North Carolina Agricultural and Technical State University

Aggie Digital Collections and Scholarship
Dissertations Electronic Theses and Dissertations

2014

Intelligent Approaches For Modeling And Optimizing Hvac
Systems

[l Raymond Tesiero
North Carolina Agricultural and Technical State University

Follow this and additional works at: https://digital.library.ncat.edu/dissertations

b Part of the Computational Engineering Commons, Power and Energy Commons, and the Systems and

Communications Commons

Recommended Citation

Tesiero, lll Raymond, "Intelligent Approaches For Modeling And Optimizing Hvac Systems" (2014).
Dissertations. 98.

https://digital.library.ncat.edu/dissertations/98

This Dissertation is brought to you for free and open access by the Electronic Theses and Dissertations at Aggie
Digital Collections and Scholarship. It has been accepted for inclusion in Dissertations by an authorized
administrator of Aggie Digital Collections and Scholarship. For more information, please contact iyanna@ncat.edu.


https://digital.library.ncat.edu/
https://digital.library.ncat.edu/dissertations
https://digital.library.ncat.edu/etds
https://digital.library.ncat.edu/dissertations?utm_source=digital.library.ncat.edu%2Fdissertations%2F98&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/311?utm_source=digital.library.ncat.edu%2Fdissertations%2F98&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/274?utm_source=digital.library.ncat.edu%2Fdissertations%2F98&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/276?utm_source=digital.library.ncat.edu%2Fdissertations%2F98&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/276?utm_source=digital.library.ncat.edu%2Fdissertations%2F98&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digital.library.ncat.edu/dissertations/98?utm_source=digital.library.ncat.edu%2Fdissertations%2F98&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:iyanna@ncat.edu

INTELLIGENT APPROACHES FOR MODELING AND OPTIMIZING HVAC SYSTEMS
Raymond Charles Tesiero Il

North Carolina A&T State University

A dissertation submitted to the graduate faculty
in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY
Department: Computational Science and Engineering
Major Professor: Dr. Nabil Nassif
Greensboro, North Carolina

2014



The Graduate School
North Carolina Agricultural and Technical State University
This is to certify that the Doctoral Dissertation of

Raymond Charles Tesiero 11

has met the dissertation requirements of
North Carolina Agricultural and Technical State University

Greensbhoro, North Carolina
2014

Approved by:

Dr. Nabil Nassif Dr. Harmohindar Singh
Major Professor Committee Member
Dr. Kenneth Flurchick Dr. Ahmed Megri
Committee Member Committee Member

Dr. Ram Mohan

Dr. Marwan Bikdash _
Graduate School Representative

Department Chair & Committee
Member

Dr. Sanjiv Sarin
Dean, The Graduate School



© Copyright by
Raymond Charles Tesiero 11

2014



Biographical Sketch

Raymond Charles Tesiero Il was born on January 25, 1970 in Albany, New York. He
has 20 years of experience, starting his engineering employment in the private sector during
college at a general mechanical contracting company in 1989 and worked at a variety of
companies as a co-op during college. He received his Associate of Applied Science degree in
Civil Engineering Technology from Hudson Valley Community College (H.V.C.C.) in 1991 and
his Bachelor of Science degree in Mechanical Engineering from Rochester Institute of
Technology (R.1.T.) in 1995. He was then employed for an additional 16 years and has extensive
experience in executive level roles in the private sector where he rose to the position of President
of a signal communication and system integration company which was a contractor for the
federal government with top secret clearance. He has worked for a variety of companies and has
held the following titles: Mechanical Engineer, Project Engineering Manager, Plant Engineer,
Plant Manager, Division Manager, Executive Vice President and General Manager. He is
currently a PhD candidate in Computational Science and Engineering at North Carolina A&T
State University (NC A&T) where he also received a Master’s of Science degree in Civil
Engineering in 2010. He is currently employed as a Research Coordinator and is responsible for
government grant proposals, energy audits, building thermal modeling and analysis for the
Center for Energy Research and Technology (C.E.R.T.) and provides input to academic curricula
in the HVAC and energy areas. Ray also provides training and outreach programs in the pursuit
of reducing energy and water consumption, promoting sustainable design practices, and
reduction measures. He has eight publications to his credit, taught numerous workshops,
presented at several international conferences, has been the co-principle investigator of four

grants, and is a member of ASHRAE.



Dedication
| dedicate this dissertation to my wife, Michelle S. Tesiero, for her support and
encouragement and our two daughters, Charlie and Samantha, who sacrificed family time to
allow me to continue my graduate education, and for being there for me throughout the entire
master and doctorate programs. | also dedicate this to my parents, Raymond Charles Tesiero Jr.
and Mary C. Tesiero, who encourage me to excel in all that I do, instilled a great work ethic,
taught the importance of hard work and higher education and always pushing my siblings and |

to continue to pursue goals.



Vi

Acknowledgements

I would like to thank my research advisors at North Carolina Agricultural and Technical
State University for guiding me through the masters’ and doctoral dissertation programs. This
includes my PhD advisor Dr. Nabil Nassif and my master’s advisor Dr. Harmohindar Singh both
from the Civil, Architectural and Environmental Engineering (CAEE) Department and my PhD
committee members Dr. Marwan Bikdash and Dr. Kenneth Flurchick both from the
Computational Science and Engineering (CSE) Department, and Dr. Ahmed Megri from CAEE,
they have generously given their time and expertise to better my work. | thank them for their
contribution and their good-natured support. 1 would like to especially thank my principal PhD
research advisor Dr. Nabil Nassif for guiding me through the research and programming.

| would also like to thank Dr. Harmohindar Singh, director of The Center for Energy
Research and Technology, C.E.R.T., who hired me during my master’s degree and employed me
full-time, enabling me to finance my education. Without my employment at NC A&T, my
graduate advisors, my committee members, and my professors in CSE and CAEE, | would not be
able to achieve the honor of obtaining a PhD in Computational Science and Engineering. |
would also like to thank my wife, Michelle, children, Charlie and Samantha, and my parents,

Mary and Ray, for their love and support to achieve my goals.



vii

Table of Contents

S o T U= USSR SUSSPRSS Xiii
LEST OF TADIES ...t xxiii
LISt OF SYMDOIS ... s XXIV
ADDreviations and SYMDOIS ... XXXI
DImenSioNIESS NUMDETS ..ot XXXViii
Abbreviations and DefiNItiONS ..o XXXiX
SUBSCIIPES ...ttt b bbbt b bbbt b ettt b et b eneas xli
AADSTFACT ...ttt bbbt bbbt 1
CHAPTER 1 INtrOUUCTION. .....cutiiiiieiesieeeest ettt bbb 3
1.1 Research Goals and ODJECHIVES .......c.ccuiiieiieiie e 10

1.2 The Scientific CONLIIDULION .........coiiiiiieiice e 11

1.3 DiSSertation OULIING ........cc.oouiiiiiii e 15
CHAPTER 2 LIterature REVIEW .......cveuiiiiiiieiiite ittt 18
2.1 HVAC System Modeling and Simulation ... 19

