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Preface

Energy is considered the lifeline of all human activities and, as such, it has to be conserved at every
stage, starting at societal and going to national development. Energy management among the spectrum
of sectors of a country can facilitate proper usage of energy based on actual demand. Proper guidance
in handling and utilizing energy systems can further maximize energy conservation by the energy pro-
ducer and the end user.

From this perspective, this book addresses the key energy challenges to be met through gaining knowl-
edge on thermal energy storage (TES) technologies that can lead to a sustainable energy future. This book
contains rich information on bridging energy gaps through the incorporation of TES technologies.

The publication of this book at this point in time suggests that the described ideologies and assess-
ments can provide immediate solutions to the current energy market and strategic planning for combin-
ing such technologies with real-world engineering systems.

Our primary objective is to deliver a quality work demonstrating the concepts of TES that would
be of significant interest to students, researchers, and academics, as well as industrialists, to whom this
book can serve as a comprehensive tool for immediate reference while providing information pertain-
ing to the multitude of aspects on TES technologies for sustainable development.

From this perspective, Chapter 1 explains the energy concepts, project energy demand/consump-
tion, and possible energy management techniques that would be helpful for the development of a sus-
tainable future.

In Chapter 2, the significance and functional aspects of a variety of energy storage technologies
intended for meeting demand side energy requirements are demonstrated.

TES technologies, on the other hand, offer a wide range of opportunities and benefits to end-use
energy and demand side management facilities, primarily in terms of cost effectiveness and energy sav-
ings, which are covered in Chapter 3.

Chapter 4 discusses the potential application of sensible TES technologies in residential buildings,
in which the implementation of passive and active thermal storages can result in the enhancement of
energy efficiency and thermal efficiency.

The nucleus of Chapter 5 is divided into two topics: (1) apposite latent thermal storage materials
having excellent thermophysical properties and (2) the potential opportunity for such materials to be
effectively integrated into real-time passive and active cooling applications in buildings.

The reversible chemical reactions occurring between working reactants or reactive components
help to store and release the required heat energy. In this context, the concepts and inherent operational
characteristics of various thermochemical energy storage systems are explained in Chapter 6.

In Chapter 7, the description and the operational characteristics of a variety of sessonal TES tech-
nologies are elaborately discussed.

Chapter 8 is exclusively dedicated to nanotechnology-based TES systems. This is an ever-growing
and emerging field of interest to a variety of research communities, as well as to industrial professionals
worldwide. It is suggested that heat storage materials embedded with nanomaterials exhibit improved
TES properties, which enable them to be considered as suitable candidates for future TES applications.

Chapter 9 explains the energy efficiency and cost-energy savings potential of TES systems integrated
with conventional and renewable energy systems that can collectively contribute to a reduction in green
house gas (GHG) emissions and pave way for the development of a sustainable future.

xiii
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To enable thermal storage systems to be fully functional, some crucial factors need to be considered
during the design phase. From this perspective, Chapter 10 demonstrates the basic design of some sen-
sible and latent thermal energy storage systems with example calculations.

Prior to the implementation of phase change materials into real-time building applications, their op-
erational performance can be effectively analyzed by modeling and simulation methods. In this context,
the major attributes of a variety of modeling and simulation approaches are reviewed and presented in
Chapter 11.

Chapter 12 presents the exergetic assessment of thermal energy storage systems that reveal positive
attributes on reducing the greenhouse gas emissions for the development of a sustainable future with
adequate results on energy efficiency of the system.

The significance of providing proper control and optimization schemes in buildings integrated with
TES systems to accomplish reduction in the operating cost without compromising energy efficiency are
elaborately discussed in Chapter 13.

In Chapter 14, the economic and societal prospects of thermal energy storage technologies are
presented. The application potential of thermal energy storage technologies and the scope for futuristic
developments are included in Chapter 15.

The authors are grateful to the publisher for permitting the use of research publications cited in
this book. The authors would like to thank other sources for the use of information cited in this book.
Efforts have been made to cite sources at appropriate locations in the book and to obtain full reproduc-
tion rights. Apologies are offered for any discrepancy in identifying the copyright holder, and error
correction is welcomed.



