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ABSTRACT

This thesis attempts to develop a Decision Tool and Guidelines for Retrofitting of Existing
Building Envelope for energy efficiency. The Tool has been developed on the commonly
available MS-Excel spread-sheet platform where, CIBSE Admittance Method has been used
to calculate cooling loads. Presently, for the purpose of this tool development the weather
conditions of three major climatic zones of India, i.e. Hot and Dry, Warm and Humid and
Composite climatic zones have only been considered.

The thermal properties of envelope systems of existing buildings in combination with
retrofitting options and their costs are the most important constraints for decision making.
Basic building information like climatic location, occupancy type, age, area, dimensions, and
envelope construction types are input / selected from drop down menus, data for which is pre-
fed in the tool. Initial, Maintenance and life cycle cost analysis along with their Net Present
Value based on energy savings for all viable options are automatically calculated and best
solution in each category suggested to the user as the tool Output. The Tool has been
demonstrated on three buildings as trial case run in the three climatic zones of India using the
weather data of Delhi, Mumbai and Jodhpur. The Tool Results of the Energy Retrofit solution
for Trial Project-1 a Five Star Hotel in Delhi have been validated using eQUEST an
established energy simulation software.

Furthermore, Regression Models have been developed based on tool results, involving energy
saving as a function of decremented U, a and SHGC Values which will enable the users to
choose the starting U, a and SHGC Values for various envelope retrofitting options. For
Technically oriented users these models could also provide a Generic Guideline for
Predicting Reduction in Heat Ingress while choosing Envelope Energy Retrofit Materials.

The Goal of this Tool is to Promote Energy Saving Retrofits.



LIRS

Tg fiR St gerd & fore Hieger fafed™ fawrt & gafafor & for ue fAufa Susmswor
3R fe=ExT fawmRid a3 &1 T Rdl 8| ¢ & 9 ¥U ¥ U THIY-IRd
-2 wWewhH R [Tl far mar g, Jei dersaitas tsfcy fafy o1 guam
AT HR &I 0T & o fovan mar 8 1 adw= A, 59 Iuwrur & f9™ & Iex0 ¥ URd
& 9 e Sraarg e &t A @) fRufa, et ek g, wf ofR o ofiR wwu
ERERCEIRNECEE IR

HiS[eT SARG! & forwts Ried & ywia o &1 XSt fadwedl 3R 39! AN & 1y
Ao # fuig o1 & fore we Hgcayuf sremd )

SFSR! $14 813 A ¥ 37Ye / Tafd gidt 8, fordes fore Susmeur # 1-1hs foran S ]
YB3, TERAG 3R Sfia T anTd fazersor Guft e fawedt & forw Soif sed &
YR TR 3P - IaHM Jod & 1Y Walfad &9 I 0T B St & AR STHI0]
3T3CYC & =4 T IUANTH! ! YU ¢ Jdd FuTt T Harad FHIYM &1 70T DI STt
21 I8 Il facet, das iR SR & HIH Sl BT ITART HRdb YR & diF STadyg
&= o gterur A & FU H <9 HaHl IR vefid fear T ]| T Uieide -1 & fag St
SIfthe THIYM & IUHRUl R feee & Ui RIdRT 8lcd &l e RAUd SHoll Rigaw=
T aTR H1 SUTNT FHRab TIud fobar T g |

2P 3faaT, T ArSd Bl IuHI0 YR & MYR R fasRyd foar mar €, fored
HH g8 Y, o AR TATISNT deg & U GARIE & U H SHoll &) gad A § ol
ST el B faftr T Aeiftsfe fawed & o et g, o iR TaEs!
O & g1 | el 411 g1 ddb-idl U ¥ 39T Suandhaisl & g 3 Ated
formTET TSI Xeifthe It gd 99 gl 399 | derdl & Higsanft & faw shRke®
feznd=r off vem R Thd § | 39 ISR BT 06T Holl s YT Bl 9gIar AT B |




CONTENTS

CERTIFICATE c..ccuuiiiiiiiinininieniennenininneesnesssesssessssesssesssassssssssssssssssassssssssssssssssasssssssssssns i
ACKNOWLEDGEMENTS ...ccouiiiiiniinnininiiniennensiensiessensesssisssissessssssssssssssssssssasssssses iii
ABSTRACT .uuiriiitiitinnicstineisssecnseiseeessiessessssssssssssssssssssssssssssssssssssssssssssssassssssssssssssssase v
CONTENTS tittcttitcnnentennecsuesseessesssssssesssesssessssssssssssessssssssssssassssssssssssesssssssasssssssane vii
LIST OF FIGURES .....uoouiiitiitiiiiinitiininsseeseisssicssesssessssssssesssesssssssssssssssssssssssssssssssses xiii
LIST OF TABLES ....uuuiiitiiiiiiiticnentecnsencsissseessesssssssssssessssessssssssssssssssssssssssssssess xxiii
ABBREVIATION ...uucoiiiiiiticniieiinicsneissesssncssicssesssessssssssssssessssssssssssessssssssssssssssssssaes XXix
CHAPTER 1L:INTRODUCTION......coiiinsrinrurnssnnssuncsansssecsseesssesssesssesssnssssssssessssssssssssssssessns 1
1.1  Energy Efficient Retrofitting of Existing Buildings ............ccccoovieiniiiniieinieenniennn 1
1.1.1 Environmental Benefits...........coceeoiiiiiiiiiiniiiiiieiccecec e 1

1.1.2 ECONOmMIC BENETIES ... ..eouuieiiiiiiiiiicie ittt 2

1.1.3 Regulatory and Social Benefits ...........coccvvieiiiiiiiiiiiie et 3

1.2 Motivation for the Problem ...........c.ocooiiiiiiiiii e 3
1.3 ReSCArCh ODJECHIVES ... .uiiiieiiiiieeiiie e ettt ee e et et ee e et ee e st ee e e s e e e e eenes 6
1.4 Scope of the ReSearch..........coooiiiiiiiiiiiie e 7
1.5  FOrmat Of TRESIS ...eeeiiiiieeeeiiiee ettt e ettt e et e e e e e eeeaeeeenneees 7
CHAPTER 2: LITERATURE REVIEW ......cciniiniinnnicsiinseinscnsesneesssesseessssecns 9
2.1 GENETAL ...ttt e e 9
2.2 Global Scenario of Energy Retrofits..........cccccvveveiiiiiiiiiiiiiiiiccieee e 9

2. 2.1 US SCONATIO ...ttt ettt ettt et et es 9

2.2.2 The EUropean SCENATIO .........cccvvieeeriiieeeiiiieeeeieeeeeineeeesireeeessseeeessnseaessnnneess 11

2.2.3 The Indian SCeNATIO .........cocuiiriiriieiiiiieit ettt 16

2.3 Effects of Climatic Zones on Building Energy Use ..........cccccevviiiiiiiiiirinicieeeeee, 18
2.3.1 Hot and Dry CHMAtIC ZOMNE .......ceeiiueeieeiiiieeeeiie e eiiee et ieeeeie e eeeeeeseeneeeeenes 19



24

2.5

2.6

2.7

2.8

2.9

2.3.2 Warm and Humid CHMAIC ZOME ....ouuneeeeineeee et eeeeeeeeaeeenns 20

2.3.3 Composite ClMALIC ZOMNE......ccuvriiieiireeeiriieeeiireeeeeieeeeeerreeeesrbeeeesenseaesenneeens 21
2.3.4 Cold ClMALIC ZONC......coouieuiiiiieiiiieiieite ettt ettt s 22
2.3.5 Moderate ClIMAtIC ZONE .......ccueeruieiiiniieniiiieiieenie ettt 22

