ABSTRACT

Title of Document: REVIEW OF THERMAL ENERGY STORAGE
TECHNOLOGIES AND EXPERIMENTAL
INVESTIGATION OF ADSORPTION THERMAL
ENERGY STORAGE FOR RESIDENTIAL
APPLICATION

Gang Li Master of Scienc&013

Directed by: Research Profess®¥unho HwangPhD.
Mechanical Engineering

Thermal energy storage (TES) technologies can reduce or eliminate the peak electric
power loads in buildings, and utilize benefits of waste heat recausayrenewable
energy. This thesis work consists of TES literature vewded experimental investigation

of adsorption TES. Review work inclugleold storage technologies for air conditioning

and subzero applications, and heat storage technologies for residential application.
Different technologies involving sensible, latemdasorption TES were compared and
resolutions of their issues were summarizéd. addition, adsorption TES was
experimentally investigated and its energy and exergy flows were analyzed to evaluate
the effects of different operating parameters, such aset@type andeat transfer fluid

mass flow rate for different chambers on the system performance. Finally, a computer
model was developefor the adsorptionheat TES system integrated with vapor
compression heat punmp asses#s performance Simulationresults showed that overall
coefficient of performanc€COP) and exergybased COP are approximately 3.11 and

0.20, respectively.



REVIEW OF THERMAL ENERGY STORAGE TECHNOLOGIES AND
EXPERIMENTAL INVESTIGATION OF ADSORPTION THERMAL ENERGY
STORAGE FOR RESIDENIAL APPLICATION

By

Gang Li

Thesis submitted to the Faculty of the Graduated School of the
University of MarylandCollegePark, in partial fulfillment
of therequirementgor the degree of
Master of Science
2013

Advisory Committee:

Research Prfessor Yunho Hwanghair
Professodungho Kim
Associate Profess@ao Yang



© Copyright by
Gang Li

2013



Dedication

Tomy parents



Acknowledgements

| would like to thank my advisor, Dr.Yunho Hwangfor his valuable directign
suggestionsand support during mywo yearstay (August 2011~August 2018) the
EnergyLaboratoryat the Center for Environmental Energy Enginee(@BEE). Thanks

for hisvaluable support in the revision of publications, theand reportdHe alwayshas
insightful ideas andhis knowledge and guidance of research always motivate me to
explore further Also manythanksto my coadvisorDr. Reinhard Radermachéor his
direction andhelp for my research.also extend my appreciation . Jungho Kimard

Dr. Bao Yangfor their valuable time to review my thesis apdovide perceptive
commentsl am grateful forthe CEEE lab manager, Jan Muehlbauer,higrvaluable
suggestiondor my experimental workSpecial thankgo Suxin Qian for his help in
modifying the structure of the LabVIE\Wata Acquisition prograrmMany thankgo Dr.
Jiazhen Ling for his valuablacademic and personal advigdso Hongtao QiapLong
Huang Xing Xu, Song Li gavea great deal ofielpto me personally and professionally.
My sincee thanksto Magnus Eiseldor the efficient communication for the secondary
loop systemand Abdullah AFAbdulkarem Daniel SpencerXiaojie Lin, Tao Cao,Cong
Peng, anathercolleaguesvhom| have worked withasl have learned a lot from all of
them. In addition, | offer my thanks to the sponsors of the Alternative Cooling
Technologies and Applications Consortium at the University of Maryland, and Oak
Ridge National LaboratoryFinally, | want toshowmy deepest gratitude tay parents

andbrotherfor their support Thanksa lot!



Table of Contents

[ 7= [Tor= 11 0] o PSR i
ACKNOWIEAGEIMENLS. ... e eerent e e e e e e e e e e e e e e e s ameeasaeeaeeaaaaaeeeees i
IS 0 B 1= 1 1= PP vii
IS 0 T 0 PP PUPPPPRTRRRSPPIIR V/ |
N[0 g =T o F= L =PRI Xiv
N 1 11 o o [1 [ 1 0] o SOt 1

0 O |V [ 1Y 1[0 o PP 1
1.2 Objectives and thesis organizatiQn..........ccccccoeeiiiiieeciiiiiee e 3

2 Critical Literature Review of Cold TES Technologies for Air Conditioning

Y o] o[> i [0 o PSPPSR 5
2.1  Chilled water and iC& SIUIMIES........uuuiiiiiee e eene e e e e e e e e e eeaeaneees 6
2.1.1  Chilled Water StOragE........uuuiiiiiiiiiiiie e ceees et eerers e e e e e e eanaansd 6.
2.1.2  Selection of depressant additives for ice SIULLY...........ccuvvveeirimemiiviiiiiiieeeeee. 8
2.1.3 Dynamic icemaking SYStEM........cccuuuuiiiiiiiiiiiiiis e ee e e e e mmmr e e aeens 11

2.2 Latent cold Storage MaterialS............eeiiiiiiiiiiieeeiiiiiiee e 15
2.2.1 Selection criteria for PCMS Of PCM SIUIMIES........uuuiiiiiiiieieeiieeee e 18
2.2.2 Salt hydrates and EULECHICS............cooiiiiiiieree e 19
2.2.3 Paraffin waxes and fatty aCidS..........cccooiviiiiiiiicceiie e 25
2.2.4  Refrigerant NYdrates. ... 30
2.2.5 Microencapsulated PCMs or PCM slurries and phase change emulsions..40

RS TS To ] d o1 (o] g I oTo] [0 IE1 (o] = Vo [T PP PUPPPPPPR 49
2.3.1 BasiC Storage PrinCiPle......ccoouuuiiiiiiiiiiece e 50
2.3.2  WOrking pair SEIECHION........coiiiiiiiittiee e e e e e e 52
2.3.3 Heat transfer and systgmerformance enhancement...............c..coovvieeeeeeennnnn. 59

2.4  Challenges and technology PerSpecChiVe..........ooooiiiiiiiimer e 62

3 Critical Literature Review of Cold TES Technologies 8ubzero Application............... 64
3.1 Latent cold storage MaterialS...........ccovuuuiiiiiieeerie e ereer e 64
3.1.1  Selection criteria for common PCMS...........oovviiiuiiiiiimmreeeeeeciiiiiine e s eemees 66
3.1.2 Eutectic watessalt SOIULIONS.........cooiiiiiiieiiiie e e 67
3.1.3  Non eutectic watesalt SOlution PCMS..........ccooiiiiiiiiiiiieee e 79
3.1.4  Multi-component organic PCMs aimbrganicorganic composite PCMs........ 86
3.1.5 Microencapsulated PCMs and PCMs with nanoparticle additives............... 88

3.2 SOrption COId StOrAQE. ......cevviiii i it e e e e e e et e e e e e essammmees 92
3.2.1 BasSIC Storage PrinCiple........coooiiiiiiiiieeee e Q3
3.2.2 Working pair SEIECHION. .........uveii e a5
3.2.3 Heat transfer and system performance improvement...............cccccoeeeeeeenns 102

3.3 Challenges and technology persSpective.............ceiieiiiieemeieiiiie e eeee, 106
4  Critical Review of Heat TES Technologies for Residential Application................... 108



4.1 Sensible heat storage MaterialS.........ccooeiiiiii e ceeeiciciei e 108

4.11  Selection criteria for sensible heat materials...............ccovviiieeviiiiiiiiiiiiinnnnn. 110
4.1.2  Water and aqUITEL..........ooiiiiiiiiiereer e eeer e e e e e e e ean 111
4.1.3  ROCK @Nd DIICKS......coiiiiiiiiiiiiiiie ettt e e 113
A I (Y 0| g1 L] (0] = Vo [ PP P PP PPPP TP PP 116
4.2.1 Selection criteria for latent storage materials..............ccoevvvviciiiiieeeeeeennnnn. 116
4.22  Salt hydrates and MEtalS.............uuuuiiiiiiiieeeiiiiiiiiie e 120
4.2.3 Paraffins and no paraffins.........cccooooviiiiiiicceei 121
4.2.4 Heat transfer enhancement and system application egampl..................... 121
4.3  SOrption Neat STOTAQgE........uuuii it ceeee e eere e e e e e e e e e eeaeaamnns 125
4.3.1 Operating PrinCIPIE........ccoiiit e 125
4.3.2  Working pair SEIECHION..........coiiiiiiii e 126
4.3.3 Thermal property and system performance improvement......................... 127
4.4  Challenges and technology PEESHVE. ..........cccuvuiiieiiiiiiiiiie e mmmeees 127

5 Critical Literature Review of Energy and Exergy Analysis on TES System
Performance EVAIUALION.............uu e e e e s veeess e s e e e e e e e e e e e e e e eeeeetnnneeeeeeeees 129
0 R Y [T o (V= T P 1) PR 130
5.2 EXErgy @nalySiS.......cooiiiiiiiiiiiiiii e 132
LT A = 7T (ol o0 ] 01 o £ URPPUPR 132
5.2.2 Exergybased system performance evaluation...............ccoooevvcceeee e 136
6 Experimental Apparatus and Procedure for Adsorption Storage............ccoeeeeeeeennees 141
6.1 TSt IACHITY ...t ieieeiiii e e e ———————— e aaan 141
6.1.1  Operation PriNCIPIE..........u i 141
6.1.2 EXperimental apparatlUS..........ccouuuiiiiiiiiiemmriiiiiie e e e e e s eeene e e e e e aeeane 145
6.2 Instrumentation and Data Acquisition (DAQ) SYSteml..........coovviiiiiimmnneeiieiinene 148
6.3  Data redUCHION PrOCESS.......ccuuuiiiiiiiiii i ieeeies e e e e e ettt e e e e e e e eaa s m— e e e e e eesaaeeeeeennes 149
6.4  UNCErtaiNtY @NalYSIS......c.uuuuiiiiiiiiiiiiiiieeeiiiit ittt e e e e e e e eeeme e e e e e e e e e e e e e e e e e s e mnnas 153
6.5 Test procedure and teSt MAthiX.........ccovvuriiiiie i eeeee e 155
7 Energy and Exergy Performance of Adsorption TES............ccooviiiiiceeiii e, 158
7.1 Charging and discharging process performance of adsorption heat starage...158
7.2  Effect factors on adsorption heat storage performance.............cccoeevveeereenvennnnn. 166

7.2.1 Effect of HTF mass flow rate of adsorption bed on heat storage performance.166
7.2.2 Effect of HTF mass flow rate of desorption bed on heat storage performancel71
7.2.3  Effect of inlet HTF temperature for adsorption bed on heat storage performarités
7.2.4  Effect of inlet HTF temperature fdesorption bed on heat storage performancel77
7.2.5 Effect of ambient temperature on heat storage performance..................... 180
7.2.6 Effect d inlet HTF temperature for evaporator on heat storage performant83
7.2.7 Effect of initial state of adsorption bed on heat storage performance........ 186
7.3 Charging and discharging process performance of adsorption cold storage...191
7.4  Effect factors on adsorption cold storage performance............cccccvvvieeevveeeeennn. 198
7.4.1 Effect of HTF mass flow rate of evaporator on cold storage performance.198



7.4.2 Effect of inlet HTF temperature for evaporator on cold storage perfoeman203
7.4.3 Effect of inlet HTF temperature for adsorption bed on cold storage performan2e5
7.4.4  Effect of inlet HTF temperate for desorption bed on cold storage performance08
7.5 Storage performance improvement potential..............cccoovvvieeeee i 210

8 Adsorption Thermal Engy Storage with Vapor Compression Heat Pump

L C=To ] = 1o o WP PTPPP 216
8.1 System description and Modeling............coiiiiiiiiiici e 216
8.2 Vapor compression heat ppmsystem performance evaluatian.......................... 223
8.3 Performancewluation of adsorptioheatstoragesystenintegrated vih heat pump.....228
8.4  System performance improvement potential...............ccccouimmmrniiieiiiiiiiiie 235

9 Conclusions and FULUIe WOIK ............uuuuuuueeiiimreeeceieiiisss s e e eeemennn e e e e e e e e e e e 237
0.1 CONCIUSIONS. .. ..o et e e e e e e amena e as 237
9.2 Recommendations for future WOrk..........ccccceeeeeiiiieeeeii e 241

RETEIENCES. ... et e e e e e e et e et ameea s e e e e e e e e aaeeeeeeeeetbbnanns 243

Vi



List of Tables

Table 2.1: Comparison of various thermal storage systems (Hasnain,..1998)................. 20
Table 2.2:Components of eutectics salt with phase change temperature of 12.8°C (Liu, 2008}
Table 2.3: Thermal propertie eutectics slat and salt hydrates (Liu, 2005; PCM Products Ltd.,

Table 2.4: Thermal properties of paraffirae@s and fatty acids (Mehling and Cabeza, 2008;
He and Setteerwall, 2002; Dimaano and Escoto, 1998; Dimaano and Watanabe, 2002a,. 2002196

Table 2.5: Thermal properties of guest materials fisigerant hydrate and hydrate............ 32
Table 2.6: Thermal properties of TBAB/TBAC/THF hydrate crystals...........ccccooeeeevieee. 34
Table 2.7: Comparison of direcontact and indireatontact SyStems..............eeeveeeveiiieenee. 37
Table 2.8: Thanal properties of microencapsulated phase change materials (slurries)
(Microtek Laboratories Inc., 2011; Diaconu et al., 2010).......cccoeiiiiieeeiiiiceeecieeee e eeeeeeeee, 41
Table 2.9 Thermal properties of tetradecdmesed phase change emulsions (Xu et al., 2005246
Table 2.10: Evaluation points of differeabsorption working pairs (Liu et al., 2009).......... 57

Table 2.11: Review of absorption cold TES storage technologies (Yang et al.,.2011)....60
Table 2.12Performance comparison of different adsorption working pairs (Wang et al., 2008)

Table 3.1: Thermal properties of eutectic waelt solutions (Zheng and Wu,2002)........... 69
Table 3.2: Thermal properties of commercial eutevtatersalt solutions (Sulzero

eutectic PCM solutions, 2012; Zalba et al.,2003).........c..uiiiiiiiiiiimmrciiieee e eveene e 70
Table 3.3: Thermal properties of commercial eutaesitersalt solutions (PLUSS, 2011)....70
Table 3.4: Thermal properties of paraffiidomalski and Hearing, 2011)..........ccccceeeeivennne 83
Table 3.5: Thermal properties of paraffin mixture (Yilmaz et al., 2009)...............ceeeeeeueees 83
Table 3.6: Thermal properties of alkanones (Chickos et al., 2011)...........ccovvviiccninnnnnn. 84
Table 3.7: Thermal properties of mutbmponent organic PCMS..............vevvvviiiiiicecvnennne. 87
Table 3.8: Thermal pperties of microencapsulated phase change material CkMIP

(Standard MiCroPCM ProduCtS, TA0) .........uueuiieieie e e e e eesceeerceee s s e e e e e e e e e e eeeeeeesanreeaeeeeeeeeeeeeennnnes 89

Table 3.9: Kinetic characterissi and thermal properties of nanofluid PCMs (He, 2005)...92
Table 3.10: Review ofmorption cold TES technologies for subzero application (Yang et al.,.20102
Table 3.11Performance of adsorption systemssfdvzerapplication (Wang and Olivaiy 2006)......104
Table 4.1: Inorganic phase change materials (Sharma et al., 2009; Naumann and Emons,

1989; Belton and Ajami, 1973; Lindr, 1996; Wikipedia, 2013)........cccceeeeeiiiiiiiiicennneeennn. 118

Table 4.2: Organic PCMs for heat storage residential application (Sharma, et al., 2009;
Lane, 1980; Hawes et al., 1993)......coouiiiiiiiiiiiiee et e e e e e e eenaae 119

Table 4.3: Sorption heat storagefpemance of different working pairs............ccccceeeeeinnee 126

Table 6.1: Specifications of adsorption thermal storage System.............ccccevveeeiieieeeennnns 145

Table 6.2: Systematigncertainties of instrumentation and performance parameters.....154

Table 6.3 TS MALIDX....coi it e s eer s 157

Table 8.1:Thermophysicajpropertiesof HCFG-22 and possible substitutes to HGEZ

(T 41TV A 11 ] o o TSP 224

Vii



List of Figures

Figure 2.1: Stratified storage tank (Bahnfleth et al., 2003)...........cccirmmerirrneerree e eee e 7.
Figure 2.2: Latent heat of ice fusion in different aqueous solutions (Kumano et al.,.20Q7)............. 10
Figure 2.3: Relation between specific enthalpy and itetaperature of the sample (Kumano et al.,
1220 1 0 ) SRS 10
Figure 2.4. Schematic diagram of a dynatyjie ice storage system using subcooled water
(KOZawa €t @l., 2005).......ccceeiiiiiiiieeene e sesee et steste e s smmemseste s e sessessese s mmmnesbesseneeseesesseeeneemmnssenreneas 12