Contents

ARG CHERIEALS, . Ao conedrutes T esrssss s soos s ayeasvensovesyaavausuvge rosvsoume s SHETER SR S TR T, T BT Xi
PTACE. . o o 2 S S o 0 2 e mme e e st e TR R T B T S Xiii
CHAPTER 1 Energy and Energy Management..................cccocoiviniiininiininiininnns 1
11 It OAUGHOMN ., cxsusisniwsnsensssion swnsansssemsypssamssesssms saymass nsssws o sssmmuned eds s e e ekt 1

1.2 Energy Resources, Energy Sources, and Energy Production ...........cccccevvcvivinicincnne. 1

1.3 Global Energy Demand and CONSUMPHON..........coiiiiierimrermirineiesisiisinssesieeseassnssenes 5

1.4 Need for the Energy Efficiency, Energy Conservation, and Management................. 11

1.5 CONCISE REMATKS .....c.ceeirveenrrrerenreerieseuesessaestenecsesenensssestsesestsssentesanesessesssenssancanss 18

RETCIENERS vvsusiviviivionmerivesvss sanscassnsnannsaswsopons vassdnsFs s e e sE0 S8 oMo 4B TH R G0 A GA SRR T 19

CHAPTER 2 Enorgy SIorage. ..........sxesissssiasmisanisssassssssmmmsisasssssmassmmssssnsssss 21
2.1 INIEOAUCHION ssviwssivssusasussssiwmiss soss susnsissosssvwasie s s S48 5984865V w8548 498§ 55 S5 SHH O m AR BEE S5 3085 10 21

2.2 Significance of ENergy STOrage .......oceueieioiiieniieeiesieisceiciesis et 21

2.3 Types Of ENErZY STOTAZE .....ccoueveveviiiiiinieieicicieicreiea et 22

2.4 Energy Storage by Mechanical Meditm ..........cccoiiriiiriiieininieniececnineescecseeneeene 23

2.4.1 Flywheels (Kinetic Energy Storage) .........ccccooimivieniininninninienensisnenennnns 23

2.4.2 Pumped Hydroelectric Storage (Potential Energy Storage).......cccccocevveuennee. 25

2.4.3 Compressed Air Energy Storage (Potential Energy Storage).........cccccceeevne. 26

2.5 Energy Storage by Chemical Medium ..........ccooieiiriiiereiiiseceeee e 28

2.5.1 Electrochemical Energy Storage ..........coocoiiuiriiiiiiiiiiciiniecnecccccvic e 28

2.6 Energy Storage by Electrical MEdIUI . .ouwsvvwsasssvssssassinsmmssisissssssssasvisssipaisssaisissoss a1

2.6:1 Electrostatic ENETEY: SIOTAEE . vussssassssssvmimuonssasssorminsassarinisonss st i 31