Effects of Occupancy Type on Building Energy Use..........coccvvveevcciieeiniiieieene. 23
2.4.1 Residential Buildings .........ccceeviviiieiiiieiiiiie ettt eerree e seve e 23
2.4.2 Office BUIldings.......coeeeeiiieieiiee ettt ettt e e ee e 23
2.4.3 Healthcare Buildings............cccueiieeiiiieiiiiie ettt 24
2.4.4Retail BUuildings .......coeveiiieieiiee ettt 24
2.4.5 Industrial Buildings........ccoeeoiiirieiiei e 24

Building Energy Performance Codes and Compliance Standards ................cc..c..... 25

Specific Issues Related to Existing Building Energy Retrofit.............cccvvveiinnennne. 29
2.6.1 Existing Building Orientation and FOrm..........ccccccevvieiviiniiinniieiiceeiee e 29
2.6.2 Existing Envelope and Fenestrations..............ccccvveeeeiieiiniiiieeeiiee e 29
2.6.3 Existing Thermal MassS...........cccviieiiiiieeriiiiieccieeeeeeeeeeereee e srrae e seereaeeeenneees 29
2.6.4 EXIStING USE PACTN....cccciuvireeieiiieieeiiieeeeeiieeeeeireeeeeieeeeeeereeeesssseesessnseeessnnseess 30
2.6.5 BUAEL ISSUES ....ceeiiiiiee ettt e et e e e e e enaeea e 30
2.6.6 STIUCTUTAL ISSUCS .....eeitieeiit ettt ettt et et ae e e eae e 30
2.6.7 Operational ISSUES.......ccouiitieiiieeeeie ettt e et e e e e eenaeee e 30

Existing Methodology of Energy Retrofits...........ccccooviiiiiiiiiiiiiiie e, 30

Energy Efficient Applications in Retrofitting of Building Envelopes..................... 32
2.8 L ROOT .. 33
2.8 2 Wall..eiiiiiii e 35
2.8.3 Glazed Fenestrations .........c.ccouerueeiirniieniieieeieene ettt 36

Financial Criterion for Energy Retrofitting Measures.............ccocceeevveeriveinneecnnenn 38

viii



2.10 Methods of Calculating Building Thermal Performance..............ccccocivreniiennnnnnee. 39

2.11 Building Simulation TOOIS .........cccuiiiriiieiiiiiiie et eeiie e e erre e e sereeeenes 42
2.12 Summary of Gaps in Energy Retrofit Processes ..........ccccceevieiviiieinieinieenieeeenn 46
CHAPTER 3: METHODOLOGY TOOL DEVELOPMENT .......ccocceviensuensunnsnecsnccaees 51
3l GRNCTAL ..ttt st 51
3.2 The Objective Function for the Tool ........c...ceeviiiiiieiiiieiiiiie e 53
3.3 CHIMALIC ZOMNES....eiiutieeiieeeiiie ettt eett ettt ettt ettt et e et ettt e st e et e enteeenaaeesaneeeas 53
3.4 The Principles of CIBSE Admittance Method Used ............ccooveiiieeiiiiniiniiineee, 54
3.4.1 Steady State of Heat FIOW .....c..oiiiiiiiiiee e 55
3.4.2 Fluctuating Component of Heat FIOW............ccccoviiiiiiiiiiinie e, 56
3.4.3 Decrement 1eSponse factOr ()7 ..eeeueereeiiireeeeiiieeeiiee et e e eieeeeeseeeeesneeeeeeans 57
3.4.4 Admittance reSponse faCtOr () :......ccueieieciiieiriiiieeeeieeeeriee e e e ereeeeerreee s 57
3.4.5 Calculation of Annual Hourly Plant Load.............ccceeeeeiiieiiiiiiiiieee e 58

3.5 Decision Variables ........ccoooiiriiiiiiiniiniiiiccie et 58
3.5.1 CHMAtiC LOCALION ...ouuiiiiiiiiiiiiiiiceic ettt 58
3.5. 2 OTIENEATION ... ettt ettt ettt ettt st st ettt eaes 59

3.5.3 TYPE OF OCCUPANCY -..eeenieiieeeeiiieeeeitte et te e e et te e et e e e et e e esneeeeeeenneeeeeneeeeenns 59
3.5 4 ROOT SYSLRIM ...eiiiiiiiiie ettt et e et e e et e e et e e et eeeeneeeaenns 59
3.5.5 Wall Material.....cc.uiiiiiiiiiiiiiieeie et e 60
3.5.6 Glazed OPENINGS.......eeeeiiuireeeiiieeeeiieee e ettt e e ettee e eeteaesneeeeesnseeeessnneeeesnneeeeaas 60

3.6  Assumptions from Existing Construction Practices ............cccceeeevieeiiiireenciereennee. 61
3.7 The Energy Efficiency Retrofitting ToOl ..........ccceeeeieiiiiiiciiiie e 65
3.8  Evaluation of Envelope Energy Retrofit Solutions...........ccccceeevevveieieciieevniieeeenen. 67
3.8.1 Solution with Minimum Initial CoSt.........ccccueruirniiniiiniiiinicecie e 68
3.8.2 Solution with Maximum Energy Efficiency .........cccccoeevviviiieiiiiiiiiciiieecieeene 68

X



3.8.3 Solution with Maximum Net Present Value.........oeevveeeeiiiiiioieiiiieeeeiieeeeeenn. 69

3.8.4 Solution with Minimum Life Cycle CoSt........ccceevrvvieieriiireeriieiescieeee e 70
CHAPTER 4 :DECISION TOOL TRIAL RUN ON EXISTING BUILDINGS.............. 71
4.1 GENETAL ..ottt e 71
4.2 Trial Project 1: Five Star Hotel, New Delhi........cccccovviivniiiniiiiiiiiiieceeeee, 73
4.2.1 Project General Information............cccceeevvevieieieiiie e e 73

4.2.2 Project-1 Building Technical Inputs to Decision Tool ............cccceeeiireennnennn. 74

4.3

4.4

4.2.3 Project-1 Envelope Energy Retrofit Recommendations by the Decision Tool. 75
4.2.4 Roof Energy Retrofit Recommendations and its Interpretation....................... 76
4.2.5 Wall Energy Retrofit Recommendations and its Interpretation ....................... 78

4.2.6 Glazed Openings Energy Retrofit Recommendations and its Interpretation.... 80

Trial Project 2: YOZa CONtIC......cccoviiieiiieeeeiieeeeeeieeee et e e eiir e sevaeeeeereeeesnssaeeenns 83
4.3.1 Project General Information............cccceeevveviiiiieiiie i e 83
4.3.2 Project-2 Building Technical Inputs to Decision Tool ............cccceeevevereenennnnn. 85

4.3.3 Project-2 Envelope Energy Retrofit Recommendations by the Decision Tool. 86
4.3.4 Roof Energy Retrofit Recommendations and its Interpretation....................... 87
4.3.5 Wall Energy Retrofit Recommendations and its Interpretation ....................... 89

4.3.6 Glazed Openings Energy Retrofit Recommendations and its Interpretation .... 91

Trial Project 3: Community Centre ..........cceecueereriiuiieeeiiiieeeiieeeeiie e e seieeeeeeeeeeeeaes 93
4.4.1 Project General Information.............cccceeviiiiieiiiiie e 93
2 10103 g od 1 o TSRS 94
4.4.3 Project-3 Building Technical Inputs to Decision Tool ............cccceeeevvereennnnnn. 95
4.4.4 Project-3 Envelope Energy Retrofit Recommendations by the Tool ............... 96
4.4.5 Roof Energy Retrofit Recommendations and Interpretation..................c.u...... 97
4.4.6 Wall Energy Retrofit Recommendations and its Interpretation........................ 99



