuren order to linkthe actual performance of a building to

the simulated perfomancewnhich illustrateghe design intent in redgime. In this study, real

time concept impliea building model whose simulation time is synchronized with-tresd

as represented by the computer clddke framework structure consists of tools as fefio

1 Energy Management and Control System (EMCS)

1 Building Controls Virtual Test Be@BCVTB): This was used as the platform to get
applicable inputs from th&MCS and transfer them into EnergyPlus or database
through a BACnet interfac®CVTB allows synchronizing simulation time and real
time.

1 EnergyPluswas used to create the buildingds er

EnergyPlus calibrated modéivhich was calibrated based on the historical data)
receives several weather parameters from EMCS in eachtémeusd runs the simulation in
real time.This process presents an advanced calibration procedure for the previously calibrated
model. In the next step the measured data stored in a database (from EMCS) and the results
from the advance calibrated model we&ompared for a specified time period to identify any

possible anomaly in buildin@Pang, Wetter, Bhattacharya, & Haves, 2012)
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The research team also selected a case study building to verify the methodology.
However, as they have mentioned in the paper, they need an appropriate and more user friendly
interface and a more completeBD methodology for future works

OO0 Ne i I lsedethe explained framework addveloped a modddased, whole
building energy diagnostics and performance monitoring system to constantly get performance
measurements of HVAC, lighting andlug equipment usage and comparéiese
measurements in reairte to a reference EnergyPlus model that represents the design intent.
This approach takes advantageStditistical Process Contr analyzedeviatiors anddetect
outliers and changes in the model pati@mNeill et al., 2011)Figure 21 shows a screenshot

of the interactive user interface. The screen is divided into three sections:

1 Loadingdata(shown in redox), time range
1 Energy sage (shown in green boBEMS data, simulation data
1 Anomalies (shown in blue box). Ti&JI (MATLab Interface)allows the user to view
additional visualizations of the data to helpunderstanishg the cause of an anomaly
and these can be accessed bydmstimarkedi Di agnos e 0 o@aildyettalE x p | o r ¢

2011)
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Figure2-8: FDD UserInterface(Bailey et al., 2011)

Althoughthe possibilityof linking and implanting an energy simulation model into the
BEMS or EMCShad been suggteslin previous researchelsut in most of the cases was
beyond thecapabilities of the detailed simulation prograamsl an accessible application of
this idea has not yet been report€drrently with the growth of BACnet compatible devices
(HVAC compnents) and BASs and BCVTB which has this ability to connect to the BACnet

compatible devices, thmtential difficulties hae beensignificantlyreduced.
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2.4.2 Building Controls Virtual Test Bed(BCVTB)

BCVTB firstis devebpedby Have et alat 2007 as platform to linkenergy simulation
tools such aknergyPlus with control syster(idaves & Xu, 2007)Laterin 2008, he BCVTB
wasredesignedand upgradedby Wetterat the Lawrence Berkeley National LaboratQky
Wetter & Haves, 208). BCVTB is based on the Ptolemy Il software from UC Berkelgyich
is an opersource software framework, supporting experimentation with-actented design
and a graphical model building environrmeBCVTB is a highly capable platform, able to
marage multiple building performance analysis tools and technologies, including BAS,
programs in thermal simulation and mathematical analysis, and tools for daylighting analysis
and fault detection.

BCVTB provides this chance for different simulation programbe more beneficial
by connecting and talking to other programbe modular desigrof BCVTB provides this
ability through a nddleware as shown in figure2 With its modular framework, BCVTB is
able to assist in simulating virtual experiments befollescale testing, either in laboratory or
building setting, to determine the range of boundary conditions and type of experiments
required(Nouidui, 2013)

Moreover, theBACnet interfacen BCVTB allows coupling BACnetompliantBASs
to Ptolemy lland other simulation programghis approachkallows for realtime data to travel
from the sensorm the building (or BAS datapto the simulated environment to be analyzed
aganst besicase design scenarios. The technology allows for modeling across the whole

building life cycle, ensuring that design intent is accomplished, as well as maintained over
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time. This tool pave the way to more researches and proposals in advarided) lmantrol

field (Michael Wetter, 2008)
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Figure2-9: Architecture of thad8CVTB with the Middleware that Connects Different Clients

EnergyPlus \ / MATLAB
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Figure2-10: Programs that amurrentlylinked to the BCVTB

There are several programs and software that are currently linked to the BCVTB as

shown in figure2-10, such as EnergyPlus, MATLAB, Simulink, Dymola, BACnet stack (an
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opensource implementation that allows exchanging data BAlCnet compable building
automation systemsgSPr, Radiance and Analog/digital interface.

The coesimulation feature in EnergyPlus which is called as Externalinterface, was
originally developed for BCVTB; however the communication protocol is opercande
used by any program to perform-simnulation with EnergyPlus. Moreover, BCVTB is always
up-to-date with the cesimulation feature in EnergyPl{slghiem, 2010)Figure2-11 shows

the architecture of the BCVTB with the EnergyPlus as the ei@ntand other clients.

BCVTB EnergyPlus
& Externalinterface: Schedule
Actor External Externalinterface: Actuator
Externallnterface: Variable
Interface Output: Variable
Actor EnergyManagementSystem: Output Variable

Other Programs (such as MATLab/Simulink
?| or Dymola)

Figure2-11: Architecture of the BCVTB with thEnergyPlusas one of the client and other
clients such as MATab or BAS
Like all of the other tools and programs, BCVTB also has some advantages,
disadvantages and challenges which should be considetieerbgearcher who wants to build
a methodology with the help of BCVTR.is alwayshard to start learning a neamvironment
rulessuch as BCVTB and the user needs to have experiences working wittedearesible

Markup LanguaggXML) and simulation software On the other hand,sing different
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BCVTB, EnergyPlus, and BACnet versions may cause sever errors irottespmwhich is not
easy to solve.

Most of theold or outdated existing buildings ha®ASs such as Metasys from
Johnson Controlsvhich are not open sourcand tave their own dedicated communication
protocol which are not BACnet compatible. In such caaeether tools such as a BAet

gateway is necessary ands challengingo use the real time data from the BAS

2.5 Typical Faults Identified in Existing Building Cx

Accordingto California Commissioning Guide for existing buildingsT he maj or i t vy
the buildings commissioning typearry similar purposes, in order to build a building that
fulfills the owner and residentsd needs, 0
comfortable work environment run and maintained by ‘gjgdlity trained staff or service
c ont r dHaasla&MHsiremeier, 20060 achieve this goal, Fault Detection and Diaggos
(FDD) phase in commissioning process always wdbkeenter ¢ attention.In generalfFault
detection isto identify that overall building actiofs not unacceptable from thaormal
behavior. Fault diagnosis is localization of the source of defective operdbguric &

Novakovic, 2009)However,recognizing the main sources of energy waste in buildings can
be challenging mainly because energy flows are normally undete@@dhlll et al., 2011)

FDD is the main part of the automated continuous commissioning wsFDD

f oundat istoroinpare jofale expected and deviated performémaketect the fault

based on statistical methods.
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In an integrated wholbuilding FDD approachthe functional interactions between
subsystemw/hich resultin suboptimal building energy performaneee captured anthanual
human intervention and labortensive analysis is much more less thamventional
approaches. This leads to ach more scalable FDD approach since working with that system
does not need a group of expéBailey et al., 2011)

To develop a reliabléDD system|t is necessary to gaknowledge about typical or
important faultsin the buildings. For this purpose, the consiagsing reports ofseveral
existing commercial buildings and North Carolina State University (NCSU) school halls
(Leazar hall and Varsity research building) were reviewed and analyzed to identify the
buil dingsd typical faults.

Although new faults always ggear due to growing complexity of the buildings but
after reviewingthe common problems in commercial ldings, they have been organized
five main categories: BAS/BEMS/EMCS problems, lighting control, HVAC system control,
plant equipment, and physical problenisach group has its own related subcategories. These
subcategories are building problems and faults which have more likelyredauring the
building life, and they have been identified during the commissioning procdssldngs

most often. Figure-22 briefly shows the five main categories and their subcategories in detail.
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Typical Faults in Buildings
'BAS/BEMS/EMCS
[

{{Improper Controls Hardware Installation|
||General Software Programming Errors
DDC System Programming Error}

Alarms not Functioning Properly |

-Incorrect and Incomplete GUI
!Lighting Control

Hluminating During:Unoccupied Period
iHVAC System Control

[ Improper Controls Setup(Temp. & CFM)

| Operating During Unoccupied Period

- OA (Economizer) Control Malfunctioning
Simultaneous Heating & Cooling

{Plant Equipment}

Improper Refrigerant Charge
Insufficient Evaporator Airflow
Air-Cooled Condenser Fouling

Motor Control Issues

}Physical Problems

|Duck/Valve Leakage Issues

‘Control Component Failure or
iDegradation (Need Calibration of
|the Control Components)

|Sensors Out of Calibration
|Broken AHU Valve and Damper Actuators

Figure2-12: Typical faults inexistingcommercial buildings

There are two groups, BAS/BEMS/EMCS problesmnsl physical problems which are
different than other groups. The physical problems are not related to the data points extracted
from the BAS/BEMS/EMCSnd they need a direct human intervention to be fiRégb, the
BAS/BEMS/EMCS systems have their own issues such as improper installations and the

program itself malfunctioning.
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The typical faults in existing commercial buildings nteeycompleted and finalized by
adding some special faults related to esjobcialcase study building and then be used in the

FDD process in the redéilme Cx and PM&V framework.

2.6 Performance Measurementand Verification (PM&V)

After and during thecommissioningprocess, some building owners or managers
implement thecorrective actiongnd/orinvest in implementing the suggested EEMghe
building. They naturally want to know how muemergy and coghey have savedfter FDD
and adding EEMs to tivebuilding and how long their savingsaintain In order to determine
the rate of energy saved, the exact and precise measurements and replicable measurements
known asMeasurement and Verification (M&V) protocate requiredlPMVP 2001).

IPMVP defines ommon terminology and the key steps in implementing a robust M&V
process. It includes guidance on current best practice techniques available for determining
energy savings and verifying the results of energy efficiency, renewable energy, and water
efficiency projects in commercial and industrial facilities. Currently, three volumes are

available (Figur@-13).

.
EVO PP e AN e S
Measutement & Yerlfication Protocol Mearurament & Verification Protocol

International Performance

Figure2-13: IPMVP Guidelines
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IPMVP addressefour optiongo determine saving#, B, C and D). The choice among
the optioneencompassesany considerationsuch as project budgetumber of independent
variables to be monitored, frequency of measurement and reporting, length of the baseline and
reporting periods, and sample sizeall equipment is not measurétPMVP, 2001) The
selection of an IPMVP option is the deicin of the designer of the M&V program for each
project. These options are summarized below:
Option (A) Retrofit Isolation: Key Parameter Measurement: Savings are defined
by field measurement of they performance parametsy which define the energy usethe
EEM6s affected system(s) ‘Taypichl/applications mayscludec e s s
a lighting retrofit, where the power drawn can be monitored and hours of operation can be
estimated In this example lightindh o u opération is an impaaht parameter which is not
selected forthe field measurement. Therefore it can be estimds@sked on historical data,
manufacturerods speci fi ((IBMMPR008), or engineerin
Option (B) Retrofit Isolation: All Parameter Measurement: Savings arealculated
by field measurement dll key performanc@arameters which define the energy use of the
EEMs affected system. Typical applications may include a lighting retrofit where both power
drawn and hours of operation an@nitored andecorded
Option (C) Whole Facility: This option considershe energyuse atwhole facility or
subfacility level to calculate energyasings. This approaalsesmodeling technologies such
as regression modeling and inverse modeling for the baseline develdgasedton different

independent variable3he optionC processequires several steps such as-ngteofit data
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process, postetrofit data analysis, and data quality control procedtiypical examples may
include measurement of a facility where several ECMs have been implemented, or where the
ECM is expected to afée all equipment in a facilitfiPMVP, 2001)

Option (D) Calibrated Simulation: Computer simlation softwaras usedo predict
facility energy use for one or both of the energy use ge@mmulation model must be
"calibrated'to predictan energy use and demand pattern that reasonably matches actual utility
consumption and demand data from tha building(EVO, 2010) Typical applications may
include measurement of a facility where several EGsimplemented, but no historical
energy data is availabl@gPMVP, 2001) The presented framework integrates the Cx and

IPMVP optionD processes.