2.7 Energy Storage by Magnetic Meditm.........c.ccoiiiiriciiviiinioicecieeniesiieeseseaeiennens 33

2.7.1 Superconducting Magnetic Energy Storage..........cccovrevonciinnennncncncnannns 33

2.8 Energy Storage by Hydrogen Meditm............co.cocoiiiiinioniiiiiinismimssinisionsomsses 34

2:8:1 Hydrogen-Based Puel CellS..ummursumumssmmsmsmussiamsommms oo mimsioins 34

2.8.2 Solar Hydrogen Production ..........co.ocuiiiiiiiiiiiciciicciecces i 35

2.9 Energy Storage by Biological Meditm .........ccocueoeeiririniiincieirese s 36

2.10 Thermal ENErgy STOTAZE.....c.coveeeierieoiereeereeririeseeeeteriesesseseseeescaesessesaeseaenenaseessennas 36

2.10.1 Low Temperature Thermal Storage.......c..ccivenivimenmummiciimsamasiesamarees 37

2.10.2 Medium and High Temperature Thermal Storage.........cc.coccvoervnvininiincnciniann 37

2.11 Technical Evaluation and Comparison of Energy Storage Technologies.................. 38

2.12 CONCISE REMATKS ......oeeiriiiieiieeeieeieee ettt b b enene 52

R OTRTIERS s 500 57 75050 S0 7375 40 Eo RV SRR S A SR oW e AP T SR SR A BN SR B 52



vi Contents
CHAPTER 3 Thermal Energy Storage Technologies......................cccoccoeeeiinnn.. 57
31 INEEOAUCTION 1.eteiiteeteissetete ettt ettt bt a bbb ea e bttt bbb eseiees 57
3.2 Thermal ENErZy STOTAZE ........ovveveeueiieerereeieiesiiesesiesaesaeseessceseesesaesessessesestessenessesnnsens 57
3.2.1 ASPECES OF TES ..ottt sttt eae e e e eanas 58
3.2.2 Need for TES...:ciuscsasvsmmisiimsmsiminimems e smimansivsemyosss i mpmassisms svismam 59
3.2.3 Energy Redistribution REqUITEINENES .oucoisussvsasoisuissnsssnsavsssssasssisossnisapssasssisess 59
3.3 Types of TES TeChNOIOZIES .....eovieiieiieiiiieieee ettt 60
3.3.1 SEnSILIETES........cccvsimireonsersarasnconsesiississisiosomiossssossacsisissasns s issarmissanssasisnsionted 60
382 L ALETIETIES crerrenTanoer o e S o S o S AR e T S AR D R 60
3.3:3 Thermochemical ENErgy STOTAEE «:u.sussamsassvsssssssssssuivessissnssisssiavhsssinessasessss 61
3.4 Comparison of TES TeChNOIOZIES.......cveivruerriiciiriiiiieseereaeieeiereeeae s eeees s 62
3.5 Coneise REMATKS ......oueuimiiiiiieiciriei ettt ettt 64
REFEIBIEES. .. cuovaensscarsnmossssos coonsasanssnaranson soauarite iitas oh et edtos s i iy s inde Eans SRR SRR 64
CHAPTER 4 Sensible Thermal Energy Storage .....................c.oooviieiiiiiiiinnicnn, 65
4.1 ITTOAUCIION 55 0m50sumsssa sssemsnss sanamssuisssosimsnsssviysesd Sonssss s vsms st 5945 Rs5sysEHE o ARS S5 AR T s a8 65
4.2 Sensible Heat Storage MaterialS...........cccccouiioiniiiniiniiiciecece e 65
4.2.1 Solid Storage Materials .........ccocvirviiiiiiiiiiiiieicie et 65
4.2.2 Liquid Storage MaterialS...........cooeereereerceensenicrneereeieseestenesseesaesstesessassnssnssasas 66
4.3 Selection of Materials and Methodology .....c..ccoeercrimicciniiiniisieciicins s, 66
4.3.1 Short-Term Sensible Thermal StOrage .........cocoevvevcrenineiieniein e 67
4.3.2 Long-Term Sensible Thermal StOrage .........ccccoceevuiiiieiiiininicniecicieiccees 68
4.4 Properties of Sensible Heat Storage Materials ..........coeueuiccreereeininieerecieeririeseaeeeeens 69
4.5 -STES TerhDOlOPIES . msnsvsscmzmmeins i s s e i s s e G e ias 69
4.5.1 Storage Tanks USING WALEE :.:cosusssecsesussionsosossussisisrinssunssniosionssiosasssossiossossvissos 69
4.5.2 Rock Bed Thermal StOTage .......cvveeeuciuiriieiiiinieie st 71
4.5.3 Solar Pond/Lake Thermal STOrage ........cccccccviuiimiveiienieniiineiie i 72
4.5.4 Building Structure Thermal StOrage............cccoveroiriieicoieiicieeie e 73
4.5.5 Passive Solar Heating StOTAZE «isasssmsssissasasmmssumssmissisimmssmssssimsmiisimsssisiie 75
4.9.6 AcHVE Solat Heal g SIOTATE v ssvsssussionsossnnitasssesiisiiminisinatssnrssssiommosnsenes 76
4.6 High Temperature Sensible Thermal StOrage .........cccceerviviiciecicinioiiieiieccecnne 77
4.7 CONCISE REMEATKS ... .eveuiiieriiieeeeieeiets ettt esee et eaee st eese st ese et emesaeeanseesesernean 81
RETCTETICES ixiesacsvisussussvinsosnsarimnsasss s snssnsaim oy sssss s b Vays s asssssvsssasvavys samssionsavisusesiosen 81
CHAPTER 5 Latent Thermal Energy Storage..................ooovvvvviiiiiiiiiiiiiiiiieeee 83
B.1 INOAUCHON vuvossesncussssemsasasssommsmsoumsinsonsessssositisarsionisssvssssbsinssssonsasssissesassnsssassssasssinsss 83
5.2 PhysicS OFLTTES .......ooucoimimarmm vmssssmeesonton i ianeedossinsaiesintvadazionssincsssossesssdssassostnksosssnss 83
5.3 TYPes Of IETES rsmarssrmsssvsmsms s s mramrmmsmssemass s b s 56 s B Sve Go visSAaAwsh i 85
5.4 Properties of Latent Heat Storage Materials .........coocceevivnieniensemsiesinionessesssesinions 86
5.5 Encapsulation Techniques of LTES (PCM) Materials .........c.ccooveiirnirciincinne. 86

5.5.1 Direct Impregnation Method ..........ccouiiiiiiiiiiiiiiiiiieccee e 87



Contents vii

5.5.2 Microencapsulation Method.........cccouiiiiiiiiniii e 87
5.5.3 Shape Stabilization of the PCM ........ccoiiiiiiiiiiiiiiieeccceseeeeee e 88