4.4.7 Glazed Openings Energy Retrofit Recommendations and its Interpretation.. 101

4.5 Brief SUMMATY.......cooiiiiiiiiiciiee ettt e etre e e e setbae s e nbeeeessereeens 104
4.6 Tool Validation with €QUEST ........cooiiiiiiiiiiie e 105
4.6.1 Roof EER Alternatives CQUEST ANalysiS.....ccceeeveveeeenriveeeeiiiieeeeiieee e 110
4.6.2 Wall Energy Retrofit Alternatives €QUEST AnalysiS........ccccceeeevereeriveeennne. 114
4.6.3 Glazed Openings Energy Retrofit Alternatives eQUEST Analysis ............... 117

4.7 Brief SUMMATY......ooiiiiiiiieeeie ettt et e et e e et ae e e neeeaesnneeeens 118
CHAPTER 5: PARAMETRIC STUDY USING TOOL RESULTS ......ccovieivuicseensuennne 119
T N € <3 T ¢ | TSRS 119
5.2 Linear Trend Line Analysis of Tool Results............ccccoviiiiiiniiiiiieeeee 119
5.2.1 Analysis of Roof Energy Retrofit Tool Results............cccceeeeiiiiiiniiiiiniinene 119
5.2.2 Analysis of Wall Energy Retrofit Tool Results............cccccceeviireinciiiieinneenns 122

5.2.3 Analysis of Glazed Opening Retrofit Tool Results ...........cccccveveeviveiiennennnn. 124

5.3 Multiple Regression Analysis of Tool ReSUlts.........ccceeeveviieieciiiieeiieieceeee e, 126
5.3.1 Roof Multiple Regression ANalysiS........cceecurereeeeuiieeeriurieeeiiiieeeesiveeeesneeeeens 126
5.3.2 Wall Multiple Regression ANalysSis.........cceecvvireeeiiieieiiiieiensiieeeeciveeeeeveeeeens 128

5.3.3 Glazed Opening Multiple Regression Analysis............ccccereriiieeenieiieeciiennnns 129

5.3.4 Brief SUMMATY ......oiiiiiiiei ettt et e et ee e e neeeeens 130

5.4 Multivariate Analysis of Tool ReSults .........ccooooieiiiiiiiiiiiiiie e 131
CHAPTER 6: CONCLUSIONS ...cutiiniiniinniisnecssenssncsssccssesssssssessssesssessssssssssssssssesssasens 135
(O B € 1<’ 1 T - Y SO PUPRUUPRR 135
6.2 Salient FEAtUIES. ...c..eiviiiiiiiiiiiiiiciteiec et 135
6.3  Original Contribution to Knowledge ...........cceeviiiiiiiiiiiiriie e 137
6.4  Limitations of the Present Work.........c.cccoceiniiiiiniiiiiiniicccceceee 138
6.5 Suggestions for Future Works ..........ccccooevoiiiiiiiiiiiiieeeee e 139

X1



REFERENCES.....iiiintinnntiininnntieissntessssseecsssssseessssssesssssssssssssssesssssssssssssssassssssssssss 141

APPENDIX- A.ucciiiiiinieninensnecnincssenssessansssesssesssessssesssssssesssssssasssssssasssssssssssssssssssssssssas 147
Climatic Data for Delhi .........cccoiiiiiiiiiiiiniiiiii e 147
Climatic Data for MUMDAIL......c..cooiiriiiiiiiiiiiiiieciteie e s 153
Climatic Data for JOANPUL.........cccviiiiiiiiieiciiii ettt ee e ae e rbe e e e 160

APPENDIX-Bi..oucciiiiiiiniinitensnecniissnenssessaissensessesssessessesssessssssssessssssssssssssssssssssssssssaes 167
Building Classification Data ............coouiiiiiiiiiiiiie e 167

APPENDIX-Cluuuuuiiniinnicnicssicseinncsssecsseissessssscssesssesssessssssssssssesssssssssssssssssssssssssssssssssssss 169
Thermal Properties of Building Materials ...........ccceeeiiiiiiiiiiii e 169
Envelope Retrofit [tems, Costs and Life Expectancy..........cccceeeciiriiiiirieicieieeeieeeeee 171

APPENDIX-Duuccuuiiuiiiiiiuicsnicniinnissicsseisessssncssesssesssessssssssssssesssssssssssssssssssssssssssssssssssss 173
Trial Project 1: Thermal Values and Cost Details of All Retrofitting Alternatives......... 173
Trial Project 2: Thermal Values and Cost Details of All Retrofitting Alternatives......... 179
Trial Project 3: Thermal Values and Cost Details of All Retrofitting Alternatives......... 185

APPENDIX-E.c.ouciiniiiiiiniiniiinnecniinienniciiieienieoseisiesessissessssissessssssssssssssssssesssssssses 191
Screen-Shots Roof eQUEST Simulation ............coocvvveeieieiiiiiiiieeee e 191
Screen-Shots Wall eQUEST Simulation ...........ccooeevieieieeiiiiiiiiiieee et eivaveea 232
Screen-Shots Glazed Windows eQUEST Simulation ..........cccccveeeeiiiiciiieieeeeeeeiiiveeenen. 267

APPENDIX- Fuuuuiiiiiiiiiiiiiiicnitiiiinnncnninsisnsnsscsssessessssssssesssessssssssssssssssessssssssssssssssssss 272
Regression Analysis of Tool Results for ROOfF ERM .........ccccoiiiiiiiiiiiiiiieieeee, 272
Regression Analysis of Tool Results for Wall ERM............ccccooviiiiiiiiiiiiniiie e 283
Regression Analysis of Tool Results for Glazing ERM Thermal Properties .................. 289

APPENDIX-G couccniiiiiinninsiensnecninsssenssessansssesssesssessssesssssssesssssssssssssssasssssssssssssssssasssssssas 290
Salient Screen-Shots of Decision Tool in Excel Format ...........coccceocieniiniiniiiniiniennnn 290

LIST OF PUBLICATIONS ...coutiiiiiiinnensnnninnesseesssesssnsssnesssesssesssassssessassssassasssssssssessasns 306

ABOUT THE AUTHOR .....uuiiiiiniinientensneissecnsesssesssessssisssessssssssesssesssssssssssssssassssssssess 308