2.6.1 Automated Performance Measurementand Verification (PM&V)
Nowadaystraditional PM&V approaches can become too complicategkpensive.
Building manager¢endto cut downthe time, cost, and complexity of PM&V. Moreover,
access to data via smart meters, devices, and analytics tools has been increased and building
manayers are more satisfied multi-measure wholbduilding programs that can generate
savingsmore in depti{Granderson, Price, Jump, Addy, & SoR015) In this regard, avide
variety of Energy Management and Information Systems (EM#S)been developed arwd
availableto use. EMISaresoftware tools thaautomaticallystore, evaluate, and demonstrate
energy use or building systems d&aeof thegreatest disadvantagabout these tools is that
it is difficult to validate the EMIS performance. This is becauseaajeneral lack of

transparency in the dmedded analytical capabilitig&ramer, Russell, Crowe, & Effinger,
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2013) The Northwest Energy Efficiency Alliance (NEEA) contracted with Portland Energy
Conservation, Inc. (PECI) to help provide clarity on the range of EM¢Hadle and their
respective feature seiBhe final inventory is populated with fourteen EMIS, which are shown
in Figure 2 14 below.

Mostof the tools in the imentoryback upan IPMVP OptiorC approachd M&V; two
tools support OptioD calibrated simlationi Ret rof i ci encyods AEA an
DeltaMeter.

DeltaMeter uses a thermodynamic simulation to model equipment characteristics and
AEA uses wholeuilding simulation, sintar to that of eQuest or Enefgls but with a
simplified set of inputsBoth DeltaMeter and AEA calibrate the model to actual energy
consumption, and determine savings by comparing calibratedvptistpreimplementation
simulations(Kramer et al., 2013)

Another EMIS tool namediutomated Measurement and Verification (M&V) 2.0
module, recently developed by LBNIhis tool also usetPMVP OptionrC to atomically
generate aselines (building energy consumption profile) using histarierval meter data
(machine learning techniques) and weather data feeds. User enters the date of EEM

implementation and savings atomically will be calculgdt&chnderson et al., 2015)
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Opportunity

Data Input Identifi- Project
Vendor EMIS Frequency M&V cation Tracking

Cascade Energy :

Sensei < Hourly Option C* Advanced
Elster
EnergvICT EIServer Platform < Hourly Option C Advanced
Energent Energent < Hourly Option C Advanced
EnergyCAP EnergyCAP Enterprise Monthly Option C Basic
EnergyRM DeltaMeter Monthly Option D*
EnerNOC Efficiency Smart Insight < Hourly Option C Yes Basic
eSight Energy eSight Energy < Hourly Option C Basic
FirstFuel Rapid Building Assessment < Hourly Option C Yes Basic
Johnson
Controls Energy Performance Monitor < Hourly Option C Basic
MACH Energy  MACH Asset Manager < Hourly Option C Basic
Noesis Noesis Monthly Option C Advanced
NorthWrite Energy Worksite < Hourly Option C Advanced
Pulse Energy Manager < Hourly Option C Basic

Virtual Energy Assessment (VEA)
Retroficiency Automated Energy Audit (AEA) < Hourly Option D Yes

Performance Measurement and Verification Protocol (IPMVP), Option (

ine. ii. PMVP Option D: Calibrated simulation

Figure2-14. EMIS Inventory by NEEA

In an earlier study aboirteresting case studies M& V by European association of

Energy Services Companies (ESC@)summary of the technical standards and ongoing
standardization work at tHeuropean levelsvas presented-igure 215 presents interesting
findings on theM&V options used by the companiestimplementM&V protocols.The
analysis results show th@l% of the companiebave utilized theéption-C (whole facility)

for the measurement of the savings achieved, while 58% and 63% of them have implemented
OptiontA (retrofit isolation option with theneasurement of key parameter OptionB (all

parametefsrespectively. For the same sample of companie©tienD (smulation optior)
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is not considered a popular technigque as only 10% of the aforementioned organizations have

implemented i{Donkelaar, Magyar, Vougiouklakis, Forni, & Venturini, 2013)

80% -

70%
60% Companies that use
50% - other protocol
40% - B Companies that use a
protocol inspired by
30% - IPMVP
B Companies that use
20% - IPMVP
m
0% = T T T T -—\

option A option B option C optionD Idon't know

Figure2-15: Popularity oftEachM&V Protocol(Donkelaar et al., 20B)

Among the IPMVP options, mionD is the plausible choice that makes the
commissioningand PM&V procesgasily automatednd realtime. This is becauseption-D
encompassebeapplication oicomputer simulation software toresedacility energy use for
one or both of the energy use terms in the energy savings equatronlationsalso carbe
applied to foreseéhe influence ofthanges andlterations in the building use by modeling
those changes within the simulation, which &agilitate nonroutine adjustments to baseline
models against which energy savings are estimated. As a result of these opportunities afforded
by simulations,the methodologies using optikih have the potential to support different

programmatic approachésan do the other toolssing optionC (Kramer et al., 2013)
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Thesimulation modein option-D must be "calibrated" so that it predicts an energy use
and demangattern that reasonably matches actual utility consumption and demand data from
either the preetrofit (baseline) or a posetrofit year.Exact and preciseomputer modeling
and calibration to measured data arerttaén issues and challengessociated wh optionD.

To control the costs of this method while maintaining reasonable accuracy, the simulation
analysisrequiresto besteered andonducted by trained personnel who tmiliar with and
expertat theparticular software and calibratidgechniqus. According to IPMVPit is better

to use optiorD when @ experienced energy simulation professional is available and
adequately funded for gathering suitable input data and calibrating the simulationAfsmlel.

we have to make sure thduet facility ard the EEMs can be modeled by well documented
simulation software, and reasonable calibration caeapeedagainst actual metered energy

and demand data.

2.6.2 PM&V Option -D Algorithm

PM&V option-D is one of the main fundamentals in this stuéyter reviewing
different sources for M&V Protocol and process, such as International Performance
Measurement & Verification Protocol (volume 1 & 3), M&V Guidelines: Measurement and
Verification for Federal Energy Projects Version 3.0, and ASHRAE Guideline 14 for
measurerant of energy and demand savingsdetailed processof PM&V option-D is
demonstratetielow. This option ishoroughly reviewed to developgeneral algorithm of the
IPMVP OptionD which can be used in any specific castady building.

Based orfFigure 216, option-D is selected among other IPMVP options if
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It is not possibleto isolate thecorrective action®r EEM with meters in the building

(In case, it is not needed to separately assess each EEM,-Gptiam be used by
analysis of main meter dakgure 216 (a)).

The expected savings in the building is more than 10%.

Need to separately assess eaBEMHEnN the building. So it is required to simulate the
system or facility.

Need to obtain the calibration data and calibrate the simulation.

Need to comparthe simulation results with and withoUEM.

Preretrofit energy data do not exist or are unavailable

Postretrofit energy use data are unavailable or covered by factors whose influence will
be difficult to quantify.

The expected energy savingsaret | ar ge enough to be sepa
utility meter using OptiofC.

The goal isto determine the savings associated with indiviadwatective action®r

EEMs but OptionsA or B isolation and measurements aredomplex and costly
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Figure2-16: (a) IPMVP OptiorC SelectionProcess (b) IPMVP Opticid SelectionProcess

According to IPMVP V& 1, OptionD is useful wherehte estimated range for M&V

cost for optiorD is 3-10% of measured energy savings which can be changedreased

based on the complexity of systems models. Accurate computer modeling and calibration to

measured data are theain challengeassociated wit OptionD. Therefore, the accuracy of

the savingshoroughly dependsn how wellist he si mul ati on model 0s

calibrated it is to actual performan\VO, 2010)

Figure2-17 demonstratethe procedure of IPMVPptionD in five phasesAt the pre
retrofit phase, after installing the required subters in the building, monthlyourly
electricity/gas consumption along with utility bills will be recorded. In this phase, the Building

Energy Model (BEM) also will be developed based obuat drawings and building general
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information and HVAC characteristics. The second phasedesl BEM calibration process
which is one of themostimportant partandshould be implemented preciseQuring the
calibration process, the simulation results are matched with the measured data by tuning the
model input data. This parameters can be found out by conducting a sensitivity analysis. The
traditional inputoutput sensitivity analysidarifieswhich parameter inpwffectsuncertainty
in the output the mosThe BEM output will present the expectadjpctedbuilding energy
consumption for any requested time period.

After corrective action&€EM identification through commissioning or building audit
process, in the fourth phase the whbiglding simulation model will be updated by adding
the EEMs to the model. The BEM output will present the pastofit building energy
consumption. In the final phase the energy savings will be calculated byctnpttae post
retrofit energy consumption from the expected/predicted building energy consumption for the
specified time period.

As we mentioned above) theBEM calibration processhe energy modeler modifies
and alapts the design case energy modettasm measured data to generate an updated energy
model that can accurately reflect the actual building's operation performance. However, there
are still challenges remaining in this area for more reliable and simpler calibration processes.
Next section ioludes the literature review on the different calibration methods used in previous
studies and introduces a relevant method to calibrate an EnergyPlus whole building energy

model
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Figure2-17. AnalysisModelfor IPMVP OptionD

2.7 BEM Calibration Methods

2.7.1 PerformanceGap in BEM

Generally, BEM calibration is to adjust and adapt the design case BEM model based
on measured data to produce an updated BEM model that can accurately represent the actual
building operation performance. An accurate model calibration can be used foerdiffer
purposes during the building life cy¢leam et al., 2014)To achieve a precise calibrated BEM,
the reasons that cause performance gap bet we
intento and actual me a s ur e.dDe Wide 2@l4) resiewede h a v
|l iterature on the O6per f or ma rewoetognaegtigatedt® nc e pt
magnitude. There are three main types of gaps which depend on the methods applied for

modeling of building energy consumption profile:
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1 between firstprinciple predictions (using a physical model) and measurements
1 between machine learning (techniques such as regression analysis and artificial neural
networks) and measurements

1 between predictions and display certificates in legislation (SUAISBKRAE 90.1)

The main sources of performance gaps are related to the design stage, construction
stage, and operational sta@e Wilde, 2014) Therefore, it is necessary to identify the causes
for performance gaps, after devgilog the baseline model and before starting to calibrate the
building model by comparing the simulation results and building measurements.

Today, the legislation is also concerned with the energy performance of buildings, the
ASHRAE Standard 90.1. The Imtational Performance Measurement and Verification
Protocol (IPMVP) provides frameworks for the calibration process to enforce a minimum
standard of efficienc\ASHRAE Guideline 142002informs building modelers to useonthly
and hourly data, as well agat and shofterm measurements to calibrate BEM models. Mean
Bias Error (MBE) and Coefficient of Variation of the Root Mean Squared Error (CVRMSE)
are used as e Vkelcomputar model shalldhave &IBE ofi5% and a
CVRMSE of 15% relative tmonthly calibration data. If hourly calibration data are used,
these requirements shall be 10% and 30%, respeaiy8§HRAE, 2002)

According tolPMVP, Volume lIl, mrodel nputs such as weathgarametersoccupant

lighting, and equipment schedules, and system parameters su¢iVAE components
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performance curves or system contohve t o be <cali brated based
i nformati dgvOo,2018)i | abl e 0

A study by Coakley2014)presents a detailed review of current approaches to model
development and calibration, highlighting the importance of uncertainty in the calibration
processHaving presented thHag picture of calibration process in terms of time amdhods

the main complexities of a calibrated simulation can be broken down into seven main areas:

1 Standards: guidelines are os@mplified and they do not account for issues such as
input uncertainty/inaccuracy or the model fit to zdenvel environmentadata.