5.6 Performance Assessment of LTES System in Buildings.........ccocooeeveiicicueseieerenennn. 89
Lot A E o I BRI 1T S OGN« . OO ORI 94
5.7.1 PCM Impregnated Structures into Building Fabric Components.................... 94
5.7.2 PCM Impregnated into Building Fabrics .........cocovviviiiiiinicniienciccee 97
5.7.3 PCM Integrated into Building Glazing Structures ...........ccccecevereneicniennns 100
5.7:4 ' PCMICOlOr COatMES - susssuurisensimivsviaiss iasasmisiem s thiaisssass cisam riamsmsssass 101

5.8 ACHVE LTES SYSIEIMIS ...cviuiiiieiieteeieieees s eseeeesieess st ese s et esssnesessssenesesasasasssensssnsens 102
5.8.1 Free Cooling with the PCM TES .....cccooiiiiiiiiiicciieceee et 102
5.8.2 Comfort Cooling with the PCM TES ........cocoiiiiiiiiiiiiinenecieeeeeee 108
5.8.3 Ice-Cool Thermal Energy Storage...........ccccvieeeeeierieecieieeieeee e eeeeseeeseeenes 111
5:8.4 Chilled Watef-PCM OO0l TES ..icosususmmpsnsssnscsainssnsinssssssosipmsssssisasmsessasmans 115

5.9 Merits and LIMItations .....c.ccoeeeieioiiieririeeei e 118
5.9.1 Merits of LTES MaterialS .........cooevireiiiieniiiiieiee et csaicescaeressesesaees 118
5.9.2 Limitations of LTES Materials..........ccccooiioiiiiiminiceiencreeceee e 122
5.9.3\ Merits of LTES SYSIEIMS usswivorissismssrassorsavaessominiorssisvissisiusmimsimm i 122
§.9.4 Limitations of LTES SYSEMS:..sssmsssesssavssssssssisssissssisvsssssisissssomessesississin 123
5,10 SUMIMATY . ...oiiieeietctceeteee ettt et e e e e e e s eaeeset e e e e esseaeeaessaenasesenesrennsenn 123
RETCIONEES . o s St tusfun s s mons awmnes soms as s mpasi s TR TR S A T e Ton S e T 3 e 124
CHAPTER 6 Thermochemical Energy Storage .....................ccoooeieiiiiiiiiinnn.. 127
6.1 INITOAUCHION «..ovieriiieicieset ettt aes e st ss s asa s ea s sene s 127
6.2 Phenomena of Thermochemical Energy Storage .........ccccovveriveverieeniesaieninreenennns 127
6.3 Thermochemical Energy Storage Principles and Materials ..........ccccoeveereeereeennnee. 128
6.4 Thermochemical Energy Storage SyStems........ccovvveireeuereeurirerenecneeneseseseseseeesesenns 130
6.4.1 Open Adsorption Energy Storage System..........cocevvviniininniinnirenneniennnnssanns 131
6.4.2 Closed Adsorption Energy Storage SYStem ..........ccccevueeercsiseseesessseniassessennes 134
6.4.3 Closed Absorption Energy Storage SYStem ........cccciiirriieeiiaiaiiiiieneissinsenns 135
6.4.4 Solid/Gas Thermochemical Energy Storage System..........ccccoeveveerencreecnnn. 136
6.4.5 Thermochemical Accumulator Energy Storage System ..........cccccvveeivcnncn. 137
6.4.6 Floor Heating System using Thermochemical Energy Storage ........c...coc.... 138
6.4.7 Thermochemical Energy Storage for Building Heating Applications .......... 140

6.5 ConCise REMATKS ......c.ciuiiiiieiiinieieieeciei ettt nene 142
RELEIBIICES..... ccovecursasanrmnssssassesassenassessassasassnssssssssnsossssnssnsmssassssnssassssnssasassssnsssasdonassasns 144
CHAPTER 7 Seasonal Thermal Energy Storage ...................cooooovveieiiiiiiiininnnns 145
T1 INEEOAUCTION ..ttt es e s s s s ea e s st ess s eses s s ssseseseasessens 145
7.2 Seasonal (Source) TES TeChnolOIies. ......c.evveveeueeuereerieieeeceieee e evenan 145
7.2.1 Aquifer Thermal StOFage. ......ccooceviviiiriiiririeiiiesicieieeece e 146