Xii



LIST OF FIGURES

Figure 1.1: Energy Use inthe US ... 1
Figure 1.2 : Cost versus Environmental Benefits of Energy Efficiency Measures [10]........... 4
Figure 2.1: Factors Influenced by ClMate...........coooiiiiiiiiiiiieiiiie e 18
Figure 2.2: Climatic Zones of INdia.........cc.ooieiiiiiiiiiiie e 19
Figure 2.3: Key Phases in Building Energy Retrofit ...........ccccoovviiiiiiiiiiiiiiie e 31
Figure 3.1: Tool Working Methodology and Process Flow Chart .............cccceeviiinniininnene 52
Figure 3.2:  An Overview Screen-shot of the “INPUT FORM” SHEET .............ccccceevnunen. 65
Figure 3.3:  An Enlarged Screen-shot of Location Dropdown List ..........c.ccceevvieinieinnnne 66
Figure 3.4: A Print Screen Shot of the “OUTPUT SHEET” .......cccoiiiiiiiiiiiiieeee e 66
Figure 3.5: A Screen-shot of the Roof Retrofitting Solution by the Tool............ccccocvvvrnnnnee. 67
Figure 4.1: Flow Chart Operation of the Excel Based Decision Tool.............ccecveeviierinenne 71
Figure 4.2:Shangrila Hotel, NeW Delhi.........ccooiiiiiiiiiiiiiiiiiieiiceecee e 73
Figure 4.3: Typical Floor Plan Shangrila HOtel..............coouiiiiiiiiiiniiiceceeece e 73
FIUIE 4.4 FTONE VIBW ..ottt ettt ettt e sttt e st e sbeeenneeans &3
Figure 4.5: ENrance VIBW.......ccuuiiiiiiiiee et e ettt e et ee et ee e e sneeeeeenneeeeeenees 83
Figure 4.6: S1de VIEW ..ooooueiiieiiiie ettt ettt e e et e e e e et te e e eeaeeeeenes 83
Figure 4.7:Ground FIo0r Plan..........ccoooiiiiiiiiee et 84
Figure 4.8:Typical FI00r Plan..........ccoooiiiiiiiiiiieee et 84
Figure 4.9:Third FI0OT Plan..........coooiiiiiiiiiee et 84
Figure 4.10:Terrace F100r Plan..........ccooiiiiiiiiiiiiiiee et 84
Figure 4.11:Side View Community CENtIE........eeerurterriierriieenieeeiiieenieeesieeesiieeeireesieesieeens 93
Figure 4.12: Front View Community CeNtre..........c.eeivuirriieenieeriiieeiiieeniieesieesieeesreesneneens 93
Figure 4.13: Ground Floor Plan, Community Centre. Source: AVS Society ..........cccuvveenneee. 94
Figure 4.14: First Floor Plan, Community Centre. Source: AVS Society .......ccoveveevvveeennne. 94

Xiil



Figure 4.15: Second Floor Plan, Community Centre. Source: AVS Society........ccceeueennnee. 94
Figure 4.16: Screen-Shot of eQUEST General Information Page.............cccceevevviiiincnnnnnn. 106
Figure 4.17: Screen-shot of eQUEST “Building Foot Print Page”...........ccccceeevvveveevneenenns 107
Figure 4.18: Screen-Shot of eQUEST “Building Envelope Construction Page™................. 107
Figure 4.19: Screen-Shot of eQUEST “Project Information Page”...........ccceevevvvieiecnnnnnnns 108
Figure 4.20: Screen-Shot of eQUEST “3D Geometry” Page........cccovevvveieviiieeeeiiieeeeieeens 108
Figure 4.21: Screen-Shot of the eQUEST “Building Envelope Construction” Page ........... 109
Figure 4.22: Screen-Shot of the eQUEST Result Sheet for Electricity Consumption.......... 109
Figure 4.23: Comparison of Tool and eQUEST EE Results for Roof Retrofit Alternatives 111
Figure 4.24: EE Profile of Tool and eQUEST Results for Roof ERM. .............ccccoeiiiens 111
Figure 4.25: Comparison of Tool and eQUEST EE Results for Wall Retrofit Alternatives 114
Figure 4.26: Profile of Tool and eQUEST Results for Wall ERMS. ..........cccccceeviiinninennnnen. 115
Figure 4.27: Tool and eQUEST EE Results for Glazed Opening Retrofit Alternatives....... 117
Figure 4.28: Profile of Tool and eQUEST Results for Glazed Openings ERMs. ................ 118
Figure 5.1:Effect of AU-Value on ROOFEE ........coooiiiiiiiiiiiiicie e 120
Figure 5.2: Trend Line AU-Value and ROOf EE...........coooooiiiiiiiiiiiece e 120
Figure 5.3: AU-Value and Initial Cost of EERM ........c.coooiiiiiiiiiiiiie e 120
Figure 5.4: AU-Value and LCC of EERM ........cooiiiiiiiiiee et 120
Figure 5.5: Effect of Aa-Value on ROOT EE ..o 121
Figure 5.6: Trend Line Aa-Value and EE ..........cccooiiiiiiiii e 121
Figure 5.7:Trend Line AU vS AE at Adt = 0.15.....oiiiiiiiiiie et 121
Figure 5.8:Trend Line AU vS AE at Adt=0.30.......cccoiiiirriiiiieiiiieeeeiie et eieeeeens 121
Figure 5.9:Trend Line AU vS AE at Ad=0.35......oiiiiiiiiiiiiiieieeeee e 121
Figure 5.10:Trend Line AU vS AE at A0t =10.41 ......coooriiiriiiiiieiiiie et eieeee s 121
Figure 5.11:Trend Line AU vS AE at A0t =0.5......ccoiiiriiieeiiiieiiiee et 121

X1V



Figure 5.12:Trend Line AU vS AE at Aot =0.67 ....oeeeiriiieiiiieeiee et 121

Figure 5.13:Effect of AU-Value on Wall EE..........cccocooiiiiiiiiiiiice e 122
Figure 5.14: Trend Line AU-Value and Wall EE ............cccoiiiiiiiiiiiie e 122
Figure 5.15: AU-Value and Initial Cost of EERM .........ccccciiiiiiiiiiiiiiieiciiec e 122
Figure 5.16: AU-Value and LCC of EERM ........coooiiiiiiiiiiiiiicieieceee et 122
Figure 5.17: Effect of Aa-Value on Wall EE ..........ccooiiiiiiiiiiie e 123
Figure 5.18: Trend Line Aa-Value and EE ..........coooiiiiiiiii e 123
Figure 5.19:Trend Line AU vS AE @t A0t =0....ceeeiiiiiiiieeiee et 123
Figure 5.20:Trend Line AU vs AE at Act=10.05 ....ccoiiriiieiiieeiee et 123
Figure 5.21:Trend Line AU vS AE at Act = 0.2 .....ooeiiiiiiieeiiie et 123
Figure 5.22:Trend Line AU v AE at Aot = 0.57 ...oeeiiiiiiieeiee et 123
Figure 5.23:Effect of AU-Value on Glazing EE.............ccccoiiiiiiiiiiii e 124
Figure 5.24:Trend Line AU-Value vs. Glazing EE............ccccoooiiiiiiiiiiieeee e 124
Figure 5.25: AU-Value and Initial Cost 0f ERM........c..oooiiiiiiiiciiiiiiiiiie e 124
Figure 5.26: ASHGC and Initial Cost 0f ERM.........ccccuiiiiiiiiiiiiiiiieiiee et 124
Figure 5.27: Effect of ASHGC on Glazing EE..........ccccooiiiiiiiiciiiiie e 125
Figure 5.28: Trend Line ASHGC and Glazing EE ............ccccoiiiiiiiiiiiieee e 125
Figure AE-1: Existing Building “Building Envelope Construction Page” for Roof ............ 191
Figure AE-2: Existing Building “Electric Consumption” Result Page for Roof ................. 191
Figure AE-3: Roof Retrofit Alternative 1 “Building Envelope Construction” Page............ 192
Figure AE-4: Roof Retrofit Alternative 1“Electric Consumption” Result Page................... 192
Figure AE-5: Roof Retrofit Alternative 2 “Building Envelope Construction” Page............ 193
Figure AE-6: Roof Retrofit Alternative 2 “Electric Consumption” Result Page................. 193
Figure AE-7: Roof Retrofit Alternative 3 “Building Envelope Construction” Page............ 194
Figure AE-8: Roof Retrofit Alternative 3 “Electric Consumption” Result Page................. 194