1 Expense: major expense can be for building auditing, metering and model
development.

1 Simplification: building simulation requires thousands of inputs for model definition
but not all of them are available. Therefore modeler needs to simplifyghesin

1 Input: It is notfeasibleto have measured data for all the required input to the BEM.

1 Uncertainty: since building models are being simplified, the uncertainty in the output
should always be considered.

1 Identification: the calibration process reagsrnumerous iterations of manual user
intervention based on user knowledge. However, there is no standard approach for the
process.

1 Automation: any degree of automation would greatly aid the calibration process but it

is difficult to reach that point.
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By having all those issues in mind, the best approach to calibrating a model is to
identify the influential parameters and manually tune those parameters to obtain the final
solution(Coakley et al., 2014However the purpose of calfation process should not be just
adjusing any input parameteto match the simulation results with measured data but to create

a model, which represesthe real building as okeas possibléim & Bhandari, 2014)

2.7.2 Common Calibration Methods
Agami Reddy(2006) classified theommon calibration methods as showT able2-
1. The manual iterative calibration is the most popular approach than other methods among

buildingmodelers. This approach is based on trial and error iterations.

In a study conducted by Larat al. (2014) a method has been proposed comprising
procedures to calibrate an EnergyPlus whole building energy model. Rgi8édriefly
illustrates the main pts of this procesd he calibration process includes weather parameters,
occupant, lighting, equipment schedule, and HVAC parameters calibratierhighlighted
subject in this studyasto develop an occupant behavior data mining procedure which is
tesed in an office building. Workday occupancy schedules are generated by mining the office
appliance energy consumption daé@apportvectorregressionlinearregression, antbcally
weightedlearningare tested as candidate algorithms to build occuparntdate models.
Hourly and monthly power, energy, and temperature data are collected and used for lighting,
equipment and HVAC systems energy performance calibration. The result shows a 1.27%

mean bias error for the total annual energy use intensity.
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Table2-1: CommonCalibrationMethods

Method Highlights

Based on user experience, adjustment of inputg

Manual Iterative calibration . ,
a triakerror basis

Based on specifigraphical and comparative

Graphical and statistical displays of the results to orient the calibration

methods
process
Automated calibration Based orspecial tests and analytical procedures
%Wﬁéﬁr;}ai‘! | Actual Meteorological Year (AMY) weather data
‘{Occupant sche&ﬁles} *walk through audit” approach
Baseline Model %E‘i‘,i; - ) )
X quipment schedules|
/|inputs = e —
{Lighling schedules |
{System parameters such as equipment performance curves or system cuntroli
o " ‘—‘ ‘Human resources interviews‘
. . ccupan A e oo 2
BEM Calibration » - p r—‘personnel counts|
Behavior Model| || ———————

]‘multipie day/night occupancy surveyé ‘

] ,-»huurl',' system operationl
“BAS Data| lindoor environmental |

!

- energy data|

| 1Routine 7
" Adjustments E%J

1Non-Routine &

Figure2-18: Building EnergyModel CalibrationProcess

2.7.3 Examplesof Calibrated Simulation
The baseline mod&h the previous studig created based on ASHRAE 90.1 Appendix

G. The proposed design case model is created based on design drawings and specifications,
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with the same input assumptions as the baseline model for fair comparison purpose. As shown
in Figure 2-18: Model input,the first step of the calibration is to replace the TMY3 weather
file with real weather information in accordance with the actual cataction period. The
second step is to replace the design case o0
occupancy schedules generated from the data mining study. The third step is to calibrate the
interior lighting, interior equipment, exteriaghting, and exterior equipment power densities
and schedules with monthly and hourly energy
met hodo. The fourth and final step is to cal
important that the HVE system should be calibrated after other input parameters and systems
are @libratedbecause most of these inputs will influence the HVAC system performance (such
as internal |l oads and fAdi sturbancesodon The ¢
step are MBE<5% and CVRMSE<15% for monthly data calibration, and MBE<10% and
CVRMSE<30% for hourly data calibration, respectivilgm et al., 2014JASHRAE, 2002)

According to Yaret al. (2015), the occupancy patterns and behavior are theandhin
major factors to uncertainty of building performance. This study emphasizes developing
occupant models upon observational data. Those occupancy models are denedogedo
equip designers with the tools to better predict the energy performance of buildings. The study
suggests the use of Building Controls Virtual Test Bed (BCVTB) to link user implementation
of occupant behavior models either in MATLAB, Simulink, Modeli®dolemy or a user
custom program with EnergyPlus during #iime, so they can exchange data as the simulation

progresses.
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In the study conducted by Mustafaedj al. (2014), a case study building with an
underfloa heating system and natural ventilation was selected for the building simulation
calibration process. The 3D model was developed uskhhbgiéisdrawings. In the next phase,
the calibration methodology, which consists of two levels, was applied in ordgrstoe
accuracy and reduce the likelihood of errors. Moreover, a historical weather data file related
to year 2011 has been created using asitenlocal weather station.

In the first level of the calibration process, tlsbuilt data (plans, schemes and
nameplate dta of main HVYAC components) was used for paeameters screenipgirpose
Second level involve arigoroususe of Building Energy Management Systems (BEMS)
recordsmonitaing data, and alsthe information drived from the analysis of the answers to
the surveys and interview®lustafaraj et al., 2014)

After the calibration process, the values of MBE a&OW (RMSE) on hourly based

analysis for heat pump eleciticconsumption varied within the following ranges:

1 (MBE) hourly from 5.6% to 7.5%

1 CV (RMSE) hourly from 7.3% to 25.1%.

Finally, an Energy Efficiency Measure (EEM) was added to the model to estimate the

amount of energy savings related to that E@Mistafaraj et al., 2014)

2.7.4 AdvancedCalibration Process
Some researches focus on methods to facilitate the calibration process. One of the

methods is to automate some parts of calibration process which is quitngimg and
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problematic. Some toolkits are also available which are limited to special applications and
cannot be easily integrated with other todlee research conducted by Taulsgral. (2014)
describes algorithms to perform such an automated calibration prddessframework
contains various layers which perm#isnple conponent exchangeability and expandability

for implementation of different simulation and optimization toolhis framework
encompasses &yerbased structure ofmeasurements obtained from physica@nsors,
calibration service, optimization plugging, arastfunction application.

The Monitoring System ToolkiftMOST) provides connector interfaces to collect data
from various building systems. It is a vendor and technology independent set of tools to
simplify measuring, processing, and visualizing diffedemtding data streams (energy use,
occupancy, comfort, etc(Jauber etl., 2014)

The calibrationframework is schematically separated in:

1 Preprocessing: contains jobs such as the creation of a weather file for the calibration
period

9 Calibration: includes the driver for the optimization program

1 Postprocessing: contains any tasks that should be done after a calibration, e.g.

deployment of the calibrated model

According to this researchutomated simulation model calibration based on a runtime

monitoring represents a promising opportunity forf@enance enhancement in applications
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pertaining to building automation, diagnostics, facility management, and ‘basietl system
control(Tauber et al., 2014)

In spite of all the efforts in the fields of building model calibration, tlaeestill some
challenges associatewith the calibration process. The calibratiorogass should be
considered as a dynamic process, not a static one. Therefore, the matching process of measured
data with simulation results has to be continuous over the course of a year. However, still it is
not easy toidentify the exact solution to thealibration problemIn most of the cases
sensitvity analysishelps a lot in thecalibration field (Mustafaraj et al., 2014)Another
important issue in the calibration process is related to the simulattsnsuch as EnergyPlus.
Some limitations in the tool such &siited accesgo a certain variables or not supporting
adequate control interfagaake itdifficult to implement special controls on the calibrated

model.

2.8 Literature Review Summary

Digging into previousstudiesindicates thasomeof themonly focus on théuilding
commissioningand fault detection and diagnogiart, and some of them are concentrated on
the measurement and verification part after adding EEEMbe building. Most of the tools
mentioned above use a mathematical calibrated model (using machine learning techniques)
and a few of them use a calibrated simulation model (using energy simulation modeling tools

such as EnergyPlugk a baseline model to predict energy consumption amgare it to the
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measured consumption to detect the faults based on statistically significant deviations between
the two data set#$n this process, the BCVTB plays an important ioléhe recent studies
According to above literature review, a precise model calibraiemplaysa crucial
rolein building energy simulation. Therefore, in order to reduce the performance gap between
measured data and simulation model, it is totally worth implementing libeati@n process
into the general practice and trying to enhased automatéhe calibation process in future
studies.
This researclsteps a level further angroposes a frameworto integrate building
commissioning and PM&V methods and BAS data intostomized packaged tool based on
the need of the building ownerhis cohesive frameworlaimsto automate the continuous
commissioning process to some extent and to measure and verify the performance of buildings
in realtime basis in existing commerci@uildings. The proposed methodologyhich is
discussed more in detain in chapter thnéegrates an EnergyPlus calibrated mqutebenting
the projected building energy consumption and a BAS providing the whole building
performance metrics data offer a reattime building performance monitoring and fault
detection and diagnosis approach. Thattime Cx and PM&V frameworkis intended to
recommendorrective actiong order to maintain the high performance level of the building
and to provide potentiatnergy savings and improvement in building performaaiter

implementing those actions for the selected time intervals in the real time
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CHAPTER 3 METHODOLOGY

3.1 Framework Structure

Despite aforementioned research and studies that focused on commissioning and FDD
or PM&V independently, thedea/methodology othe proposedrameworkin this studyis
conceptualized based on timegration of automatecbntinuouscommissioningconceptand
IPMVP optionD approachThe frameworks targeted tdvavea customize@dontextfocusing
on theb u i | denemgy dfficiency angotentialsavings. This framework is designed to be
flexible andcan be improved or manipulated based orothren e r s @s itisalemrsstrated
in Figure 31, this new advanced framewotkkes advantagef dhe building data (BAS
database BEMS information, installed meters dataand utility bill§ and an advanced
calibrated EnergyPlus model detecthe faultsand recommengomecorrective action$o fix
the problemwith the minimal human interventionsThis framework uses some key
performance metrics and data poiamong thousands of data points in BAS) whiahly
affect the building energy performance to achieve higher energy savings.

The key parameters amainly from BAS, which includecontrol stiedulesoperation
status control parametergnergy data trendgnd variousuilding energyperformance data
Additionally, more detailed energy data can be gathered such as for heating/cooling, lights,
equipment, fans, and motoby installing extra sesorsand metersf not available In the

framework these gathered data points are used to perform the intended process
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Figure3-1: Framework Concept

Based on the requirement of the owner, the level of performance amadietsrmined.
Both the analysis process and the analysis resrdevailable and displayesh a reportor a
Graphic User Interface (GUI) for the users to clearly understand tfegrpance status. The
energy optimization processguided bythe frameworkand as a result, theorrective actions
andpotential energy savings will be provided to the user.

This conceptual framework is intended to serve as a support or guide for the
development ofReatTime Mini-Building Energy Management System theificiently

expands this framewoikto a useful and applicable tool/plan.
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This framework is intended to significantly improve the efficiency of both Cx and PM&V
processes for continusenergy savings real timethrough the life of small and medium size

existing commercial bldings with minimal costs.

3.2 Framework Development

This framework integratesontinuouscommissioningand IPMVP OptiorD for the
performance measurement and verificapoocesseand aims t@automatehe process to some
extent Figure 32 shows the arrangement and sequence of these approaches to provide a

cohesive framework. Each section is explained in detail as follows.