7.2.2 Borehole Thermal StOrage.........c.coccoiiiiiiiiiiiiiie et e 150



viii Contents

7.2.3 Cavern Thermal StOTage.......cccoouemieiiirieniieiieeieeie e eeae e et seesanesae e 152
7.2.4 Earth-to-Air Thermal STOrage .........ccoceeviiiiiiiiiiiiiie e 155
7.2.5 Energy Piles Thermal StOrage..........c.coovooiiiiiiiiiiiieciceiecccieecicece e 156
7.2:6 Sea Water Therinal StOTAZE ..::uszmsssswmsimisssiesssssisiovinisivassnssssovsivamiamssions 156
7.2.7 ROCK Thermal StOTAZE.....cc.ieuiiieiiiieieiie ettt et sasesbe e esaesseens 157
7.2.8 Roof Pond Thermal StOrage..........cccouevuieriieriicieiiiienicieeieecoreeseesreeevesneiens 157
7.3 ConCiSe REMATKS......cveoiieiiiieiiieiiteiee ettt st s et es e emenesene 158
R OTCTOIICER ovsumusssinsuvansnsovies svavanons s Somsiso sawamena 8645 563 VA T AR 35 VRIS SRR VS P 161
CHAPTER 8 Nanotechnology in Thermal Energy Storage .............................. 163
8.1 INITOAUCHION ..ttt sttt e et eee 163
8.2 Nanostructured MAterials ..........ccouverueueueieeciieeeieieieeeees s ees e 163
8.2.1 Preparation and Characterization of Nanomaterials............ccccovcevciencncnnnn. 163
8.2.2 Hybrid NanOMAIETIAIS cussvssisssamssvamssmssssssvmsssavssrssssivspsamsesisssssinsvirdosaarsavsssss 167
8.3 Nanomaterials Embedded Latent Heat Storage Materials ...........cccoceieeiiiicnciennn. 174
8.3.1 Evaluation of Thermal Storage Properties ........ccccccoveerreerenriinencnieniecreeenn. 175
8.4 Merits ANd Challenges......c.vevvueiriieereririieicee ettt seas 189
8.9 'Concise: ReMATKS v aumessiisis s s 6 resimvisvinisism st s i 191
RETETENCES: ixcsususunssumssmrssmnsmasmssssomss soasenvassinssasionias s ons ssa s s 5 05 Somvi 443 03050 T s5S5 R4 5570 192
CHAPTER 9 Sustainable Thermal Energy Storage ......................cccccocooeiinn, 203
9.1 INITOAUCTION ottt ettt b e e 203
9.2 Sustainable Thermal StOrage SYSLEIMS .......cvovevruruericeiereirieseseseeeeessassesseessaraesesns 203
0.2.1 Low Energy Thermal StOTAPE « . sassisamssmssvaisassimomsissssmsivamissssavsivives 203
9.2.2 Low Carbon Thermal StOrage .........ccccecviiieiiienieeieeireaisesiieaseesisecseesssessesssennns 204
9.2.3 Geothermal Energy StOTAZE .......ccoviriieieeiiiieeieeieiieeitesieeaeeee e e s esensnnaens 216
9.2.4 Wind-Thermal-Cold Energy Storage..........cccocoueieeirrieencicrieneeeiceeeeas 222
9:255! Bybuid MBS, o e o e s fa omiass aaseisassses 223
9.2:6 'CHP THermal STOFAEE sucsusasstsiamseiniisminsmmsnsnessssnssessniasis sinsissssasiosiomssisasnisns 223

9.3 Leadership in Energy and Environmental Design (LEED) and Sustainability
PLOSPECES . viiiiiiiionamssumrrossnsssvimesimssnss fisasi sasbiassbassinses iandasssuishasanisschasssaarmssysanss sasasssas 227
9.4 CONCiSE REMATKS .....cviieiiiiiiieiiiei ettt enes 232
B B DTGB S s 50u s v s s sweusspms ssvms e e oo om0 3 54 5 54 S S8 0584 S RS S S 233
CHAPTER 10 Thermal Energy Storage Systems Design......................cceeeeen 237
1071 INEEOAUCHION .ttt ettt n s nee 237
10.2 Sensible Heat StOrage SYSIEIMS .....c.euvevereiereeeiereereeeseseeseesreeeeesseseaeseessesensseesessesees 237
10.3 Latent Heat Storage SYSIeINS:  cimsusmisinsassssissssnisasssmrssssassesssrmmasissssarsesassisisioisss 238
10.3.1. SizINg Oof ITES SYSTOIN. s scussaionsiunssnsivas mssvienssaiassss imssissssssvatsusssvasmivsavasaioss 238
10.3.2 Sizing of Chilled Water Packed Bed LTES System .........ccccovevveevinvennenne. 239
10.4 Design EXAMPIES ......ovoueieeeeieiieieeiieieee ettt e et es e s e e s 241
10.4.1 Long-Term Thermal Storage Option.........c.cccovirireemiiiineiiiieecieie e 241