2.2 HVAC DeSign OPtIMIZALION. .......cviieiiiiesieiiesiesieeeeee ettt 20

2.3 CONMIOI FUNCLIONS ...ttt bbbttt bbb 25

2.4 Current Self-Learning Research EffortS...........ccccoveiiiiiiicie e 33

2.5 Self-Tuning/Learning Supervisory Control Strategies .........ccevevveveivieieenecie e 35

2.6 Literature REVIEW SUMMAIY .......coiiiiiiiieitesiisie sttt 37
CHAPTER 3 MEhOUOIOQY .....c.vetitiiiiiiiiiieieiee ettt 40
3.1 Materials and Methods - System Configuration...........cccccceeviiiie s 41
3.1.1 The VAV air handling SYStEM. .......ccciiiiiiiieiie et 45

3.1.2 VAV system with return fan with direct control. ............ccccooveviiiiiiiii e 46



viii

3.1.3 TNE VAV SYSTEIM. .ottt te ettt e e e e b e ssaesnaentesneenneenee s 47
3.1.4 The conditioned Space, area, OF FOOM. .........cccuereeruearuesreereesieseesseseesseesseseesseensens 48
3.1.5 THe VAV GAMPEL. ..ottt sttt et e sraene e e sneenee s 51
3.1.6 TNE VAITOUS SENSOIS. ....veuvvitisieiistesteieeiesses ettt sn et b et ss et sb e nn e nne e 52
3.1.7 VAV system simulation and 0DSEIVAtioNS. .........ccccoveiierieriieneenie e 52
.18 HVAC SYSEBIM. ...ttt et be et esbeeenne e 53
3.2 The Building Automation SyStem (BAS)......ccccoceiiiiiiiiiieeeie e 57
3.2.1 Tool for simulation and analysis. ...........cccccveieriieiiiie e 68
3.2.2 Interaction with MATLAB environmMeNt...........ccoeoiieieiinineise e 69
3.2.3 Component MOEIS. ........coveiiiiiiee e 70
3.3 MOdel DEVEIOPIMENT .....c.vieeieciecece et 72
3.3.1 PSYCNOMELIIC PrOGIAMS. ...cuveuviiieiitesiesti sttt ettt 74
3.3.2 VAV SYSIEM MOGEL. ..o s 76
3.3.2.1 Z0ONE MOUEL. ..o 77
3.3.2.2 Total pressure Model. ... 79
3.3.2.3 Fan and pump MOUEIS. .......c.civeiiiiiiieee e 80
3.3.2.4 Ventilation MOGEL. .........cooiiiiiiiiie e 85
3.3.2.5 System calculation Model.............coooveiiiiiiic e 88
3.3.2.6 Cooling COil MOEL. ..ot 90
3.3.2.7 Constraint MOEL. ..........coviiiiiiie e 93
3.3.3 Central plant MOGEL. ........coooviiiiieee e 97
3.3.3. L Chiller MOl ..o 98
3.3.3.2 HydroniC MO .......cc.oruiiiiiiiiiisieiee e 103
3.3.3.3PUMP MOGEL.....oiiiee e 107

3.4 Genetic Algorithm for Tuning Model Parameters. ...........ccovririninieienese e 108



3.5 OPUIMIZALION PrOCESS ....cuvieviiieeiieeiesieestee e eteste e e seestaestesseesteesteasaesseesseeneesseenseaneesneenes 111
3.5.1 Optimization process MOEl. .........cccoevviieiiieii e 112

3.5.1.1 HVAC simulation Model. ..........cooeiiiiiiiiicieeeeeecee e 115

3.5.1.2 Genetic algorithm for optimization ProCess. ..........ccevvereerenerenenenennenn. 115

35,2 USBI INPUL. ..ottt n bbb eneas 117

3.5.3 USEI OULPUL. ...ttt bbb 118

3.5.3. 1 USEI INTEITACE. ..ocveiiiiiieeieee e 119

CHAPTER 4 Model Training and TESTING .......c.eoeririiiiiiieieie e 121
4.1 Model Training and TESEING ......c.eiveiiiieiie e nas 121
4.1.1 Fan and pump model training and teSting. .......cccoooeveriiineniinieieee s 122

4.1.2 Chiller model training and teStING. ........ccccvriiriiiiiee s 133

4.1.3 Cooling coil model training and teSting. ........ccooereierininenieeee s 136

4.2 Component Models General Statement............cooviiriiiiei e 139
CHAPTER 5 RESUITS.....coutiiieieieie ettt bbbttt n et b bbb 142
CHAPTER 6 Conclusion and FULUIe WOTK ..o 169
6.1 FULUIE WOTK ... bbb bbbt 170
REFERENGCES ... oottt ettt b et e b e st e e bt nbeenbeesnbeesbeeantaen 175
APPENDIX A PSYChrometriC PrOPerti€S........ccuciiiieiiiiiiie sttt sva e 182
A.1 Perfect Gas Relationship for Dry and MOist Air. ........ccoceiieiieie e 182

A.2 DeW POINT TEMPEIATUIE. ....oviitiiiieiieiieeeie ettt bbb b 183

A.3 Dry Bulb TEMPEIAIUIE. ..ottt bbb 184

A.4 Enthalpy and HUMIAItY RALIO. ......covieiiiiiieccec e 184
A5 Saturation ENNAIPY......c.oooiiiiieccce e e 185
A6 Relative HUMIAILY. ....ccvoiieiiieeee e 185

AT DIY AN DENSILY. .ttt bbbttt bbb b 186



A8 MOISE AT DENSILY. .veiieiieiieit ettt e e e ste e re e teeneeaneenes 186
AL SALUTALION PIESSUIE. ...ttt 186
A.10 Saturation Temperature of Water Vapor. .........ccccooeiiiiiiniiisieeeesee e 187
A.11 Saturated Air Dry Bulb TemMpPerature. ..........ccccooveieieneieieniseceeee e 188
A.12 Wet and Dry Bulb TEMPEratUre. ........c.coveieeiieieeie e 188
A.13 Psychrometrics from Dry Bulb Temperature and Enthalpy. .........cccccooviienviieinenee. 189
A.14 Psychrometrics from Dry Bulb Temperature and Relative Humidity. ....................... 190
A.15 Psychrometrics from Dry Bulb Temperature and Humidity Ratio. ..............cc.cccenee. 190
APPENDIX B Heat and Mass Transfer COmMPONENtS..........c.cccvvevveiieiieieerie e 192
B.1 NTU-Effectiveness ANAlYSIS.........ccovoiiiieiiiii et 192
B.2 Heat Exchanger UA from Rating INfOrmation. ............cccocceriiininininieienese e 196
B.3 Heat Transfer for Air-Liquid Coil with Dry Fin Surface. ..........ccoocooviiiiniiiiis 200
B.4 Cooling Coil with Completely Wet SUIfacCe. ........ccoveiieiiiiecie e 201
B.5 Cooling Coil with Partially Wet SUrface. .........ccccoveviiiiiiccecc e 202
B.6 Outlet Conditions fOr Wet Coil. ..ot 203
APPENDIX C Fans and PUMPS .....cuoiuiiiiiiieieieiesie sttt 204
C.1 OULIEBE POWET. ...ttt 204
C.2 FaN MOLOI HOPSBPOWEL . ......vvieiiiie ittt ettt e e snb e snbe e s snae e e snneeenneeans 204
C.3 VEIOCIEY 1N DUCL. ...ttt bbbt 205
C.4 RECTANQUIAT DIUCES. ..ottt bbbt 205
C.5 Equivalent Round Duct Size for a Rectangular DUCL. ..........ccccocveviiiiieiie e, 205
C.6 Equations for Flat Oval DUCIWOIK. ..........cccviiiiiiiiciic e 206
C.7 DuCt Air Pressure EQUALIONS. .........coueiirieriininiinieieiesie ettt 206