Figure 2.5: Schematic diagram of a vacuum ice slurry generation system (Asaoka et al...2009)..14
Figure 2.6:Schematic drawing of (a) usual method of storgigenning and (b) a proposal for an

alternative system without a mixer in the tank (Egolf et al., 2Q08)...........cccorreeererrenrereeereree e 14
Figure 2.7: Classification of PCMs (Abhat, 1983)..........cccceiiiiieceereiecesesee s memae e 16
Figure 2.8: Melting temperature and fusion heat of existing PCMs (Dieckmann,.2006)................ 16
Figure 2.9: Thermal properties of PCMs for air conditioning application.............c.cccceeveveeiesvsenenne. 17
Figure 2.10: Comparison of thermal properties of different PCMS............cocovimmmennrireennnieeciens 19
Figure 2.11: Types of hydrate structures and their cage arranigéiigokhar et al., 1999).................. 30
Figure 2.12: Schematic structure of type A TBAB hydrate crystal (Shimada et al.,.2003)............. 34
Figure 2.B: Different types of hydrate charge and discharge system (Xie et al.,.2004).................. 36
Figure 2.14: Surface morphology of microcapsules studied by a scanning electron microscope
(SEM) (Hawlader et @l2003)..........cceieieiiiirimeemeeecesiesie st ssme e ssessesse s e ssesmmem e e esessessensenesnens 40
Figure 2.15: Micrograph of one kind of MPCRiTetradecane with gelatitlvarado et al., 2004).....42
Figure 2.16: Thernh@roperties of one kind of MPCM slurry (Alvarado et al., 2004)............cc.cccveueee. 43
Figure 2.17: lllustration of a phase change eMUISION..............ciem e e 44

Figure2.18:Micrograph of the emulsion containing 30 wt.% RT10 at 20°C (Huang et al.,.2009)..45
Figure 2.19: Total heat capacity of the phase change emulsions and ratio of heat capacity of the

emulsians to that of water (Huang et al., 2009)...........cccouiuiiiicmeierecese e seme e e 45
Figure 2.20: Comparison of absorption and adsorption storage technalagies............cocceerereeveuenee. 50
Figure 221: Schedule drawing of basic principle for sorption storage...........ccoeovveceevevevereeesesnne 51
Figure 2.22: Storage capacity of different sorption working pairs with ambient temperature of 35°C
and evaporation temperaturésdC (Mugnier and Goetz, 20Q1)..........ccooveveeiercmererereeeee e e 55

Figure 2.23: Storage capacity and minimum heating temperature of different sorption working pairs
with ambient temperature of 35°C and evaporation tempech®fi€ (Mugnier and Goetz, 200Q1).....55

Figure 2.24: Crystal cell unit of zeolite (Yang, 19QL)..........ceeerrimecereririeeeresieie s 58
Figure 3.1: Classification of diffent kinds of subzero cold storage applicatian...............ccccccceeeenneee. 64
Figure 3.2: Thermal properties of PCMSs for subzero application...............ccoeeeerrreeninenenesenesennse 65
Figure 3.3: Themal property comparison of common PCMS...........ccoceiimmeieneieieseceeee e semne ) 66
Figure 3.4: Phase diagram of eutectic WEEBISOIULIONS.............ccururueiemmereseseresesse s meme e 68
Figure 3.5: Cooling proes of a eutectic watSalt SOIULION...............oeireireeere e ene e 72
Figure 3.6: Schematic diagram of the refrigerator with PCM (Azzouz et al. (20Q9).............cccoeeense. 75
Figure 3.7: Schematic of the internal airspace of the freezer showing the placement of the PCM
panels against their inner walls (Gin and Farid, 2010)...........cciimemerrrireerresee e sen s 76
Figure 3.8: Schematic of new PCM based ratiggn cycle (Subramaniam, et al., 2010).................. 78
Figure 3.9 Energy saving & COP improvement of new PCM based refrigeration cycle
(Subramaniam, et al., 2010).........ccueiiirieimeeee et smme ettt e s mnm e e b ae et reere st e s mnmns 78



Figure 3.10: Chemical structure of different materials.............cccoeecerreeencieseiesee e 79

Figure 3.11: Freezing point curves of common freezing depressants (Hagg,.2005)..............ce-.... 80
Figure 3.12: Latent heat of ice fusion in different alcohol solutions (Hagg, 2005)...........c.ccccecemveee. 81
Figure 3.13: Relationship between thermal conductivity and volumierfratihanoTiO2 particles

iN NANOFIUId PCMS (HE, 2005)........c.cueirererieuiimmmererisie e ses s st mmem s ssesne 91
Figure 3.14: Storage capacity of different sorption working pairs with ambient temperature of 35°C
and evaporation temperature 280°C(Mugnier and Goetz, 2001)..........cccveerereerrememeerereererereseseresseems 96

Figure 3.15: Storage capacity and minimum heating temperature of different sorption working pairs
with ambient temperature of 35°C and evaporation temperail@@°df (Mugnier and Goetz, 2001)....96

Figure 3.16: Design of ISAAC solar icemaker (The ISAAC solar icemaker,.2012).................ce... 105
Figure 4.1: Themal properties of sensible heat materials.............cooeiee e e 109
Figure 4.2: Comparison of s.ens.u.hl.e..heat.llfat e
Figure4.3: Schematic alomestic hot water system with electrical heater..............c.covocecereeinenne. 111
Figure 4.4: SchematiC Of QQUITETS.........cccoiiiiiieemeeieece et seme et s ne e n e 113
Figure 45: Harry Thonsaon6s t echni que using both water a
01T TR 0 I OSSO 114
Figure 4.6: Sensible heat storage (Molina et al., 2003)...........cccoireceereiierrreee e 115
Figure 4.7: Thermal properties of heat storage materials for residential application..................... 117
Figure 4.8: Comparison of .l.at.e.nt..he.adt..md20er i
Figure 4.9: Heat transfer enhancement methods employed in latent heat material research (Agyenim

< 0= |2 0 0 122
Figure 4.10: Heat transfetpe of heat Storage SYSteM........cc.cvciieiiieeceeisese et smem s 123
Figure 4.11: PCM assisted undleor electric heating system (Lin et al., 2005)...........cccooeevimmeenee. 124
Figure 4.12: @sssectional view of heat storage tank combined with PCM (Canbazoglu et al.. 2008)4
Figure 4.13: Schedule drawing of basic operating principle for sorption starage..............c.ceeevene. 125

Figure 5.1: Energy and exergy efficiency comparison for latent TES (Jegadheeswaran et.al.,.2035)
Figure 5.2: Effect of the inlet temperature amavfrate on the exergy efficienciharging mode

(S22 = = IR 0 ) SO 137
Figure 5.3: Effect of the tube material on the exergy effic@mtyarging mode (Ezan et al., 2010)...138
Figure 5.4: Effects of tube length and flow rate of HTF on Exergy efficiency (Ezan et al.2011).139

Figure 5.5: Shell and tube heat Storage.LIIL..............covieeeeeiiccereeee e ems e eemenes 140
Figure 6.1: Operation principle for adsorptibarmal energgtorage.............cooveeveevececeereeieseseseenenns 143
Figure 6.2: Charging/discharging process of adsorp&ahstorage on Z01 isotherm chaut.............. 144
Figure 6.3: SchematiC Of teSt faCIlity............cceiiiiieee e eme e mem e 146
Figure 6.4: Adsorber heat exchanger used IHIGDIPEA.............ccorueuiiirmeerrree e e 147
Figure 6.5: Condenser/evaporator ChamEL..............cviieeceerieenesesieiee s s sme e s mnmens 148
Figure 6.6: Data acquISItioN PrOCESS SIUCIUE............cueuiriremece e meme st e 149
Figure 7.1: Temperature profile of HTF during charging and discharging process..............ccce..... 159
Figure 7.2: Pressure profile of chambers during charging and gisgaiioCess..........coveverererecce 159
Figure 7.3: HTF mass flow rate profile during charging and discharging process...........cccceeeeune. 161
Figure 7.4: Instant capacity sorption bed during charging and discharging process.............coeu.u-. 161

Figure 7.5: Accumulated energy by HTF for sorption bed during charging and discharging. pradéss
Figure 7.6: Instant exergy flow by HTF for sorption bed during charging and discharging proce$s3
Figure 7.7: Accumulated exergy by HTF for sorption bed duringjictggand discharging process...164



Figure 7.8: Energy storage density and energy efficiency for differenttiasget hot water supply

AVEIAJE TEIMPETAIULES. ... ecveeeesiesteeiemremte e st e see e s se s e e s mnem s s eessesbesseeseeseessmmnm e e sesbenseentenbesbessmmnnsenrens 165
Figure 7.9: Exergy recovered and exergy efficiency for different 4aagetd hot water supply
AVEIAJE TEIMPEIALIULES. ... ecueiteriesteeiemremtestesee e tesse s e s mnam s s e e sesbesseeseesee s s mmnmeessesbenseenteneesbessmmnntenrens 165

Figure 7.10: Hot water volume for differeéatgetbased hot water supply average temperatures...166
Figure 7.11: Effect of HTF mass flow rate of adsorption bed on energy storage density for different

targetbased hot water Supply aVerdgBPEratUIES..........cccoueeriererreeseeerereresseeseeesessmmmnessesesessesesseneen 167
Figure 7.12: Effect of HTF mass flow rate of adsorption bed on exergy recovered for different
targetbased hot water supply average teMPEralLLES...........covrerimecerereereerereriesee s meme e 168
Figure 7.13: Effect of HTF mass flow rate of adsorption bed on hot water supply volume for
differenttargetbased water average teMPEIaILILES. ... rururceerereerereereesese s msmn e 168
Figure 7.4 Effect of HTF mass flow rate of adsorption bed on storage performaties................. 169
Figure 7.15: Effect of HTF mass flow rate change of adsorption bed on instant capacity............ 170
Figure 7.16: Effect of HTF mass flow rate change of adsorption bed on specific exergy.flow.....170
Figure 7.17: Effect of HTF mass flow rate changadsbrption bed on specific exergy flow............. 171
Figure 7.18: Effect of HTF mass flow rate of desorption bed on energy storage density for different
targetbased hot water supply average temMPEralliES. .........c.ueerveeceeererererrerereeesesmmmneseeseseesesesseens 172
Figure 7.19: Effect of HTF mass flow rate of desorption bed on exergy recovered for different
targetbased hot water supply average temMPEralliES. .........c.ceerveeceerererereresereeesesmmmneseesesessesessenens 172
Figure 7.20: Effect of HTF mass flow rate of desorption bed on hot water supply volume for
different targebased water average teMPEralUIES..........cccoevrmereeererereereeeses e smmemeeseseesesessesessenes 173
Figure 7.21: Effect of FIF mass flow rate of desorption bed on storage performaetdes................. 174
Figure 7.22: Effect of inlet HTF temperature for adsorption bed on energy storage density for
different targebased watesverage teMPETAtULES..........ccoeeeeireeeceereeieeese e s sme e e re e seeneens 175
Figure 7.23: Effect of inlet HTF temperature for adsorption bed on exergy recovered for different
targetbased water average teMPEIALULES...........co.ceerieereerrereeeeesieseeseesessmnssseseeseesessessessesessmmnmsessenes 175
Figure 7.24. Effect of inlet HTF temperature for adsorption bed on hot water supply volume for
different targebased water average tEMPETatLILES...........cveeireeeceereereeesesieseee s smee e sse e seeneens 176
Figure7.25: Effect of inlet HTF temperature for adsorption bed on storage perfonmetncs............ 177
Figure 7.26: Effect of inlet HTF temperature for desorption bed on energy storage density for
different targebased water average teMPEratUIES..........cccoeermereererieeseereeesee e smmemeese s esessesessenes 178
Figure 7.27: Effect of inlet HTF temperature for desorption bed on exergy recovered for different
targetbased water average tEMPEIALUIES...........couveveeceerereeerereesessesessessasmessesessesessesessssensesmmmnsssesens 178
Figure 7.28: Effect of inlet HTF temperature for desorption bed on hot water supply volume for
different targebased water average teMPEratUIES..........cccoeermeceerereeseereeeses e smmemeeseseesesessesessenes 179

Figure 7.29: Effect of inlet HTF temperature for desorption bed on storage perfomedincs........... 180
Figure 7.30: Effect of ambient temperature on energy storage density foentiffarget

based water average teMPEratUIES. .........uuiiiiiiiiieccieiiie e e e eemr e e e e e e 181
Figure 7.31: Effect of ambient temperature on exergy recovered for differenttiasget

water aVerage tEMPEIALUIRS. ... .cveve e eeei et iemmeti e et e e e et e e eet s eaaeseeesa e e eean e e e esaneeessnmmsenses 182
Figure 7.32: Effect of ambient temperature on hot water supply volume for different
targetbased water average temMPEratULES........cc.uuiiieiiiieemeeeiiiiie e eee et e e s eerneeeeeara e 182
Figure 7.33: Effect of alyient temperature on storage performamearics.................c..ev.... 183



Figure 7.34: Effect of inlet HTF temperature for evaporator on energy storage density for

different targetbased water average temperatures.........oooeeeeeeeiiieeeiiie e eeeeeeeeeeeeeeen. 184
Figure 7.35: Effect of inlet HTF temperature for evaporator on exergy recovered for
different targethased water average temperatures..........ooeeeeeeeiiieeeiiiei e e eeeeeeeeeeeeeeeeeen 185
Figure 7.36: Effect of inlet HTF temperature for evaporator on hot water supply volume
for different targethased water average temperatures..........coovvvvviiiieeeiieeeeeeeviiee e 185
Figure7.37 Effect of inlet HTF terperature for evaporator on storage performaretecs.............. 186
Figure 7.38:. Effect of initial state of adsorption bed on energy storage density for
different targethased water average temperatures.........cooovvviiiiiiiccme e e e e 187
Figure 7.39: Effect of initial state of adsorption bed on exergy recovered for different
targetbased water average temMPEeratULBS........cuuiiiiiiiiiiieeceeie e mene e 188
Figure 7.40: Effect of initial state of adsorption bed on hot water supply volume for
different targethased water average tempPeratures.........cooovvviiiiiiiccee oo eeeeeeeieeeeeeas 188
Figure 7.41: Effect of initial state of adption bed on storage performanuoetrics............. 190
Figure 7.42: Phenomenon of condensed water at the bottom of adsorption bed during charging
101005 SO 190

Figure 7.43: Temperature profile of HTF during charging and discharging process......192
Figure7.44 Pressure profile of chambers during charging and discharging process....193

Figure7.45 Temperature and pressure change in the evaparator............cccccccoeeevvveeeee. 194
Figure 7.46: HTF mass flow rate profile during charging and disoigagyocess................ 195
Figure 7.47: Instant capacity during charging and discharging pracess...............c..ou... 196
Figure 7.48:Accumulatecenergyduringcharginganddischargingprocess..........cccceeeeeeeenans 196
Figure 7.49: Instant exergy flow during charging and discharging process................... 197
Figure7.50: Acumulated exergy during charging and discharging process.................. 198
Figure 7.51: Effect of HTF mass flow rate of evaporator on energy storage density and energy
LS T1T=T 03 PSSP 199

Figure 7.52: Effect of HTF mass flow rate of evaporator on exkaggd performance....... 199
Figure 7.53: Effect of HTF mass flow rate of evaporator on minireuaporator outlet

HTF temperature and loading differenCe.............uuuviiiiiiieeeiiiiiiee e 201
Figure 7.54: Effect of HTF mass flow rate change of evaporator on instant capacity of evapara2arl
Figure 7.55: Effect of HTF mass flow rate change of evaporator on evaporator outlet HTF

temperature and specific exergy flaW.............ooo e 202
Figure 7.56: Effect of HTF masl®w rate changen evaporator pressure.................eeee..... 202
Figure 7.57: Effect of inlet HTF temperature for evaporator on energy storage density and
ENEIQY ETfICIENCY. ..ttt ettt e e et et e e e e e e e e e e e s rmme e e e e e e e e e e e e e e 203

Figure 7.58: Effect of inlet HTF temperature for evaporator on exeaggd performance..204
Figure 7.59 Effect of inlet HTF temperature for evaporator on minimumpevator

outlet HTF temperature and loading difference..........iiiiiiieeer e, 205
Figure 7.60: Effect of inlet HTF temperature for adsorption bed on energy storage density
and energy effiCIBNCY.........uuiii i e e ————————— 206