Energy Savings

Building
Performance
Meonitoring Leads [
to Detect Faults and o P

e

Cx Activities y . { Reak
e :' C ti \\ ! Time !
orrective Graphs L
) ; Actions ) - N
e (Mg e Potential
g / 1 Lighting i L Ene.rgy |
" Equipment / ) . Savings
y . . Heating v L 7
sl o Fonling Provide Optimal
| Factors | Qe f N
. y Control Settings
(to achieve
maximum energy
efficiency)
Automated Continuous Performance Measurement and
Commissioning Verification

Figure3-2: FrameworkArrangements

3.2.1 RealTime Automated Continuous Commissioning
This Phasehas a similar approach to previous studidsich used a calibrated

simulationmodel to calculate and predict/projebe intended building energy consumption
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(design intent)The wholebuilding EnergyPlus moded built based on the buildidgs env el ope
description, geometry and materjaigof type, window type, shading geometiryternal heat

gai ns, schedul es, and c¢har a&hegyPlusnodeltalkes o f bu
those inputgusing default values as indicates by existing templates based on ASHRAE 90.1
2004primary model and then computes the energy flonspnal tenperatures, airflows,

heating and cooling loadand comfort levelsor whatever performance mettlat is required

by the building managet subhourly intervals for periods of days to yedd®netheless, there

exist huge discrepancies between the Byfeligs model results and what utility bills or sub

meters (historical data) indicate as the actual building performance.

To reduce the performance gap between the EnergyPlus model and building actual
performancethe EnergyPlus model should go through a rigorous model calibration process.
Throughout the general calibration procgdhe main independent variables have to be
identified and modified in theeferencemodel. The main independent variableave to be
spedfically identified for each case study buildinggarding to its condition and characteristics.

In this practice EnergyPlus model needs full pack of data and input information for a year
(8760 hour) to run successfully. Tkemmondata and input informatioto the reference
model include weather data(i.e. entire year of 2015) envelope characteristics,
Lighting/Equipment Power Density (LPD/EPD), lighting/equipment schedule, occupancy
schedule and HVAC operation hownsd capacitie(based on abuilt drawings).

After several iteratiosibetween theeference modedndcurrentcalibrated model, the

measured data (building energy consumption) obtained from BAS or extra meters are used to
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calculate the calibration acceptance critenamch are MBE<5% and CVRMSE<15% for
monthly data calibration, and MBE<10% and CVRMSE<30% for hourly data calibration,
respectively(ASHRAE, 2005)

As shown in Figure-3 the realtime calibrationprocess will take place in re@mefor
a limited number of parametersreceived from external sourceshile the cdibrated
EnergyPlus model i;itegrated with BCVTBReceiving reatime parameters as input into
EnergyPlus modehroughBCVTB enhancstheframeworkability to run overeach specified
time-step as opposed to entire year simulatioGalibratedEnergyPlus model is linked to the
BCVTB through External Interface object and receives the-tmma data from
BAS/BEMS/EMCS and additional sensors installed in the builditge BACnet actor
embedded in the BCVTB facilitate this proce#s. it was mentioned in the Chaptevo,
BACnet is a data communication protocol for Building Automation and Control Networks.
BACnet is an open protocol, which means anyone can contribute to midarstaand anyone
may use it. In a BACnet compatible BAS, all of the devices in the system will have an instance
number which can be used to identify each device and its specific properties in BAMEB.
talking about reatime, we meara building modelvhose simulation time is synchronized with
realtime as represented by the computer cl¢mkline simulation) As shown in Figure -3
theb u i | @rojected/medictederformancéy the real time calibrated model wak further
compared wi the meas@ments from the BAB real time This comparisodetecsthe faults
in the selected performance metrics ahdilding systemsor confirms that the building

performance is on the desired track

61



Historical Data| . ..o

*  Sub-Meters
- utility Bills
In Excel Format

Identify the EnergyPlus
Independent Schedule:File,
Variables Element toal

»

* Occupancy

- LPD&LightSchd.

+  EPD&Equipment Schd.
+ Weather

*  HVAC Parameters

General Calibration Process

BAS Database * Real-Time Weather
Real-Time Data
Calibration = Real-Time Systems
Parameters Parameters
BACnet Server
BACnet Actor EnergyPlus
External
BCVTB Interface

BCVTB Platform

Real Time Calibration Process

Projected
Building

Energy
Performance

Figure3-3: EnergyPlusModel Calibration Sequence

BCVTB Platform

Projected
Building

Real-Time Graphs

Energy
Performance

Performance
Metric 1

Real-Time
Comparison for Each
Time Step

Performance
Metric 2
Real-Time

Comparison for Each
Time Step

Performance
Metric 3
Real-Time

Comparison for Each
Time Step

Measured
Building
Energy

Performance

Figure3-4: RealTime AutomatedContinuousCommissioning

3.2.1.1 Framework PerformanceMetrics

The common problemsnd faultsdentified during theeommissioningprocess irmany

commercial buildingswere studied and generally organized in five main categories:

BAS/BEMS/EMCS problems, lighting control, HYAC system control, plant equipment, and
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physical problems. BAS, BEMS, and EMCS data points aisie classified based on zen
system, and plant levels. As shown in fig8+g, these two diagraneeplaced side by side to
figure out the boundary of timmeworkkeyperformance metrioghich should be considered
in developing thérameworkstructure. Thesperformance metric& the BAS/BEMS/EMCS
can help solve the majority of the building faults and problems. However, there are two groups,
BAS/BEMS/EMCS problems and physical problems which are different than other groups.
The physical problems are not related to the datagpexitacted from the BAS/BEMS/EMCS.
Also, the BAS/BEMS/EMCS systems have their own issues such as improper installations and
the program itself malfunctioning.

Basically weaimto figure out whith BAS datgpoint canmost effectivelyincorporate
in detecing a fault in building during acommissioningprocessor in calibrating the building
simulation model. According to the diagram shown in figBs® lighting, equipment(plug
loads), HVACsystemsand air distribution system fauligve the highest scorei bui | di ngo
faults which can partly bédentified andcontrolled by a BAS data poiridowever, based on
the site visitconsultingwith the facility manager, and the budget for the extra sensors needed
at any casstudy building, some of those parametas be viewed as significaperformance
metricsfor framework and some of those may be elimindtech theframework.The type
and number gberformance metridsighly depend on the circumstance and qualityhetase
study buildingand building managetesires

For example, in the study conducted by the United Technologies Research Center

(UTRC) in partnership with the Lawrence Berkeley National Laboratory (LBNL), two
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buildings were examined by an automated, mbdsled, whoklbuilding performance

monitoring system. In those buildings, the hourly building energy consumption, HVAC (fan,

pump, cooling coll), lighting, and water system performance were considered as the main

parameters of the automated, meldated, wholduilding performance monitoring ggsn to

detect and diagnose the faults in the buildif@mley et al., 2011)
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Figure3-5 Frameworkperformance metrics

3.2.2 Performance Measurementand Verification-Corrective Actions

According tothe realtime automatedatontinuouscommissioning s r e s u |

there is any abnor mal

ts (wh

gap bet ween tedttmebui | di

calibrated EnergyPlus model results in real tinad)st of possible problems and causes and

severalcorrective actioaassociated with eagherformance metricwill be recommended to

the building manager. The building manager has to decide which option to choose.
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After considering angmplementing theorrective actiongassumed aBEMsrelated
to the certainperformance metric) the redime Cx and PM&V framework algorithm
calculateghe final plausible energy savisfpr the building.Thefinal optimal control settings
related to the selectambrrective actionsHEM) will be implemented into the real casedstu
building dependingonthéd ui | di ng ma n. &iguser 36 drieflg dlustrates thin

process
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Energy Real-Time Energy
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Time Step

!

Abnormal Behavior
Detected

List of Potential bist of C?rrectwe
e Actions

Problems or Causes {Possible EEMs)

Figure3-6: PM&V - Corrective Actions and EEMs Development

3.2.3 Performance Measurement and VerificationEnergy Savings

If any faultis detected, le list of potential problems, causes armrective actions
(EEM9) are provided to the building manager at the endaahtime step. Moreover he
amount ofpotentialenergy savings associated with thoseoastis calculatedand provided
regarding IPMVP OptiosD approachat the end of each time stdpnergy savingsn this

approachare determined by comparing the energy use bdfardty operation)and after
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implementingof corrective actiondEEMSs). Since this proess occurs in real time, the
adjustments$or changes that affect energy useaready considered in the re@he calibrated

model

Performance O
Metric 3 ./

Real-Time
Comparison for Each
Time Step

|

Abnormal Behavior
Detected
. . List of Corrective
List of Potential Actions
Problems or Causes (Possible EEMs)

]

Potential Energy Savings Calculation

Key Metric 1 Key Metric 2 Key Metric 3
(EUN) (Peak Demand) (Annual Energy)

Figure3-7: PotentialEnergy Savings Calculation

Savings = ¢ase study buildingnergy consumption real time alibrated model
energy consumption)
The performance monitoring and the energy savings calculation (FigdyeaBe

applied for each performance metric simultaneously in real time.
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3.2.3.1 Energy SavingsMetrics
Corrective actiongEEMSs) areequipment, materials, and practices at a building that
result in a reduction in electric energy consumption, measured in kitboats (kwh), or
peak demand, measured in kilowatts (kW), or both.
Energy efficiency savingasociated with thoseorrective actionsre often expressed
in terms of annual energy, presented as\Wkidi hour (kwWh)/year. Howevea key metric can
be Energy Use Intensity EUI). Basically, t he EUI expresses
functionofitssize.The EUI i s expressed as energy per s
dividing the total energy consumed by the building in one year (measured in kBtu or GJ) by
the total floor area of the buildingBtu/ft?-yr). Sincethis frameworkrunsin real time for
hourly time intervals, the amount of electricity used or energy used for each performance

metricis the main key metric.

3.2.4 Advantagesand Limitation of the Framework

Compare tgoreviously mentioned Energy Informati®@ystems (EIS) and aarhated
continuous commissioning tools, this framework has integrategrtfeedure of automated
continuouscommissioning and Performance Measurement and Verification (IPMVP eption

D) in real time to provide newapabilitiesfor building manageras listedbelow:

T Ot her existing systems use a fAblack boxbo
This framework takes advantage of a wHolgldingreal timecalibratedenergymodel

in EnergyPl us ( fiherkal timecalibrated cnodei i dhes framework
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is superior tather models in terms of weathétYAC systemsand planparameters
calibration in real timéoffline and reatime input parameters)

Other existing systems do ngresenta comparison of whoklbduilding actual
performance angrojectedperformance (design intent) or if they do, a specific time
interval is used to assess the performance change or deviation. This framework presents
the building performance deviati@md possible faults and potential enesgyingsin

real time.

Compare to automated continuous commissioning tool by LE¥liley et al., 2011)

this framework tries to follow the research chain and add an extra part to measure and
verify the effect ofimplementing theecommendedctions EEMs) to thecasestudy
buildingand quantify the fingbotential energgavings.

This framework presents the performadeiation,changesand any possible energy
savingdfor eachperformance metri(building energy endises)}hat ha beenselected

based on the buildgpmanager desire and consultation.

The corrective actions in this framework are categorized and reported based on the
previous commissioning reports of the existing commercial building if available and/or
the typical faults that were discussed in previous chapter. Other existing systeots do
provide corrective action recommendation after detecting the faults and building
manager should be axpert personnel who is acquainted with all the systems very

well.
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1 The PM&YV sectionenables building manager to evaluate the effect of recommended
corrective actions and quantify the amount of energy savings after adding selected
EEMs (among the list of recommended EEMs offered to the building manager) to the
EnergyPlus Model before implementing it to the building. If the selected EEM shows
a worthy pecentage of energy savings (>=10%), it may dmnsidered to be
implemented into the building.

The limitation associated with this framework are listed below:

1 The fault diagnosis part is reducedgome corrective actions which needs further
exploration ad investigation in term of more serious defects in HVAC systems.

1 The EnergyPlus calibrated model development along with BCVTB platform need
expert people to master these tools.

1 EnergyPlus simulation tool has some limitations in term of advanced HVAC modeling
which can berevailedby usingprecisealternative objects.