C.8 VEIOCITY PrESSUIE. ...ttt bbb bbb 206



Xi

C.9 PUMP MOTOF HOISEPOWET . ...ttt ettt ettt ettt e e e nneeen 207
C.10 PUMP ATFINITY LAWS. ..c.viiieciicciecie sttt ns 208
C.11 Pump Affinity Laws for a Specific Centrifugal PUMP.........cccooiiiiiiiiiicneee 208
C.12 Changing the Impeller DIAMELET. .........coiiiiiieieee et 209
C.13 SPECITIC GIaVILY. ....eiueeiieeiecieceee ettt sttt et e te e e e nns 210
C.14 HEad 8N PIESSUIE. ......eiiiiiieiiiteiteeeit ettt 210
C.15 VEIOCItY HEAG. ....cveieiiiiieie bbbt 210
C.16 Bernoulli’s EQUAtION. ....cccviiiiiiiiiiiiciieiie e 210
C.17 Pump Net Positive Suction Head (NPSH). ......c.cooiieiiiicceeeece e 211
C.18 PUMP SPECITIC SPEEU. ....cvvieieiece sttt et et 212
C.19 PUMP L0AdSs and MOTOIS. ......couiiiiiiieriesiesiesie e 212
C.20 SIMPIe SYSTEM PUMIP. ..c.viiiiiiiiiieiee e 213
(O R I T [N o o (0] 0T (=TSRSS 214
C.22 Cy TaDIB. .ttt et ens 214
C.23 K TADIE. et bbbttt e e bbb 215
APPENDIX D Zone and Ventilation ...........ccooeiiiiiiiiiiiiieeese e 216
D.1 Roofs, External Walls and Conduction through GIass. ..........c.cccceevviviiieiiicie e 216
D.2 Partitions, Ceilings and FIOOIS. ..........cooviiiiiieie e 216
D.3 POPIE. .. bbb 217
D.4 ConductiVe Heat TranSTer. .........couiiiiiieieiesiesesee e 217
D.5 R-VAIUBS/U-VEAIUES. ...t 218
D.6 Heat Loss through Infiltration and Ventilation. ............cccccoocveviiiiiciie i 218
D.7 Air Change Rate EQUALIONS.........ccoiiiiiiiiiiesiesesiieiee ettt 219

D.8 Ventilation FOrMUIA. ......coooeeeeeee 219



Xii

D.9 OULAOOT AT, ..ottt 220
D.10 Dilution VENTHALION. ....cveiiiiiiiecieeiee s 221
APPENDIX E OLSTOP GraphS....cccciiiieiieie ettt 222
E.1 Optimal Variables (Ts, Ps, Tw, Dpw) Graphs. ..o, 222
E.2 Pump Power Comparison (OV, SP & FOM) Graphs.........cccceccevieeienieiienieie e 232
E.3 Chiller Power Comparison (OV, SP & FOM) Graphs..........ccccovvevieveiiiesiesesieseenens 242
E.4 Optimal Chilled Water Temperature, Ty, Graphs. .......cccooviiiriiiiinnine e 252
E.5 Optimal Ts with Fan and Chiller POwer Graphs. ..........cccceviiiniiinieieenese s 262
E.6 Fan Power Comparison (OV, SP & FOM) Graphs. ........cccccevevieiieneiie e 272
E.7 Optimal Chilled Water Differential Pressure, Dpy Graphs. .........ccccocovviiiiiiinniinnnenn, 282
E.8 Optimal Supply Temperature, Ts Graphs. .........ccooueirieriieiesene e 292
E.9 Optimal Duct Static Pressure, Ps Graphs. ........cccoiveiiiieiieieeie e 302
E.10 OLSTOP Total Power Savings Comparison to SP & FOM Graphs. ..........c.ccceevvennns 312
E.11 OLSTOP Total Power Comparison (OV, SP & FOM) Graphs. ..........cccecveveiiieinennnns 322
E.12 Qsys and Q, Comparison (OV & FOM) Graphs. ..........ccccviviiiiiiiiiciccce 332
E.13 Optimal Variable Equipment Power (Chiller, Fan & Pump) Graphs. ...........cccccoveene 339

E.14 Outside Conditions (Tap & Twb) GrapNS. ...vcvevveeieeieeeeeeeeeeeeee e, 349



Xiii

List of Figures

Figure 1. Power production INthe USA. ... 4
FIQure 2. US IECIICITY PIICE. ..ottt 5
Figure 3. Global carbon dioxide emissions from fossil fUels. ... 6
FIgure 4. AMEIICAN BNEIGY USE. ...c..eiuiuiiiiuieieeieeiere et st sttt it ste et et ettt et e se e e e n e e e benbeabeaneeneas 7
Figure 5. Total building energy consumption by end USE...........cccooeieriiiniiinieeeese e 7
Figure 6. Projected world marketed energy CONSUMPLION. ......ccoooieriiiiiinininecieeeee e 9
Figure 7. Major components of building energy CONSUMPLION. ........cccooeririiiniieiee e 30
Figure 8. Major components of HVAC 10ad parameters. ...........cccoovereinineneieneneiesesneese s 30
Figure 9. Major components of building eqUIPMENT. .........coiiiiiiie e 31
Figure 10. Energy, thermal, and environmental performances of buildings. ...........cccccocvvnnnnne. 32
Figure 11. HVAC simulation System OLSTOP.........cccciiiiiiiiiieiesc e 43
Figure 12. VAV air handling SYSTEM. ......cciiiiiiieieieiesie st 46
Figure 13. Typical air handling unit (AHU) system showing dampers. ..........cccccoeverencienennnnn. 51
Figure 14. Central plant — chiller piping SYStEM. ........coiiiiiiiiiiee e 55
Figure 15. TypPICal CRIIIEI.......c.ooiiiie e 56
Figure 16. Typical boiler piping system to heating coils in AHUS. .........ccccooiiiiiiiniicee, 57
Figure 17. NC A&T BAS WEDSITE. ....ccuoiiiiiiiiiee e 58
Figure 18. Academic classroom building MENU. ..o 59
Figure 19. Academic classroom building’s air handling unit 4. ...........cccooveiiiii e 60
Figure 20. Variable frequency drive (VFD) POINTS. .........coiiiiiiiieieie et 61
Figure 21. AHU-4 variable-air-volume (VAV) boX SUMMArY. ........cccociiiiiiniceec e 62

Figure 22.

AHU-4 summary status and SEt-POINTS. .........ccuriririrrerere e 63



Figure 23.
Figure 24.
Figure 25.
Figure 26.
Figure 27.
Figure 28.
Figure 29.
Figure 30.
Figure 31.
Figure 32.
Figure 33.
Figure 34.
Figure 35.
Figure 36.
Figure 37.
Figure 38.
Figure 39.
Figure 40.
Figure 41.
Figure 42,
Figure 43.
Figure 44,

Figure 45.