Figure 7.61: Effect of inlet HTF temperature for adsorption bed on ezasgyl performance......... 207
Figure 7.62: Effect of inlet HTF temperature for agdion bed on minimum evaporator
outlet HTF temperature and loading difference............ccccuvvviiimemriiiiiieeeee e 208

Xi



Figure 7.63: Effect of inlet HTF temperature for desorption bed on energy storage density
aNd €NEIGY EffiCIBIYC ..o e e ann 209
Figure 7.64: Effect of inlet HTF temperature for desorption bed on ezasgyl performance......... 209
Figure 7.65: Effect of inleHTF temperature for desorption bed on minimum evaporator

outlet HTF temperature and loading difference............ccccuvvviiimemriiiiiieeeee e 210
Figure 7.66: Storage performance enhancement by adding more adsorbents into the fin
spacing of adsorbent heat exchanger............ooi e 211
Figure 7.67: Storage performance enhancement by adding more adsorbents onto heat
transfer tubes to form consolidated adSOrbent. ................eeviieemriiiiiiiiiiie e 212
Figure 7.@: General concept for synthesis of mesoporous silica from micelle temple..214
Figure 769: Metali organic framework adsorbent materials.............ccccccoovvicmnriiiieeneennns 214
Figure 8.1: Different integration types between vapor compression heat pump and
SOIPLION STOrAGE SYSTEIM.....uuiiiiiiiiiiiiiiee e ceeettttee et r et e e e e e e e e e e s smat e et e e e e e e e e e e e e e s e aannne s s s e e nnas 216
Figure 8.2: Adsorption stage system with heat pump integration in this study.............. 218
Figure 8.3: Ph diagrams fOHFC-134a...........cooiiiiiiiiiiiitieeee e 225

Figure 8.4: Exergy balance diagh (Grassmann diagram) for the compression heat pump syste@?6
Figure 8.5: Effect of low grade heat source temperature on vapor compression heat pump
PEITOINANCE. ... eeeeeeetiitei e eee ettt mem e et et e seebesbe e essmmmneese st enseseesesbessesesmmnn sseseneeneesesseseas 227
Figure 8.6: Effect of subcooling degree on vapor compression heat pump performance2?27
Figure 8.7: Effect of HTF mass flow rate on vapor compression begh performance......228
Figure 8.8: Exergy balance diagram (Grassmann diagram) for the adsorption heat TES
system with vapor compression heat pump integration..........ccoooovvvvimemeeeiiiinieeeeeiiineee, 229
Figure 8.9: Effect of HTF mass flow rate of adsorption bed on overall sorption system performadge
Figure 8.10: Effect of inlet temperature of adsorption beaverall sorption system performance...231
Figure 8.11: Effect of ambient temperature on overall sorption system performance...232
Figure 8.12: Effect of heat pump low grade heat source temperature on overall sorption

SYSEEIM PEITOMMANCE .....eeiiiiiiiii et e bbb seeeeae bbb eeeee e 233
Figure 8.13: Effect of HTF mass flow rate of desorption bed on overall sorption system
(LT 0] 1 4T U g [o = PSP PPPPPPPPPPPPPR 234

Figure 8.14: Effect of mass of adsorbents on section of adsorption CGP pabtA A OT.0.E2@E T 1

Xii



Nomenclature

Abbreviations

CFC chloroflourocarbon

CHP combined heating and power
COP coefficient of performance
DAQ data acquisition

DHW domestic hot water

DOE Department of Energy

GWP Global Warming Potential
HCFC hydrochloroflourocarbon
HFC hydroflourocarbon

HTC heat transfer coefficient

HTF heat transfer fluid

HX heat exchanger

ODP Ozone Depletion Potential

P pressure [kPar bar]

Q accumulated enerdiJ]

Ex accumulated exerdgkJ|

T temperaturg¢°C]

TES thermal energy storage

Z01 Mitsubishi Plastis AQSOA FAM-Z01 zeolite
Greek Symbols

S entropy [kJ/kg-K]

J density [kg/ni]

h enthalpy[kJ/kd]

(00 changeor difference

T exergy efficiency

d energyefficiency

Subscripts

abs absoption

ads adsoption

comp compressor

cond condenser

des desorption

dest destruction

eq equilibrium

evap evaporato

exp expansion valve

in inlet to a component

L lift or low temperaturer length
out out of a systenor the fluid outlet of a component

Xiv



sat

refrigerant
saturation
water

XV



1 Introduction

1.1 Motivation

The continuous increase in the level of enempnsumption and depleting energy
resources leads to serious energy and pollution issues nowadays. According to Energy
Information Administration (EIA 2011), total energy consumption for developed
countries like the United States, was 9.36 trillion kwh1B49. Then in 2011, total
consumption increased to 28.5 trillion kWh (EIA, 2011), more than triglathg 62

years. Study from International Energy Agency (IEA)w&d that fossil fuels, which
causesharmful environmental issues, such as air polluteamd climate change, still
played the dominant role in the energy resources worldwide (IEA, 2009). This study
showed that having already increased from 20.9 gigatonnes (Gt) in 1990 to 28.8 Gt in
2007, CQ emissions are projected to reach 34.5 Gt in 2020 ar®tl@0in 2030with an

average rate ainnualgrowth of 1.5% over the full projection period.

Facing the challenge of energy crisis and pollution sstiés necessary to develop and
expand advanced technologies to reduce the energy demand, increasergyesupply

while utilizing renewable energy effectively. In this context, the technology of thermal
energy storage (TES) is proposed. TiESlefined as the temporary holding of thermal
energy in the form of hot or cold substances for later utilizafitwe. application range

can be from seasonal solar energy storage at high temperature level to heating, ventilation,

and air conditioning, and refrigeration (HVAC&R) at low temperature level



The integration of TES IrHVAC&R applications is an attractive giz. With the
adjustment of the timdiscrepancy between power supply and demdrahn reduce or
eliminate the peak electric power loads in buildings, has benefits of waste heat recovery
andrenewable energy utilizatipetc Regarding the HVAC&R appli¢ens, various TES
technologies exist, such as sensibieS, latentTES and sorptioiTES. The selection and
optimizationof a TES system depends on many factors, including material thermal and
physicochemical properti€density, specific healatent heatetc), storage capacity, heat

loss andsupply and utilization temperature requirememtsaddition, different storage
technologies have different issues, suclplasse separatiprorrosion,supercooling for

latent thermal storage, low thermal conduggivin adsorption thermal storage, which
deserveresearches attenti on. Based on the literat
summary with detailed comparison and analysis work regarding TES in HVAC&R

applications. Therefore necessary literature rewi@nk is conductedn this thesis.

For the types of TES, sensible and latent TieBealready developed for many years for
commercial implementationVhile the sorption TES, especially the adsorption TES, is
not yet commereilizeddue topoor heat and masgnsfer of adsorbent beds, especially
the low thermal conductivities and poor porosity characteristics of adsorblatefore,

more attention should be paid to the mechanism of adsorption storage for better

understanding and design befdscommerciaimplementation.

Regarding the adsorption TES, traditional assessment and evaluEti@ystem

performance is using thérst law of thermodynamicswhich states the equivalence



between heat and wartwhile it has the limdtion of not showing the potentiar quality

of energy by the environmental statexergy analysis is a thermodynamic analysis
technique, based on tlm®mbination of botHirst and secondlaws of thermodynamics,
which provides an alternative means of assessing and comparing TES system
peformance Exergy is defined as the work potential of a substance relative to a
reference state. In particular, exergy analysis yields efficiencies which provide a true
measure of how nearly actual performance approaches the ideal, and identifies more
clealy the causes and locations of thermodynamic lo#s@s energy analysi€nergy

itself is notenough to understand allermodynamic aspectSherefore exergy analysis

iS necessary tbe considered. hasthe potential for optimizing thenergy demandnd
thermal storage systerRarametricstudies are also necessaryb@carried out for the
adsorption TES process order toinvestigae the storage efficiency and reveal potential

performancemprovements.

1.2 Objectives andhesis organization

The objectie of thisthesisis to improve understandingf different kinds of TES
technologiesand thereby support development and implementatidime adsorptionTES
technology.There ardwo main parts for this thesisiterature review work part (Part 1),
experinental work for adsorption TES part, and system evaluation part for adsorption
TES with vapor compressor cycle system (PartRgrt | includes Chapter through
Chapter5. Chapter 1, describes a brief backgrowidhis thesis. Chapter through

Chapter 5show a comprehensive review of various types of TES technologies for air



conditioning, subzero and residential applications. It also summarizesnérgy and
exergy evaluation follES technologiesPart 1 includes Chapte6 throughChapter8.
Chapter6 introduces the experimental apparatus and procedure for adsorption TES and
Chapter7 investigated thermal storage process in detail with energy analysis and exergy
analysis. Chapte8 evaluaes adsorption storage system performance with heat pump
integraton, Chapter9 shows the summary for conclusions and recommendations for

future work.



2 Critical Literature Reviewof Cold TES Technologiesfor Air Conditioning

Application

Cold storage,which primarily involves addingcold energy to a storage medium, and
removing it from that medium for use at latertime, has wide applications for air
conditioning use in buildings, vehicles, and other conditioned spaceseyatinghe
maximum cooling and power demands in time, it can offer cooling while reducing or
eliminating the peak electric power load of the buildings, and has benefits such as waste
heat recovery and renewable energy utilization. This section will maimymarizethe

research work for air conditioning application.

Cold storage technologiesan ke classified according to the type of a storage medium

and the manner in which the storage medium is used. Previous research has provided
summaries and reasonable analyses for most of the common storage media such as water
and ice. Saito (2002) suggestédttwater storage and statype ice, which are based on
established technologies, have little need for further study. More topics have surfaced in
recent years fopromising phase change material (PCM) storage. Moreover, utilizing
sorption technologiesof cold storage purpose has been developed recently. In this
section, a brief introduction is provided for water storage and ice storage technologies,

while more detailed description is provided for mpremising cold storage materials.



2.1 Chilled water andkce slurries

Chilled water storage which utilizes the sensible heat (4.184/kg K) to store cooling,

needs a relatively large storage tank as compared to other storage systems that have a
larger latent heat of fusion. However, it has wide applicati@aulse of its suitable cold
storage temperature~@°C). This characteristic enables it to be directly compatible with
conventional water chillers and distribution systems, and provides good unit efficiency
with a low investment. Ice storage uses the higdioh heat of water (335 kdj), which

can make storage tank much smaller. However, it stores cooling in the form of ice, which
means that the refrigeration equipment must operate at temperatures well below its
normal operating range for air conditioningpéication. Therefore, either special ice
making equipment is used, or refrigeration chillers are selected for low temperature

service.

2.1.1 Chilled water storage

Water is most dense at 4°C and becomes less dense at both higher and lower
temperatures. Becaus# this densitytemperature relationship, thiype of storage
system has the phenomenon of a stratified temperature distribution in a storage tank.
Effective chilled water storage requires that some form of separation should be
maintained between the stor cold water and the warmer return water. The mixing of
two water streams at different temperatures, which is caused by the inlet diffuser during
charge and discharge processes, significantly affects the temperature distribution in the

tank. Here the twaliffuser types most commonly used in today's commercial chilled



water storage tanks are showrFigure2.1 (Bahnfleth et al., 2003 Most studies related

to this stratification tried to enhance the chilled water stonagerms ofperformance,
simplicity, cost, and reliability. In a single stratified tank that stores both hot and cold
water, diffusers are located at the top and bottom of the tank. Various physical methods,
such as membranes, internal weirs, baffles, labyrinthgesséaink, empty tanks, and
thermally stratified systems, have been used to create the temperature stratification
necessary for a high efficient storage (Mackie and Reeves, 1988; Dorgan and Elleson,

1993).

Doublering
Tank wall octagonal diffuser  Typical dot in diffuser

Upper diffuser pipe cross-section

Direction of flow
(for inlet diffuser)

Warm water piping

J ;,T‘\

Tank floor
Distribution piping Slot opening
N Cool water pipin

Lower diffuser K [I I}/ I] \H Q

(a) With radial parallel plate diffusers(b) With octagonal slottegipe diffusers

|

Figure2.1: Stratified storage tank (Bahnfleth et al., 2003)

More attentionhas been paid to the numerical simiglatfor the transient behavior of the
thermocline formation process in the thermal storage tank. Initially;donensional
simulation was developed. Cole and Bellinger (1982) developed a model based on tests
performed in a scale model tank with a sidetinMixing was accounted for by a constant

empirical mixing parameter, which is a function of the Fourier and Richardson numbers.



They reported that their simulation results agreed with their experimental results both in
the interior of the tank and at thank outlet. The primary deficiency observed in this
model was that it underedicted the temperature below the thermocline. Truman and
Wildin (1989) developed a model, which was found to be reasonable in predicting the
tank storage performance. Otherdets such as an effective diffusivity model to quantify

the inlet mixing effect caused by various inlet geometries were also developed (Zurigat et
al., 1991; Ghajar and Zurigat, 1991; Caldwell and Bahnfleth, 12%&&r, many twe
dimensional studies hawatempted to simulate the thermocline formation process and
were able to predict it reasonably steady state model was developed by Stewart et al.
(1992) to study the effects of a submerged, downswapinging flow from a slot in a
chilled water storagtank. The flow was modeled by a system of five nonlinear, coupled
partial differential equations, and was solved using a successive substitution method.
Another turbulent model was developed to simulate the mixing process of a cold flow
into a two dimensioal tank via a linear diffuser at a lower corner of the tank (Cai et al.,
1993).0ther related models adeveloped by Spall (1998), Musser and Bahnfleth (2001a,

2001b), and Bahnfleth et al. (2003).

2.1.2 Selection of depressant additives for ice slurry

As mentonedin the introduction, static ice storage will not be discussed inctapter
because it has been well established (Saito, 2002). In a dynamic ice storage system, ice
slurry can be directly transported through pipes, due to its high fluidity, reeedfdr

ability, and heat capacity with minute ice particles. The ice particles are in the range of



0.1 to 1 mm in diameter. It is made from aqueous solutions to avoid adhesion of ice
particles to a cold surface. A dynamic -lo@king system allows the usé cool air
distribution as a result of a large temperature difference. Its benefits include the ability to
use smaller fans and ducts, as well as for the introduction of less humid air into occupied
spaces. In order to realize the ice slurry, the fregzangt depressant additives are added.
The most common freezing point depressant materials for water are glycols (Hirata et al.,
2000; Inaba et al., 1998), alcohols (Ohkubo et al., 1999) and salts. Ice slurry can be made
from harmless aqueous solutionglsas an ethanol solution, a propylene glycol solution,
and an economical aqueous solution such as ethylene glycol solution. The main purpose
of using ice slurries is to take advantage of the latent heat of the ice crystals. Continuous
ice slurry can usubl be produced through buoyancy force (Hirata et al., 2000). Kumano
et al. (2007) systemically studied the production of apparent latent heat from ice in
aqueous solutions, which was defined as the effective latent heat, as shHagure?.2
(combined from original figures by Kumano et al., 2007). It was found that the effective
latent heat of fusion in an aqueous solution could be calculated by considering the effects
of freezing point depression and dilution heat in each ddserelationship between the
latent heat of fusion and the degree of freeziomt depression is also shownkigure

2.2. Amount of heat generated by dilution was large in propylene glycol and ethanol
solutions, and latent heat decreased in conjunction with a lowered freezing point.
Moreover, the effect of dilution in NaCl solution was small, although latent heat of fusion
decreased with the freezing point. The decrease in latent heat was very small in NaNO

solution due to the effect of the endothermic reaction.
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Kumano et al. (2010) also studied the specific enthalpy of different aqueous solutions,
and show the relationshipetween the specific enthalpy and initial temperature of the
sample, as shown irigure2.3 (combined from original figures by Kumano et al., 2010).
For other materials, Lu et al. (2002) proposed using polyvinyl alcohol (PVOH) as an

artificial additive in ice slurries. PVOH could be a substitute for antifreeze pr&teim)(
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type I, which is an effective additive for making ice slurries resistant to recrystallization.
Grandum and Nakagomi (1997) and Grandum et al. (1®@@sured the properties of ice
slurry produced by using an antifreeze protein, and discussed typgssiails produced

under various conditions. Inada et al. (1999, 2000) examined the microscopic structure of
these additives on ice crystals and discussed the mechanism of the antifreeze effect.
Silane coupling agents (SCAs) were used as substitutes far &%PSCAs, which could

form longchain molecules in water, and were effective for crystallization control. As
seen withscanning tunneling microscog$TM) observation, longhain SCA molecules

are adsorbed onto ice crystal surfaces, thus preventinglogystvth at the site where the

long-chain SCA molecules are adsorbed.

