DISCIAIMET ........oooiiiiiiiieiieeiee e Xi
ACKROWIBAGOMEBNLS wuissusssmmmssnsssussssmmvsmimsismsmsmmvas Xii
PRBTABE! . sionioiseaas stsms e i S iR R e Xiii
FOrewolt: cuasrnnssmmm it Xiv

PART I: Introduction to Renewable Energy and

1

Building Performance.............cccccneeniinninninnns 1
INtroduction ......oeeeceieeee e 3
Why This Book: NOW? wsesssisssmmmmsssmssanssamsms s 3
Concepts foriSUCEOSS i miimmmimmsssrsssmbisaiins 3
8 T T0] o o)L 4
Greenhouse GasSes ......coccvvvviiiiiiiiieeiiee e 4
World: PoplatiOn . cmssmamsmusmsmmms e 7
T Ottt e AT 5 PSSR s S AR 7
RenewWab |8 ERBraY i navsissmmmmiasa i 8
HYAIrOPOWET ..o 1
AL T — 13
BIOMASS [POVVBIN s st it o b o s A 14
SOIAT PV oo b sttt Sinssmmmsss 14
Concentrated Solar POWer ..........c..cccccovvvivvieeeeinnn, 16
Solar Therrmnal Hot WAtET . wasmsssmmammmsmssmssissovens 17
United Nations Sustainable Development Goals .. 18
RESOUFCES s simirimra e A s Tt 18
Study QUESTIONS ..o 19
Basic Concepts of Renewable Systems ............ 21
Concepts 107 SUCCRSS i mms i R 21
ONthe Grd ..o, 22
Coneeptual DiagrammiSs mumssmswmwmmasmsiimmmssssmim 23
Grid-Tied Renewable Energy System ................... 23
Grid-Tied Renewable Energy System with

Battery Backup ........cccooovviviiiiiiiiiiiciece 23
OFff the: I mmmmmmmusspmmmm s 24
RESOUICES ....oiiiviiiiiiii e 26
StUdY QUESTIONS vomimmsmismmmn o s 26
Locating Renewable Resources.........c..cccueeeeen. 27
Concepts for SUCCESS.......ccoovviveieeiiiiiiiiieeeeii 27
General Climate and Renewable Resource

Databases ......cccccevvviiiiiiiiici 27
System Design Applications .........c.cccovveeeiinnnennn, 29
Solar INSOIAtION .uvvvecsreesmsmmsmismuesmsmssmesssvnssossmssssssnss 31
YT o | S S 32
Marine and Hydrokinetic Resource Data .............. 34

Distributed Energy — Microgrid Design Tool.......... 34
2T 00 [0 T T T—. 37
Study QUESTIONS ..o 38
Basic Concepts about Electricity.........ccccccvuneee. 39
Concepts for SUCCESS.........coovivviiieiiiiiiiiiiciiiee, 39
Energy and POWET...........ccovvviiiiiiiiiiiiiccce 39
Series and Parallel Circuits...........ccocvveeviieeeiiieennn, 40
DC VS. AC POWET.......vviiiiiiiiciiiecccee e, 40
Voltage Design for On-Grid and Off-Grid
APPlICEYIONS wswwensssivsias st ot s 41
AT s s s AR N S 43
Study QUESTIONS ...veeviiiiiiiiicccie e 44
ST ANSWORS s msnstonsmmansamsms i s s mammasmams 44
Solar INSOlatiOn: e i i sunis v vss i 45
Concepts for SUCCESS.........cooviiviiviiieeiiiiiiiiiecce, 45
=10 o 8] A MR (< 6] ] 1T R————————_—— 46
Latitude and Sun's Path ..........cccoeeiiiiiiiiiiiice 48
Magnetic Declination ..... . sssimssssrrsmasssssanesuises 52
Solar INSOIatioNn .......cccvveeiiiiiiieiiieccce e, 52
TiltAngle:and INsBIation s s st ssmmsvonmisars 55
Determining Shadingata Site ...........cc.ccoeevveenn. 55
RESOURCE Srississimnsmmasnnunsssini iverinss metraspessmssvianms 62
Study QUESTIONS ... 62
STUEY ATTSWETS vumsismumsiinnioss s Ssmssas s 62
Design for the Climate.....commaismmissmammsas 63
Concepts for SUCCESS ......vciiiiiiiiiiiiieiiiiiiiieece, 63
DetininG  CliIMAte. s wssssmmsmmsssamsmm i 63
Psychrometric Chart and Comfort ...............c........ 64
Heating and Cooling Degree Days............c.ccco..... 66
Passive and Passive—-Active Design Strategies..... 67
Understanding 'Shading s sesssmsmemmamssi 12
RESOUICES .vvvviieiiiiiiiiice e 74
Sy QUSSTIONS simsnsrinamissiswissmssvm s 74