10.4.2 Short-Term Thermal Storage OPtion. .. uussseusssesonssosisssnssssssnsssssssosnsissgassns 242



Contents iX
10.4.3 Short-Term Thermal Storage Option in Piping Systems........cccccevveievviranns 242
10.4.4 Heating Thermal Storage Option with Pressurized Water Systems............. 243
10.4.5 TES Option with Waste Heat RECOVErY .........ccoouimimiiiiiiiiiieiiecicreeneenee 244
10.5 CONCISE REMALKS .cvuswsisussvansssvssneswsasaasssmasvsasssnsisss svaswisnsdsossmss ssseamsissssss s aavsssasavins 244
POrther REAAINE o). scososus ovnmmenssnussoss snsssasnossensosasssnssss shsossasss spssansbussssibivion Toswsbosianses 245
CHAPTER 11 Review on the Modeling and Simulation of Thermal
Energy Storage Systems................ccccooeiieiiiiiiiiiiiiiecee 247
1101 INEFOAUCTION ettt ettt a et e e aa s essene s e e essese s ans s essessesssseneenesseses 247
11.2 Analytical/Numerical Modeling and Simulation..........c.ccceevereriieecrienenecveeccecene. 247
11.2.1 Latent Thermal Energy StOrage ........c.cccooeveiiiirieiriniiniicieieeesieienesiennens 247
11.3 Configurations-Based Model COlECHONS.........cveverereriiienniiieiireseiesereseseessenesesenens 256
11.4 Modelingand Simiulation ARAIYEIS ..coomwe i masdsisisnmnitomme 261
11.4.1 Numerical Solution and Validation ...........ccccooeeoiiiuiiiinenineninreerie e 261
11.4.2 Materials Selection and Configuration .............cccoveerevinercoenesrereneneeveenens 266
11.4.3 EcOnOmic PErSPECHiVES........coviiuimiiiiciienieireiteieteeseeseeer et esenense s senaenennas 266
1115 CONCISE REMATKS wxiivs sosmsessdbivsssmssesssiosissssisyiinssnss oms siaissss sssvesssassssnsi s sassvhmapasesioes 266
RefCIENoes: .o tvsmmmosnssssismmisivissioiminensstssvisisos s cesosivsissovisssnssinesevsiosisasasniasibasss 267
CHAPTER 12 Assessment of Thermal Energy Storage Systems ........................ 279
121 INIOQUCHION .ottt sttt se e s asaese e ss e s e e e sessesanansens 279
12.2 Evaluation of Thermal Storage PrOperties........cccoveerusresisiirarenseseissorsossasssssssonennens 279
12.3 Energy and EXergy CONCEPLS .....ecvueuererieriiisieisisiesesesesessaessiesesssenesssssssssassasssesesens 281
12.3.1 Distinction between Energy and EXergy .......cccccocvvivininvennincnnnienesinenns 281
12.3.2 Quality CONCEPLS ......ccverueeuerecriietinteiceieeertetster e aesees e s eesas e e saesnessasseenas 285
12.3.3 Exergy in Performance Assessment of Thermal Storage Systems.............. 286
12.34 Exergy and the ENVIEONINEHE .. xxssswisssisiavmssvessessissancisssssssnsississisasaossnssinesss 288
12.4 Concise REMAIKS ......couiuiieiiiiiiee ettt es bbb 307
285 (5 1 [ R L OO~ = 8 T ST Y, S D . 307

CHAPTER 13 Control and Optimization of Thermal Energy Storage Systems .....311

13.1 INTOAUCHON woveansissssassssasssvssumsvssssssiominssssssessss sssimsressssssinssvavmsvesss sy amvsspasssmmisssasiois 311
13.2 Control Systems and MethodOlOZIES........ccveviiriererinrerireeieresiiereeriesee et ereseeens 311
13.2.1 Types of Control MethodolOZIes .........ccoueeiiriiaiiiiieiceeee e 313
13.2.2 Control Methodology of Thermal Storage Systems............ccccevveeverueerernenne. 316
13.3 Optimization of Thermal Storage SYStEMS.......cevrurrreeeeeeiererrieieeeseeereeseessesesesesens 326
13.3.1 Thermosconomic OpaMiZatiON . ..uswsisasswsmssssasssisissmvissmssmsrsimismsrssmss 330
13.8.2 Multiobjecive OPIiMiZAEOB. s svessssserss visissesnssaeaoniis ioialiindissiusdussehnenesss 336
13.4 ConCisSe REMATKS ....c.coviveiiieieiiireeeietcee ettt ne 342