1 In some old existing buildings with a BAS uses a proprietary protocol, to access to all
the devices and their infmation, a BACnet gateway is needed to be installed on top
of the BAS. This process requires time and capital budget to install the BACnet

gateway and required sensors if necessary.
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3.3 Framework Flow Diagram

Figure 38 illustrates the entire process in owenprehensive diagram.
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Figure3-8: Comprehensivéramework-low Diagram
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CHAPTER 4 DEVELOPMENT OF A CALIBRATED

SIMULATION MODEL FOR A CASE STUDY BUILDIN G

The reaktime commissioning andperformance measurement and verification
frameworkhas to be applicable among general building types rather than buildings with unique
functiors. This feature enhances the applicability and popularity offrdm@eworkamong
building owners in the future. Among diffetecommercial building types, office buildings in
different sizes make up the major building stock. AccordingheoCommercial Building
Energy Consumption Survey (CBECS), office buildings size range from 1,000 to 5;&800 sq
for a small size office, 5,000 50,000 s€t for a medium size office, and over 50,000ftq
for a large size offic€EIA, 2003) However, the majority of office buildings consist of small
and medium size offices that are rarely equipped with BAS and BBM&ny type of
automatecdcontinuouscommissioning toolsUsingthis frameworkin suchbuildings will be
more cost effective and appropriate for the building owner than an expensive complete package
of BAS. Considering the above mentioned facts, the-stagly building would more likely be

selected from the small or medium size office hiogdstock.

4.1 Case StudyBuilding Selection Process

The building Operation & Maintenance (O&M) departmant eéergy management
departmenat NCSUdeal with facility managementhe building O&Mdepartment provides

the services related to HVAC systems, comfoange temperature inside the buildings,
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eledrical and plumbing problemslevators, building automation systems, fire sprinkler
systems and fire alarm$he energy management departmetnies to economicallymanage
energy resources purchased and consubyethe university. This unitecords andracks
energy and water consumption pursuit of additionally beneficial methods in order to utilize
the lowest amount of energy while keeping the comfort level for the building residents and
enabling universityo fulfill its goals and mission

Using the information and documents from those departments at NCSU, sevaital
and medium sizeffice buildings at NCSU campusuch as Kamphoefner Hall, KeyStone
Science Center, Partners Research 1V, and Wildlife building ozentennial campus (Figure
4-1) wereselected to be reviewed in terms of building types, functions, and available energy
consumption datd hes buildings are equipped with @p-date BASawith rich data points in

zonesgsystems, and plant level.

KeyStone Science Center Partners IIl Bldg.

Research IV Bldg.

-

Kamphoefner Hall Partners Il Bldg.

Figure4-1: NCSUOffice Buildings

North Carolina State University buildings use differéyies of BASsin order to

manage the energy costs and achieve energy savings during the Buifdiroycle. This
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variety in BASs is due to building age and construction yakver buildings in NCSU utilize

the Metasys from Johns@wontrol and SiteNet from SR&idthe older buildings uséchneider

Electricas building automation systeffigure4-2).

=1
Global Status Manager R

Service Zone 2 Service Zone 3

Dabrey 1l o ComichislGr
. ordan Holl

Service Zone 6 Service Zone 7

« Witherspoon

Metasys and SiteNet Interface

Niagara Framework

Figure4-2: NCSU BAS Interface

There is also an Enterprise Level Control System, the Niagara Framework which
createsa mutual and commorenvironment thatlinks and shares informationamid
heterogeneouglevices, legacy systems, open system protoeolsuch as BAChet®,

LonWor ks E a n-theiManétand riferprise information systems (Fig@p
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Figure4-3: Niagara Framework
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After interviewing with O&M personnel and reviewing several commissioning reports
and BAS data trends for the selected buildjiResearch IV has been selected as the final case

study bulding to implement the framework for Cx and PM&V.

Figure4-4: Research IV Building

Research N\building (Figure4-4) is a largesizeoffice building withvarious occupancy
purposesuilt in 1996. The buding has three occupied floors and a floor space of 80,800 ft
divided into spaces for various NCSU and-cdimpus groups. The main tenants are IES,
Advanced Energy, and the Science Houdee building is split into four quadrants being
served with the same air handling unit Mariable Air Volume YAV) boxes. Cooling is
provided by 75 ton air cooled retdp units that each serwvene quadrant. The unit is not
equipped with gas heat, buthher an 80 kW electric strip heater that is not generally used.
Most heating in the space is provided by electric strip heaters located in each VAV box. Steam

is not available at this building, though there is a gas line just outside on the east side.
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The controls are from the original Metasys controllers, one for each fMetasys
from Johnson Controls in Research b\uilding uses anoprietary protocol, called N2. This
means thanot all of the devices in the building are accessible by BACnet to ale@itime
data. Just some of the devices which are installed recently are using BACnet protocol. To
access to all #ndevices and their informatioa,BACnet gatewayeedto be installed on top
of the BAS. This process requires a long period of time apiat budget to install the BACnet
gateway Figure 4-5 shows the Metasys interface and the each Air Handling Units (AHU)

condition

Figure4-5: Metasys Interface (4 AHUS)

After reviewing the electrical dwings ad walking through the Researhbuilding
and electrical panels with an electrical engineer estimatedhe number of required meters.

However, due to some difficulties in meters installation and budget shortage, the building
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selection processontinued with emphasis on the number and type of existing meters already

installed in the building and the BACnet compatible BAS.

4.1.1 Final CaseStudy Building

The final selected case study building isreedium sizegovernment office building
located in Research Triangleark (RTP),NC and consistsof the construction of an
approximately 46,0004(4,273.5 m) addition to the BNing Atrium built in 2014 The three
story addition project includes administrative officeonference rooms, commons areas, a

tissue archivdreezer, archival gel storaggprage, and a data silo.

T

Figure4-6: Case Studyuilding
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The case study buildingecei ved the U.S. IKEERRanneBuU i |
construction Gold level certification. This buildifiglfills theguiding basics and gnciples
for federalleadership iigh performance andustainabléuildingsdue to its existing LEED
certification. The case study buildingeatures statef-the-art, energyefficient building
systems, including: temperature contrefjable air volume air and water side
economizershat allow for 100 percent outside air ventilation when possible; and-finder
ventilation that uses 6 percent less enekggensive daylighting around the perimeter of the
building, a skylight in the akng, and occupancy sensors throughout the building minimize
the use of artificial light. Advanced metering at the facility, including-rsaering for
electrical and water use, helps building facility managers identify and fix any power drains and
waterleaks. Moreover, during the construction process, selected re@aeht materials
diverted 95 percent of construction wastes from landfills.

The case studyuilding is constructed of reinforced concrete with double paned
windows. The buildinggncompasss enough rooms for varied purposes occupied and served
with various types of air handling unitsThe heating and cooling are provided AKUs
through VAV boxedor each zoneThis building also equipped with an Energy Recovery Unit
(ERU).

fiDuring theenergy recoverprocess the energy contained in normally exhausted
building or space air will be used to poandition the incoming outdoeentilationair in
HVAC systems (Dieckmann, 2008)During the warmer seasons, the systemcpas and

dehumidifies while humidifying and pieeating in the cooler seasonshe advantage of
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applyingenergy recovery is the ability tolfill the ASHRAE ventilationandenergy standards,
while improvingindoor air qualitymaintain a relative humidity of 40% to 5Q%ndsubsiding
total HVAC equipment capacity. This technolagynot considered as agffective means of
minimizing energy cost and heating and cooling loadsj$aoapable ofthe scaling down of
equipmen{Dieckmann, 2008)

Theselected case study buildirggan appropriatbuilding to implement theeaktime
commissioning and performance measurement and verifidaiorewak since this building
is equipped with advanced BACnet compatible BA® required meters to reasonably

separate the building energy consumption from the entire campus

4.1.2 Climate Analysis

The case study building located at the research triangle park ortN CarolinaThe
environmental features of this area inclualeumid subtropical climatewith four distinct
seasons. Winters are short and generalty,avith a January daily average of 41F(5.0°C).
On average, there are 6yhts per year that drop to or below freezing, and onlyldys that
fail to rise above freezingApril is the driest month, with an average of 2.91 inches (789
of precipitation. Precipitation is well distributéloroughout the yeawith a slight maximum
between July and September; on average, July is the wettest month, owing to generally
frequent, sometimes heavy, showers and thunderstorms. Summers are hot and humid, with a
daily average in July of 80 (26.7°C). There are 48ays per year with highs at or above
90 °F (32°C). Autumnand spring are alikeverall but has fewer days of raiff@dFigure 47

and 48).
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4.2 Case StudyBuilding Primary Model Development

4,.2.1 Geometry Development

The case study buildingg a medium sizeoffice building with different kinds of
occupancy goals and purpos&se building has three occupied floors and a floor spédice
46,000 f& (4,273 m). It is constructed of reinforced concrete with double paned windows. The
building has rooms of many different purposes being servedhvekair handling units. The
heating and cooling are provided BidUs through VAV boxes foeach zone. This building
also equipped witanEnergy Recovery Unit (ERU)

The case studyuilding primary model iddevelopedising SketchUp and OpenStudio
plugnbased on each fl oordés zoning diagram. Ea
as a segrate thermal block and sorted based on its functionality as shown in Thidkéglire
4-9, 410, and 411 show the floor plan of each floor and zoning arrangenidra.deailed
zone summary including zonedbds ar emopleand! ume,

plug load level are listed in Appendix A.

Figure4-9: Case Study Buildingiake LevelPlanand Zoning Arrangement
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Second Level

Figure4-11: Case Study Buildingecond Level Plan and Zoning Arrangement

The initial user input is set to DOE Reference 2004 template, office typbefagtA
climate zone (Figure -42). This information will be modified later in accordance with

ASHRAE 90.32004 chapter 11: Energy Cost Budget Method, to developaitie compliant

model.

Userinput.

Building Type [office

Template IDOE Ref 1980-2004

ASHRAE Climate Zone IASHRAE 169-2006-4A

Create Space Types? [true

Led Lo Led L Lol

Create Construction Set? [true

Set Building Defaults Using New Objects?|[ ] ~
I

Figure4-12: User Input and USlimateZones
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Table4-1: ZoneList

Zone No Name

Zone 1 Office i BreakRoom
Zone 2 Officei ClosedOffice
Zone3 Office - Conference
Zone4 Officei IT Room
Zoneb Office - Lobby
Zone6 Office - OpenOffice
Zone7 Office - Restroom
Zones8 Office - Stair
Zone 9 Office - Storage
Zone 10 Office - Corridor
Zone 11 | Office - Eledrical/MechanicalRoom

Figure 413 representshe west and eastdade of the case study building model in
SketchUp. In the next step, the geometigdelis imported into the EnergyPlus tcad an .idf
file to modify the internal heat gains (people, light, and equipment)add¢HVAC systems
to develop theprimary model Building geometry models divided to conditioned and
unconditioned building area. The unconditioned buildanga includes stairs, corridaand
storage area. The total simulated building area based on the ao@ingementand provided
floor plan is45,09 ft? (4189 m?). The total building area includd®,20 ft? (3988 m?) of

conditioned area ar@|172 ft? (201 m?) of unconditioned areas shown in Table-2.
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Table4-2: Building Area

Building Area Area [ft?]
Total Building Area 45,02
Net Conditioned Building Area 42,20
Unconditioned Building Area 2,172

Figure4-13: West and Eadtacade of Case Study Building SketchUp

4.2.2 Primary Model EnvelopeCharacteristics

The office template which is used to develppmary model include several exterior
and interior constructions for wall, roof, floor, ceiling, and window based on ASHREA 90.1
2004. However, all componestof the building envelope should be modeled as shown on
architectural drawings or as installed for existing building envelopethe purpose of

developing the cdirated model andcodecompliant model. Therefore,the template
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constructions are modifiecabed on real building informatiat thebeginningof developing
the primary modelTable 43, 44, and 45 list the primary modelconstruction objestwith
their outside to inside layefBhese components are not changed during the calibration process,
since they are matched with thelaslt architectural drawings. But to develop tbede
compliant model, these components are modified to meet the minimum requirement of