2.1.3 Dynamic icemaking system

The mosimportantissues of the ice slurry application are its efficiency and reliability in
conversion of water or an aqueous solution to ice crystale @lucry. Usually, there are
two ways of making ice: the dynamic ice making method using supercooled arader,

the vacuum ice slurry method.

2.1.3.1 Dynamic ice making method using supercooled water

A liquid canbe cooled below its normal freezing point withdnging crystallized if a
seed nucleus does not exist. This is call
produced in a special supercool release device to eliminate the supercooled conditions

from the water. A supercooler, which is a speciallyigiesd heat exchanger, is the core

11



component necessary to realize dynamic freezing of supercooled water. A dyyyaenic

ice storage system using supercooled water is showigime2.4 (Kozawa et al., 2005).
Typicdly, the refrigeration system contains a supercooler, supercooler release device,
and an icestorage tank. Saito et al. (1992) studied the mechanical factors affecting the
initiation of the freezing of supercooled water through experimenting the ice gnakin
methods using supercooled watekawa et al. (1997, 1999) and Okawa and Saito (1998)
applied an electric charge on the freezing of supercooled water and reported its effects.
They also studied the probability of toeicleation phenomena, and summaripedsible
solutions to control the initiation of crystallization. There are more scholars who have
studied the fundamental issues related to ice making and heat transfer (Qu, 2000; Zhang
et al., 2008; Li and Zhang, 2009). Usually the condition of supexdoshter is unstable

in dynamictype ice storage systems. The water freezes easily with perturbation, and then
can freeze inside the pipeline. In order to mainttable high-quality ice slurry, it is
necessary to control the degree of supercooling. Tag been a popular topic of

research.
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Figure2.4: Schematic diagram of a dynantype ice storage system using subcooled
water(Kozawa et al., 2005)
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2.1.3.2 Vacuum ice slurry generation method

In this method an aqueous solution used as the cold storage material is evaporated under
a lowpressure condition, and the remaining solution is cooled and frozen as a
consequence of the latent heat of evaporation. A circulating system to produce ice slurry
is shown inFigure 2.5 (Asaoka et al., 2009). The system consists of an evaporator, a
vacuum pump, and a condenser. Aqueous solution in the evaporator evaporates so that
ice forms within. The vapor produced in the evaporatdraissported to the condenser

via a vacuum pump. Condensed liquid is diluted and returned to the evaporateuder re
Since the external surface of the evaporator is warmer than the ice slurry in this system,
the issue of ice sticking to the cooling sedahas been eliminated. This improves the
system efficiency because ice slurry production is continuous without any interruption.
Kim et al. (2001) studied the consistency between theory and experiment for the
dissipation rate of a liquid droplet and tHegange of surface temperature when using an
ethylene glycol solution with a water spray method, which was based on the dissipation
control evaporation model. Lugo (2004) and Lugo et al. (2006) studied equilibrium
condition using an ammonia solution and #raeol solution with this method. Asaoka et

al. (2009) further studied the vajpbquid equilibrium data to estimate the coefficient of
performance (COP) of the system with an ethanol solution. Further related studies were
developed by Shin et af2000) Ge et al. (2007) and others. At present, most of the
research interests related to the vacuum method are focused on heat and mass transfer
inside the liquid, as well as the optimizing equipment and its compomeraddition to

ice-making system researc)@umerous studies have focused on the storage tank. Egolf

13



et al. (2008) systemically summarized related research areas, such as ice particle fields,
and showed a comparison of the usual method of storage with and without mixing in the
tank, as shown ifrigure 2.6. This method of storage without mixing allows saving the

electrical energy. The inlets and outlets shown are parts of the secondary circuit.
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Figure2.5: Schematic diagram of a vacuum ice slurry generation system
(Asaoka et al., 2009)
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Figure2.6:Schematic drawing of (a) usual method of storage with mixing and (b) a
proposal for an alternative system waithh a mixer in the tank (Egolf et 22008)
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2.2 Latent cold storagmaterias

Latent cold storage materialsvhich are mainlyPCMs, can be produced in various
chemical formulationsand theyusually can be designed to melt and freeze at a suitable
phase chage temperature range for air conditioning systems. With the superiority of high
latent heat, they have shown a promising ability to reduce the size of storage systems.
PCMs have been used for various heat storage applications since the 1800s, bukthey hav

been used as a kind of cold storage mediasecandary loop fluidnly recently.

In this section materials with solido-liquid phase change with minor volume changes

are the primary topic of discussion for practical applications. Early in 19831 AL#&83)
suggested a useful classification of the substances used for thermal energy storage, as
shown inFigure2.7: Classification of PCM (Abhat 1983) The melting temperature and

fusion heat of existing PCMseashown inFigure2.8 (Dieckmann, 2006). Obviously, the
promising PCMs for air conditioning application are salt hydrates, eutectics, paraffin
waxes, fatty acids, and refrigerant hydrateigure 2.9 showvs thermal properties of the

PCMs studied in this sectiom addition to PCM materialfCM slurries asecondary

loop fluids including clathrate slurries, microencapsulated phase change slurries, phase

change emulsiorare also discussed and summarized.
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Figure2.9: Thermal properties of PCMer air conditoning application
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2.2.1 Selection criteria foPCMs or P®/ slurries

Requirementdor common solidiquid PCMs orPCM slurries for cold storage air

conditioning applications are summarized as follows:

1 Properphase change temperature rangel®8C) and pressar (usually near
atmospheric pressure), which involves the use of conventional air conditioning
equipment and a storage tank for the chiller operation in buildings;

9 Largefusion heat, which helps to achieve high cold storage density compared to
sensible hesstorage and allows for a more compact storage tank;

1 Reproduciblephase change, also called cycling stability, which can use the
materials many times for storage and releasth@fmal energy with consistent
performanceUsually the phase separation, wheeparates phases with different
composition from each other macroscopically, is an important issue for cold
storage. If phase has a composition different from the initial design composition
optimized for cold storage, it will show a significantly redueetergy storage
capacity

1 Good thermal conductivity to speed up phase change progress, and low
supercooling

1 Stablechemical properties, low corrosivity, and low environmental impact factors,
such as zero Ozone Depletion Potential (ODP) effect and lowaGWarming
Potential (GWP) effect

1 Low viscosity, good flow and heat transfer characteristics for PCM slyrries
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1 Easymanufacturingand low price.

Usually it is hard for a material to satisfy the entire requirements listed above so that here
the primaryfour requirements are discussed here. A brief comparison of the thermal

properties of the different types of PCMs is showRigure2.10.

Fusion heat by Fusion heat by
volume volume
Thermal : Thermal .
conductivity Density conductivity Density
Phase c : Phase C .
separation orrosion separation orrosion
Supercooling Supercooling
(a) Salt hydrates and eutectics (b) Paraffin waxes
Fusion heat by Fusion heat by
volume volume
Thermal . Thermal .
conductivity Density conductivity Density

Phase C . Phase .
separati on orrosion separati on Corrosion
Supercooling Supercooling
(c) Fatty acids (d) Refrigerant hydrates

Figure2.10: Comparison of thermal propeief different PCMs
Note: The farther the colored shape extends along a given axis, the better the performance along that
dimension. It can be applied in other similar figures in this study.

2.2.2 Salt hydrates and eutectics

Much of the research on PCMs is foedn salt hydrates and eutectics due to their high

fusion heat and suitable phase change temperature range. To provide a general

19



understanding for different storage systems, Hasnain (1998) discussed the primary
features of chilled water, ice, and euted#dt cold storage systems, as showi able

2.1. In the following section, material selection is first introduced. Generally, salt
hydrates have a higher fusion heat. However, their major issues of phase @eparati
supercooling and arrosion, which are directly related to the cycle stability, are

introduced later.

Table2.1: Comparison of various thermal storage systems (Hasnain, 1998)

Chilled water

Eutectic salt

Primary features Ice storage

storage storage
Specific heat (Kkg K) 4.19 2.04 -
Latent heat of fusion (Kdg) - 333 80~250
Maintenance High Medium Medium
Warranty availability Low High Medium
Tank interface Open tank Closed system Closed tank
Discharg fluid Water Secondary coolant Water
Charging temperature (°C) 4106 -6 t0-3 -20to0 4
Chiller Standard water Low temp. secondary Standard water

coolant

Packaged system Medium High High
Heating capability Low High Medium
Chiller charging efficiency 5.0-5.9 COP 2.9-4.1 COP 5.0~5.9 COP
Storage installed cost/A&V'h) 8.5-28 14~20 28~43
Discharge temperature (°C) Above +4 1~3 9~10

2.2.2.1 Material selection

Hydrated salts consist of a salt and water in a discrete mixing ratio. The word eutectic is

derivedf r om Gr eek and means fdAeasy meltingo.
components having the lowest melting point of any composition and combination of the
same components. At this eutectic point, all of the components will crystallize
simultaneouslylike a pure substance. In this study for air conditioning application, the

eutectics are mostly inorganic salts.
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The mostcommonlyused eutectic salt is Glauber salt {8@-10H,0), which contains

44 wt.% NaSQO,and 56 wt.% HO (Telkes, 1952)With a meling temperature of about
32.4°C and a high latent heat of 254kig)(377 MJm°), it is one of the least expensive
materials that can be used for thermal energy storage. To make the phase change
temperature range appropriate for air conditioning applicgtiomore proper
NaSOy-10H,O-related PCMs were developed, as summarized by Liu (2005), and shown
in Table 2.2. The thermal properties of several commersalt hydrates and eutectjcs
which could be used for air nditioning applications, are listed Fable2.3 (Liu, 2005;

PCM Products, 2011).

Table2.2: Components of eutectics salt with phase change temperature of 12.8°C (Liu,
2005)

Componeh  wt.% (salt) Function Component  wt.% (salt) Function
Na,SO, 32.5 PCM Na,B,0;-10H,O0 2.6 Nucleating agent
H,O 41.4 PCM HsBO; 1.73 Equilibrium pH agent
NacCl 6.66 Temp. adjustment agen NasP;010 0.25 Dispersing agent
NH,CI 6.16 Temp. adjustment agée MinUGel200 8.7 Thickening agent

Table2.3: Thermal properties of eutectics slat and salt hydrates (Liu, 2005; PCM Products Ltd.,
2011)

Phase change : Thermal . Specific
PCM componetit Fusion heat o Density heat

temperature conductivity 3 . Company
PCM type C) (kJkg) (W/m-K) (kg/m’)  capacity

(kJkg K)

N&SO,, H,0, NaCl, 0.55 (liquid),
NH.CI 7.5 121 0.70 (solid) 1,490 - Calor Group
NaSQ;-10H,0, ?ﬁil%i?]g gg Kyushu
NaCl, NH,ClI, point) (after 100 0.75 (liquid), 1470 - Electric
Na,B,0,-10H,0, 8.0 (freezing  recycles) 0.93 (solid) ' P(.)wer,. _
NH,Br pbint) Mitsubishi
Type 41 5.0-5.5 123.3 - - - Transphase
Type 47 8~9 95.4 - - - Transphase
S7 7 150 0.40 1,700 1.85 PCMProducts
S8 8 150 0.44 1,475 190 PCMProducts
S10 10 155 0.43 1,470 1.90 PCMProducts
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2.2.2.2 Phase separation minimization

As reportedby Cantor (1978), phase separation, or incongruent melting, can cause a loss
in enthalpy of solidification. Since phase separation can severely reducéoitages
density, necessary solutions should be offered. Changing the properties of the salt hydrate
with the addition of another material such as water with a gelling or thickening agent can
hinder the separation and sinking of heavier phases. A gelling &y@ crosdinked
material (e.g. polymer) that is added to the salt in order to create adthmessional
network that holds the salt hydrate together. A thickening agent is a material added to the

salt hydrate to increase the viscosity and holdsdhdgdrate together.

In considering appropriate crebsked materials for gelling, Ryu et al. (1992) studied the
effects of two different polymeric hydrogels: a super absorbent polymer (SAP) made
from acrylic acid copolymer and carboxymethyl cellulosEMC). Thixotropic
(attapulgite clay) and alginate have also been tested (Telkes, I%ii@ening agents

can be starch and various types of cellulose derivatives, such as silica gel (Ryu et al.,
1992; Telkes, 1974). Sodium acetate trihydrate (N&IPO-3HO), used as a PCM,

was studied by thickening it with each of four different thickening materials: starch,
methyl cellulose, hydroxyethyl methyl cellulose, and bentonite (Cabeza et al., ED03).
addition, Biswas (1997) investigate the extra water to prtettee formation of heavy
anhydrous salt. A comparison by Biswas (1997) using pure Glauber salt and a mixture of
68.2 wt.% NaSO,-10H,0 and 31.8 wt.% kD showed that the nucleation of the

decahydrate occurred readily and even without the addition of .bdrakould be noted
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that although the method of adding extra water makes the system stable with cycling, it
may lead to a reduction of the storage density and the system should be operated with a
large temperature swing. In addition, encapsulating thel,R@echanical stirring, can

also be good solutions to deal with the issue of phase sepafatioall solutions, the

issue of phase separation invites the meaningful perspectives for further study of salt

hydrates and eutectics in-@onditioning applicaon.

2.2.2.3 Supercooling minimization

Supercoolingis another serious issue. The use of nucleating agents, cold finger, and
porous heat exchange surfaces has been utilized effectively to deal with this issue (Abhat,
1983). Many factors, such as crystal structwselubility, and hydrate stability, were
studied to determine whether a particular additive could promote nucleation. Good
nucleating agents can be carbon nanofibers, copper, titanium oxide, potassium sulfate,
and borax (Ryu, 1992; Elgafy and Lafdi, 200Sjudies show that 0.95 @ to 1.9 wt%

of pulverized borax in Gl auberds salt was
minimization (Lane, 1992; Onwubiko and Russell, 1984). Other promising nucleating
agents to limit the degree of supercoolingm 20°C to 2°C could be N&O;-10H:0,

BaCGQ, BaCh, Bak, Ba(OH), CaGO4, K;SO,, MgSQ, SrCh, SrCQ, SrSQ, Sr(OH),

and TiQ.
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2.2.2.4 Corrosion suppression

Corrosionis anothersignificant issue. It is also an important engineering design criterion
for the material, which is subject to open to the atmosphere for a longer period of time.
For salt hydrates and eutectics, the primary limiting factor to widespread use of these
latent heat storage materials is the life of PCM container systems associatetewith
corrosion between the PCM and container. In an effort to address this issue, Kimura and

Kai (1984) used NaCl to improve the stability of salt hydrates and eutectics.

Porisini (1988) studiedthe corrosion rates on stainless steel, carfterl, aluminm

alloys and copper. Following thermajcling testshe concluded that stainless steel was

the most corrosion resistant among these metals for use withyshtites, though copper

had a corrosion zonhat did not increase even after long periods of tiRsid et al.

(2004) summarized the stability of thermal properties under extended cyuoliagdition,

the corrosion rates of aluminum alloys and copper used in heat exchangers in the air
conditioning industrywas studiedlong with metallographic examations after corrosion
testsby Farrell et al. (2006), anavays of preventing corrosion of copper and aluminum

by thesePCM materials were discussed.

Salt hydratesand eutectics have a high latent heat per unit volume, high thermal
conductivity, and areonflammable and low in cost. However, they have not only phase
separation and supercooling issues, but also corrosion issue to most metals. This leads to

poor cyclic stability. Therefore, it is necessary to address such issues.
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2.2.3 Paraffin waxes and fatiycids

Typical paraffin waxes are saturated hydrocarbon mixtures, and normally consist of a
mixture of mostly straight chain-alkanes such as GHCHy),i CHs. The crystallization

of the (CH), chain can release a large amount of latent hetdttp acidis characterized

by the formula CH(CH,),,COOH. Paraffin waxes and fatty acids are both organic and
different from inorganic PCMs so that they are mostly chemically inert, stable and
recyclable, exhibit little or no supercooling (i.e. they can bersatfeaing), and show no
phase separation and a raorrosive behavior (with the exception of fatty acids for the
natural characters of acids). However, they have the disadvantages of low thermal
conductivity and volumetric storage (less tharf k§/m°®), and flanmability that are

opposite from those of inorganic PCMs.