Xiv

Academic classroom building AHU-4 3™ floor north zone. ...........cc.coeeveveenereenennn. 64
Academic classroom building AHU-4 3 floor south zone. .............ccocoveevveenrvsnrenne. 65
Real BAS data SAT and CHWT OVEr tIME. ......ccoovuiiiiiieie e 67
Real BAS data SA and RA fan power OVer tIMe...........cccoviiiiiiniieiee e 68
Optimization process flOW Chart............ccooiiiiiiniie e 75
CONSEIVALION OF MASS. ....eiiviiiieie ettt esneeeennee e 77
CONSEIVALION OF BNEIQY....ccueiiiieiiiie ittt b e sneeneesnee e 77
ZONE QHAGIAIM. .ttt bbbttt sb bbbttt e et et bbb reenes 78
TOLAl SLALIC PrESSUIE. ..cuveeiieieeeiie ettt te e e et et e e s e sreeneesreenreaneens 80
OLSTM fan model parameters predicted with iterative process. ........cccccvevevvereennnne 81
OLSTM pump model parameters predicted with iterative process.........ccccceevervvennene. 82
Economizer mode air handling unit (AHU) SYSTEM. ........cccooiiiiiiniiieie s 90
Cooling coil Model diagram. ..o s 93
Chiller model diagram. .........ccooeiiiiie e 100
Typical head loss piping diagram for chiller to cooling coils in AHUSs. ................... 104
Genetic algorithm objective function = minimMumM error...........cccocevevevenieeneene e 110
Research sSChematic diagram. ..........ccooiiiiiiinieeee e 112
Genetic algorithm objective function = minimum total energy Use. ...........cc.ccevenene 116
User interface from Optimization PrOCESS. .........cveuerieriereriesiesieeieie e 120
Fan and System Performance CUIVES. ..........ccoiiiiiiiiiee e 124
A pressure comparison of a 15 ton unit: FM and DFM. ........cccccoeevieviiiiin e 126
A power comparison of a 15 ton unit: MD, FM, SFM, and DFM. ..........c..cccccvenee. 126

The CV for the 15 ton unit for airflow rate of case | & mfr. A...oooovvvvvevviiii, 128



Figure 46.
Figure 47.
Figure 48.
Figure 49.
Figure 50.
Figure 51.
Figure 52.
Figure 53.
Figure 54.
Figure 55.
Figure 56.
Figure 57.
Figure 58.
Figure 59.
Figure 60.
Figure 61.
Figure 62.
Figure 63.
Figure 64.
Figure 65.
Figure 66.
Figure 67.

Figure 68.

XV

STM fan SpPeed COMPAIISON. ....c..eiieiieiieie ettt 131
STM fan POWET COMPATTSON. ....cueeuieieieieitesie ittt sr e ereas 132
STM Chiller COMPATISON. .......oiuiiieieieii e 136
STM c00ling COil COMPAIISON. .....cuviiiiiiiiieiieeie e 139
OLSTORP total power savings comparison to SP & FOM. ........ccccceoeiininiiininnnnns 143
Cooling loads (2 pm May 19) obtained from eQUESL. .........ccceevvrierinieniereee e 144
Outside temperaturesS (Tah & Tuh)« «eeeeereeererrreeremieeseerieeeeseeseeee e seeseesreesseeeesseesees 145
Optimal variable equipment power (chiller, fan, pump) — May........ccccoceevirininnnnnns 146
Total HVAC power comparison (OV, SP & FOM) - May 21 & 22. .......ccccceevenene. 147
Standard practice (SP) OF SATR Ts VS. To. coouereirerierieeieseesiesie e seeeee e sie e e neas 148
Qsys & Qo comparison (OV & FOM) - May 19. ..o, 149
Optimal variable equipment power (chiller, fan and pump). .......ccccceoeveiiininnnnns 150
Total power comparison (OV, SP & FOM). ....ccooiiiiiiiiiniicneeee e 152
OV total power savings comparison (SP & FOM) - May 28. ........cccoceveniieninnnnnns 153
Fan power comparison (OV, SP & FOM).......ccociiiiiiiiiiiese e 154
Fan power comparison (OV, SP & FOM) - May 19. ......ccccccvvieieeiriie e 155
Pump power comparison (OV, SP & FOM). .....cccciiiiiiiiiiiieeeee e 157
Pump power comparison (OV, SP & FOM) - May 19........ccccccvvieiinieineie e 158
Chiller power comparison (OV, SP & FOM)......cccccoiiiiiiniiiiiiieeese e 159
Chiller power comparison (OV, SP & FOM) - May 21 & 22........cccccccvevveiveveesnennn 160
Optimal variables (Ts, Ps, Tw, Dpw) = May 19. ..o, 161
Optimal chilled water tempPerature, Tu.....o.cooeriririeiere e 162
Chilled water differential pressure set-point, Dpw, ...ccooovvvviiiiiiiiiiniiccins 163



Figure 69.
Figure 70.
Figure 71.
Figure 72.
Figure 73.
Figure 74.
Figure 75.
Figure 76.
Figure 77.
Figure 78.
Figure 79.
Figure 80.
Figure 81.
Figure 82.
Figure 83.
Figure 84.
Figure 85.
Figure 86.
Figure 87.
Figure 88.
Figure 89.
Figure 90.

Figure 91.

XVi

Optimal supply temperature, Ts with fan and chiller power. ............ccccooeiiiiiiiins 165
Optimal supply tEMPEratUre, T ....oieeiieieiiereeie e es 166
Optimal duCt StatiC PrESSUIE, Ps. ...c..oveiiiiiiiiieiieieeee e 167
Total power comparison (OLSTOP, SP & FOM) — May........ccccceevnieiininiieniennnn 168
Enthalpy versus temperature for water and air...........c.ccovovereeienieene s 188
Properties of moist air on psychrometric chart.............ccocoiiiiiiici 190
COUNTET TIOW. ..t 193
Parallel TIOW. ..o 194
CrosS FIOW UNMIXE. .....cviiiiiiiieieie e 194
IMIEXEA FIOW. ..ttt 195
Schematic diagram of a shell and tube heat exchanger. ..........c.ccooeveiiiiiiiiincnns 197
Optimal variables (May, JUNe, AUQUSL).......cccccvririierieie e 222
Optimal variableS (May)........cccuoiiiii e 223
Optimal variables (May 19).......ccoiiiiiiiiie e 224
Optimal variables (May 21 & 22). ..o 225
Optimal variables (May 28, 29, 30).........ccoiriiirieieieie e 226
Optimal variables (May 28).........c.coiiiiiiiiiieieeie e 227
Optimal variables (JUNE)........ooiiiiiei e 228
Optimal variables (JUNE 9).......ooiiiiii e 229
Optimal variableS (AUGUST). ......oviiiieiieie e 230
Optimal variables (AUGUST 11). ....cvoiiiiiiiiiiiiieeee e 231
Pump power comparison (May, JUNe, AUQUSL). ......cccvrruerrereeiiesieenieseeseeseeseesieeneens 232