ASHRAE 90.22004for the opaque components and fenestrations

Table4-3: Case Studyuildingd As-Built Exterior Construction

Climate Exterior Exterior Exterior Exterior Exterior
Zone 4a | Roof Wall Mass | Shaft Wall- | Slabon Door
South Grade
Outside 60 mil TPO | 4in Yain Vaporseal- | Metal
layer single ply (200mm) (29mm) plastic film | surface
membrane | Lightweight | gypsum
Concrete board
Layer 2 4 in Insulation: Wall air MAT-4in 1in (25mm)
(200mm) Mineral space (200mm) Insulation
Lightweight | fiber: resistance | Heavy board
Concrete processed weight
from rock- Concrete
slag- or
glass(R-20)
Layer 3 Insulation: | 4in Ya in | CarpetPad
Mineral (200mm) (29mm)
fiber: Lightweight | gypsum
processed | Concrete board -
from rock-
slag- or
glass(R-30)
Layer 4 4in Wall air - - -
(200mm) space
Lightweight | resistance
Concrete
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Table4-4: Continued

Climate Exterior Exterior Wall Exterior | Exterior Exterior
Zone 4a Roof Mass Shaft Slabon Door
Wall - Grade
South
Layer 5 - 5/8 in (16mm) | - - -
Drywall
(gypsum board)
U-Factor
(Btu/hr.ft 2 F) 0.030 0.040 0.516 0.177

Table4-5: Case Study Buildingy 8s-Built Windows Characteristics

Climate Zone 4a

Exterior windows

U-Factor (Btu/hr.ft 2.F) 0.29
SHGC 0.31
VT 0.6

Table4-6: Case Study Buildingy 8s-Built Interior Construction

CEIECS L2t Interior Interior Interior
2004, Climate | Interior Wall i
Floor Ceiling Door
Zone 4a
. . 8in (0mm |1lin
. 5/8 in 9mm) | Acoustic : .
Outside layer gypsum board | tile lightweight (25mm)
concrete wood
Wall air space Ceiling air | Ceiling air
Layer 2 . space space -
resistance : :
resistance | resistance
8in
5/8 in @9mm) | (200mm) o ]
Layer 3 gypsum board | lightweight Acoustic tile
concrete
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Window-to-wall ratio (WWR) is the measure of the percentage area determined by
dividing the building's total glazed area by its exterior envelope wall dadde 46 shows the

case study buildingrindow to wall ratio for each tade

Table4-7: Case StuglBuildingd 8Vindow to wall Ratio

Window-Wall Ratio | Total North East South West

Gross Wall Area [f] | 25,212.6 | 4,069.4 8,614.1 4,069.4 | 8,459.6

Above Ground Wall 252126 | 40694 |8614.1 4,069.4 | 8,459.6

Area [ff]

Window Opening |5 6753 | 9457 20165 |0 2,913
Area [ff]

Gross Window\Wall

Ratio [%] 23.3 23.2 23.4 0 34.4

4.2.3 Building Operating Characteristics

The building is assumed to follow typical office occupancy patterns with peak
occupancy occurring from 8 AM to 5 PM weekdays with limited occupancy beginning at 7
AM and extending until 6 PM for janitorial functions. For the medium office, Saturday, $funda
and holiday occupancy are modeled at5D06 of peak. Schedules for lighting and
miscellaneous equipment were matched to occupancy schedules with additional limited usage

during unoccupied times. HVAC system schedules were matched to the occupancyeschedul
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and allow forearlier startup times t@arn the proper and desired place temperaitiifeeonset

of normal occupancy.

4,.2.4 Primary Model HVAC Systems

The case study building served by thre@ir Handling Units (AHUS) to regulate and
circulate the airThe AHUs atcase studyuilding are thredarge metal bogsat each floor
containing alower, acoolingcoll, filter racks or chambers, sound attenuators,dampers
(Figure414). Each AHU in each floorconnecs to aductwork ventilation systenthat
distributes the conditioned air through thelthng and returns it to the AHURN this building,
ductwork ends irseveral Variable Air Volume (VAV) terminal boxasth or without electric

reheat coils for different zone.

# Return Air

noarny
0]

Make Up Airies3
From ERU

I\‘

(d) ‘ ?Sulpply Air =

To VAV Boxes

T
Outside Air i‘
I

Figure4-14: Case StudyBuilding AHU Diagram

VAV is a type oHVAC systemthatchangethe airflowrateat a constant temperature
to meet the increasing and decreasing heat gains or Wisisiesthe thermal zonél'he simplest
VAV system includes onsupply ducthat, when in cooling mode, distributes supply air at a

constant temperature of approximately’$513°C) (Figure 415).
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According to asbuilt mechanical drawings, there are 35 zones being served\ly V

boxes with electric reheat (Figurel®) and eight zones being served by VAV boxes without

electric reheat (Figure-46).

TE-702-B-7-C
SaTmp
VAV-RH
ArF IN1_| RET
VAV-RH
ioh) [ LOW)
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Figure4-15: Case Study Bilding VAV with Reheat Diagram
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Figure4-16: Case StudyBuilding VAV with No Reheat Diagram

FreeazerFarm zone which is equiped with several freezers is also served with two fan

coil units with cooling coils onlyWhenever theVAV box cannot maintapace temperature,

the controller shall start the FCU fan and modulate the chilled water valve to maintain space

temperature (about 75 F).
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Figure4-17. Case Study Bilding Split SystenDiagram

Four zonegLAN A017, LAN A117, LAN A 217, andelevator room) are being served
by ductlesssplit systems. A split system contains imdoor section and matching outdoor
sectionwhich are connected by refrigerant tubing. The indoor section certdist fan, indoor
coding coil, and filter while the outdoor sectiancludesthe compressor and condenser
(Figure 417).

This building also equipped witan Energy Recovery Unit (ERU)o exchange
theenergycontained in space aiwith the incoming outdoor ventilation air ttreat

(preconditionthe makeup air which goes to the AHU@=igure 418).

S T
Outside Air @ E Make Up Air ;7
d /

uoopnogggrno

Exhaué Air L—O\‘ é

8 \2 o Exhaust Air

Figure4-18: Case Study BuildingenergyRecovery UniDiagram
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EnergyPlugloes not support a single BRserving multiple AHUs.Therefore,
afiHeatExchanger:AirToAir:SensibleAndLaténbject needs to be addéal the Dedicated
Outside Air (DOA)system of each AHW@long with a heating coiAccording to EnergyPlus
input/output reference, the sensible and latertaair heat exchager typically is used for the
exhaust or relief air heat recovery. Heat exchanger performance can be identified to transfer
sensible energy, latent energy or both between the supply and exhaust air streams. Performance
is defined by specifying sensible dodlatent effectiveness at 75% and 100% of the nominal
(rated) supply air flow rate at two operating conditions: heating mode and cooling mode. This
heat exchanger object can be used in conjunction with a conventiosaleaeconomizer
(DOE, 2015)

The case study building also takes advantage of an economizer to provide free cooling.
AEconomi zer operates by pulling cooler outs
mechani cal c (BSD-Yolntigns, 2§13) Foe timed period of very cold weather
(heating mode), the AHU takes iretlowest outdoor airflow and mixes it with returning air.

The mixed air is then heated as necessary to sustain the desired-augply space)
temperature ASHRAE Standard 6212004 or building code requirements determine the

mi ni mum i ntake of outdoor air. During #Acool
example), the required space temperature can be maahtaitteut any mechanical cooling

or heating by simply adjusting the mix of outdoor air and returnlaithis mode, the
economizer system adjusts both the outdand returrair dampers, modulating these airflows

to match cooling capacity with coolingdd without mechanical cooling. Intake airflow
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varies between the minimum setting and a maximum value (100% of supply airflow) to
maintain the supphair (or space) temperature at peint. During mild weather (55°F to 75°F

[13°C to 24°C], for example), edoor air can provide some cooling capacity, but not enough

to satisfy the load, so mechanical cooling supplements the economizer cooling provided by the
wide-open outdocair damper. We refer to this mode as integrated economizer because it
combi ne&s cifoneeng (100% outdoor air) with mec
cooling capacity. The system stays in integrated economizer mode until outdoor conditions
reach thenigh limit shutoff setting TRANE, 2006)

In EnergyPlus model, a mixed airod has its own controller type -called
fiController:OutdoorAio. The outdoor air controller is designed to provide outdoor air for
ventilation and also free cooling (through additional outdoor air and/or bypassingt@aiair
heat exchanger) whenever pddsi The outdoor air controller encompasses a number of user
selectable limit controldf any of the selected limits are exceeded, the outdoor airflow rate is
set to the minimunmBYy settingthe economizer typt fiFixedDryBullo, the economizer will
set tle outdoor airflow rate at minimum if the outdoor air temperature is higher than a specified
dry-bulb temperature limit. The specified doylb temperature limit is set to 65F according to
buil dingdés control record drawings.

Thecase study buildings equpped with several meters thddtach it from the rest of
the buildings. These energy performance meters measure the lighting, equipment (plug loads),

HVAC, district chilled water, and district hot water of building.
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The district chilled water and distriobt water measurements enable us to implement
the district cooling and heatingbject in the model instead of modeling the entire plemnt.
district heating and cooling model, thesast some centralized source of chilled and hot water
which allows the user to achieve a simulation without specifying operating parameters or curve
fits for chiller or boiler models. This modetquires to connedb the loop and the nominal
capacity to simwte. This model calculates the output capacity necessary from the inlet
temperature to the set point temperature for that loop with the given mass flow rate in Watts

(DOE, 2015)

4.2.5 Weather Data for Primary Model

There are three matgpe of weather data with traditional use cases for each:

QD ATypi cal 06 we a intatiee of straet I@ecation overeap artatimrg period of
time, often used for design and performance conditions over the life of a building
Typical Meteorological Year (TMY) files are created by looking afi 38 years of
hourly data to presents the rangeaafather phenomena for the location in question,
while still giving annual averages that are consistent with thetlermg averages for
the location in questiofHensen & Lamberts, 2012) The initial TMY file was
subsequently replaced by TMY2 and TMY3. TMY2 files use 30 years of data in about
1990,with an enhanced weighted average selectiethod andserved as the default

EnergyRus weather files until late in 2010. TMY3 files use 15 years of data were
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introduced in 2005 with a higher emphasis on solar radiation variables and also
included precipitation as a variable.

(2 "nActual 6 weather dat a: a t erical ofgirpee wsedffar ¢ | o c
simulation calibration to energy bills

B AFutureodo weather dat a: u s BHandarg Bhresatltha&p t 1 v e

New, 2012)

To predict building load and heatimgnd cooling performance over the building life
cycle, theTMY 3 file for Raleigh Durham International Airposas used in theodecompliant

modeland for the reatime calibrated simulation model using AMY weather file is necessary

4.2.6 Case Study BuildingCalibrated Model Development

Building Energy Model (BEMzxalibration isdesignedo adjust and adapt tipgimary
BEM model based on measured data to produce an updated BEM model that can accurately
mirror the actual building operation performanteday kegislation is also concerned with the
energy performance of buildings, The ASHRAE 90.1, and International Performance
Measurement and Verification Protocol (IPMVP) develop frameworks for the calibration
process to enforce a minimum standard of efficie®&§HRAE Guideline 142002 allows
building modelers to useonthly and hourly datas well as spot and shagrmmeasurements
to calibrate BEM modelsThe guideline useshe Mean Bias Error (MBE) and Coefficient of
Variation of the Root Mean Squared Er@VRMSE) indices to represent how well a

mathematicamodel describeshe variability in measured datdThe computer model shall
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have an MBE of 5% and a CVRMSE of 15% relative to monthly calibration data. If hourly
calibration data are used, these requirents shall be 10% and 30%, respectivé®SHRAE,

2002) NMBE and CV(RMSE) equations are as follows:

1 Normalized Mean Bias Error (NMBE)

n
Z izl(YSimulated,i - Ymeasured,i)
}_]measured o (n o p)

NMBE =

Where:

y = monthly (or hourly) eneggconsumption

0 = meanof monthly (or hourly) energy consumption
n =number of data points

p =number of predictor variables

1 Coefficient of Variance of Root Mean Square Error (CV(RMSE))

n
CV(RMSE) — X \/ Zi:l(YSim,i - Ymeas,i)2

(n—p-1)

meas

Where:
y = monthly (or hourlyenergy consumption

0 = meanof monthly(or hourly) energy consumption
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n =number of data points
p =number of predictor variables

Thecase study buildings a new constructed building and started working since 2014.
The measured building performance dataeavailable since 2014. The performamoeters
are trending data for each month till July 2016. After July 2016, meters settings have been
changed to our request for hourly and 15 minutes interval data. Thegiorary model is

calibrated using the historical monthly data from 2015.