XV



Figure AE-9: Roof Retrofit Alternative 4 “Building Envelope Construction” Page............ 195
Figure AE-10: Roof Retrofit Alternative 4 “Electric Consumption” Result Page ............... 195
Figure AE-11: Roof Retrofit Alternative 5 “Building Envelope Construction” Page.......... 196
Figure AE-12: Roof Retrofit Alternative 5 “Electric Consumption” Result Page ............... 196
Figure AE-13: Roof Retrofit Alternative 6 “Building Envelope Construction” Page.......... 197
Figure AE-14: Roof Retrofit Alternative 6 “Electric Consumption” Result Page ............... 197
Figure AE-15: Roof Retrofit Alternative 7 “Building Envelope Construction” Page.......... 198
Figure AE-16: Roof Retrofit Alternative 7 “Electric Consumption” Result Page ............... 198
Figure AE-17: Roof Retrofit Alternative 8 “Building Envelope Construction” Page.......... 199
Figure AE-18: Roof Retrofit Alternative 8 “Electric Consumption” Result Page ............... 199
Figure AE-19: Roof Retrofit Alternative 9 “Building Envelope Construction” Page.......... 200
Figure AE-20: Roof Retrofit Alternative 9 “Electric Consumption” Result Page ............... 200
Figure AE-21: Roof Retrofit Alternative 10 “Building Envelope Construction” Page........ 201
Figure AE-22: Roof Retrofit Alternative 10 “Electric Consumption” Result Page ............. 201
Figure AE-23: Roof Retrofit Alternative 11 “Building Envelope Construction” Page........ 202
Figure AE-24: Roof Retrofit Alternative 11 “Electric Consumption” Result Page ............. 202
Figure AE-25: Roof Retrofit Alternative 12 “Building Envelope Construction” Page........ 203
Figure AE-26: Roof Retrofit Alternative 12 “Electric Consumption” Result Page ............. 203
Figure AE-27: Roof Retrofit Alternative 13 “Building Envelope Construction” Page........ 204
Figure AE-28: Roof Retrofit Alternative 13 “Electric Consumption” Result Page ............. 204
Figure AE-29: Roof Retrofit Alternative 14 “Building Envelope Construction” Page........ 205
Figure AE-30: Roof Retrofit Alternative 14 “Electric Consumption” Result Page ............. 205
Figure AE-31: Roof Retrofit Alternative 15 “Building Envelope Construction” Page........ 206
Figure AE-32: Roof Retrofit Alternative 15 “Electric Consumption” Result Page ............. 206
Figure AE-33: Roof Retrofit Alternative 16 “Building Envelope Construction” Page........ 207

XVl



Figure AE-34: Roof Retrofit Alternative 16 “Electric Consumption” Result Page ............. 207
Figure AE-35: Roof Retrofit Alternative 17 “Building Envelope Construction” Page........ 208
Figure AE-36: Roof Retrofit Alternative 17 “Electric Consumption” Result Page ............. 208
Figure AE-37: Roof Retrofit Alternative 18 “Building Envelope Construction” Page........ 209
Figure AE-38:Roof Retrofit Alternative 18 “Electric Consumption” Result Page .............. 209
Figure AE-39: Roof Retrofit Alternative 19 “Building Envelope Construction” Page........ 210
Figure AE-40: Roof Retrofit Alternative 19 “Electric Consumption” Result Page ............. 210
Figure AE-41: Roof Retrofit Alternative 20 “Building Envelope Construction” Page........ 211
Figure AE-42: Roof Retrofit Alternative 20 “Electric Consumption” Result Page ............. 211
Figure AE-43: Roof Retrofit Alternative 21 “Building Envelope Construction” Page........ 212
Figure AE-44: Roof Retrofit Alternative 21 “Electric Consumption” Result Page ............. 212
Figure AE-45: Roof Retrofit Alternative 22 “Building Envelope Construction” Page........ 213
Figure AE-46: Roof Retrofit Alternative 22 “Electric Consumption” Result Page ............. 213
Figure AE-47: Roof Retrofit Alternative 23 “Building Envelope Construction” Page........ 214
Figure AE-48: Roof Retrofit Alternative 23 “Electric Consumption” Result Page ............. 214
Figure AE-49: Roof Retrofit Alternative 24 “Building Envelope Construction” Page........ 215
Figure AE-50: Roof Retrofit Alternative 24 “Electric Consumption” Result Page ............. 215
Figure AE-51: Roof Retrofit Alternative 25 “Building Envelope Construction” Page........ 216
Figure AE-52: Roof Retrofit Alternative 25 “Electric Consumption” Result Page ............. 216
Figure AE-53: Roof Retrofit Alternative 26 “Building Envelope Construction” Page........ 217
Figure AE-54: Roof Retrofit Alternative 27 “Electric Consumption” Result Page ............. 217
Figure AE-55: Roof Retrofit Alternative 27 “Building Envelope Construction” Page........ 218
Figure AE-56: Roof Retrofit Alternative 28 “Electric Consumption” Result Page ............. 218
Figure AE-57: Roof Retrofit Alternative 28 “Building Envelope Construction” Page........ 219

Figure AE-58: Roof Retrofit Alternative 28 “Electric Consumption” Result Page ............. 219

XVii



Figure AE-59:
Figure AE-60:
Figure AE-61:
Figure AE-62:
Figure AE-63:
Figure AE-64:
Figure AE-65:
Figure AE-66:
Figure AE-67:
Figure AE-68:
Figure AE-69:
Figure AE-70:
Figure AE-71:
Figure AE-72:
Figure AE-73:
Figure AE-74:
Figure AE-75:
Figure AE-76:
Figure AE-77:
Figure AE-78:
Figure AE-79:
Figure AE-80:
Figure AE-81:
Figure AE-82:

Figure AE-83:

Roof Retrofit Alternative 29 “Building Envelope Construction” Page........ 220
Roof Retrofit Alternative 29 “Electric Consumption” Result Page ............. 220
Roof Retrofit Alternative 30 “Building Envelope Construction” Page........ 221
Roof Retrofit Alternative 30 “Electric Consumption” Result Page ............. 221
Roof Retrofit Alternative 31 “Building Envelope Construction” Page........ 222
Roof Retrofit Alternative 31 “Electric Consumption” Result Page ............. 222
Roof Retrofit Alternative 32 “Building Envelope Construction” Page........ 223
Roof Retrofit Alternative 32 “Electric Consumption” Result Page ............. 223
Roof Retrofit Alternative 33 “Building Envelope Construction” Page........ 224
Roof Retrofit Alternative 33 “Electric Consumption” Result Page ............. 224
Roof Retrofit Alternative 34 “Building Envelope Construction” Page........ 225
Roof Retrofit Alternative 34 “Electric Consumption” Result Page ............. 225
Roof Retrofit Alternative 35 “Building Envelope Construction” Page........ 226
Roof Retrofit Alternative 35 “Electric Consumption” Result Page ............. 226
Roof Retrofit Alternative 36 “Building Envelope Construction” Page........ 227
Roof Retrofit Alternative 36 “Electric Consumption” Result Page ............. 227
Roof Retrofit Alternative 37 “Building Envelope Construction” Page........ 228
Roof Retrofit Alternative 37 “Electric Consumption” Result Page ............. 228
Roof Retrofit Alternative 38 “Building Envelope Construction” Page........ 229
Roof Retrofit Alternative 38 “Electric Consumption” Result Page ............. 229
Roof Retrofit Alternative 39 “Building Envelope Construction” Page........ 230
Roof Retrofit Alternative 39 “Electric Consumption” Result Page ............. 230
Roof Retrofit Alternative 40 “Building Envelope Construction” Page........ 231
Roof Retrofit Alternative 40 “Electric Consumption” Result Page ............. 231
Existing Building “Building Envelope Construction Page” for Wall .......... 232