Pump power cOmMPariSON (IMAY). .......oieiiriiieieieiese et 233



XVil

Figure 92. Pump power comparison (May 19). .......coiiiiiiiiiiiniieiee e 234
Figure 93. Pump power comparison (May 21 & 22). ......ccceieieiiiiniieseseseeeeeee s 235
Figure 94. Pump power comparison (May 28, 29, 30). ......cccoeririrririiineseseeeeeee s 236
Figure 95. Pump power comparison (May 28). ........ccooiiiriiiiieieiese s 237
Figure 96. Pump power cOmpariSON (JUNE). ......ccuerueruireririenieieie ettt 238
Figure 97. Pump power compariSon (JUNE 9). ......ooviiiiiiiiiiieieie et 239
Figure 98. Pump power compariSON (AUGUSTE). .....ccveiireririiieieiesiesie e 240
Figure 99. Pump power compariSon (AUGUSE 11). ......coiiiiiiiiieieiene e 241
Figure 100. Chiller power comparison (May, June, AUGQUSL). ........cccoirireririeeieee e 242
Figure 101. Chiller power compariSon (MaY). .....ccooiiiiiiiiieieieiesie et 243
Figure 102. Chiller power comparison (May 19). ......cccoiiiiiiiiiiiee s 244
Figure 103. Chiller power comparison (May 21 & 22). .....ccceieieieiiiineseseeeeese e 245
Figure 104. Chiller power comparison (May 28, 29, 30). .....ccoeieriririieriseeeeeee s 246
Figure 105. Chiller power comparison (May 28). ........coviiririeiireie st 247
Figure 106. Chiller power compariSon (JUNE). .....cc.eiiriiiirerieieiesiesie sttt 248
Figure 107. Chiller power comparison (JUNE 9). ......cooiiiiiiiiieieiese s 249
Figure 108. Chiller power compariSon (AUGQUSL). .......ooeiireiieieieiesee e 250
Figure 109. Chiller power comparison (AUGUSE 11). .....cciiiiiriiiiieie e 251
Figure 110. Optimal chilled water temperature T,, (May, June, AUQUSL). .......ccccerererenerenennn. 252
Figure 111. Optimal chilled water temperature Ty, (MaY).....cccooeiiiiniiiiiniciecee e 253
Figure 112. Optimal chilled water temperature Ty, (May 19).....cccooiiiiiiiiiiiiee e 254
Figure 113. Optimal chilled water temperature Ty, (May 21 & 22).......ccccovviviiiiiiiiiieicieeene 255

Figure 114. Optimal chilled water temperature Ty, (May 28, 29, 30).......cccccevvrrerererenireriene 256



Figure 115.
Figure 116.
Figure 117.
Figure 118.
Figure 119.
Figure 120.
Figure 121.
Figure 122.
Figure 123.
Figure 124.
Figure 125.
Figure 126.
Figure 127.
Figure 128.
Figure 129.
Figure 130.
Figure 131.
Figure 132.
Figure 133.
Figure 134.
Figure 135.
Figure 136.

Figure 137.

Optimal chilled water temperature Ty, (May 28)......ccceiiriiiiiriinieiie e 257
Optimal chilled water temperature Ty, (JUNE)....ccveieeiieiieiesiereee e 258
Optimal chilled water temperature Ty, (JUNE 9)....oovviiiiiiiiiiicieeee e 259
Optimal chilled water temperature Ty (AUQUSL). ..o.vevieiieierieriee e 260
Optimal chilled water temperature Ty, (AUQUSE 11). .ooiiiiiiieiieee e 261
Optimal T, with fan and chiller power (May, June, AUQUSL). ........ccevvereiiirieninns 262
Optimal T, with fan and chiller power (May). .......ccoooeiieiinienene e 263
Optimal T with fan and chiller power (May 28, 29, 30). .....ccoovivieiirciceneie 264
Optimal Ts with fan and chiller power (May 28). .......ccociiiiriiniicieee e 265
Optimal T with fan and chiller power (May 21 & 22). ......ccccovvvvieieniic e 266
Optimal T with fan and chiller power (May 19). ......cccoiiiiiiiiniecec e 267
Optimal Ts with fan and chiller power (JUNE). ......cccooeiiriiiiiiinieiee e 268
Optimal T with fan and chiller power (JUNE 9). ....c.coeiiiiiiiiiiee e 269
Optimal T with fan and chiller power (AUQUSL). .......cocceviiiiiiiricee e 270
Optimal T with fan and chiller power (AugUSt 11). ......cccooviiiriiiiieiec e 271
Fan power comparison (May, June, AUGQUSTE)..........cccoriririiinieieee e 272
Fan power COMPAariSON (JUNE). .....ocuiiiriiieieieienie et 273
Fan power compariSon (MaY). ......cccooiiiiimiiieiene e 274
Fan power comparison (May 19). ..o 275
Fan power comparison (May 21 & 22). .....cccoeieieieieienesieee e 276
Fan power comparison (May 28, 29, 30). .....cocereriieiiiinereeeee e 277
Fan power comparison (May 28). ........ccuiriiiiiiiiiese e 278
Fan power comparison (JUNE 9). ......ooiiiiiiiiieiee e 279



Figure 138.
Figure 139.
Figure 140.
Figure 141.
Figure 142.
Figure 143.
Figure 144.
Figure 145.
Figure 146.
Figure 147.
Figure 148.
Figure 149.
Figure 150.
Figure 151.
Figure 152.
Figure 153.
Figure 154.
Figure 155.
Figure 156.
Figure 157.
Figure 158.
Figure 159.

Figure 160.

XiX

Fan power compariSON (AUGUSL). .....couveiirieiieiesie sttt 280
Fan power comparison (AUGUSE 11). ...ocviiiiiiiiiieiesesie e 281
Optimal chilled water differential pressure Dy, (May, June, August). ................... 282
Optimal chilled water differential pressure Dy (May). .....cccovviiiiiciiiiiiinn, 283
Optimal chilled water differential pressure Dy (May 19). ..., 284
Optimal chilled water differential pressure Dy (May 21 & 22)........cccvviiinnnen, 285
Optimal chilled water differential pressure Dyy, (May 28, 29, 30).......ccccoevvernnen, 286
Optimal chilled water differential pressure Dy (May 28). ......ccccovvviiiiiiiiiinin, 287
Optimal chilled water differential pressure Dpw (JUNE). ...coovviiiiiiiiiiiiiiie, 288
Optimal chilled water differential pressure Dpy (JUN€ 9). ..o, 289
Optimal chilled water differential pressure Dpw (AUQUSE).......ccocvviiiiiiiiiiiie, 290
Optimal chilled water differential pressure Dy (AUQUSt 11).....ccovvviiiiiiiiiiiiinn, 291
Optimal supply temperature Ts (May, JUNe, AUQUSL). ......cccererreerierierieeiesiesieeieas 292
Optimal supply temperature Ts (IMAY). . ..cooveiieereeie e e e e e 293
Optimal supply temperature Ts (May 19)......ccceiiiieiieiiee e 294
Optimal supply temperature Ts (May 21 & 22)......ccccceviveieiiieneeeeee e seeneeeens 295
Optimal supply temperature Ts (May 28, 29, 30)......ccceoiveriiiieriee e 296
Optimal supply temperature Ts (MayY 28)......cccueiviierierieiriiereeie e sree e 297
Optimal supply temperature Ts (JUNE).....c.veevieereeieseere e e 298
Optimal supply temperature Ts (JUNE 9).....cveiveiiiie e 299
Optimal supply temperature Ts (AUQUSL). ..oveieeieiieriere e 300
Optimal supply temperature Ts (AUQUSE 11). cveiviieiieieeieceereee e 301
Optimal duct static pressure Ps (May, June, AUGQUSL). .......cccoriririnieienene e 302



Figure 161.
Figure 162.
Figure 163.
Figure 164.
Figure 165.
Figure 166.
Figure 167.
Figure 168.
Figure 169.
Figure 170.
Figure 171.
Figure 172.
Figure 173.
Figure 174.
Figure 175.
Figure 176.
Figure 177.
Figure 178.
Figure 179.
Figure 180.
Figure 181.
Figure 182.

Figure 183.