4.2,7 Weather Calibration

Actual Meteorologicaly ear(AMY ) weather data file is aactual hourly data sets over
the last year or time period where energy use a@&available, but put into the same formats
as a TMY file.In the previous studies the challenging issus teanormalize the building
simulation model results to the actual weather data. This challenge has been thatittdy
by usingthe Elementsprogram Elements is a free, opeource, crosplatform software tool
for creating and editing custom weatHiles for building energy modelin@he goal of this
tool is to develop a comprehensive, integrated application suitable for handling all of the
common tasks associated with weather filB&g-LadderSoftware, 2015)Elements was
developed by Big Ladder Software with the funding and collaboration of Rocky Mountain
Institute. Elementauses a smart spreadsheet editoeta/write common weather file formats
(DOE-2 .bin, .fmt) andEnergyPlus (.epw) and Wowse/edit weather dat&lements also has
tools for bulk data transformation: offset, scale, normabrel opy and paste to/fromxgel

(Big-LadderSoftware, 2015)
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To use Elements, we need to start frddational Oceanic and Atmospheric
Administration(NOAA) website and gather the recent yegather data (ex, 201&hd store
them in an Excel fileFigure4-19 shows the Excel spreadsheets of NOAA weather data for
2015. Figure4-20also shows how to transfer the data from Excel spreadsheets to the Elements
table for making an AMY weather filéfter creating the AMY weather filand wrap it into
an epwformat, EnergyPlus can use it to simulate the building model and generate the weather

calibratedresults.
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Figure4-19: NOAA WeatherData for2015
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Figure4-20: Creating AMY WeatherFile Using Elements

Figure 421 shows the comparison between dry bulb temperature in3Mivd 2015
weather dataFigure 422 and 423 also compare the TMY3, AMY 2014nd AMY 2015
weather data in terms of dry bulb temperature and relative humidity in 3D graphs. The graphs
show less hot days in summer 2014 and rainier days during winter 2214 MY weather
dataandmore hot days in summer 2015 and rainier days (hdayd) during winter 201%&n

TMY weather data.

= TMY3: Outdoor Air Drybulb Temperature AMY: Outdoor Air Drybulb Temperature
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Figure4-21: AMY -2015and TMY WeatherDataDiscrepancies
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Figure4-23: (a) TMY, (b) 2014WeatherFile, (c) 2015WeatherFile Relative Humidity

4.2.8 Calibrated Model Internal Loads

Internal loads include heat generated from occupants, lightglectticalequipment
(elevator and plug loads such as computers, printers, small beverage machines, etc.). Modeling
the energy impacts of the building internal loads using the EnergyPlus simulation program
requires assumptions about the building internal load iityeasd operation schedules. For
the occupancy loads, the load intensity refers to the peak occupancy for a typical day. For

lighting and plug loads, these loads are represented by the peak power density.
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4.2,.8.1 People

According to EnergyPlus Input Output Refezenthe people statementappliedto
model the occupantodés effect on the space cor
addresses thimitial and basic affects as well as providing information tlsatipplicableto
report the thermal comfort af group of occupants.

There are three methods for calculating the nominal number of occupants (people) in
the Zong DOE, 2015)

1.People: With this choice, the method used will be a straight insertion of the number
of occupants (people).

2. People/Area: With this choice, the method used will be a factor per floor area of the
zone(No. of occupants/for n?).

3.Area/Person: With this choice, the method used will be a factor of floor area per
person.

There idack of certaintyin the internal loasldue to people because of gversityin
foretellingthe number of occupants in a building at any given time. In the absence of better
data, the number of occupants can be estimated on the basis of one occupafif fEm?)
in auditoriums 27 f2 (2.5 m?) in schools 32-54 ft2 (3i 5 m?) in retail stores, and08-162 f£
(10 15 n?) in officesaccording to ASHRAE 90.1 200 our calibrated modektep 1 and 2,
peoplefrea methodand in step 3 and 4, area/people metiodelected to calculate the

occupancy peak in each zone. Tabléshows thggeaknumber of people in each zonethre
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case study buildingrhe building occupancy profile is listed in a table for each calibration step

in order to have a better comparidmtween each step.

4,2.8.2 Lights
According to EnergyPlus Input Output Referencelitjets statemergnablesyou to
identifydataora zonebés electric |ighting system,

schedule, and how the heat fraghts isdistributed thermally.

Table4-8: Occupancy Peak fdtachZoneType inCase Studyuilding

Zone People Density People Density
(Person/ft) (ft¥person)

Break Room 0.06 54

Closed office 0.005 130
OpenOffice 0.005 130
Conference 0.05 130
IT-Room 0.005 130
Lobby 0.01 100
Corridor 0.0aL 100
Mechanical room - 150
Stair - 130
Rest Room 0.01 160
Storage - 150

A zone may have multiple Lights statements. For example, one statement may describe

the general lighting in the zone and another the task lighting. Or you can use multiple Lights
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statements for a zone that has two or more general lighting systems #raindiésign level,
schedule, etcThere are three methods for calculating the inairighting level in the Zone

(DOE, 2015)

(1) Lighting Level: with this choice, the method used will be a straight insertion of the
lighting level (Watts) for the Zone.

(2) Watts/Areawith this choice, the method used will be a factor per floor area of the zone.
(The Watts per Zone Floor Area field should be filled).

(3) Watts/Personwith this choice, the method used will be a factor of lighting level (watts)

per person.

The information gthered from thease study buildinghows the average Lighting
Power Density (LPD) of 0.75N/ft? (8.07 Wi/n¥) to be used itthe calibratednodel Also, the
lighting fixture schedule in the electrical drawings is a good source toofihébout each
r o o hogbtsg types, voltage, and Watt. Anotherportant parameter is the lighting profile
(lighting schedule) which is associated with the occupancy sensaseastudy buildingrhe
lighting schedule identifies the times during the day that each spaagspehe peak/specific
percentage of lighting power densifihis parameter is manipulated in several iteration to
achieve the most accurate lighting schedule for different months in a course @fti6i%ire

listed in a table for each calibration step
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4.2.8.3 Equipment

Miscellaneous electric equipment isn@inenergy end use sector. In office buildings,
plug loads can account for about 25% of total onsite energy consunfigit®yn2003) The
above percentage may go higher as the building becomes more energy eflibent.
information gathered from thease study buling shows the average Equipment Power
Density (EPD) of W/ft? (10.76 W/n?) to be used irthe calibratednodel Also, the power
plan and panel schedule from the electrical drawings is a good source to find out about each
r o o mo s The équipgnent profiléequipmentschedule)dentifies the times during the day
that each space type uses the peak/specific percentagpiipmentpower density.This
parameter is manipulated in several iteration to achieve the most accurate equipnaes sche
for different months in a course of 201®ne of the spaces, Freefarm, need more precise
evaluation in terms of equipment power density and schedule since it has severa fioeezer

special purposs.

4.2.9 Calibration Steps

This study takes advantagaelsmanual iterative calibration method which is based on
user experience and adjustment of inputs on adriar basis and graphical and statistical
calibration method which is based on specific graphical and comparative displays of the results
to oriert the calibration proces$n order to bettefollowt he mod el cal i brati
stepsevery stepbs maj or par ameeperatedyThe fesultsdoe s ar e

each step also are illustrated in one graph for every performance thaghting electricity,
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equipment electricity, mechanical electricity, chilled water and hot water energy consumption)

to better visualize the changes.

4,2.9.1 Calibration Process Step 1

Table4-9: Step 1Adjustments

No. Adjustments

1 AMY weather file is implemented into EnergyPlus mod® run the
simulation

2 LPD=0.75W/ft? (8.07 W/nt), EPD=1W/ft? (10.76 W/nf). The lighting
and equipment schedules are remained the same.

3 ERU heating coilsschedules arefixed to be ON during Jan, Feb, Marc
Oct, Nov, Dec From 6AM/PM and OFF during May, Jun, Jul, Aug, 3
Sep

Table4-10: Step 1 Lighting/Equipment/Occupancy Schedule

Lighting Schedule Equipment Schedule Occupancy Schedule
S Weekdays V\Lec)elilézr;c;s/ Weekdays V:/_ﬁil:g;dss/ Weekdays \Iflvci %I;eynsd e
1 0.05 0.05 0.2 0.1 0 0
2 0.05 0.05 0.2 0.1 0 0
3 0.05 0.05 0.2 0.1 0 0
4 0.05 0.05 0.2 0.1 0 0
5 0.05 0.05 0.2 0.1 0 0
6 0.1 0.05 0.2 0.1 0 0
7 0.1 0.1 0.2 0.1 0.1 0
8 0.3 0.1 0.2 0.1 0.2 0
9 0.9 0.5 0.5 0.2 0.85 0
10 0.9 0.5 0.5 0.2 0.85 0
11 0.9 0.5 0.5 0.2 0.85 0
12 0.9 0.5 0.5 0.2 0.85 0
13 0.9 0.5 0.4 0.2 05 0
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Table4-11: Continued

Lighting Schedule Equipment Schedule Occupancy Schedule
SEp Weekdays V\lfﬁilézr;d:/ Weekdays V\L%?ilézr;?/ Weekdays \;'V;%Igaynsds/
14 0.9 0.5 0.5 0.2 0.85 0
15 0.9 0.05 0.5 0.1 0.85 0
16 0.9 0.05 0.5 0.1 0.85 0
17 0.9 0.05 0.5 0.1 0.85 0
18 0.7 0.05 0.4 0.05 0.7 0
19 0.3 0.05 0.2 0.05 0.05 0
20 0.3 0.05 0.2 0.05 0.05 0
21 0.1 0.05 0.1 0.05 0.05 0
22 0.1 0.05 0.1 0.05 0.05 0
23 0.1 0.05 0.1 0.05 0.05 0
24 0.05 0.05 0.1 0.05 0.05 0
Total | 10.5 4 7.2 2.65 8.6 0

4,2.9.2 Calibration Process Step?2

Table4-12: Step 2Adjustments

No. Adjustments

1 Lighting and quipmentscheduls are changedor JarFeb, MarchNov, and
Dec

2 Hot water temperaturis changed fromi80F to 200F (82.2 C to 93.3 C)

3 Supply air temperatuiis changed from 65F to 5588.3 C to 12.7 C)

4 Heat exchanger nominal supply air flow ratechanged from autosize to
2,500 cfm (ft3/min) (1.18 ni/s).

5 Coil:Heating:Watemaximum water flow rates changed from 1@al/min(6.3
*10" m¥s)to 3.5 gal/min(2.2 *10* m®/s)

6 Economizelis added to the model (type: differential dry bulb
Toa>Tra C Outside AiFmin)

7 HW plant loop availabilityis changed tdialways ONb.
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Table4-13: Continued