Building Performance and Energy Efficiency ... 75

Concepts for SUCCESS........coovvvvviieeiiiiiiiiieeeeeei 75
Buildings as Systems..........ccoeeeviiiiieiiiiieceee 76
Energy Usage in Buildings vs. Renewable

Energy Generation ...........ccccoovvvvviieieiiiiiiieee, 81
CerificatiONS e 86
BESOUNCES i irsiminimnismmesmisimgmparb G 87
Study QUESTIONS ....evvveeiiiiicciee e 87



8. Energy Modeling
CONCEPLS T0F SUCCESS ssusmummissmmvpisvss
What is Energy Modeling?...........cccccccovveeennn.
Modeling vs. Detailing ........ccccovvieniiiieininennn,

Energy Modeling Programs

Accounting for Energy and Carbon.................
R SOUREES i v s avassassnsanaassmmossssissasisstanss
S0 o \VAL@ U [1] {1 o] o) R S —

[g¥o (o] o]l O1 VY- [ 7 HRumunneumenma———————
Concepts for SUCCESS......vovvviiiiiiiiiiiiiiiiiie
Causes of Indoor Air Pollution.............cc..........
RESOUICES ..o

Study Questions

PART II: Renewable Energy: Systems and

10.

1.

12,

13:

B O Mg S S s e vesav s T
CONCEPtS TOF SUCCESS susmrmummssm s i

How Biomass Fits into Renewable Energy

RESOUTCES suommammmtsma s S e
Biofuels.......ooooeiiiiii

Modern Biomass

RESOUMCES ...

Study Questions

Heat PUMPS: ausmanssnsrinssimin e
Concepts for SUCCESS......ccovvviiiiiiiiiiiiiice,
How a Heat Pump Works...........ccccceevvveeeinnn,

Airto-Air Heat Pumps

Ground Source Heat PUMPS .........coovveeiiinenns
Sizing Ground LOOPS ....c.vvvvvivieiiiciiiiiiciicc
Performance Labeling of Heat Pumps.............
Heat Pump Water Heater...............cccovvvinnnnnnn
Heat Pump Clothes Dryer..........cccccveevvvveeenn.
RESOUMCES .. .oiiiiiiiiiiii e,

Study Questions

SolarThermal HotWater........c.ccceeevveeecneeenns
Concepts for SUCCESS......covvveiviiieeiiiiiiiiiie
What is Solar Thermal Hot Water? ..................

Pool Solar Water Heaters (Unglazed Collectors)
Flat Plate and Evacuated Tube Collectors
Other Collector Variations

Considerations for Solar Thermal Design........
Solar Thermal System Configurations.............

Parts and Pieces

Tilt Angle and Sizing Considerations...............

Collector and Piping Layouts

Calculations: Sizing Components....................
Certification..........ccooii
RESOUMCES ...,

Study Questions

PhotoVOItaICS .. .oussssimiinpinsusesicamssssneiansaionss
Concepts for SUCCESS.....vvvvvviiiiiiiiiiiiiieic
HOW PV WOIKS ...

...... 89

e 1120
st 1 240

14.

15.

16.

Efficiency of PV
11 [oTe [0IT=T =) 6 (0] 91 1 [o] - mmmmumpmmm———————
Nominal Voltage ........ccccovvviiiiiiiiiiiin,
IVPESI O PV osmsmumstmsmmssossansmsmamii sy
Building Integrated Photovoltaics .............
Orientation and Tilt Angle for Best Energy

2 (010 | U[c]1[ o] SR
Effects of Shading on PV Modules
Steps for Sizing a PV System....................
|FVBTLETS susssm smomsismmsmansmssmsssasyay oo i
Wire Types
GIRUNEING s
Roof Coverage: Access and Management
Putting the Whole Roof Plan Together ......
Certification..sucsemsswmsmimmmanEsmsss
RESOUTCES ovsconimrmsmmmitiniosssmwieimssimmsssbsssigg
Study Questions