XX

Optimal duct static Pressure Ps (JUNE). ..c.veoeeieeieiie e 303
Optimal duct static pressure Ps (IMAY). ....coveieerieiieiieneeee e 304
Optimal duct static pressure Ps (May 19). .....ccooiviiiiienieieiieneee e 305
Optimal duct static pressure Ps (May 21 & 22). .....cccccceiieieiiienienenie e sieesieeniens 306
Optimal duct static pressure Ps (May 28, 29, 30). .....cccooveiiriirninenie e 307
Optimal duct static pressure Ps (May 28). .......ceverieiierinieiiesese e 308
Optimal duct static pressure Ps (JUNE 9). ...oovvieeieiieiieseeie e 309
Optimal duct static pressure Ps (AUGQUST). ......civriiierireiesesese e 310
Optimal duct static pressure Ps (AUGUSE 11). .....ocoviiiiiiiieiirinieeeeeeeese e 311
OLSTORP total power savings comparison (May, June, AUguSt). ........c.ccccererernnnn 312
OLSTORP total power savings comparison (May). ........ccocererirenieieenenese s 313
OLSTORP total power savings comparison (May 19). .......c.ccooviminieienenenenennn 314
OLSTORP total power savings comparison (May 21 & 22). ......ccccevevenencnenennnnn. 315
OLSTORP total power savings comparison (May 28, 29, 30). ......cccccevvrinerenennenn 316
OLSTORP total power savings comparison (May 28). .........ccocuvvrerienenenenenenenns 317
OLSTORP total power savings compariSon (JUNE). ......ccevvererererenienienieniesiesiesneans 318
OLSTORP total power savings comparison (JUNE 9). ......cccoovrvrereeiieieniene e 319
OLSTORP total power savings comparison (AUQUSL). ........ccovrerereeieenerenenesesienns 320
OLSTORP total power savings comparison (August 11). ........cccovvmrerenenenenennenn 321
Total power comparison (May, June, AUGUSL). .......ccoceririririnieeieriese e 322
Total power cCompariSoN (IMaAY). ......ooeiiiiiiiieieiese e 323
Total power comparison (May 19). ......ccoouiiiiriiieie e 324
Total power comparison (May 21 & 22).......cccoeiiiiieiiiiieneeeeeee e 325



Figure 184.
Figure 185.
Figure 186.
Figure 187.
Figure 188.
Figure 189.
Figure 190.
Figure 191.
Figure 192.
Figure 193.
Figure 194.
Figure 195.
Figure 196.
Figure 197.
Figure 198.
Figure 199.
Figure 200.
Figure 201.
Figure 202.
Figure 203.
Figure 204.
Figure 205.

Figure 206.

XXi

Total power comparison (May 28, 29, 30). .....ccocieeiiiiriieieeie e 326
Total power compariSon (May 28). ......c.eiveiiiiriieiesie e et 327
Total power COMPAriSON (JUNE). ..cveeueiieiieieeiesieee et st sre e 328
Total power comparison (JUNE 9). ..cueiieiieiiiie e 329
Total power compariSON (AUGUSL). ..c..eivriieiieie e 330
Total power comparison (AUGUSE 11).....ccieiiiiiiieieiie e 331
Qsys & Qo COMPAriSON (MAY). ....cciviiiiiiiiiiiiii 332
Qsys & Qo comparison (May 19). ..o, 333
Qsys & Qo comparison (May 21 & 22).......ccceviiiiiiiii i, 334
Qsys & Qo comparison (May 28, 29, 30)......ccccccviviiiiiiiii e, 335
Qsys & Qo comparison (May 28).........cccociiiiiiiiiiii 336
Qsys & Qo COMPAriSON (JUNE ). 337
Qsys & Qo cOMPArison (AUGUSE 11)......ccoviiiiiiiiiiiii i, 338
Optimal variable equipment power (May, June, AugQUSL). ........ccccvrrierineneneninn 339
Optimal variable equipment pOWer (May). ......cccceviieiiieiiiieeeeee e 340
Optimal variable equipment power (May 19). ..o 341
Optimal variable equipment power (May 21 & 22). ......ccccoovviriiiiieieienc e 342
Optimal variable equipment power (May 28, 29, 30). .....cccovververeriereere e 343
Optimal variable equipment power (May 28). .......ccocoiiiiiininiinecee e 344
Optimal variable equipment POWEr (JUNE). .....cvoiiiiriiiiieiieeeee e 345
Optimal variable equipment power (JUNe 9). .....ccooiiiiiiiiiiieee e 346
Optimal variable equipment pOWer (AUGUSL). .......ooirieiiieiiriiieeee e 347
Optimal variable equipment power (AugUSE 11). ...c.cocoiiiiiininiiieieie e 348



Figure 207.
Figure 208.
Figure 209.
Figure 210.
Figure 211.
Figure 212.
Figure 213.
Figure 214.
Figure 215.

Figure 216.

XXii

Outside conditions, Tgy & Twp (May, June, AUGUSE). ...ocovveeiieiie e, 349
Outside conditions, Tgp & Tup (MAY). ceveiiiiiiieciece e 350
Outside conditions, Tap & T (MAY 19). .ooiiiiiiiiiecieeee e 351
Outside conditions, Tgp & Tuwp (MAY 21 & 22).....ooviiiiiiieiesieseee e 352
Outside conditions, Tgy & Twp (May 28, 29, 30). ..ceecveeiiiiiiecececcc e, 353
Outside conditions, Tgy & Twp (MAY 28). ...ccvviiiieie et 354
Outside conditions, Tgp & Tup (JUNE). c.eeeeieeiie e 355
Outside conditions, Tgp & Tup (JUNE ). cveeeviiiiieece e 356
Outside conditions, Ty & Twh (AUGUSE). ..ceeriiiiiiiiiieee e 357
Outside conditions, Tgp & Tup (AUGUSE 11)..eiieiiiiieiieiieieeee e 358



xXXiii

List of Tables
Table 1 OLSTOP ReSUILS TaBIE ......coiiiieiieeee e e 13
Table 2 Human Factors that Waste Energy in Buildings...........cccooeiiiiiinininiiiicec e 19
Table 3 Typical Energy Management Srategies ........ccviverieieriereniesee e 24
Table 4 1P UNit ADDIEVIALIONS ........coiiiieiieiiee et 45
Table 5 Collected Data from BAS to Microsoft EXCel .........cccooiiiiiiiiiiiiiiccc e 66
Table 6 COMPONENT MOUEIS........coviiiiiiiee e 71
Table 7 Loads Worksheet from User Input Spreadsheet ... 117
Table 8 Outside Conditions Worksheet from User Input Spreadsheet............cccooeveiiinininnnne 118
Table 9 Design Zone Information Worksheet from User Input Spreadsheet .............ccccoovvinene 119
Table 10 Fan Model Case NUMDEIS. ........ciiiiiiieieeie e e se e e sae e sreesee e sreesesseesseeneens 125

Table 11 Case | Airflow Rate CVs from Manufacturer (A) simulated by the proposed model. 129
Table 12 Case | Airflow Rate CVs from Manufacturer (B) simulated by the proposed model . 129

Table 13 CVs comparing the simulated results and manufacturer’s data for a period of three

L 110] 0114 ST USSP PO PP PRPRO 130
Table 14 Optimization Process Comparison Results Table...........ccocoviiiiiiiiiiiiiin e 142
Table 15 Set-point Variable Comparison By MOe .........cccooiiiiiiiineieee e 148

Table 16 Saturation Pressure Programming and Formula Nomenclature .............cccccociininne 187