2.2.3.1 Material selection

Thevariousparaffin waxes, which are mainly products of petroleum refining process, are
available with a range of melting points. This characteristic can lead to a good match
between the melting temperature range and the air conditioning system operating

temperature range.
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Table2.4: Thermal properties of paraffin waxes and fatty acids (Mehling and Cabeza,
2008; He and Setteerwallp02; Dimaano and Escoto, 1998; Dimaano and Watanabe,
2002a, 2002b)

Melting Fusion Density Thermal Specific
PCM temperature  heat (kg/m?) conductivity heat
(°C) (kJkg) (W/m-K)  (kJkg-K)
CiHso(n-Tetradecare 6 230 760 (lig)  0.21 (sol) -
Single CisHaz(n-Pentadecage 10 212 770 (lig) - -
paraffin  C,H,,(n-Hexadecae 18 o 760 (iq)  0.21 (st) .
wax
C,7Hsg(n-Heptadecane 19 240 776 (lig) - -
. 50:50Tetradecane Sensar4~6 -
\IIDVZ;affm Hexadecane (vol.%) DSC 4.9 154.8 i i
X . . Sensar4~6 -
mixture Rubitherm RT5 DSC 5.2 158.33 - -
90:10 GL Acid:P 883.2 (lig) i 2.42 (lig)
(vol.%) 13.3 1422 913 g0l) 2.08 (sa)
70:30 GL Acid:P 858.0 (lig) i 2.57(liq.)
Eat (vol.%) 113 1492 8757 (sol) 2.27 (sh)
acidx 50:50 GL Acid:P 10.2 157.8 827.8 (lig) i 2.89 (lig)
with (vol.%) ' ' 850.4 6ol) 2.44 (sa))
90:10 GL Acid: : 2.41 (iq.)
pentadecane ) invi 125 1267 1820 (lig) - 1.92 (sq)
or Salicylate(mol. %) 1,272.3(s0l)
additives 9410 GL Acid: 2.37(liqt.)
Cineole(mol. %) 12.3 1116 927.0(liq) i 1.71(sol)
90:10 GL Acid: i 2.63(lig.)
Eugenol(mol. %) 13.9 1178 1,091.00q.) 2.01(sol)

"Carbon distribution of Rubitherm RT5 is 33.4wt.% C14 (No. of carbon atoms), 47.3 wt.% C1%1.96.3
C16, 2.6 wt.% C17 and 0.4wt.% CEeezing temperature fparaffin wax mixtureby test is7.0°C.

" C-L Acid is composed with 65 mol % capric acid and 35 mol % lauric acid

Examples of some single paraffin waxes that have been investigated as &€Mhown

in Table 2.4 (Mehling and Cabeza, 2008). From the table, it can be easily determined that
tetradecane and pentadecane have a great potential as a PCM in conventional cold storage
systems for air conditioning application. Also, binary mixtudstetradecane and

hexadecane have also been tested well, and are excellent candidates (He et.al., 1999)

A binary mixture of laboratorgrade tetradecane and hexadecane, and the technical

grade paraffin wasRubitherm RT5, were studied using differensainning calorimetry
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(DSC) (He and Setteerwall, 2002). Dimaano and Escoto (1998) and Dimaano and
Watanabe (2002a, 2002b) systemically studiextapriclauric (GL) acid mixtures for

PCM energy storage, from an initial assessment of thermal propertiesvastgation

for lowest eutectic point with a suitable component compositions, to analysis for mixtures
with pentadecane or proper additives in order to make the melting points in the range for
cold storage, as shown ifable 2.4. With theoretical calculation and the experimental
study of the liquigsolid equilibrium phase diagram on several kinds of fatty acid
mixtures, the caprylitauric acid mixture (in the mass composition ratio of 80 and 20)
was also suggestl as good cold storage material with a freezing point of 4.6°C and a
fusion heat of 152 Kldg(Cen et al., 1997). For other research related to fatty acids for air

conditioning applicationrgne may refer to thigerature by Li et al. (1996)

2.2.3.2 Thermal condctivity improvement

For paraffin waxes and fatty acids, one of their serious issues is their low thermal
conductivities. One possible solution is to add materials having a larger thermal
conductivity. Mettawee and Assassa (2007) investigated a methodhah@ng the
thermal conductivity of paraffin wax by embedding aluminum powder in paraffin wax in

a water base collector for solar energy storage unitization. It was found that the useful
heat gain was increased by adding aluminum powder in the wax aswaalip the case

of pure paraffin wax.

Another solution is embedding graphite matrix in PCMs to increase the thermal

conductivity. Thermal conductivity of paraffin wax can be increased by two orders of
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magnitude through impregnating porous graphite nedriwith the paraffin (RB2,
Rubitherm, Germany) (Mills et al., 2006). Also, a technical grade paraffin (melting point
48~50°C) embedded with expanded graphite was studied and showed a good thermal
conductivity (Zhang and Fang, 2006). For the two abowetisols, they provide insight

for thermal conductivity improvement for air conditioning application although the

examples listed are for utilization other than the air conditioning application.

Last, the use of finned tubes can also improve heat traresfiermance for cold storage.

All the previous studies for thermal conductivity improvement listed above can be used
as guideline for enhancing PCMold storage performance for air conditioning
application. It should be noted that in order to prevent thedileakage during the solid

liquid phase change of the paraffin, a general solution is to encase the paraffin in

spherical capsules or microcapsules.

2.2.3.3 Flameretardanimprovement

For paraffin waxes and fatty acids, another serious issue is their highmidoility.
Usually the shapstabilized PCM composites consist of the paraffin wax, which acts as a
dispersed phase change material, and a polymer material (such as high density
polyethylene (HDPE)), which acts as a supporting material. As long as thatioger
temperature is below the melting point of the supporting material, the-stepkzed

PCM can keep its shape even when the paraffin changes from solid to liquid. However,

the high flammability property of paraffin waxes has severely restricted wide
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applications. Usually improving flame retardant of polymer materials (with the addition

of some flame retardant to polymer materials) can relieve this issue.

There has been much concern worldwide over developing halogen free flame retardant
(HFFR) polymeric materials. Intumescent flame retardant (IFR) material is used as an
environmental, halogefree additive (Cai et al., 2006). In order to improve the effective
capacity to retard flames, synergistic agents have been used in IFR systems, songh as so
nanocomposites (Xia et al., 2007; Zhou et al., 2008). The influences of metal (iron,
magnesium, aluminum, and zinc) on flame retardancy for paraffin/IFR as a phase change
material were studied by Zhang et al. (2010a). Microscale combustion caloriM&e) (

and cone calorimetry (CONE) were used to characterize the sample. The results revealed
that the flame retardant efficiency of IFR in paraffin could be improved by adding metal.

Also, the flame retardant mechanism for paraffin/IFR with metal was pedpos

In another study (Song et al., 2010), PCMs based on ethgtepglenediene
terpolymer (EPDM) (supported material), paraffin (dispersed phase change material),
nanastructuredmagnesium hydroxide (narddH) and red phosphorus (RP) with various
composiions were prepared. The thermogravimetric analysis (TGA) analysis also
indicates that the introduction of naMH into the formstable PCMs (i.e.
EPDM/paraffin blends) has significantly increased the fire resistance due to the formation
of MgO during thecombustion of nan®H. MgO builds up char layers on the surface
and insulates the underlying material and slows the escape of the volatile products

generated during decomposition, and therefore improving fire resisting performance. In
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addition, expanded gphite can also be a good material to improve flame retardant of
polymer materials. All these studies can be used as guideline for enhancing PCM cold

storage performance for air conditioning application.

2.2.4 Refrigerant hydrates

Gashydratesor clathrate hydites, are icdéike crystals that are composed of host lattices
(cavities) formed by water molecules linking with each other through hydrogen bonding,
and other guest molecules. The guest molecules are firmly enclosed inside the host
cavities under the wealan de Waals force. Usually there are three typds$%3l and S

H) as shown irFigure2.11 (Khokhar et al., 1998). Different types of hydrates can be
formed under different conditions. For this study, reflgemydrates, which are mainly

the type Sl gas hydrates (i.e., MH,0, where M is a molecule of guest material and n is

hydrate number) are discussed.

Figure2.11: Types of hydate structures and their cage arrangements
(Khokhar et al., 1998)
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In addition,CO, hydrate type S| gas hydrate) and TBAB hydrate am@AC hydrate
(semiclathrate hydrates) are also discussed in this sechitmst refrigerant hydrates can

be formed undr low pressurébelow 1 MPa) with suitable phase change temperature for
air-conditioning and large fusion heat (24380 kJkg). Unlike some liquiesolid PCMs
discussed above, some refrigerants discussed here are in the gaseous state under
atmospheric presire, so pressure is noted for hydrate formation. Obviously, refrigerant
hydrates have a larger fusion heat than eutectic salts, paraffin waxes and fatty acids. A
hydrate storage system with the hydrate fusion heat near to that of ice shows the
advantage foallowing use of chilled water as circulation medium rather than antifreeze

coolant or brine, which are used in ice storage systems.

Many research efforts have been condusiade this type of novel cold storage medium
was first proposed by Tomlinson982). A series of outstanding achievements were
made in the research of hydrate cold storage technology (Ternes, 1983; Akiya et al., 1997,

Mori and Mori, 1989; Fournaison et al., 2004; Guo et al., 1998).

2.2.4.1 Material selection

(1) HFC hydrate

In the 1990s researchers first studied cold storage characteristics of chlorofluorocarbons
(CFCs) and hydrochlorofluorocarbons (HCFCs) hydrates, such aslCFCFG12,
HCFG21, HCFG22 and HCFEL41b gas hydrates. With the phase out of CFCs and
HCFCs for environmental ptection, more attention should be paid for alternative

substitutes for guest materials of refrigerant hydrates like hydrofluorocarbon (HFC)

31



hydrate Oowa et al. (1990) studied the phaseilibrium of HFG134a hydrate. HF32

and HFG125 hydrates were searched by Akiya et al. (1997). HAG4a and HF€152a

hydrates were researched as cold storage media, and the energy charge and discharge
processes were studied in a transparent apparatus (Guo, TB86nal properties of

some new HFC gas hydrates aresanted ifiTable 2.5. It can be seen th#te melting
temperature of some refrigerant hydrates is a little higher. Through the addition of NaCl,
CaCb, and ethylene glycol (Tanii et al., 1997), the melting tempegatan be reduced to

make hydrates more suitable for air conditioning applications.-B#38ia, HFGC236ea,

and HFG365mfc are considered to be the primary alternative fluids for HCH®D, and

they possibly form gas hydrates for air conditioning applicatio

Table2.5: Thermal properties of guest materials for refrigerant hydrate and hydrate

Guest materials of Hydrate melting point Hydrate fusion heat
refrigerant hydrate Temperature (°C) Pressuredtm) (kJ/kg)
HC-290 5.7 5.45 382
CFC11 8.5 0.54 334
CFCG12 11.8 4.39 316
HCFG22 16.3 8.15 380
HCFG21 8.7 1.00 337
HCFG31 17.8 2.82 427
HCFG141b 8.4 0.42 344
HCFG-142b 12.1 2.25 349
HFC-152a 15.0 4.34 383
HFC-134a 10.0 4.10 358
HFC-125 11.2 9.44 362

(2) CO, hydrateslurry

CO, hydrateslurries which aremixturesof solid CQ hydratecrystal and liquicaqueous
solution can also be useakssecondaryorking fluids(Marinhas et al., 2006). They have
the advantage of being produced by a-nwthanical generation process based on a
simple CQ injection in a precooled aqueous solution. Moreover, the heat of fusion of
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solid CO; hydrate crystal§00kJkg) is higher than that of ice (334/kg). As arecently
developed secondary refrigerant, £0ydrate slurryshould contain sufficient solid
crystals in order to release plentiful latent heat in delayed time as a cold source. In
addition, the solid hydraterystal should not affect the flowing conditions of hydrate
slurry. The melting point of Cnhydrate slurry is adjustable according to the production
conditions and can be applied to positive temperature range (+5°C or +7°C or even

higher)for air conditioning applicatian

(3) TBAB hydrate slurryTBAC hydrate slurry, THF hydrate slurry

Since most refrigerants(HFCs, CO,, etqQ are not very immiscible with water, it is
necessary to search for wassmluble materials for rapid hydrate formation sucheas

n-butyl ammonium bromide(TBAB), tetran-butyl ammonium chloride (TBAC),
tetrahydrofuran (HF) andacetoneln addition, unlike other clathrate hydrates, which are
usually produced under high pressure and low temperature conditions, the materials listed
here can form hydrate under one atmosphere pressure and room temperature. It should be
notedthat the structures aGiBAB hydrate and TBAC hydrate crystals are different from
common type 8| hydrates, and they can form seatathrate hydrates, in whichBAB

or TBAC molecules are both the host and guest in the structure. Also two types of
hydrate cystals can be formed for TBAB hydrate and TBAC hydrate with different
hydration numbers. Schemastructure of one type for TBAB hydrate crystal (type A
with hydration number: 26) is shown kigure2.12 (Shimadaet al., 2003)lt is a semi

clathrate hydrate. Tetnabutyl ammonium located at the center of three
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tetrakaidecahedrons and one pentakaidecahedron. Broken bonds are shown by dotted
lines. The dotted lines represent bonds which have disappeared frolastieat hydrate

structure. The dodecahedral cages are empty as shown by the hatched areas.

Figure2.12: Schematic structure of type A TBAB hydrate crystal (Shimada et al., 2003)

Table2.6: Thermalpropertiesof TBAB/TBAC/THF hydrate crystals

Hydrate Hydration Melting Latent Density  Specific heat Ther”?a.' .
guest o her femperature heat (kg/m?) (kJkg-K) conductivity Literature
mateial (°C) (kJkg) (W/m:-K)
TBAB 26/38 12.0/9.9 193.2199.6 #1.86~261/ Oyama et al.
2.0~2.54 (2005)
26/36 12.3/9.6 1,0821,067 Darbourett
al.(2005)
26/36 11.81 193/205 1,0824,030 2.22f 0.421 Hayashi et
al. (2000)
Ogoshi and
Takao 2009
TBAC 30 15.0 200.7 Nakayama
(1987)
29.7/32.1 15.0/14.7 1,0341,029 Dyadin and
Udachin
(1984)
Leaist et al.,
THF 17 4.4 ~260 ~950 °1030-2020 °0.489-0.496 (L002)
' ' : ' ' Waite et al.
(2005)

3Between 20 and 0.25CBetween-25 and-7.5°C.Hydrationnumberfor type A TBAB hydrate orstal is
26, while for typeB TBAB hydrate crystal it is 36 or 38.

Thermalpropertiesof three hydrate crystals are listedTiable2.6. Zhanget al (201(b)

gave adetailedintroductionto determine thermal progess of clathrate hydrate sligs.
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Also hydrate mixturg such as TBAB/THF mixtusg have been also studied for air
conditioningapplicationby Li et al. (2010). Since published literature oenvironment

friendly clathrate hydrate mixture is limited, & not discussed here in detail.

2.2.4.2 Hydrateformationimprovementindstorage apparatus designation

Most refrigerantsare insoluble in the watey leading to slow hydrate formation (also
called crystallization) with a supercooling effect and a slightly longgwdtion time. To
deal with these shortcomings, enhancement methods are very necessary, and are

summarized as follows:

(1) Onesolutionis tostir thereactionmaterials. A mechanical agitator inside the tank can
stir the reaction materials directly, dretguest materials and the water can be mixed by
continuously being pumping out separately from the tank (Shu et al., 1999), or mixed

with the help of an injector (Tong et al., 2000).

(2) Another solution is the inclusion of additives to reduce inductionirme, the
supercooling degreer to change melting temperature more suitable in air conditioning
application Useful additives are sodium dodecyl sulfate (SDS) (Zhang et al., 2002),
ethylene glycol,n-butyl alcohol (Zhang et al., 1999), metals or metalexc@mpound
powders such as copper, zinc, and iron (Isobe and Mori, 1992), inorganic salts, and

organic fungi.

(3) Thethird solution isapplyingthe outfields. A special magnetic field has remarkable

influence on the refrigerant gas hydrate formation @se¢c by reducing induction time
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and increasing the amount of formed hydrate (Liu et al., 2003a). Ultrasonic waves were
also studied for hydrate formation (Liu et al., 2003b). The induction time was longer
under the function of a staircablkee supersonic be than with that of the indézone

like probe. The range of the ultrasonic wave power that has a good effect on hydrate

formation was 581,000 W.