Racking for SolarThermal and PV .........
Concepts TOr SUBCESS s mimmmmmmasasmins
Basic Parts ......cccccoviviiiieiiii

Flat RoOfS. ..o,
Penetration for Plumbing
Ground Mount
Pole Mounts and Trackers
SolarThermal .........cccccoovviiiiiiiiiiie
Building Shading .........coccooviviiiiiiiiicinn
RESOUICES....vvvvviiiiiiiiiii

Concepts for SUCCESS......vvvvvivieiiiieiiieeen.
Capturing Wind Energy ..........ccccoeeeevneennn,
Categories and Types of Wind Turbines.....
Tower Types
Characteristics of Wind and Good Siting ..
Power in the Wind
Certifications and Associations.................
RESOUICES....cooiiiiiiiiiieecce
Study Questions

)% o1 {0] 0170 | o TARMIESE_—_——_——————————EERE—.
Concepts for SUCCESS......ccovviiviiiiieiiie,
How Hydropower Works...............ccccvvee....
RCIORBC Y sz wsmsngs s stmmbss g b
The Importance of Consumption..............
What is a Dump Load? ..........cccoovvvvneinennns
Off-Grid Microhydro Systems
Grid-Tied Microhydro
WilTe]go] 0)%0 [ (o TST] {] [ | RANSE———————————————
Types of Turbines
Measuring Head and Flow........................
Power Equation...........ccccocvvvviiiiiiiii,
ROS QURCES sysns ssmmumninmossunmens sewswiss frevsmivsss
Study Questions

.......... 194
.......... 195
196



17.

Marine Renewable Energy ......cccccceeceeeiiieeennns 207

Concepts for SUCCESS .......ooovviiiiiiiiiiiiiiciiiieee 207
Creation of Tides, Currents, and Waves.............. 207
Marine Renewable Energy Generation............... 208
Wave Energy Power and Categorization............. 208
Current Generation ...........cccoeevveiiiiiiiiiiieeeeee 210
R LG Y[ {e]z O ——— 21
Study QUESTIONS .....vvvveeieeeeccie e 2

PART lll: System Implementation, Monitoring,

18.

19.

20.

21.

AN PayDACK: s sssivssrpas s s 213
Batteries and Energy Storage........c..ccceeueenen. 215
Concepts for SUCCESS......covvvviiiiiiiiiiieiiccieen 215
Wy Use: Batteres e arummusnussmsmemmimssans 215
Battery BasiCS.........ooooiiviiiiieiiee e 216
Types of Deep Cycle Rechargeable Batteries ..... 216
Charging ProCess.......ccc.vvvieiiiiiiiiiiiceeeciiee e 219
DOD, Cycling, and Battery Life ............ccccoeeeeennnn. 220
Operating Temperature ...........ccccceeeeeeiiiiieeeeeen, 220
Battery Storage.........ccoovvviiiiiiiiiiie, 220
Battery Wiring .......ooooviiiiiiiiiciieece e 221
Battery SIZING msmssissersssmnimsm s et o ae s 221
Other Energy Storage.........cccoeevvvvvieieiiiiiieieeeen 221
ROSOUICOS s sususis vsn ssisviinssasstniss s somas aaHE AR saTs 222
Study QUESHIONS ...oeiiiiiiiiccccc e 223
Controllers and Monitors.......c.ccceeeevveesiineenns 225
Concepts Tor SUCCESS s sl M smiiss 225
Batteries Use Charge Controllers .............cc........ 225
(80} i (o} | (TRl @] o] i{o LR ——————————— 226
Specifying a Controller...........c.ccccovviiiviiiii 227
Battery and System Meter/Monitor.................... 227
AWhole SyStem ......ccooviiiiiiiiiiiiiii e 227
Study QUBSTIONS m s pmsm s o 229
Backip POWEF. ciinnvisssanissimas et 231
Concepts for SUCCESS.......ccovvvviiiiiiiiiiiiiiiiieeee, 231
What is Backup Power? ...........cccccooviiiiiiiieen. 2311
Why Do You Need Backup Power?...................... 231