Symbols

Tp

nt

4

bi

BF

Cu
Ce
Ci
C,
Chin

Cmax

List of Symbols
Description
Pump efficiency
Total pump/motor efficiency
area
Regression coefficients for head vs. flow
barometric pressure
Regression coefficients for efficiency vs. flow
Bypass factor
concentration
specific heat
specific heat at constant pressure
specific heat at constant volume
coefficient
fluid capacity rate
thermal conductance
loss coefficient
coefficient of performance
Capacity rate of stream 1
Capacity rate of stream 2
Minimum of the two capacity rates
Maximum of the two capacity rates

RatIO Cmin/Cmax

Typical Units
Unit-less
Unit-less

ft2

Unit-less
psia or in. Hg
Unit-less
Unit-less
Ib/ft’, mol/ft’
Btu/lb-°F
Btu/lb-°F

Btu/lb-°F

Btu/h-°F

Btu/h-ft?-°F

Btu/h °F
Btu/h °F
Btu/h °F
Btu/h °F

Unit-less



dorD
D, or Dy,

Dy

€m

fo
fr
=
fm loss

fwet

9
G

Regression coefficients for part-load performance

Specific heat of dry air

Effective specific heat of saturated air
Specific heat of liquid

Specific heat of water vapor
Diameter of pump impeller

prefix meaning differential

diameter

equivalent or hydraulic diameter
mass diffusivity

Heat exchanger effectiveness

Motor drive efficiency

base of natural logarithms

energy

electrical potential

friction factor, Darcy-Weisbach formulation
friction factor, Fanning formulation
force

Fraction of motor inefficiencies to airstream
Fraction of surface area wet
gravitational acceleration

mass velocity

heat transfer coefficient

Unit-less
Btu/lb °F
Btu/lb °F
Btu/lb °F
Btu/lb °F

in

ft

ft

ft’/s
Unit-less

Unit-less

Btu

Ibs
Unit-less
Unit-less
ft/s2
Ib/h-ft®

Btu/h-ft>-°F

XXV



ha,o
hl,sat,ent
hlsat,lvg
hsat,cond
ha,ent

ha,lvg

J

k

k (orvy)

KD

lorL

mor M

Ma rat

hydraulic head
specific enthalpy
enthalpy of dry air

mass transfer coefficient

enthalpy of moist air at saturation

total enthalpy

Leaving air enthalpy

Saturated enthalpy of air at inlet liquid temp.
Saturated enthalpy of air at exit liquid temp.

Saturated air enthalpy at condensate temp

Entering air enthalpy
Leaving air enthalpy
mechanical equivalent of heat
thermal conductivity

ratio of specific heats, c,/c.
proportionality constant
mass transfer coefficient
length

mass

molecular weight

Fluid mass flow rate

Dry air mass flow rate

Dry air mass flow rate at rating

XXVi

ft
Btu/lb
Btu/lb
Ib/h-ft*- 1b/ft®
Btu/lb

Btu

Btu/lb
Btu/lb
Btu/lb
Btu/lb
Btu/lb
Btu/lb

ft-1bs /Btu

Btu/h-ft-°F

Ib/h-ft?
ft

Ib

Ib/Ib mol
Ib/h

Ib/h

Ib/h



m

ml,rat

norN

NTU
porP
Pa

Ps

Pw

APrat

Pent

plvg

Q rat
q

c]Ioss

(ot

(tot,rat

Liquid mass flow rate

Liquid mass flow rate at rating
Liquid mass flow rate

number in general

rate of rotation

Number of transfer units, UA/Cpin
Number of heat transfer units
pressure

partial pressure of dry air

partial pressure of water vapor in moist air
vapor pressure of water in saturated moist air
power
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air-conditioning unit(s)
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ambient
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atmosphere
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coefficient

coefficient, valve flow
coil
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conductance
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Abbreviations and Symbols
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C
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APPROX
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BP
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ABS

ACU
AHU
AMB

ADP

AVG

BP
BHP
BTU
°C
COEF
Ccv
COIL
CMPR

COND

CF

XXXI



cooling load
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cubic inch

cubic feet per minute
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cubic ft per sec, standard
degree

density

dew-point temperature
difference or delta

dry

dry-bulb temperature
effectiveness

effective temperature:
efficiency

efficiency, fin
efficiency, surface
entering

entering water temperature
entering air temperature
enthalpy

entropy

equivalent direct radiation

clg load
ft3

ins

cfm
scfm
scfs
deg. or °
dens
dpt

diff., A

dbt

ET*

eff

entr
EWT

EAT

edr

CLG LOAD
CU FT CUFT,
CU IN CUIN,
CFM

SCFM

SCFS
DEGor°
DENS

DPT

DIFF

DBT

ET*

EFF

ENT
EWT

EAT

EDR

XXXl

CLOAD
CFT
CIN
CFM
SCFM
SCFS
DEG
RHO
DPT

D, DELTA
DRY
DB, DBT
EFT

ET

EFF
FEFF
SEFF
ENT
EWT

EAT



equivalent feet

equivalent inches

evaporat(-e, -ing, -ed, -or)

face velocity
factor, friction
Fahrenheit

fan

feet per minute
feet per second
flow rate, air
flow rate, fluid
flow rate, gas
foot or feet
foot-pound
gage or gauge

gallons

gallons per hour

gallons per minute

grains

gravitational constant

head
heat

heat gain

eqiv ft
eqivin
evap

fvel

°F

fpm

fps

ft
ft-Ib
ga
gal
gph
gpm
ar
G

hd

HG

EQIV FT
EQIV IN
EVAP

FVEL

°F

FPM

FPS

FT
FT LB
GA
GAL
GPH
GPM

GR

HD

HG

XXXill
EQFT
EQIN
EVAP
FV
FFACT, FF
=
FAN
FPM
FPS
QAR, QAIR
QFL
QGA, QGAS
FT
GA, GAGE
GAL
GPH
GPM
GR
G
HD
HT

HG, HEATG



heat gain, latent
heat gain, sensible
heat loss

heat transfer

heat transfer coefficient
horsepower
hour(s)

humidity, relative
humidity ratio
inch

kilowatt hour

latent heat

least mean temp. difference

least temp. difference

leaving air temperature

leaving water temperature

liquid

logarithm (natural)
logarithm to base 10
low-pressure steam
low-temp. hot water
mass flow rate

maximum

LHG

SHG

hp

rh

kWh
LH
LMTD
LTD
lat

Iwt

Ithw
mfr

max.

LHG

SHG

HP
HR

RH

KWH
LH
LMTD
LTD
LAT
LWT
LIQ
LN
LOG
LPS
LTHW
MFR

MAX

XXXIV

HGL
HGS
HL, HEATL
Q

U

HP
HR
RH
W

IN
KWH
LH, LHEAT
LMTD
LTD
LAT
LWT
LIQ
LN
LOG
LPS
LTHW
MFR

MAX



minimum

minute

not applicable

number

outside air

percent

pounds

pounds per square foot
psf absolute

psf gage

pounds per square inch
psi absolute

psi gage

pressure

pressure, barometric

pressure, critical

pressure, dynamic (velocity)

pressure drop or difference

pressure, static
pressure, vapor
Rankine
recirculate

refrigerant (12, 22, etc.)

min.
min
na
no.
oa

%

psf
psfa
psfg
psi
psia

psig

baro pr

<

p

sp
vap pr
°R
recirc.