No. Adjustments
8 ERUG exhaust fans added to the model
9 ERUGs rotary wheeklectric powels increasedased on the dsuilt drawings.
10 Occupancy schedule levisldecreased
Table4-14: Step 2Lighting/Equipment/Occupancy Schedule
Lighting Schedule Equipment Schedule ggﬁggslgcy
Step2 Jargeieb, Mar -Nov Jarlgelj:eb, Mar -Nov
EEERE Week | Weekends/ Uieelakye) Week | Weekends/| Week | Weekend
weekends/ days Holiday weel_<ends/ days Holiday | days s/Holiday
Holiday Holiday
1 0.04 0.04 | 0.04 0.06 0.03 | 0.06 0 0
2 0.04 0.04 | 0.04 0.06 0.03 | 0.06 0 0
3 0.04 0.04 | 0.04 0.06 0.03 | 0.06 0 0
4 0.04 0.04 | 0.04 0.06 0.03 | 0.06 0 0
5 0.04 0.04 | 0.04 0.06 0.03 | 0.06 0 0
6 0.04 0.1 |0.04 0.06 0.03 | 0.06 0 0
7 0.04 0.1 |0.04 0.06 0.03 | 0.06 0.1 0
8 0.04 01 |0.04 0.06 0.03 | 0.06 0.2 0
9 0.1 02 |01 0.15 0.15 | 0.15 05 0
10 0.1 0.2 (0.1 0.15 0.15 | 0.15 0.5 0
11 0.1 0.2 |0.1 0.15 0.15 | 0.15 0.5 0
12 0.1 0.2 (0.1 0.15 0.15 | 0.15 0.5 0
13 0.1 0.2 (0.1 0.15 01 |0.15 0.3 0
14 0.1 0.2 |0.1 0.15 0.15 | 0.15 0.5 0
15 0.04 0.2 |0.04 0.15 0.15 | 0.15 0.5 0
16 0.04 0.2 |0.04 0.15 0.15 | 0.15 0.5 0
17 0.04 0.2 |0.04 0.15 0.15 | 0.15 0.5 0
18 0.04 0.2 |0.04 0.06 0.1 |0.06 0.3 0
19 0.04 0.04 | 0.04 0.06 0.1 |0.06 0.05 |0
20 0.04 0.04 | 0.04 0.06 0.1 |0.06 0.05 |0
21 0.04 0.04 | 0.04 0.06 0.06 | 0.06 0.05 |0
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Table4-15:; Continued

Lighting Schedule Equipment Schedule ggﬁggslr:acy
Jan, Feb, Jan, Feb,
Step2 Dec Mar -Nov Dec Mar -Nov
Weekdays/ Week | Weekends/ Weekdays/ Week | Weekends/| Week | Weekend
HECkSIlde] days Holida peskes days Holida days s/Holida:
Holiday y Y | Holiday Y y Y y
22 0.04 0.04 | 0.04 0.06 0.06 | 0.06 005 |0
23 0.04 0.04 | 0.04 0.06 0.06 | 0.06 0.05 |0
24 0.04 0.04 | 0.04 0.06 0.06 | 0.06 0.05 |0
Total | 1.32 2.74 | 1.32 2.25 2.08 | 2.25 52 0

4.2.9.3 Calibration Process Step 3

Table4-16: Step 3Adjustments

No. Adjustments

1 Corridor zones are added to the open office.area

2 Split systend keating coil is set to OFBince the split systems are cooli
only.

3 Cooling set points changed from 69F20.5 C)to 72F(22.2 C). The st
backis 65F(18.3 C) during winter.

4 Heating set poinis changed from 75F23.8 C)to 72F(22.2 C). Theset
backis 80F(26.6 C) during summer.

5 LAN r oo mo6 s changado fFA(25 €)t(no sesback)

6 FreezerFarm rootins s ei$ chgmgedorvar (22.2 C)(no set back)

7 FreezerFarm EPB increased t@.5W/ft? (29.9W/m?).

8 Economizer (Fixed dry bullparameterss modified based on the dmuilt
drawings

9 TheERUO motary wheeklectric usas modifiedbased on the mechania
drawings.

10 Interior window shadings addedo the model
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Table4-17: Step 3Lighting/Equipment Schedule

Lighting Schedule

Equipment Schedule

Step3 Jan, Feb, Dec Mar -Nov Jan, Feb, Dec Mar -Nov
weekends| Week | Week | Weekends/| weekends| Week | Week | Weekends/
/Holiday days days Holiday /Holiday | days | days Holiday

1 0.03 0.1 0.06 |0.03 0.06 0.08 [ 0.07 | 0.06

2 0.03 0.1 0.05 |0.03 0.06 0.08 | 0.07 | 0.06

3 0.03 0.1 0.05 |0.03 0.06 0.08 | 0.07 | 0.06

4 0.03 0.1 0.05 |0.03 0.06 0.08 | 0.07 | 0.06

5 0.03 0.1 0.05 |0.03 0.06 0.08 | 0.07 | 0.06

6 0.03 0.1 0.1 0.03 0.06 0.08 | 0.07 | 0.06

7 0.03 0.1 0.46 |0.03 0.06 0.08 | 0.07 | 0.06

8 0.03 0.1 0.46 | 0.03 0.06 0.08 [ 0.17 | 0.06

9 0.03 04 0.36 0.03 0.06 0.15 | 0.17 | 0.06

10 0.03 0.4 0.36 |0.03 0.06 0.15 [ 0.17 | 0.06

11 0.03 0.4 0.36 0.03 0.06 0.15 | 0.17 | 0.06

12 0.03 0.4 0.36 0.03 0.06 0.15 | 0.17 | 0.06

13 0.03 0.4 0.36 |0.03 0.06 0.15 [ 0.15 | 0.06

14 0.03 0.4 0.36 0.03 0.06 0.15 | 0.17 | 0.06

15 0.03 0.4 0.36 |0.03 0.06 0.15 [ 0.17 | 0.06

16 0.03 0.4 0.36 0.03 0.06 0.15 | 0.17 | 0.06

17 0.03 0.4 0.36 |0.03 0.06 0.15 [ 0.17 | 0.06

18 0.03 01 046 0.03 0.06 0.15 | 0.15 | 0.06

19 0.03 0.1 046 0.03 0.06 0.03 | 0.05 | 0.06

20 0.03 0.1 0.04 |0.03 0.06 0.03 [ 0.05 | 0.06

21 0.03 0.1 0.04 |0.03 0.06 0.03 | 0.05 | 0.06

22 0.03 0.1 0.04 |0.03 0.06 0.03 [ 0.05 | 0.06

23 0.03 0.1 0.04 |0.03 0.06 0.03 | 0.05 | 0.06

24 0.03 0.1 0.04 |0.03 0.06 0.03 [ 0.05 | 0.06

Total | 0.72 51 563 |0.72 1.44 2.32 | 2.62 | 1.44
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Table 4-18: Step 30ccupancyschedule

Occupancy Schedule

Step3 Jan-Mar, Oct-Dec Apr-Sep
Weekdays Wegkends/ Weekdays Wegkends/
Holiday Holiday

1 0 0.05 0 0.05
2 0 0.05 0 0.05
3 0 0.05 0 0.05
4 0 0.05 0 0.05
5 0 0.05 0 0.05
6 0 0.05 0 0.05
I 0.9 0.05 0.1 0.05
8 0.9 0.05 0.1 0.05
9 0.9 0.05 0.2 0.05
10 0.9 0.05 0.2 0.05
11 0.9 0.05 0.2 0.05
12 0.9 0.05 0.2 0.05
13 0.9 0.05 0.1 0.05
14 0.9 0.05 0.2 0.05
15 0.9 0.05 0.2 0.05
16 0.9 0.05 0.2 0.05
17 0.9 0.05 0.2 0.05
18 0.9 0.05 0.2 0.05
19 0.9 0.05 0.2 0.05
20 0.9 0.05 0.2 0.05
21 0.9 0.05 0.2 0.05
22 0.9 0.05 0.2 0.05
23 0 0.05 0.05 0.05
24 0 0.05 0.05 0.05
Total | 14.4 1.2 3 1.2
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4.2.9.4 Calibration Process Step 4

Table4-19: Step4 Adjustments

No. Adjustments
1 Split systemsarechanged tdi dctless split systems cooling olwith no
outdoor air based on mechanical drawings
2 A unit heatetis added to the north stairs zone.
5 LAN r oo mo s changado BFo(23.8 C)(no set back)
6 FreezerFarm rooth £PD andscheduleare modified based on electric
drawings EPD= 4 WI/ft? (43 W/nT).
7 Fants efficiencyismo d i f i esthtic pressuredissodified based on th
asbuilt drawings(AHU, ERU, FCU, Split system fans)
8 The occupancy and infiltration schedules are fixed.
9 Cooling coil schedule is adjusted basecbon i | di ngdés ope
Table4-20: Step4 Occupancyschedule
Occupancy Schedule Mlscs.g]zfjtﬁ):ncy
Step4 Jan-Apr, Sep May-Aug Oct-Dec Mar -Nov
weekends| Week | Weekend | Week | weekends| Week | weekends| Week
/Holiday days | s/Holiday | days | /Holiday days | /Holiday days
1 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0
7 0 05 0 02 |0 0.9 0 0
8 0 0.5 0 04 |0 0.9 0 0
9 0.1 0.5 0.1 07 |0.2 0.9 0.1 0.2
10 0.1 0.5 0.1 0.7 |0.2 0.9 0.1 0.2
11 0.1 0.5 0.1 0.7 |0.2 0.9 0.1 0.2
12 0.1 0.5 0.1 0.7 |0.2 0.9 0.1 0.2
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Table4-21: Continued

Misc. Occupanc
Occupancy Schedule ScheduFI)e y
Step4 Jan-Apr, Sep May-Aug Oct-Dec Mar -Nov
weekends| Week | Weekend | Week | weekends| Week | weekends| Week
/Holiday days | s/Holiday | days | /Holiday days | /Holiday days
13 0.1 0.5 0.1 0.6 0.2 08 0.1 0.2
14 0.1 0.5 0.1 0.7 0.2 0.9 0.1 0.2
15 0.1 0.5 0.1 0.7 0.2 0.9 0.1 0.2
16 0.1 0.5 0.1 0.7 0.2 0.9 0.1 0.2
17 0.1 0.5 0.1 0.7 0.2 0.9 0.17 0.2
18 0 0.5 0 0.2 0 0.9 0.15 0
19 0 0.5 0 0.2 0 0.9 0.05 0
20 0 0.5 0 0 0 0.9 0.05 0
21 0 0.5 0 0 0 0.9 0.05 0
22 0 0.5 0 0 0 0.9 0.05 0
23 0 0 0 0 0 0 0.05 0
24 0 0 0 0 0 0 0.05 0
Total | 0.9 8 0.9 7.2 1.8 14.3 |1.42 1.8

4,2.10 Calibration Steps Graphs

The case study buildinhas several meters installed in order to measure the lighting,
equipment, and mechanical electricégpdto monitorthe chilled and hot water consumption
and energy use. These metars set totrend monthly datavhich is started from 201tb
generally assess the building operatignbuilding managersThe historicaimonthly meters
data and utility bills for 2015 anesed for he casestudy building modelcalibration process.
In each calibration step, the EnergyPlus model results are compared with sweedatata
for 2015 and the NMBE and CV(RMSE) are calculated for each performance metric in order
to evaluate the iprovement in the calibration proceBgyure 424 through 428illustrateeach

calibration step resudtelated to each performance metric (lighting, equipment, whole building
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electricity, chilled water, and hot water energy us&ld the statistics indicdMBE and
CV(RMSE)). The calibration acceptance critefor each calibration step are MBE€6 and
CVRMSE<15% for monthly data calibratioif he final step (calibrated model) is displayed in
red in all of the graphs.

Hot water (200 K93.3 C) is only used for ERU heating coil in order to preheat the
outdoor air before mixing with return air and entering the VAV boxes. Although the HW
energy use pattern in calibrated model $tep follows the measured data pattern but still it

is very challaging to bring the NMBE and CV(RMSE) into the range.
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Figure4-24: Model CalibrationSteps Lighting Electricity
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Figure4-25. Model Calibration Step€£quipmentElectricity
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Figure4-26. Model Calibration StepsA/hole Building Electricity
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