What Building Functions Need Backup Power? .. 232
Sizing a Backup Generator to Charge Batteries .. 233

g (OTUE] |0 [ =T A 1= 12 ) (o] e ——————————— 233
Generator FUel ........cccooviiiiiiiicc 234
StUY QUESTIONS s uussosmvasuminsssime vasstmmmmssssmms 234
Costing and | Payback:: .usssssssssssesusensusssssassans 235
Concepts for SUCCESS......covviviiiiiiiiiiiiicee 235
Clients Want to Know about Their System.......... 235
Total System CoStS...ooovviviiiiiiiiciiiiieccece 235
IFCENTIVES wummssmvasmmmmss s o s R TR 236
REE, SREGC; and FREC. ... sumessiaiinismmmsas susmonisans 236
Systemi COSt i s e 236
How to Include Incentives in your Payback
CalCulatiONS s wTss 287
Production and Value .............ccccoovviiiiiiiiiinic, 237
SifnplePayback sttt 2837
Lifetime Costs and Savings ........ccccoovviviiiieeennne. 237

RESOUICES. ...
(o | A O U TS XS] o [ -

22. Reslliency and POWEF .....cssisisnmunsnassmissinsssnass
Concepts for SUCCESS......ccccvviviiiiiiniiiiiieiiiiens
Sant ‘GHAS wsssammmmimmssmms e R s
Microgrids and Islanding ..........ccccccovviivieinnnnn.
RE Production vs. Continuous Power Needs ...
The Importance of Energy Efficiency ...............
Current Applications: ACvs. DC.........cccvvevennnen.
Charging EVs and Powering Buildings..............
e S OGO S st vmiasssans st fa e
Study QUESTIONS ...

PART IV Cage StUdias .qxu.sunimsisssamasiorsssisiinusss

23. Case StUAIeS ...coeveeeeeeeeiiieeccceeceeeeecee e

23A Rocky Mountain Institute, Innovation

CENtET oo s e e
Location and Use of the Building......................
Benchmarks, Outcomes, and Challenges.........
PV and Interactive Grid Battery System ...........
BT T0]g G ITEFo T Lo (PSR ——————————

B e SOUNCES nms sy s i e

23B City of Libby Microhydro PRV ........ccccvvueene

RESOUMCES.....vvviiiiiiiii i

23C University of Hawaii FROGs Classrooms.....
Building Envelope and Glazing................ccovve.
Air Conditioning ........ooevviiviiiiieeiiiiiiieeee
Lighting and Daylighting ...........ccccoeviiviiiiiiiinnn.
COMTORt ottt i
Benchmarks and Outcomes ............cccveeevnnennn.
Energy Use Intensity .......c.ccceeevviiiiiiiiiiiiie,
Photovoltaic Systems .......ccccvvvvveeiiiiiiiiieiii,

RESOUICES. ...

23D YWCA Northcentral PA..........cccceererriecsesssssnnens

RESOUMCES.....ovveiiiiiiiiccceeee

23E 125 HalS sssmsmssvavanmmmsmsvis msssmessv@osss issunsatdusasiis
Location and Use of the Building......................
Benchmarks, Outcomes, and Challenges.........
PV Grid-Tied System........cccccvvvevieiiiiiiiiiiiiinn.
LEsSONSI LEaTIEH. ommmmmmsssimmsmmmm s

RESOUNTCES sy swewnusaunvevs vams vasssssssassihsssssssssmess

Appendix A: Glossary of Terms and Abbreviations ....
Appendix B: Designing an RE System......................
Planning for an RE System ..........ccccccooviiiinneenn,
What are Power Production and
Storage GoalS?.......cccovvvveeiiiiiiiiieeieee
BESOUICES s 565 3.0 s s i v s s s s w5595

292



Appendix C: Sizing a PV System...........ccc.ccccovevennn. 295
What Size PN SYStOM P uisntiinsmmtnaiimmmis 295
Inverters and Power Optimizers...............cccc....... 296
BattETY BaRK compemmersms s 298
(€10]9]{ o] |[- | AR PR T T 298
Fitting Medtles to:a ROOT vswsemsesmsimmsimmanssss 298
RESOUICES ...t 299

Appendix D: PV Wiring Workshop .............c...ccc........ 301

Answers to Problems ............cccccccciiiiiiiiiiiinn, 305

Appendix E: Solar Thermal Sizing ............cccccccovveinins
Solar Thermal Formulas.............ccoocevvviiiiiicinnn.
Steps of Solar Thermal Design...........cccccovvennnn.
Solar Thermal Example Problem ............cccccoeen
RO S OGS v sistedmsmmsmss eapmaps s Haasams s s aaieaiois

Index