R-12, R-22

MIN
MIN
N/A
NO
OA
%
LBS
PSF
PSFA
PSFG
PSI
PSIA
PSIG
PRESS

BARO PR

VP
PD
SP
VAP PR
°R
RECIRC

R12, R22

XXXV

MIN

MIN

PCT

LBS

PSF

PSFA
PSFG

PSI

PSIA

PSIG
PRES, P
BP

CRIP

VP

PD, DELTP
SP

VAP

R

RCIR, RECIR

R12, R22



relative humidity
return air

revolutions
revolutions per minute
revolutions per second
roughness

safety factor
saturation

second

sensible heat

sensible heat gain
sensible heat ratio
shaft horsepower
solar

specific gravity
specific heat

sp ht at constant pressure
sp ht at constant volume
specific volume
square

standard

static pressure

supply

rh
ra
rev
rpm

rps

sf

sat.

SH
SHG
SHR

sft hp

SG

sp ht
Ce

o

sp vol
sq.
std

SP

sply

RH
RA
REV
RPM
RPS
RGH
SF

SAT

SH
SHG
SHR

SFT HP

SG
SPHT
Co

Cv

SP VOL
SQ
STD
SP

SPLY

XXXVI

RH
RA
REV
RPM
RPS
RGH, E
SF
SAT
SEC
SH
SHG
SHR
SHP

SOL

CP

cv

V, CVOL
SQ

STD

SP

SUP, SPLY



supply air

surface

surface, dry

surface, wet

system

tee

temperature
temperature difference
temperature entering
temperature leaving

thermal conductivity

thermal expansion coeff.

thermal resistance
thermostat

time

ton

tons of refrigeration
total

total heat

U-factor

unit

valve

variable

Sa

temp.
TD, At
TE

TL

tons

tot ht

var

SA

TEMP

D

TE

TL

TONS

TOT HT

VAR

XXXVil

SA

SUR, S
SURD
SURW
SYS

TEE

T, TEMP
TD, TDIF
TE, TENT
TL, TLEA
K

TXPC
RES, R

T STAT

TON
TONS

TOT

UNIT
VLV

VAR



variable air volume
velocity

ventilation, vent
Viscosity

volume

volumetric flow rate
water

watt

watt-hour

wet bulb
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Abstract

Advanced energy management control systems (EMCS), or building automation systems
(BAYS), offer an excellent means of reducing energy consumption in heating, ventilating, and air
conditioning (HVAC) systems while maintaining and improving indoor environmental
conditions. This can be achieved through the use of computational intelligence and optimization.
This research will evaluate model-based optimization processes (OP) for HVAC systems
utilizing MATLAB, genetic algorithms and self-learning or self-tuning models (STM), which
minimizes the error between measured and predicted performance data. The OP can be
integrated into the EMCS to perform several intelligent functions achieving optimal system
performance. The development of several self-learning HVAC models and optimizing the
process (minimizing energy use) will be tested using data collected from the HVAC system
servicing the Academic building on the campus of NC A&T State University.

Intelligent approaches for modeling and optimizing HVAC systems are developed and
validated in this research. The optimization process (OP) including the STMs with genetic
algorithms (GA) enables the ideal operation of the building’s HVAC systems when running in
parallel with a building automation system (BAS). Using this proposed optimization process
(OP), the optimal variable set points (OVSP), such as supply air temperature (Ts), supply duct
static pressure (Ps), chilled water supply temperature (T,), minimum outdoor ventilation, reheat
(or zone supply air temperature, T,), and chilled water differential pressure set-point (Dyw) are
optimized with respect to energy use of the HVAC’s cooling side including the chiller, pump,
and fan. HVAC system component models were developed and validated against both simulated
and monitored real data of an existing VAV system. The optimized set point variables minimize

energy use and maintain thermal comfort incorporating ASHRAE’s new ventilation standard



62.1-2013. The proposed optimization process is validated on an existing VAV system for three
summer months (May, June, August).

This proposed research deals primarily with: on-line, self-tuning, optimization process
(OLSTOP); HVAC design principles; and control strategies within a building automation system
(BAS) controller. The HVAC controller will achieve the lowest energy consumption of the
cooling side while maintaining occupant comfort by performing and prioritizing the appropriate
actions. Recent technological advances in computing power, sensors, and databases will
influence the cost savings and scalability of the system. Improved energy efficiencies of existing
Variable Air Volume (VAV) HVAC systems can be achieved by optimizing the control
sequence leading to advanced BAS programming. The program’s algorithms analyze multiple
variables (humidity, pressure, temperature, CO5, etc.) simultaneously at key locations throughout
the HVAC system (pumps, cooling coil, chiller, fan, etc.) to reach the function’s objective, which

is the lowest energy consumption while maintaining occupancy comfort.



CHAPTER 1
Introduction
The recent global trend shows as fuel costs rise, improving energy efficiency in buildings

is a major concern for owners and building managers. The buildings sector account for more
than 40% of the overall energy consumption in the US. In particular, within the buildings sector,
heating and cooling applications account for more than half of all the energy consumed. With the
significant demand for energy, especially in the building heating ventilation and air-conditioning
(HVAC) systems, it is essential to develop new technologies that can improve energy efficiency
(Narayanan, S. et al., 2014). Several reasons are behind the push towards a reduction in energy
consumption:

e Energy costs

e Government grants

e Utility rebates

e Carbon footprint awareness (Greenhouse gas emissions)

e LEED certification

e Improving bottom line profits

e Net-zero energy objectives

Navigant Research forecasts that global advanced HVAC controls revenue will grow

from $7.0 billion in 2014 to $12.7 billion in 2023. The Navigant Research report analyzes the
global market for advanced HVAC controls, with a focus on the following components: sensors,
field devices, floor-level controllers, and building-level controllers. Building owners, operators,

and especially governments and regulatory agencies are increasingly focusing on optimizing



commercial building energy use through improved HVAC controls ("Advanced HVAC
Controls," 2014).

From the 2011 Buildings Energy Data Book published by the U.S. D.O.E., U.S.
building’s primary energy consumption increased by 48% between 1980 and 2009. The Energy
Information Administration (E1A) projects that this growth will stagnate due to the recession
until 2016, when steady growth is predicted through 2035. Total primary energy consumption is
expected to reach more than 45 quads by 2035, a 17% increase over 2009 levels. This growth in
buildings sector energy consumption is fueled primarily by the growth in population, households,
and commercial floor-space, which are expected to increase 27%, 31%, and 28%, respectively,

between 2009 and 2035 (D&R International, L., 2012).

Power Production
in the USA

Coal/Natural Gas

Nuclear

Hydroelectric

Other

Figure 1. Power production in the USA.

Today electricity is generated mainly from non-renewable energy sources, and over
consumption leads to faster depletion of the energy reserves on earth, see Figure 1. The majority
of electricity in the United States is produced by power plants that burn coal, with 464 such

plants producing 56 percent of all electricity. These power plants also are the nation's single



biggest source of mercury pollution. Each year, the plants spew a total of 48 tons of mercury into
the atmosphere, roughly a third of all human-generated mercury emissions. When coal is burned
in power plants, the trace amount of mercury that it contains passes along with the flue gas into
the atmosphere. The mercury eventually falls back to earth in rain, snow, or as dry particles,
either locally or sometimes hundreds of miles distant. Once the mercury is deposited on land or
in water, bacteria often act to change the metal into an organic form, called methylmercury,
which easily enters the food chain and "bioaccumulates." At the upper reaches of the food chain,
some fish and other predators end up with mercury levels more than a million times higher than
those in the surrounding environment. For the humans and wildli