RETETEICES. ... osiosconunssrrnensmmnrenamansasasmmssosssseasvasasssorssasasssrasansosasassess asses vikssainsonsssnnmoneanne 343



X Contents

CHAPTER 14 Economic and Societal Prospects of Thermal Energy

Storage Technologies ................c.oovviiiieeiiiieiiiii e, 347
141 TNEOAUCHON 1ovvsvomonsrssssasmssssssusamossussvansssas Tasdomisssvais svues sasaess sasiasipossshesas e sasanss sodsonnssnss 347
14.2 Commissioning of Thermal Energy Storage (TES) Systems .......cc.cccovvicvicvincinnnces 347
14.2.1 Procedure for Installation of Thermal Storage Systems.........cccecvecerveeiicnns 347
14.3 Cost Analysis and Economic Feasibility ........cccoeioiriiiiiiiiniiiiiiiciiiciciices 349
14.3:1 LTES SYSISIN c.cicnisiamissorssmnmmsvsississ st coienisss s4sss5a55548 svis abasios sosss ansasviossiy 349
14.3.:2 Seasonal TES: SYSIEH .uueesissrusenssnisisisconvmnisssissssssingssessississimsnsssvesassaisuss 352
14.4 Societal Implications of TES SYSIEMS ....c.ceviiueiiiiriiiiriiiiieieiee e 356
14.5 ConciSe REMATKS ....oviiiiiiiieeeeeiieiiee ettt sne e seseneas 357
RefEIBNCES.5: cviiimsimsaimusmisisssisvismasissssermssomimmseaesms s sasssssssas U sRosRaNSNsss 064 SVAGATCITORG AR TS 357
CHAPTER 15 Applications of Thermal Energy Storage Systems ...................... 359
15.1 Active and Passive SYSIEIMIS.........c.eeueieuiiierierieeeieceieeiee st eseeeeeseeseesaeseeeseseesaesessecses 399
15.2 Carbon-Free Thermal Storage SyStemMS......c.eouiieuiirieriiinieieineeresiesreeeceeseaesieneenas 359
15.3 Low Energy Building DESIgN ..........cccocemrursmesirsonasismsssnsssssiamsssisasssssnissnsasissisisaseissoss 362
15:4 Scope for Puturistic DeVElOPIIENLS ...ussssssomsassimamisesonsossassiimsimissssossossisasnssssonsnian 364
REFETBICER s msansnunasansmsssamspesssnpspsms i e mees I (o2 455 o3 S TS STl ST s mas By wens 365
Appendix I  Units and Conversions Factors ....................ccccooiiiiiiiiiiieennnn. 367
Appendix Il Thermal Properties of Various Heat Storage Materials................ 375
Appendix Ill Rules of Thumb for Thermal Energy Storage Systems Design....... 397
SOULCES. ..cenessossenssrsssonssusnsonsonsrsssssssasonsosssssassansonssnssnasaesasssasansessaporsssessesissessasansssasases 398

Appendix IV Parametric and Cost Comparison of Thermal Storage
TECRNOIOGIES......... coooonennnewise smsssmassemonsnsissanisi s esmiusn daps dosm sonsansass 399
Appendix V. Summary of Thermal Energy Storage Systems Installation........... 401
ABBIEVIATOMNE. . b i e T ST T S s cvssssss csonsssons sosbosbolssnsBasiiBun oot ST Eui TT TN S R puessanserssnsnanassonsdodanasds 405
(G GRBATY v s em a3 o 2 ST SRR BT R s e S S e s T S T 409
List of Specific WebSItes .o o ammuinmvimnsmasisessmiississis oimienssrss assss s s o ssmsmoasmamessisasiss 413



CHAPTER

Energy and Energy
Management

1.1 INTRODUCTION

Energy and energy management are two facets of a mature technology that would move the economic
status of a country from normal to the height of societal development. A nation with a strong mission of
ensuring energy efficiency at each step of its societal development can sustain higher economic growth
on a long-term basis. The increasing concerns about climate change and environmental emissions have
led to conserving energy through the development of several energy-efficient systems. The underlying
concept behind this is the reduction of extensive utilization of fossil fuel or primary energy sources and
their associated carbon emissions. From this perspective, the following sections are designed to explain
energy concepts, project energy demand/consumption, and describe possible energy management tech-
niques that would be helpful for the development of a sustainable future.

1.2 ENERGY RESOURCES, ENERGY SOURCES, AND ENERGY PRODUCTION

In the spectrum of energy and energy management, energy resources, energy sources, and energy
production are extremely vital starting from their discovery, conversion, and production to end-use
consumption. Although the terminologies related to energy resources and energy sources seem to be
associated, a basic difference exists that helps the scientific community to move the task of energy
production forward to meet energy demand.