XViil



Figure AE-84:
Figure AE-85:
Figure AE-86:
Figure AE-87:
Figure AE-88:
Figure AE-89:
Figure AE-90:
Figure AE-91:
Figure AE-92:
Figure AE-93:
Figure AE-94:
Figure AE-95:
Figure AE-96:
Figure AE-97:
Figure AE-98:

Figure AE-99:

Figure AE-100:
Figure AE-101:
Figure AE-102:
Figure AE-103:
Figure AE-104:
Figure AE-105:
Figure AE-106:
Figure AE-107:

Figure AE-108:

Existing Building “Electric Consumption” Result Page...........cccccceceeeens 232
Wall Retrofit Alternative 1 “Building Envelope Construction” Page.......... 233
Wall Retrofit Alternative 1“Electric Consumption” Result Page ................ 233
Wall Retrofit Alternative 2 “Building Envelope Construction” Page.......... 234
Wall Retrofit Alternative 2“Electric Consumption” Result Page ................ 234
Wall Retrofit Alternative 3 “Building Envelope Construction” Page.......... 235
Wall Retrofit Alternative 3“Electric Consumption” Result Page ................ 235
Wall Retrofit Alternative 4 “Building Envelope Construction” Page.......... 236
Wall Retrofit Alternative 4“Electric Consumption” Result Page ................ 236
Wall Retrofit Alternative 5 “Building Envelope Construction” Page.......... 237
Wall Retrofit Alternative 5“Electric Consumption” Result Page ................ 237
Wall Retrofit Alternative 6 “Building Envelope Construction” Page.......... 238
Wall Retrofit Alternative 6“Electric Consumption” Result Page ................ 238
Wall Retrofit Alternative 7 “Building Envelope Construction” Page.......... 239
Wall Retrofit Alternative 7“Electric Consumption” Result Page ................ 239
Wall Retrofit Alternative 8 “Building Envelope Construction” Page.......... 240
Wall Retrofit Alternative 8“Electric Consumption” Result Page .............. 240
Wall Retrofit Alternative 9 “Building Envelope Construction” Page........ 241
Wall Retrofit Alternative 9“Electric Consumption” Result Page .............. 241
Wall Retrofit Alternative 10 “Building Envelope Construction” Page....... 242
Wall Retrofit Alternative 10“Electric Consumption” Result Page ............ 242
Wall Retrofit Alternative 11 “Building Envelope Construction” Page....... 243
Wall Retrofit Alternative 11“Electric Consumption” Result Page ............ 243
Wall Retrofit Alternative 12 “Building Envelope Construction” Page...... 244
Wall Retrofit Alternative 12“Electric Consumption” Result Page ............ 244

X1X



Figure AE-109:
Figure AE-110:
Figure AE-111:
Figure AE-112:
Figure AE-113:
Figure AE-114:
Figure AE-115:
Figure AE-116:
Figure AE-117:
Figure AE-118:
Figure AE-119:
Figure AE-120:
Figure AE-121:
Figure AE-122:
Figure AE-123:
Figure AE-124:
Figure AE-125:
Figure AE-126:
Figure AE-127:
Figure AE-128:
Figure AE-129:
Figure AE-130:
Figure AE-131:
Figure AE-132:

Figure AE-133:

Wall Retrofit Alternative 13 “Building Envelope Construction” Page....... 245
Wall Retrofit Alternative 13“Electric Consumption” Result Page ............ 245
Wall Retrofit Alternative 14 “Building Envelope Construction” Page...... 246
Wall Retrofit Alternative 14“Electric Consumption” Result Page ............ 246
Wall Retrofit Alternative 15 “Building Envelope Construction” Page....... 247
Wall Retrofit Alternative 15“Electric Consumption” Result Page ............ 247
Wall Retrofit Alternative 16 “Building Envelope Construction” Page....... 248
Wall Retrofit Alternative 16“Electric Consumption” Result Page ............ 248
Wall Retrofit Alternative 17 “Building Envelope Construction” Page....... 249
Wall Retrofit Alternative 17“Electric Consumption” Result Page ............ 249
Wall Retrofit Alternative 18 “Building Envelope Construction” Page....... 250
Wall Retrofit Alternative 18“Electric Consumption” Result Page ............ 250
Wall Retrofit Alternative 19 “Building Envelope Construction” Page....... 251
Wall Retrofit Alternative 19“Electric Consumption” Result Page ............ 251
Wall Retrofit Alternative 20 “Building Envelope Construction” Page....... 252
Wall Retrofit Alternative 20“Electric Consumption” Result Page ............ 252
Wall Retrofit Alternative 21 “Building Envelope Construction” Page....... 253
Wall Retrofit Alternative 21“Electric Consumption” Result Page ............ 253
Wall Retrofit Alternative 22 “Building Envelope Construction” Page....... 254
Wall Retrofit Alternative 22“Electric Consumption” Result Page ............ 254
Wall Retrofit Alternative 23 “Building Envelope Construction” Page....... 255
Wall Retrofit Alternative 23“Electric Consumption” Result Page ............ 255
Wall Retrofit Alternative 24 “Building Envelope Construction” Page....... 256
Wall Retrofit Alternative 24“Electric Consumption” Result Page ............ 256
Wall Retrofit Alternative 25 “Building Envelope Construction” Page....... 257

XX



Figure AE-134:
Figure AE-135:
Figure AE-136:
Figure AE-137:
Figure AE-138:
Figure AE-139:
Figure AE-140:
Figure AE-141:
Figure AE-142:
Figure AE-143:
Figure AE-144:
Figure AE-145:
Figure AE-146:
Figure AE-147:
Figure AE-148:
Figure AE-149:
Figure AE-150:
Figure AE-151:
Figure AE-152:
Figure AE-153:
Figure AE-154:
Figure AE-155:
Figure AE-156:
Figure AE-157:

Figure AE-158:

Wall Retrofit Alternative 25“Electric Consumption” Result Page ............ 257
Wall Retrofit Alternative 26 “Building Envelope Construction” Page....... 258
Wall Retrofit Alternative 26“Electric Consumption” Result Page ............ 258
Wall Retrofit Alternative 27 “Building Envelope Construction” Page....... 259
Wall Retrofit Alternative 27“Electric Consumption” Result Page ............ 259
Wall Retrofit Alternative 28 “Building Envelope Construction” Page....... 260
Wall Retrofit Alternative 28“Electric Consumption” Result Page ............ 260
Wall Retrofit Alternative 29 “Building Envelope Construction” Page....... 261
Wall Retrofit Alternative 29“Electric Consumption” Result Page ............ 261
Wall Retrofit Alternative 30 “Building Envelope Construction” Page....... 262
Wall Retrofit Alternative 30“Electric Consumption” Result Page ............ 262
Wall Retrofit Alternative 31 “Building Envelope Construction” Page....... 263
Wall Retrofit Alternative 31“Electric Consumption” Result Page ............ 263
Wall Retrofit Alternative 32 “Building Envelope Construction” Page....... 264
Wall Retrofit Alternative 32“Electric Consumption” Result Page ............ 264
Wall Retrofit Alternative 33 “Building Envelope Construction” Page....... 265
Wall Retrofit Alternative 33“Electric Consumption” Result Page ............ 265
Wall Retrofit Alternative 34 “Building Envelope Construction” Page....... 266
Wall Retrofit Alternative 34*“Electric Consumption” Result Page ............ 266
Existing Glazed Window “Building Envelope Construction” Page........... 267
Existing Glazed Window “Electric Consumption” Result Page................. 267

Glazing Retrofit Alternative 1 “Building Envelope Construction” Page ... 268
Glazing Alternative 1“Electric Consumption” Result Page.......................
Glazing Retrofit Alternative 2 “Building Envelope Construction” Page ... 269

Glazing Alternative 2“Electric Consumption” Result Page.......................