Compressor Compressor
Gas phase Gas phase
Cold storage| ﬁ: Cold storage| Liquid phase| Hﬂ
Condenser tank Liquid phese Fen coil Condenser tank § Fan coil
Throttle Throttle

(a) Direct contact charge and direct contact (b) Direct contact charge and indirect contact

discharge system discharge system
— — — —]
Compressor Compressor
Refrigerant

Cold storage,  hydrates Bﬂ

Condenser tank § Fan coil

Cold storage| Refrigerant Bﬂ
Condenser tank hydrates | £an coil

Throttle

Throttle

(c) Indirect contact charge and direct contact (d) Indirect contact charge and indirect discharge
system contact discharge system

Figure2.13: Different types of hydrate charge and discharge system (Xie 20a4)

For a cleaunderstandingf the heat transfer modes between the cold storage media and
the refigerant or the coolant, it is necessary to study the hydrate storage apparatus design.

Xie et al.(2004) summarized this by studying both the direct contact heat transfer mode
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and the indirect contact heat transfer mode. In the indirect contact hetdrtrande, the

cold storage medium and the refrigerant (or the coolant) exchange heat through the heat
exchanger. In the direct contact heat transfer mode, the cold storage medium and the
refrigerant (or the coolant) exchange heat through direct contaethydirate storage
apparatus types can be classified based on direct or indaetzct charging and direct

or indirectcontact discharging system, as showfigure2.13.

SeveralresearchergMori and Mori, 1989;Carbajo, 1985; Najafi and Schaetzle, 1991)
conducted detailed research on type (a) direct contact charge and direct contact discharge
system. Researchers (McCormack, 1990; Dini and Saniei, 1992; Zhang et al., 1999)
conducted detailed research on type ifirect contact charge and indirect contact
discharge system. A comparison between diceatact and indireetontact systems is

shownin Table2.7.

Table2.7: Compaison of directcontact and indireaetontact systems

System type Advantage Disadvantage

Evaporator heat exchanger not needed,;
high heat transfer performance; high
temperature of refrigerants returning to
compressor; defrostfy equipment not
needed; low energy consumption

Charge process
Direct contact

Oil-free compressor and water separator need
high investment

Evaporator heat exchanger needed; reltive
poor heat transfer performance; low temperatu
in the evaporator and reduced compressor
performance; defrosting equipment needed wh
ice exists; high energy consumption

Charge process Regular compressor used; regular
Indirect contact  refrigeration cycle; low investment

Heat exchanger not needed; low
temperature diffeence between cold
storage medium and coolant; low energy

Discharge
process
Direct contact

Sophisticated pump needed to make liquid
refrigerant to be pun
problem or leaks at the seals

consumption
Discharge Heat exchanger neediehigh temperature
process Regular pump difference between cold storage medium and
Indirect contact coolant; high energy consumption
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From a morepractical viewpoint, the hydrate storage apparatus is usually an indirect
contact system. Shu et al. (1999) developed a new hydrate cold stgstaga #r this

type of system, which had an internal heat exchanger and a small, external rotating
crystallizer, which was the pump. This system could achieve adfigiency and high

density cold storage performance. Tong et al. (2000) proposed oneftgpkl storage
system using an injector to spray the refrigerant liquid into the cavity where the liquid
could be vaporized and completely mixed with the water to enhance heat mass transfer

during hydrate formation.

2.2.4.3 Thermal and hydraulic characteristafshydrate slurry

In the followingintroduction TBAB slurry is mainly discussed as aramplesinceit has
beenthe topic ofmost intensive studie€lathrate hydratslurry is usually considered as
nortNewtonian fluid for its solidiquid two-phase mixtte feature. Only when the solid
fraction is very small it can be possibly be treatedNawtonian fluid.Darbouret et al.
(2005) indicated thatthere was a critical volume fraction for TBAB hydrate slurry at
which its flow behavior changed from Newtonialifl flow to Bingham fluid flow.
Hydrate slurryin highervolume fraction has higher yield stress and apparent viscosity. It
wasalsofound that the viscosity of type B TBABydrate slurrywas a littlelarger than

that of type A due to the different shapéswo types ohydrate crystals.

When comparedo the chilled water, clathrate hydrate slurry exhibited a higher overall
heat transfer coefficient due to the associated phase change. Relsgtatime (Ogoshi

and Takao, 2004) show the cooling capacit TBAB clathrate hydrate slurrig about
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2.5~3.5 times larger than that of the chilled water at the flow rate-Bfkgymin. Xiao et
al. (2007) conduced experimental study otne heat transfer characteristics TBAB

slurryin a horizontal copper tubeith 8 mm inner diameter.

Results indicated that the influenoé the volume fraction of solid phase on Nusselt
number was smakven with the change of Reynoldembers. Ma et al. (2018}udied
forced convective heat transfer characteristics of TBAB@&e hydrate slurryith the
volume fraction0~20.0%. Heat transfer correlations of TBAB hydrate slurry flowing
through straight circular tubesder constanteat flux were developed for the laminar,
transition, and turbulent flow regimel. was foundthat the volume fraction was the
major factor which influenced the heat transfer in the lamiegion while the flow
velocity was more important in thieansition and turbulent flow regionis another study,
Xiao et al. (2006) tested the flow charactgcs of TBAB slurry ina PVC pipe with 21
mm inner diameter. Power law fluid equation was applied, which showed that the
apparent viscosity of<16 vol.% TBAB slurry was 33 times higher than that of water.
Thereforeit is necessary to make reasonablesigerations for hydratapplicationin air
conditioning systems. In facthermal and hydraulic characteristics of clathrate hydrate
slurry areusuallybe affected by many factors, suchvatume fraction of hydrate crystal
particles the pipeshape andize, which makethe flow characteristics vergomplicated

andneedfurtherinvestigations.
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2.2.5 Microencapsulated PCMs or PCM slurraasdphase change emulsions

2.2.5.1 Microencapsulate@CMsor PCMslurries

Microencapsulate®@CM (MPCM) is the encapsulation of PCM fiees (the core) with a
continuous film of polymeric material (the shell). The PCM cordiglas vary in size,
ranging from 1 em to 1000 em in di amet e
microencapsulation: physical and chemical. The physical processes are spray drying,
centrifugal and fluidized bed processes, or coating processes involvimg ilinders.

The chemical processes aresitu encapsulations like complex coacervation with gelatin,
interfacial polycondensation resulting in a polyamide or polyurethane shell, and
precipitation due to polycondensation of amino resins. Tk&tinpraesses have the

ability to yield microcapsules with the best quality in terms of diffusightness of the

wall. The surface morphology of microcapsules, as observed using a scanning electron

microscope (SEM), is shown Figure2.14 (Hawlader et al., 2003).

(a) bayd;ied rhirdbriicies (b) .boacervatedﬁ microparticles

Figure2.14: Surface morphology of microcapsules studied by a scanning electron
microscope (SEM) (Hawlader at., 2003)
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The advantages of MPCMs are: (1) reduction of the reactivity of the PCMs with the
outside environment, (2) improvement of heat transfer to the surroundings due to the
large surface to volume ratio of the capsules, (3) improvement in cycéihiitgtsince

phase separation is restricted to microscopic distances, and (4) no leakage during its
liquid phase for some PCM3hermal properties of two MPCM products are listed in
Table 2.8 (Microtek Laboratorie Inc., 2011). The appearance of the two products is
white to slightly offwhite color with good thermal cycling. The form of MPCM 6 is a

wet cake (70% solids, 30% water), and MPCM 6D is a dry powder.

Table2.8: Themal properties of microencapsulated phase change materials (slurries)
(Microtek Laboratoriesnc., 2011; Diacontet al.,2010

Phase change Latent heat
MPCM type temperature(°C) (kJkg) Comments
MPCM 6 Specific graity: 0.9
6 (melting) 157~167 (melting) Core material: Tetradecan
Meanparticlesize 17~20
micron
. - : Capsule composition:
MPCM 6D 6 (melting) 157~167 (melting) 85-90 wt.% PCM
10~15 wt.% polymer shell
. 4.1~7.5 (melting) 53 (melting) DSC scanning rate:
Microencapsulated RT6 slurry 2.2-5.8 (freezing) 56 (crystallization) 0.1°Cmin
4.0~6.8 (melting) 55 (melting) DSC scanning rate:

Microencapsulated RT6 slUmy 5'¢ ' (freezing)  49.4 erystalization  0.01°Cmin

When theMPCM is dispersed into the carrier fluid, e.g. water, a susipanof MPCM

slurry is formed. In the fabrication process, the proper amount of surfactants is used for
helping MPCM fully disperse into the carrier fluid, thus increasing the lifetime of the
MPCM slurry. Because the phase change wdlkent heat is involed, the effective
specific heat of the fluid is remarkably increased with results in the heat transfer

enhancemenbviously, MPCM slurries can be used as both thermal energy storage and
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heat transfer fluid-The thermalproperties of MP®! slurries, like &ective thermal
conductivity, viscosity aneffective specific heatare different from those of the bulk

PCM so thatthe influence of carrier fluids should be considefBae effective thermal
conductivity with flowing condition is generally highertherh at pr edi ct ed by
equation due to the interaction between the particle and Auitailed introduction has

been developed by Zhang et al. (20110

Figure2.15: Micrograph of one kind of MPCNh-Tetradecane with gelatin)
(Alvarado et al., 2004)

In one study Alvaradoet al., 2004), MPCM patrticles were made by microencapsulating
99% pure tetradecane with gelatin through the process of complex coacervation. The
average microcapsules diameterd#b nm. On average, the particles contained 2% by
weight of an effective nucleating agent. Based on microscopic observations and DSC
analysis, each capsule is made of about 88% PCM and 12% shell material. A
characteristic micrograph of MPCM can be seeRigure2.15. Thermal properties of an

MPCM slurry with a different MPCM mass fraction is shownFigure 2.16, which
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shows that this kind of MPCM slurry has the potent@lbecome a successful heat

transfer fluid for cold storagier air conditioning application.
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Figure2.16: Thermal properties of one kind of MPCM slurry (Alvarado et al., 2004)

Diaconu et al. 2010 also studied a kind of MPCM slurry for air conditioning
applications. It consisted of an aqueous dispersion of PCM (Rubitherm RT6)
encapsulated in a polycyclic cell, resulting in microcapsules with a volume mean
diameterof22 em. RT6 is a commerci al PCM, and t
was 45%. Thermal properties of the MPCM slurry by DSC study are shovabla2.8.

From this tablepne canconcludethatthe narrower phasenange temperature range is

suitable for air conditioning application.

2.2.5.2 Phase change emulsions

Phase changemulsion similar to the MPCM slurry, is a novel twihase fluid

composed of PCM particles as a dispersed phase and water as a continuous phase. Due
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the large surface to volume ratio of the dispersed phase, it also has greater apparent
specific heats and higher heat transfer abilities in the phase change temperature range
than the conventional singfghase heat transfer fluids such as water. Aleasp change
emulsion systems store energy not only by using the sensible heat capacity of the carrier
fluid, but also by using the latent heat capacity of the media. Thus they are advantageous
in the field of the convective heat transfer enhancement agrg\etransport for both a
dynamic type cold storage system and a secondary loop. In addition, a nucleating agent is
often used to prevent the effect of supercooling of the emulsion. lllustration of a phase

change emulsion is shownkilgure2.17.

Hydrophilic portion
Hydrophobic portion

Water Su[tactant
’7\\9\
//‘\\ Q PCM Q
[ —"——@% droplet @
\ /
| OO

Figure2.17: lllustration of a phase change emulsion
Note: PCMin-water emulsions, where fine PCM droplets are directly distributed in water and maintained
in dispersion ¥ a surfactant

Rubitherm RT10 (Huang et al., 2009), which is paraffin mixture of tetradecane,
pentadecane, and hexadecane, is presented as a PCM, as shaureia.18. The total
heat capacity of the paraffin/veat emulsions and the ratio of heat capacity of the
emulsions to that of water versus R¥dd@nhcentration in the temperature range-€f5C
are shown inFigure 2.19. Obviously, the paraffin/water emulsion is an attive

candidate for air conditioning application.
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Figure2.18Micrograph of the emulsion containing 30 wt.% RT10 at 20°C
(Huang et al., 2009)
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Figure2.19: Total heat capacity of the phase change emulsions and ratio of heat capacity
of the emulsions to that of water (Huang et al., 2009)

The thermalpropertiesof tetradecandased phase change emulsions have been studied
by many esearchers (Inaba, 1996; Zhao et al., 2001; Zhao et al., 2002.), and are
considered attractive candidates for@nditioning applications. The melting point of
tetradecane is 5.8°C and the fusion heat is 22@ kA study of tetradecargased phase

charge emulsions is shown fable2.9 (Xu et al., 2005a).
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Table2.9: Thermal properties of tetradecabased phase change emulsifxs et al.,
20053

Average specific

Melting Average specific hea

Phase change ensidn oint Fusion heat in the phase chande heat in norphase

(tetradecane/water) poc (kJkg) reqi '; JKka.K 9 change region
(°C) egion kJkg-K) (k¥kg-K)

10:90 tetradecane: water (wt.9 4.36 18.69 5.7 3.9

20:80 tetradecansuater (wt.%) 4.57 31.56 6.6 3.7

30:70 tetradecane: water (wt.9 4.51 73.47 10.1 3.6

2.2.5.3 Supercoolingninimization

Though the corenaterialstPCMs) for microencapsulated PCM slurries and phase change
emulsionare usually paraffin waxesyhich areinsolubk with water, supercooling is an
important issue to deal witiNucleation agentsan be used to relieve this issire.one

study byHuang et al(2009) a nucleation agent was addedthe paraffin to prevent
supercooling before the emulsifying procefes the paraffin emulsionin cooling
applications The necessary surfaagan be offered by the agetot start nucleation in the
interior ofthe paraffin dropletgherefore the agemtorks aghenucleation catalyzeiThe
supercooling was reduced @01°C with the nucleation agentwhile it was7°C without

that. In another study byAlvarado et al.(2006), a concentration of 2% tetradecanol
resulted to be sufficient to suppress supercooling both in tetradecane and
microencapsulated tetradecanad theheterogeeous nucleation was more favorable in

the presence of tetradecanol. Also additional consideration should be given that the
amount of nucleation agent for suppressing supercooling effect should be the smallest
possible because adding excessive amount déation agent will lead to a reduction of

the latent heat of the PCMW.amagishi et al(1996) addedI|-tetradecanol asucleation
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agentwith good results fotwo n-tetradecane angtdodecane microencapsulated slurries
In addition, cold fingeand porous &at exchange surfaces has been utilized effectively to

deal with this issue

2.2.5.4 Thermal and hydraulic characteristics

Since theworking fluids studied in this section are mainly used for the secondary loop
systems in air conditioning application, it is nes&ry to study the thermal and hydraulic
characteristicsNote that MPCM should be durable during its long term operation,
because it might be broken by the circulating pufipe MPCM slurry is generally
considered as the Newtonian fluid when the voluraetion of MPCM is less than 25%.

The viscosity of the working fluid is a critical factor for cold energy transportation. Based
on literature(Wang et al., 2008)Yamagishiet al., 1999) results indicated that the
working fluid showed the Newtonian fluid avior and the apparent viscosity was about
1.5-10 times of the water as the mass fraction of MPCM increased from about 5 to 30%.

The MPCM slurry can be treated as bmmogeneouBuid at low volume fraction

Inaba et al(2004) investigated the mixing &dct of the large size PCMn-docosang
particles under the condition without a phadenge and the small size PC-
tetradecaneslurry with a phase changResults showed thdhe flow drag reduction
could be achieved in therbulent flow regime, whd the pressure drop was increased in
the laminar flow regime in the case of higher mass fraction of lsimgeparticles. The
ratio between the heat transported MCM slurry (including both latent heat and

sensible heat) and thmumping power of the citdating pump was larger thahat for
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water in theturbulentflow regime In the laminarflow regime,the ratiodecreased from
larger than that for water to leggan that for water as increasing the fraction of the larger
MPCM particles.Therefore reasomable consideration fdooth the energyransportation

andpumpingpower should beaid inpracticalapplication.

In another study bylvaradoet al. (2007) MPCM (n-tetradecane as the cameaterial)
with the diameter of smaller than 10 mvasprovento bedurable and impagatesistant in
the durability test with a cavity pumgPCM slurry with low mass fraction had much
smaller pressure drop than that of waldareover,the difference was reduced widm
increasedmass fractiorof MPCM. The drag reductioneffect of slurry would be the
possible reason Around melting temperature of-tetradecane the heat transfer

coefficient ofslutty reached its peak

Study byDiaconu(2009)revealed that the convective heat transfer coefficient between
the MPCM particlesand the carrier fluid (water) played a vegyitical role during
charginddischargingprocessesin addition, MPCM mass fraction and partictiameter
werestudied foroptimizing the thermadtoragesystem.Study byYamagishi et al(1996)

also investigaed MPCM (core material n-tetradecane and-dodecang slurries. From

this studythe tolerance against the shear force induced by pumpigtesessentiain
practical application. Large apparent viscosim be achieved withigh volume fraction

and ths canincreasethe pressure drop and pumping power. Pressure drop can be
effectively reduced by using the dragductionadditives in the case of high volume

fraction of MPCM.Based on the discussion above, viscosity, pressure drop, pumping
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power,convecive heat transfer coefficierfaminartubular flowregime are all important
factors when investigatinghermal and hydraulicharacteristicswhich still needfurther

study.