Energy resource refers to a reserve of energy, which can be helpful to mankind and society in many
ways. On the other hand, energy source also means the system that is devised for extracting energy
from the energy resource. For example, the availability of fossil fuels under the earth in the form of coal
can be categorized as an energy resource. The system or the technology that is incorporated to extract
the energy available from the fossil fuel (coal) can be classified as the energy source.

Earth has large energy resources or basins including solar, hydro, wind, biomass, ocean, and geo-
thermal. Through the application of the human ideologies and emerging technologies, tapping the
energy from these reserves in an efficient manner has always been a paramount task. Earth’s finite
and renewable energy reserves along with recoverable energy from these resources are depicted in
Fig. 1.1.

It is not only important that the energy be extracted from these reserves or reservoirs; the real suc-
cess of the task depends on efficient transformation to the actual societal requirements. In simpler
words, the extracted energy has to be generated or produced in a more usable form and has to be trans-
ported so that it caters to end-user energy demand. To sustain the living standards in developed nations
as well as improve societal and economical status in developing countries, it is of great importance to
balance the huge gap between energy generation and consumption.

Thermal Energy Storage Technologies for Sustainability 1
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FIGURE 1.1

Finite and renewable planetary energy reserves (Terawatt-years, TWy). Total recoverable reserves are shown
for the finite resources. Yearly potential is shown for the renewable [1].

The availability of reserves and the possible recovery of energy projected in Fig. 1.1 are more at-
tractive and helpful. This is a basic step in the process of energy planning and energy management.
It can be seen clearly from Fig. 1.1 that the total energy reserves available for the fossil fuel category
account for nearly 2000 TW per year (TW—Terawatt). The reserves available for nuclear energy are
comparatively less compared to fossil fuel reserves. The ratio of fossil fuel reserves to production glob-
ally at the end of 2012 is shown in Fig. 1.2.

The projected ratio of fossil fuel reserves to their production in Fig. 1.2 infers that the reserves
for coal, oil, and natural gas in some parts of the world have increased over time. This could be at-
tributed to emerging technological advancement in the search for new fossil fuel reserves or beds. It
can also be seen clearly from Fig. 1.1 that energy recovery from nuclear energy can now help fulfill
immediate energy needs. However, from the long-term energy perspective, dependence on nuclear
fuels imposes certain environmental risk factors and unsafe conditions in terms of nuclear emissions
and radioactive decay.

It is interesting to note that after the Industrial Revolution, human inventions (interventions) for
using fossil fuels to satisfy the energy demand increasingly grew from region to region worldwide.
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Coal remains the most abundant fossil fuel by global R/P ratio, although global oil and natural gas reserves have increased significantly over time. Non-OECD countries
possess the majority of proved reserves for all fossil fuels and have a higher R/P ratio than the OECD countries for oif and natural gas.

FIGURE 1.2
Global projections on the ratio of the fossil fuel reserves to production at the end of 2012 [2].

The values projected in Fig. 1.3 infer continuous growth in fossil fuel-based primary energy sources in
recent years as well as in the near future.

Tough competition exists between the world’s nations in the search for new reserves of oil, natural
gas, and coal. This process is even more encouraged in developed countries. This is in some ways ad-
vantageous, but the uncontrollable exploitation of such energy reserves leads to carbon emissions and
other environmental risk factors.

The projections on the additions of world power generation capacity and retirements from 2013-
2035 shown in Fig. 1.4 infer that the participation of developing nations including India and China is
considerable. This means that developing countries are more interested in resolving issues related to
energy usage per person, as compared to developed nations. Nearly 40% of the world’s new power-
generation capacities is being made by India and the China. At the same time, almost 60% of the
power capacity additions have contributed for the replacements of retired plants in the Organization for
Economic Co-operation and Development (OECD) countries.

On the other hand, developed nations are also equally interested in developing renewable energy
sources-based systems for accomplishing demand-side energy management. However, in this type of
task, aside from the cost implications involved, adding renewable energy as the source for power gen-
eration (electricity production) as depicted in Fig. 1.5 would facilitate maximum energy advantage with
reduced or net zero emissions to the environment.
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Projections on global oil production growth contributors [3].
World Energy Outlook 2013 Launch - a presentation by Maria van der Hoeven in London © OECD/IEA, 2013, page 8.
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FIGURE 1.4

Projections on additions of power generation capacity and retirements from 2013-2035 [3].
World Energy Outlook 2013 Launch — a presentation by Maria van der Hoeven in London @ OECD/IEA, 2013, page 10.