XX1



Figure AE-159: Glazing Retrofit Alternative 3 “Building Envelope Construction” Page ... 270
Figure AE-160: Glazing Alternative 3*“Electric Consumption” Result Page....................... 270
Figure AE-161: Glazing Retrofit Alternative 4 “Building Envelope Construction” Page ... 271

Figure AE-162: Glazing Alternative 4“Electric Consumption” Result Page....................... 271

XX11



LIST OF TABLES

Table 3.1:

Table 3.2:

Table 3.3:

Table 3.4:

Table 3.5:

Table 3.6:

Table 4.1:

Table 4.2:

Table 4.3:

Table 4.4:

Table 4.5:

Table 4.6:

Table 4.7:

Table 4.8:

Table 4.9:

Table 4.10

Table 4.11

Table 4.12:

Table 4.13

Table 4.14:

Table 4.15:

Table 4.16:

Table 4.17:

Table 4.18:

List of Typical Roof Construction Types in the Existing Buildings of India........ 61
List of Typical Wall Construction Types in the Existing Buildings of India........ 62
List of Typical External Openings in the Existing Buildings of India.................. 62
List of Roof Retrofitting Items..........ccceiiiiiiiiiie e 63
List of Wall Energy Retrofitting [tems...........ccoocueeviiiiniiiniiiiiie e, 64
List of Glazed Openings Ene3.7rgy Retrofitting [tems..........c.ccceevvvevniinnnenne.. 64
Project 1- Existing Building Information “INPUT FORM”..........ccccccovivviennnen. 74
Project-1 Energy Retrofit Recommendations by the Decision Tool..................... 75
Project 1 Roof Retrofitting Recommendations by the Decision Tool................... 76
Project 1 Wall Retrofitting Recommendations by the Decision Tool................... 78
Project 1 Glazed Windows Retrofit Recommendations by the Decision Tool...... 80
Project 2- Existing Building Information “INPUT FORM”.........ccccccovivnnrannen. 85
Project-2 Energy Retrofit Recommendations by the Decision Tool..................... 86
Project 2 Roof Retrofitting Recommendations by the Decision Tool................... 87
Project 2 Wall Retrofitting Recommendations by the Decision Tool................... 89
: Project 2 Glazed Windows Retrofitting Recommendations by the Tool ............ 91
: Project 3 Existing Building Information “INPUT FORM” ...........ccccoeviiiiennnen. 95

Project-3 Energy Retrofit Recommendations by the Decision Tool................... 96
: Project 3 Roof Retrofitting Recommendations by the Decision Tool................. 97

Project 3 Wall Retrofitting Recommendations by the Decision Tool................. 99

Project 3 Glazed Windows Retrofitting Recommendations by the Tool .......... 101

eQUEST and Tool EE Results for Roof Retrofit Alternatives ...............c......... 112

Comparison eQUEST and Tool Results for Wall Retrofit Alternatives............ 115

eQUEST and Tool Results for Glazed Openings Retrofit Alternatives............ 118

XX1il



Table 5.1: Generic Guidelines for EE Roof Retrofit Alternatives.........eeeeeeeeeeeeeeeeeeeeennnn... 127

Table 5.2: Generic Guidelines for EE Wall Retrofit Alternatives..........cccccoeveeveerciinnieenneenn 129
Table AA-1: January Month Mean Hourly Climatic Data for Delhi..........cccceevieinnennnen. 147
Table AA-2 February Month Mean Hourly Climatic Data for Delhi.........c.ccccccoveeninennnen. 148
Table AA-3: March Month Mean Hourly Climatic Data for Delhi..........ccccceevevveiiencnnenennns 148
Table AA-4: April Month Mean Hourly Climatic Data for Delhi.........c..cccovovvieiieennnnnen. 149
Table AA-5: May Month Mean Hourly Climatic Data for Delhi..........ccccccceveiiiniinienns 149
Table AA-6: June Month Mean Hourly Climatic Data for Delhi..........c..cccccoeeniiiinniinn. 150
Table AA-7: July Month Mean Hourly Climatic Data for Delhi ..........ccocceeireiiiinininn. 150
Table AA-8: August Month Mean Hourly Climatic Data for Delhi...........cccccoecoienniiinne. 151
Table AA-9: September Month Mean Hourly Climatic Data for Delhi ............cccccecceen. 151
Table AA-10: October Month Mean Hourly Climatic Data for Delhi .............ccceeeeeeneenne. 152
Table AA-11: November Month Mean Hourly Climatic Data for Delhi.................ccuee..... 152
Table AA-12: December Month Mean Hourly Climatic Data for Delhi...........cccccoevveeenn. 153
Table AA-13: January Month Mean Hourly Climatic Data for Mumbai ..............ccccoeenneee. 153
Table AA-14: February Month Mean Hourly Climatic Data for Mumbai ..............c.c........ 154
Table AA-15: March Month Mean Hourly Climatic Data for Mumbai ............cccccceeveeeene. 154
Table AA-16: April Month Mean Hourly Climatic Data for Mumbai .............cccceeeeieennne. 155
Table AA-17: May Month Mean Hourly Climatic Data for Mumbai ..............ccceeveneennne. 155
Table AA-18: June Month Mean Hourly Climatic Data for Mumbai .............ccccceeeereennnnn. 156
Table AA-19: July Month Mean Hourly Climatic Data for Mumbai...........cc.ccccveeeerneennnnn. 156
Table AA-20: August Month Mean Hourly Climatic Data for Mumbai ...........cccccevvueeneee. 157
Table AA-21: September Month Mean Hourly Climatic Data for Mumbai........................ 157
Table AA-22: October Month Mean Hourly Climatic Data for Mumbai................ccuve.... 158
Table AA-23: November Month Mean Hourly Climatic Data for Mumbai........................ 158

XX1V



Table AA-24:

Table AA-25:

Table AA-26:

Table AA-27:

Table AA-28:

Table AA-29:

Table AA-30:

Table AA-31

Table AA-32:

Table AA-33:

Table AA-34:

Table AA-35:

Table AA-36:

Table AB-1:

Table AB-2:

Table AC-1:

Table AC-2:

Table AC-3:

Table AC-4:

Table AC-5:

Table AD-1:

Table AD-2:

Table AD-3:

Table AD-4:

Table AD-5:

December Month Mean Hourly Climatic Data for Mumbai......................... 159
January Month Mean Hourly Climatic Data for Jodhpur............cccccveernnnne. 160
February Month Mean Hourly Climatic Data for Jodhpur............cccccceeeeee. 160
March Month Mean Hourly Climatic Data for Jodhpur.............cccccooeenneeen. 161
April Month Mean Hourly Climatic Data for Jodhpur.........cc.ccoceeviiinnneen. 161
May Month Mean Hourly Climatic Data for Jodhpur............ccocceevieninene 162
June Month Mean Hourly Climatic Data for Jodhpur...........ccccooeiieerennnn. 162
: July Month Mean Hourly Climatic Data for Jodhpur...........ccccocciiiniinnnn. 163
August Month Mean Hourly Climatic Data for Jodhpur............cccveeeenneeen. 163
September Month Mean Hourly Climatic Data for Jodhpur...............c......... 164
October Month Mean Hourly Climatic Data for Jodhpur.................c........... 164
November Month Mean Hourly Climatic Data for Jodhpur......................... 165
December Month Mean Hourly Climatic Data for Jodhpur .............c........ 165
Prescribed Air Changes for Different Building Classifications...................... 167
Delhi Development NOTINS ......cc..eeiieiiiiieeiiiie e e eeieee e eeiree e eere e e eiree e e 168
Thermal Properties of Building and Insulation Materials...........c.cccccveueennneee 169
Average Emissivity, Absorptivity and Reflectivity of Building Materials...... 170
List of Roof Energy Retrofit [tems...........ccceeiiiiiiiiiiiiiie e 171
List of Wall Retrofit Items .........ccooviiiiiiiiiiiiiiee e 172
List of Glazed Openings Retrofit [tems ............ccccviiiiiiiiniiiieeee e 172
Project 1 Details Roof Retrofitting Systems and Alternatives........................ 173
Project 1 Details Wall Retrofitting Systems and Alternatives........................ 176
Project 1 Details Glazed Openings Retrofitting Systems and Alternatives..... 178
Project 2 Details Roof Retrofitting Systems and Alternatives................c....... 179
Project 2 Details Wall Retrofitting System and Alternatives ............c.c..c....... 182

XXV



Table AD-6: Project 2 Details Glazed Openings Retrofitting Systems and Alternatives..... 184

Table AD-7: Project 3 Details Roof Retrofitting Systems and Alternatives........................ 185
Table AD-8: Project 3 Details Wall Retrofitting System and Alternatives .............cccuee...... 188
Table AD-9: Project 3 Details Glazed Openings Retrofitting System and Alternatives ...... 190
Table AF-1: Multiple Regression Existing RoOOf Type 1 .......coccovviiiiiiiiiiniiiiieeieeeeceeees 272
Table AF-2: Multiple Regression Existing ROOT Type 2 .......coccviiiiviiiiiiniiiiieeieeeecieeees 273
Table AF-3: Multiple Regression Existing Roof Type 3 .......coocoiiiiiiiiiiiiiieeeeeeee 274
Table AF-4: Multiple Regression Existing Roof Type 4 .......ccocciiiiiiiiiieiieeeeeeeeeeee 275
Table AF-5: Multiple Regression Existing Roof Type 5.....ccooiiiiiiiiiiiiiiiiieeeeeeeee 276
Table AF-6: Multiple Regression Existing Roof Type 6 .......cocccviiiiiiiiiiieiiiieeeeeeeeee 277
Table AF.7: Multiple Regression Existing ROOf Type 7 .....ccooviiiiiiiiiiiiiiiieeeeee e 278
Table AF-8: Multiple Regression Existing RoOf Type 8 .......cccccvviiiviiiiiiniiiiieeieeeeceeees 279
Table AF-9: Multiple Regression Existing ROOf Type 9 ......ccoecuvviiiviiiiiiiiiiiieieeeeceeee 280
Table AF-10: Multiple Regression Existing Roof Type 10 ......ccccccovvvviiiviiiiiiiciiiieeeieees 281
Table AF-11: Multiple Regression Existing Roof Type 11 .....cccoveiiiiiiiiniiiiiiiiiieeecieees 282
Table AF-12: Multiple Regression Existing Wall Type 1 .......cccovviivviiiiiiniiiieeeiiieeecieeens 283
Table AF-13: Multiple Regression Existing Wall Type 2 .......cccoviviiiiiiiieiiiieeeceeeeeeeee 284
Table AF-14: Multiple Regression Existing Wall Type 3 .......cccoiiiiiiiiieiiieeeieeeeeeee 285
Table AF-15: Multiple Regression Existing Wall Type 4 .......cccviviiiiiiiieiiiieeeeeeeeeeeee 286
Table AF-16: Multiple Regression Existing Wall Type 5 .....coocciiiiiiiiiieiieeeceeeeeeeeee 287
Table AF-17: Multiple Regression Existing Wall Type 6 .......cccceveiiiiiiieiiiieeeiieeeeiieens 288
Table AF-18: Multiple Regression Existing 4mm thick Single Glazing.................cccuee.... 289
Table AG-1: INPUT FORM (Visible to the USET) .......cccovvviiereiiiieiiiiieeeiiee e eriivee e 290
Table AG-2: OUTPUT SHEET (Visible to the USEr) ......cceevereiiiiiriiieeeiiiee e 291
Table AG-3: Roof Solution SheEet..........cccceeriiriiiiiiiiiiiiiicic e 292

XXV1



Table AG-4: Wall Solution Sheet.........c..coiiiiiiiiiiiiiiiieecceeecee e 292
Table AG-5: Glazing SoIution SNEET ........c..eeeieiiiiiiiiiie et e v e e eerae e e 293
Table AG-6: Typical Roof Program for U, Admittance and Decrement Value calculation. 294
Table AG-7: Screen-Shot Roof Heating and Cooling Load Calculation................ccccveeeenn. 296
Table AG-8: Typical Wall Program for U, Admittance and Decrement Value calculation . 297
Table AG-9: Typical Wall Heating and Cooling Load Calculations..........cc.cccceeveerurennnen. 298

Table AG-10: Typical Glazing U, Admittance and Decrement Value calculation Program 299

Table AG-11: Screen-Shot Steady State Internal Temperature Program ............ccccccceeeee. 301
Table AG-12: Screen-Shot Fluctuating Internal Temperature .............ccceeeveeeereiiiieeniienenns 302
Table AG-13: Screen-Shot Ventilation Heat Transfer Program............c..ccccoviviiiieininnenn. 303
Table AG-14: Screen-Shot Casual Heat Gain Program.............cccccoeciiiiiiiiiiiniiiieeieee 304

XXVil



ABBREVIATION

ASHRAE
BEE
CBERD
CIBSE
CPL
CPWD
DDA
DSR
ECM
EE
EER
EERM
EIA
EPS
ERM
FAR
GRIHA
HDD
HVAC
1AQ
IES/IESNA
IGBC
kW

kWh

American Society of Heating, Refrigerating and Air-Conditioning Engineers
Bureau of Energy Efficiency, Government of India
Centre for Building Energy Research and Development
Chartered Institution of Building Services Engineers
Cement Plaster

Central Public Works Department, Government of India
Delhi Development Authority

Delhi Schedule of Rates

Energy Conservation Measures

Energy Efficiency

Energy Efficiency Ratio

Envelope Energy Retrofit Measures

U.S. Energy Information Administration

Expanded Polystyrene

Energy Retrofit Measures

Floor Area Ratio

Green Rating for Integrated Habitat Assessment
Heating Degree-Days

Heating, Ventilating, and Air-Conditioning

Indoor Air Quality

[lluminating Engineering Society of North America
Indian Green Building Council

Kilowatt

Kilowatt-Hour
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LBNL Lawrence Berkeley National Laboratory

LCC Life-Cycle Cost

LEED Leadership in Energy and Environmental Design
LPW Lumens per Watt

MNRE Ministry of New and Renewable Energy, Government of India
N/A Not Applicable

NPV Net Present Value

OA Outdoor Air

o&M Operation and Maintenance

OPR Owner’s Project Requirements

PNNL Pacific Northwest National Laboratory

PUF Polyurethane Foam

PV Photovoltaic

QA Quality Assurance

R Thermal Resistance

RCC Reinforced Cement Concrete

ROI Return on Investment

SHGC Solar Heat Gain Coefficient

SRI Solar Reflectance Index

U Thermal Transmittance

USGBC U.S. Green Building Council

VT Visible Transmittance
\\Y Watt
XPS Extruded Polystyrene
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