2.3 Sorptioncold storage

For sensible anthtentcold storage in air conditioningpplication, the temperature of the

cold storage tank is lower than the ambient temperature. Accordingly, the cold energy
loss from the storage tank must be considered in such a system during the storage period.
This may be disadvantageous for the systespee@ally when it is used for a long term
storage periodn the following, the sorption cold storage is introduced as a solution for a
long termstorageperiod, especially for adsorption storage. Sorption cold storage uses
sorption working pairs sorbentgefrigeranty in air conditioning applications. The
sorbents, which can induce physical or chemical attraction with an active refrigerant gas
for a refrigeration effect, can either be in liquid phase (absorption technology) or in solid
form (adsorption tehnology). The cooling capacity can be preserved fongterm with

no pollution and no cooling energy losses.

Also it can be readily discharged when needed only by connecting the generator (for
absorption storage) or adsorbent bed (for adsorptionggpta the evaporator. This kind

of cold storage system, which can be driven by electricity, industry waste heat, or solar
energy, contributes significantly to the concept of sustainable system development. In
addition, especially for an adsorption cotdrage system, after energy charging, can be

moved to another place that cannot provide energy by itself to produce refrigeration
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power for short term air conditioning. Usually a sorption system uses alternative clean
refrigerants, with no pollution othénan the CFC or HCFC refrigerants in a conventional
vapor compression system. Also, it can be operated without few moving parts, other than
some magnetic valves, is mechanically simple, and has high reliability, low vibration and
a long lifetime. A generatomparisorof absorption and adsorption storage technologies

is shown inFig. 2.20.

Storage capacity Storage capacity Storage capacity
Systems Systems Systems
quietness Safety quietness Safety  guietnéss Safety
Solution pump
Thermal conductivity Thermal conductivity Thermal conductivity
of sorbents of sorbents of sorbents
(a) Absorption (b) Adsorption (c) Ideal sorpti

Figure2.20: Comparison of absorption and adsorption storage technologies

2.3.1 Basic storage principle

2.3.1.1 Absorption cold storage

A schematic drawingf the basic principle for absorption storage is showirigure
2.21(a). Using the working pair LiBr/bD as an example, with the shkaff valve after the

poor solution opened, the poor solution (low concentration of absorbent) is pumped
towards the higipressure zone, andeth the mixture is heated in the generator during the
charging process. The contribution of heat (driving heat) allows the separation of the
refrigerant (HO) from the absorbent (LiBr solution). The refrigerant vapor is sent to the
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condenser, where it is odensed to liquid by a cooling fluid. The liquid refrigerant is
stored in a container for cold storage, while the rich solution from the generator is also
stored in a container. The liquid refrigerant in the container as the cold storage can be
used to prduce the cooling effect for air conditioning application. During the
discharging process, the shaff valve after the poor solution is closed, the liquid
refrigerant is expanded with the staft valve on the liquid refrigerant side opened and
sent to theevaporator, and rich solution flows to the absorber with thedhwialve on

the rich solution side opened. Thus, the water vapor in the evaporator is absorbed by the
rich solution and the cooling effect is produced in the evaporator at low pressodes. A
the rich solution absorbs the water vapor and releases absorption heat, which can be used
for heating purposes. Gradually, the poor solution from the absorber is stored in a
container. Because the absorption refrigeration system has been well develoed

market, only a brief introduction is given in tlulsapter

Generator Condenser Condenser

Pump . Liquid
% Rich  refrigerant
solution

[ = I
Poc?r i ! X Expansion B
solutiont. i ! <:| 1
A i R valve .
L v y :

Expansion

Adsor ber/Desor ber

S N - A
<:| /\ S VR - R ke
[RRpUpEy R _(:Old _COld
Absor ber Evaporator SUpply Evaporator supply
(a) Absorption storage (b) Adsorption storage

Figure2.21: Schedule drawing of basic princigte sorption storage
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2.3.1.2 Adsorption cold storage

A schematic drawingf the basic principle for adsorption storage is showirigure

2.21(b). Adsorption is the general phenomenon resulting from the interaction beaween
solid (adsorbent) and a gas (refrigerant), based on a reversible physical or chemical
reaction proces®uring the charging process, a desorber (can also be an adsorber during
the discharging process) connected to a condenser is heated ydaviegsource with

the shutoff valve after the desorber opened. Next, the refrigerant vapor flows from the
desorber to the condenser and is cooled to a liquid state. It then passes through the
expansion valve and is stored in an evaporator undeiptessure aadition for cold
storage. During the discharging process, the-sfiutalve after the adsorber is closed.

The adsorber is cooled by a heat transfer fluid and its pressure drops. When the pressure
drops below that of the evaporator, the sbifitvalve afte the evaporator is opened and

the refrigerant is evaporated and moves to the adsorber because of the pressure difference.

Cold temperatures are then produced in the evaporator for air conditioning application.

2.3.2 Working pair selection

During charge odischargeprocesses, important heat and mass flows are produced with
frequent use of sorption working pairs. The thermal properties of these working pairs
play a very important role for storage used in air conditioning applications. Here, the
thermal propertymainly refers to the storage capacity or the ratio of the amount of cold
storage by evaporation of refrigerant to the mass or volume of the sorbent. It is one of the

basic criteria required for designing an efficient storage process.
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To provide a generalnderstanding on thermal properties of different working pairs,
Mugnier and Goetz (2001) summarized and compared their storage capacities. Based on
the data, and with a rigorous calculation protocol obtained from the literature (Mugnier
and Goetz, 2001)hermal properties of working pairs for air conditioning applications
were extracted and summarized as showRigure 2.22. The summary examines them
under the same conditions of an ambient temperature of 35°Cewaaporation
temperature of 5°C. Storage capacity and minimum heating temperature of different
sorption working pairs under same conditions is showfigare 2.23. From the figures

above, the most suitable and e#nt working pair for the sorption storage system is

water and solid/gas reaction used as the refrigerant and sorbent, respectively.

For the requirements of a working pair, the refrigesdrduld have environment safety,
large latent heat per volume, taxicity, no flammability, no corruption, good thermal
stability, low material cost, and better volatility of the solution in the absorption system.
For the sorbent, especially for the adsorbent, it should have the large adsorption capacity,
large change foadsorption capacity with temperature variation, a more flat desorption
isotherm, and good compatibility with refrigerant. Generally speaking, there are no

perfect working pairs meeting all of these requirements.
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Figure2.22: Storage capacity of different sorption working pairs with ambient
temperature of 3% and evaporation temperature of 5°C (Mugnier and G2et)
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Figure2.23: Storage capacity and minimum heating temperature of different sorption
working pairs with ambient tempegure of 35°C and evaporation temperature of 5°C

(Mugnier and Goetz, 2001)
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2.3.2.1 Absorption working pairs

Among the absorptioabsorberitefrigerant pairsH,O/LiBr and NH3/H,O are the most
common ones. The former is usually used for air conditioning appiicatd the latter

can be used for subzero applications, such as ice making. In ad#ltiar,0O has
several disadvantages: (1) higher generator inlet temperature (ab@809G, while it is

about 7690°C for H,O/LiBr), (2) higher pressures and hence leigipumping power
needed, (3) a more complex system needed due to a rectifier to separate ammonia and
water vapor at the generator outlet, and (4) hazards by the use of ammonia. Therefore,
H,O/LiBr is more suitable for air conditioning application. In agtdit the comparison of
working pairs,H,O/LiBr, H,O/NaOH, H,O/LICl, and H,O/CaC}, has also been studied.

As shown in Table 2.10, different working pairs were compared under the same
conditions of a temperature absorption of 25°C, a temperature of evaporation of 10°C
and a temperature of condensation of 30°C (Liu et al., 2009). From this table, and based
on the analysis from literature (Liu et al., 2009), ih®/NaOH andH,O/LICl pairs have
excellent performancen storage capacity. The NaOH has the advantage of a low price,
but has the disadvantage of a temperature requirement for solar energy utilization
(84~135°C). The CagGlis the least expensive material, but its storage capacity is low so
that the volume o$torage tanks would be bigger than for the other pairsHi@G&NaOH

could be the most economic material because of its low price and high storage capacity.
However, due to its high temperature requirement for solar energy utilization, the
sy st e mooflecter wauld be operated at low efficiency. This solution is also highly

corrosive.
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Table2.10: Evaluation points of different absorption working pairs (Liu et al., 2009)

Without crystallization With crystallization
. Absorbent Concentratlon Temperature  Concentration Temperature

Working . Maximum . . ; . .

airs price (%) (k Capacity requirement Maximum(%) Capacity requirement
P (Euro/ton) °) (X9 (kJkg) for heat (kg absorbent  (kJkg) for heat

apsorberikg driving (°C)  /kg solution) driving (°C)
solution)

H,O/LiBr 6,000 60 1,535 74 69 2,068 93
H,O/LICI 3,400 46 2,922 68 70 5,271 78
H,O/NaOH 300 53 3,442 84 69 5,225 135
H,O/CaCl 140 45 628 50 51 1,103 56

2.3.2.2 Adsorption working pairs

The commonly usediorking pairsof H,O/silica gel andH,0/zeolite, which closely meet

these requirements, are introduced here.

(1) HOfsilicagel

Based onFaninger(2004), the storage density of silica gel is up to four times that of
water. From the literature by Yang (1991), the adsampheat ofH,O/silica gel is about

2,500 kdkg and the desorption temperature can be very low, but above 50°C. Normally
the desorption temperature should not be higher than 120°C, and it is usually below 90°C.
Approximately 4-6wt.% water is connected with single hydroxyl group on the surface

of a silica atom to maintain the adsorption capacity. If the desorption temperature is too
high (above 120°C), adsorption performance will drop significantly, even to the point of
losing its adsorption capacity. Ird@ition, the adsorption quantity of this pair is low,

about 0.2 kg/kg (Wang et al., 2009).
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(2) H,O/zeolite

Zeolites are alumina silicates with high microporosity (Nielsen, 2003), and are
considered to be reliable even in the harshest environmentaltioordi(Zeolith
Technologie GmbH, 2008). Since synthetic zeolites are expensive, Han et al. (1994)
conducted a contrast study of natural zeolites to the synthetic zeolite 13X. They reported
that natural zeolites could be used as a storage material indtélael DB3X synthetic
zeolite when the heating temperature is below 100°C. FoHH@¥zeolite pair, the
adsorption heat is about 3,380200 kdkg, higher than that dfl,O/silica gel pair (Wang

et al., 2009). Additionallywith desorptiortemperaturénigh than 200°C, thél,O/zeolite

can be still stable. The zeolites are usually employed for air conditioning application with
a heat source between 200 and 300°C. Several kinds of crystal cell units of zeolite are
shown inFigure 2.24 (Yang, 1991). The volume of pores for type X and Y zeolites,
whose void ratio can be as high as 50% when there is no water adsorbed, is larger than
that of other types of pores. One crystal unit can have 235 molecules of water after

adsorpton, and most of the molecules would accumulate in the center pore.

(a) Crystal cell unit of type A zeolitgb) Crystal cell unit of type X, Y zeolite or faujasite

Figure2.24: Crystal cell unit of zedle (Yang, 1991)
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The adsorption process of the working pairs discussed above is physical adsorption,
which is caused by the van de Walls force between the molecules (Ponec et al., 1974) of
the adsorbent containing mesopores or micropores, and the refrigesadetails about

chemical adsorption, please refer to literature (Wang et al., 2009).

2.3.3 Heat transfer and system performance enhancement

The sorptioncold storage is closely related to the sorption cooling technologies. The
absorption storage was irtly studied in conjunction with solar energy, and the system
design was gradually improved based on the technologies of absorption refrigeration
system. Components of absorption systems were studied for improving heat transfer. An
example of such a studyvolves the optimization of liquid refrigerant tank with
reasonable volume to make the system operate in an improved state for better storage
capacity (Sheridan and Kaushik, 1981). Additionally, various recycle system
configurations have been used to e system performance (Li and Sumathy, 2000;
Yang et al., 2011). Based on the literature review (Wan et al., 2006; Qiu et al., 2009; Xu
et al.,, 2008; Rizza, 2003; Xu et al., 2005b), Yang et al. (2011) summarized related
absorption cold storage technakg The research works were extracted for air
conditioning application wittmost commonly used working pak,O/LiBr, is shown in

Table2.11.
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Table2.11: Review d absorptioncold TESstorage technologies (Yang et al., 2011)

Absorption Driving source  Thermal storage density  Standard for thermal storage volume
pair (KWh/m?)

111.7 (full storage type)
109.4 (part storage type

58.2

H,O/LiBr Compressor cycle Mixed storagerolume and water volume

Solar energy, Dilute solution volume, concentrated

H,O/LiBr

single effect solution and water volume
H,O/LiBr Solar energy 116.7 Mixed storage volume and water volurn
H,O/LiBr Heat pump 90 Optimized dilute sqlutlon volum
concentrated solution
H,O/LiBr Compressor cycle 32.78 Mixed storage volume and water volurn

For the adsorption storage, the adsorption cold storage systerAfiitheolite working

pair was studied by Lu et al. (2003). Results showed that theptideocold storage

system could be successful used for the locomotive air conditioning system. This system
is simple and can be handled easily compared with other-badtiadsorption systems.

Also, the operating process of the system is in conformity thighrunning time of the
locomotive. An average refrigeration power of about 4.1 kW was obtained, which was
enough to make the driver's cabin fairly comfortable. However, this study also mentioned
that the heat and mass transfer of the adsorber needs itopbeved to get better
performance. Here the main issue of the poor heat and mass transfer of adsorbent beds,
especially the low thermal conductivities and poor porosity characteristics of adsorbents,

arediscussed.

Li and Wang (2002jeachedhe conclusin that adding packing density to an adsorbent,
adopting double glass covers, using selective coating material, and using heat transfer
fins or plate heat exchangers could enhance the heat transfer and thermal conductivity of
the adsorbent beds. Additiohal composite adsorbents, which are normally a

combination of physical sorbents (silica gel or zeolite) and chemical sorbents (metal
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chlorides) can experience increases physical adsorption capacity through the addition of
extra chemicals. For improving ggm performance of adsorption storage, there are two
main parameters to with which to evaluate the performance for adsorption refrigeration:
COP, which is the ratio of cold production from the evaporator to the heat supplied by
driving energy, and SCP, wdhi is the ratio of cooling power for the seaycle to the
adsorbent mass in one adsorbent bed. To improve the COP, in addition to adapting
advanced heat exchanger, adsorption storage with different advanced cycles has been
studied extensively (Sumathy &, 2003). To improve the SCP, more technologies are
needed to improve heat and mass transfer of adsorbent beds, which are discussed above
to some extent. Wang et al. (2009) summarized the performance of the COP and SCP
with a fair comparison of differemtorking pairs from the literature (Lai, 2000; Eun et al.,
2000; Wang et al., 2005a; Wang et al., 2005b). The vimteed working pairs for air
conditioning applications ampared ashown inTable2.12.

Table2.12: Performance comparison of different adsorption working pairs (Wang et al.,
2009)

Evaporating cop SCP

Adsorption working pair Characteristics

temp (°C) (W/kg)
Water/graphitésilica gel 3 70 tcrgr:rs]?:rge adsorbent to intensify the heat
Watersilicagel 10 0.4 85  Split heat pipe type evaporator
Waterzeolite 5 0.9 250 Intermittent convective thermal wave cycle

For the adsorptiostoragetechnologies, the main factors impeding the comrakzation
of this storage technology for air conditioning application are high equipment and

maintenance cost, big size, and the need for an auxiliary energy system. There is still
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much more work to do for optimizing and reducing the cost of these systigémsiore

advanced technologies.

2.4 Challenges and technology perspective

Different kinds ofavailablecold storage materials that can be used for air conditioning
applications are introduced in trgsction Technology perspectives, with regard to water

starage, ice storage, PCM storage and sorption storage are summarized as follows:

(1) Water storage and static ice storage, which are alreacyestablished technologies,
have little need for further study. The important issue concerning the dynamicrige slu
application is its generation method, relating to the efficiency and reliability of a water or
agueous solution converting to ice crystals or ice slurry, which needs to be investigated

further.

(2) Salt hydrates and eutectiesd refrigerant hydratesre material candidates for cold
storage and demonstrate high latent heat of fusion, high thermal conductivity, and low
flammability. However, salt hydrates have more serious issues of phase separation,
supercooling, and corrosion. Paraffin waxes anty f&atids are mostly chemically inert,
stable and recyclable, exhibit little or no supercooling. They show no phase separation or
noncorrosive behavior (with the exception of fatty acids for the natural characters of
acids). However, they have the shortaogs of low thermal conductivity and high
flammability. Some works have been done for such issues by past reseavdfiels,

wereintroduced andummarized in this paper.
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(3) Thermal and hydraulic characteristics of phase change slurries (mainly abwattelat
slurries, microencapsulated phase change slurries, and phase change emulsions) are
discussed and summarized. Viscosity, pressure drop, pumping power, convective heat
transfer coefficient, and laminar/tubular flow regime, are all important faiotsermal

and hydraulic characteristieaxd reasonable consideration should be made for practical

application

(4) The suitable and efficient working pair that can be used for the sorption storage
system is water and solid/gas reaction used as the rafmigand sorbent, respectively.

One of main issues is the poor heat and mass transfer of adsorbent beds, especially for the
low thermal conductivities and poor porosity characteristics of adsorbents. Additionally,
the main factors impeding the commercidi@a of this storage technology are high
equipment and maintenance cdatgesize, and the need of an auxiliary energy system.
Therefore, there is still much further work to do with regards to optimizing and reducing

the costs of these systems with madeanced technologies.
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3 Critical Literature Reviewnf Cold TES Technologiegor SubzercApplication

Based on the literature published, still less information is available or introduced
systematically for review of cold storage for subzero applicatibherefore,l tried to
provide extensive reviews on the cold storage for subzero applications. bhapter

different kinds of subzero applications are classifiedramvn inFigure 3.1. The phase

change materia (PCMs), and sorption working pairs, are mainly introduced.
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e3.1: Classification of different kinds of subzero cold storage application

3.1 Latent cold storagmaterials

Ealy in 1983 Abhat (1983) gave aseful classification of the substances used for

thermalenergystorage as showrnn Figure2.7 in Chapter 2FromFigure2.7, PCMs with
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solid-liquid changes for all applications are divided into two main families: inorganic and
organic. Themelting temperature and phase change enthalpy (fusion heat) of existing

PCMs are shown in

Figure 2.8 (Dieckmann 2006). Basedon the review of recent development of PCM
storage research for subzero applications, the commonly used PCMs can be eutectic
watersalt solutions (nomutectic watesalt solutions like paraffins also included with a
very small part). Herehe thermal storage technologies for subzero applications will be
discussed and summarized according to this P&aésification. Figure 3.2 shows

thermal properties of PCMs studied in this section.
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Figure3.2: Thermal properties of PCMs for subzero application
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3.1.1 Selection criteria for common PCMs

For solidliquid PCMs for cold storage in subzero applications, a suitable phase change
temperature and a larger fusion haat two most obvious and important requirements.
has similar requirements to that for air conditioning application (more details please refer

to Chapter 2.2.1), except for the phase change temperature for subzero application.

Fusion heat Fusion heat Fusion heat
Thermal : Thermal : Thermal :
conductivity Density conductivity Density conductivity Density
Corrosion Flammability Corrosion Flammability Corrosion Flammability
Supercooling Supercooling Supercooling

(1) Eutectic watesalt solutions (2) Nowrutectic watesalt PCMs (3) Ideal common PCMs

Note: This is a general comparison. Among-eoitectic watesalt PCMs, it should be noted that alcohol
sdutions have relatively higher fusion heat and density, and paraffins exhibit little or no supercooling, and
show nonrcorrosive behavior

Figure3.3: Thermal property comparison of common PCMs
In fact, thereare no ideal common PCMs for subzero applicatiddewever, a
comparison of thermal properties of common PCMs is showfigare 3.3. Good
thermal properties of thermal conductivity, fusion heat, and density ave dfe red dot
line, and issues of corrosion, supercooling, and flammability, are listed below the dot line.
The farther the colored shape extends along a given arrow, the better the performance

along that dimension. From the comparison it can be fousdusually eutectic water
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salt solutions have good advantages of better thermal conductivity, larger fusion heat and

density, and low flammability, but they have serious issues of corrosion and supercooling.

While usually noreutectic watesalt PCMs do ot have these advantages of eutectic
watersalt solutions, while they do have those serious issues. AmorRgutectic water

salt PCMs, it should be noted that alcohol solutions have relatively higher fusion heat and
density, and paraffins exhibit littler mo supercooling, and show noarrosive behavior.

Different kinds of materials will be discussed in detail in later introduction.

3.1.2 Eutectic watessalt solutions

A majority of the research on PCMs is focused on eutectic ygatesolutions for their

high fusion heat and suitable phase change temperature. i@egerallyspeaking the
freezing point of water will be depressed when salts are added to water, and this can be
used to explain why gritting or salting roads and pathways melts snow on them. With
more salt added, the freezing point will be depredadtier, but the water solutions may

not freeze from a pure liquid state to a solid state. To madar ebout this, the phase
diagram for eutectic watesalt solutions is showm Figure 3.4. Starting from the left of

the curve, the composition is 100% water with freezing point of 0°C. With more salt
added the freezing point of the salt/water mixture decreases. Under this situation, only
pure water freezes out tiie solution and the salt remains in solution. With more salt
added the freezing point depresses further until the eutectic point ) asiteached at

the lowest freezing point on the curve. At this point both the salt and the water freeze out

of the sdution, and the composition of the frozen material is exactly the same as that of
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the solution. With more salt added the mixture freezing temperature starts to increase and
anhydrous salt precipitates out on freezidgder a particular salt concentrati@point P),

the solution freezes and melts completely from liquid/solid to solid/liquid at a constant
temperature (point P), releases and stores large amounts of energiindios PCM is

called a eutectic watayalt solution.
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Increasing percentage by mass of salt

Figure3.4: Phase diagram of eutectic wasait solutions

3.1.2.1 Material selection

Zheng and Wu (2002) gave the thermal properties of eutectic-saltesolutions at
different temperature level from62°C toi1.6°C, as shown imable 3.1. Commercial
eutectic watesalt solutions are shown ihable 3.2 (Subzero eutectic PCM solutions,
2012; Zalba et al.,2003) afible3.3 (PLUSS, 2011). These PCMs have the advantages

of higher fusion heat and density. But they also have issues of phase separdtion
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supercooling.Commercial solutions have relatively less issuas these, aefficient

improvements have been maderbgnufacturers

Table3.1: Thermal properties afutectic watesalt solutions (Zheng and Wu,2002)

PCM wt.% of salt Phase change temperature (°C_Fusion heat (kJ/kg)
ZnCly/H,0 0.51 162 116.84
FeCk/H,O 0.331 155 155.52
CaCl/H,0 0.298 155 164.93
CuCl,/H,0O 0.36 740 166.17
K,COy/H,0O 0.396 136.5 165.36
MgCl,/H,0-1 0.171 133.6 221.88
AI(NO3)s/H,0 0.305 130.6 207.63
Mg(NOs),//H,0 0.346 729 186.93
Zn(NG;,),/H0O 0.394 729 169.88
NH4F/H,0O 0.323 i128.1 187.83
NaBr/HO 0.403 128 175.69
KF/H0O 0.215 121.6 227.13
NaCl/H,0 0.224 121.2 228.14
MgCl,/H,0-2 0.25 7119.4 223.10
(NH,).SOy/H,0 0.397 7118.5 187.75
NaNG;/H,0 0.369 117.7 187.79
NH4NO4/H,0 0.412 7117.35 186.29
Ca(NGy),/H,0 0.35 716 199.35
NH,CI/H,0O 0.195 116 248.44
KoHPO/H,0 0.368 113.5 197.79
N&S,04/H,0 0.3 711 219.86
KCI/H O 0.195 110.7 253.18
MnSQOy/H,0 0.322 7110.5 213.07
NaH,POy/H,0 0.324 719.9 214.25
BaCL/H,0O 0.225 78 246.44
ZnSQ/H0 0.272 6.5 235.75
Sr (NGy),/H,O 0.245 15.75 243.15
KHCO3/H,0O 0.1695 5.4 268.54
NiSO4/H,0 0.206 714.15 258.61
NaSOy/H,0 0.127 13.55 284.95
NaF/HO 0.039 3.5 314.09
NaOH/H,0 0.19 2.8 265.8
MgSQOyH,0 0.19 3.9 264.42
KNO4/H,0O 0.097 2.8 296.02
NaCOy/H,0 0.059 i2.1 310.23
FeSQ/H,0 0.1304 1.8 286.81
CuSQyH,0 0.119 1.6 290.91
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Table3.2: Thermal properties afommercialeutecticwatersalt solutions (Suzero
eutectic PCM solutions, 2012; Zalba et al.,2003)

PCM Phase change Fusion heat Specific Density Thermal
type temperature (kJ/kg) heat (kg/nm) conductivity
(°C) (kJ/kgK) (W/m-K)
E-114 1114.0 107 2.9 782 0.170
E-90 190.0 90 2.56 786 0.140
E-78 178.0 115 1.96 880 0.140
E-75 175.0 102 2.43 902 0.170
E-62 162.0 180 4.01 1300 0.580
E-60 160.0 172 2.90 1280 0.440
E-50 149.8 218 3.28 1325 0.560
E-46 146.0 240 3.05 1205 0.540
E-37 136.5 213 3.15 1500 0.540
E-34 133.6 240 3.05 1205 0.540
SN33 133 245 i 1240 i
E-32 132.0 243 2.95 1290 0.560
E-29 129.0 222 3.69 1420 0.640
SN29 129 233 i 1190 i
E-26 126.0 260 3.67 1250 0.580
SN26 126 268 i 1210 i
E-22 122.0 234 3.34 1180 0.570
SN21 121 240 T 1120 i
STL-21 121 240 T 1120 i
E-21 120.6 263 3.13 1240 0.510
E-19 118.7 282 3.29 1125 0.580
SN18 718 268 i 1210 i
E-15 7115.0 303 3.87 1060 0.530
SN15 715 311 i 1020 i
E-14 114.8 243 3.51 1220 0.530
E-12 7112.3 250 3.47 1110 0.560
SN12 7112 306 i 1060 i
E-11 7111.6 301 3.55 1090 0.570
STLN1O 711 271 i 1090 i
SN10 111 310 i 1110 i
E-10 110.0 286 3.33 1140 0.560
E-6 6.0 275 3.83 1110 0.560
STL-6 6 284 T 107 |
SNO06 6 284 T 107 |
E-4 713.9 282 3.78 1060 0.580
E-3 3.7 312 384 1060 0.600
STL-3 73 328 i 1010 i
SNO3 73 328 i 1010 i
E-2 12.0 306 3.80 1070 0.580

Table3.3: Thermal properties of commercialitectc watersalt solutiongPLUSS, 2011)

Phasechange Latent heat Liqg. density

PCM type Contents temperature’C)  (kJ/kg) (kg/n?) Appearance

HS 37N Inorganicsalts 137 toi 39 60 (minimum) 7 Light whitefgreyblue
HS 26N Inorganicsalts 25 toi 26 205 1200 Light blueto dark
HS 23N Inorganicsalts 22 toi 24 200 1180 Light white/grey
HS 7N Inorganicsalts 17 toi5 230 1120 Light white/grey
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3.1.2.2 Phase separation and supercooling minimization

Phaseseparationor incongruenimelting, can cause a loss in enthalpy of solidification as
reported byCantor (1978) which can lad to poor storage density. This issue can be
addressed by adding water, with gelling or thickeni@glling, means adding a cross
linked material (e.g. polymer) to the salt in order to create a three dimensional network
that holds the salt solution togethThickening means that by adding a material to the
salt solution the viscosity can be increased and therefore the salt solution can be hold
together. For crosknked materials for gelling, as discussed in Chapter 2, effect of two
different polymeric hgrogels, such as a super absorbent polymer (SAP) made from
acrylic acid copolymer and carboxymethyl cellulose (CMC), were studied by Ryu et al.
(1992) Thixotropic (attapulgite clay) and alginate have been tested as(TetKes,
1976).For thickening agds, they can be starch and various types of cellulose derivatives
(Ryu et al., 1992; Telkcs, 1974These solutions listed above for the issue of phase
separation invites the meaningful perspectives for further study of eutecticsaklter

solutionsfor subzero application.

In orderto introduceanotherissue of supercoolinghe cooling process of eutectic water

salt solution is showm Figure3.5. The process can be divided into four stadésB is

thesensibletiermal storage procesBhough temperature of the solution decreased below
eutectic point(Point C), it still remains in the state of liquidf C is the nucleation

process B is the point for occurrence of nucleation. Temperature difference between

pointB andC is regarded as supercooling degree (temperature), which should be reduced
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to improve storage efficiency. Then crystal nucleus diffuses to the surroundings,Gand at

initial solid layer is formedCf D is the latenthermal storage processheresolid layer

growsfast.Df E isthesensible thermal storage proceskere solution remains solid.

Supercooling
degree

Sensiblei ' Nucleation Latent
storage | §—— process storage
(liquid) i

Figure3.5: Cooling process of a eutectic wasait solution
Similar to thesolutionsin Chapter2>the use of adding nucleating agents, cold fingering
method and exerting physical fields (ultrasonic field, electromagneticdrednagnetic
field) can been utilized effectively to dealth the issueof supercooling. Many factors
were stidied to determine whether a particular additive will promote nucleation or not,
such as crystal structure, solubility and hydrate stability. Good nucleating agents can be
carbon nanofibers, copper, titanium oxide as well as potassium sulfate and borax.
Vonnegut (1947)suggested silver iodide serves as a very effective nucleus for the
formation of ice crystals because it very closely resembles ice in crystal stritiuee.
promising nucleating agents to limit supercooling could beP)&-10H,O, BaCQ,
BaCl,, Bak, Ba(OH), CaGQO,, K;SOy, MgSQ,, SrCh, SrCQ, SrSQ, Sr(OH) andTiO,.

Surface roughness is another important factor. With larger surface roughness, it is better

72



for heterogeneous nucleatiolm addition, Fang (2011)studied the effect of magneti

field on water and inorganic salt solutio(&% NaCl solution, 7% KCI solution and 5%
NH,4CI solution). Results showed that it could reduce the supercooling degree and shorten
supercooling time of inorganic salt solutions. And the effect is more eviddnhigher
magnetic field intensity. For the crystallization process, it can advance crystal growth and
increase crystal amount and diameter of crystal particles. While only for water in the
crystallization process, the magnetic field increases the diaroéterystal particles,

making the ice crystaofterand easier to melt.

3.1.2.3 Cyclic stability

Cyclic stability is anotherimportantissue. The main reason for poor cyclic stability is the
poor stability of the materials properties and/or corrosion betweefP@M and the
container. PCMs only show great potential for wide application when they have repetitive
cycles of heating and cooling process. It should be notedvittamore cycles of use, its
performance will be reducedhis is because during meltinggaess, some kinds of salt
hydrates can be formed, this would lead to the irreversible pro€esasddress this issue,
some studies try to apply the PGNater solution in a direct contact system. They can
exchange heat with another fluid which is not isdlable with water solution to prevent
phase seperatiom addition, for the issue of corrosion between PCMs anddh&iner,
Porisini (1988) studiedhe corrosioncharacteristics of salt hydrates stainless steel,
carbon steel, aluminum alloys andpper. Following thermal cycling tests, Porisini

concluded that stainless steel was the most corrosion resistant among these metals for use
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with salt hydrates, though copper had a corrosion zone that did not increase even after
long periods of timeThis sudy can also be used as a guideline for eutectic vgater

solutions for subzero applications.

3.1.2.4 Performance improvement and energy saving potential

Since the majority of coldtoragematerials for subzero applications is eutectic wasdt
solutions, thexfore it is necessary to provide reasonable analysis and summary for their
performance improvement and energy integration potential, especially for application of

frozen food storage.

Temperaturdluctuationsduringthe storage in freezers could cause diareffect on the

quality of the frozen foodPhimolsiripol et al. (2008) studidtie effects of freezing and
temperature fluctuations during frozemrstge on frozen dough and bread quality. The

rates of quality and weight loss increased significantlythwiarger temperature
fluctuations and/or higher storage temperatures. In addition flnigflnations due to door

opening, defrost system and electrical power failure can also lead to the poor quality of
frozen food for the temperatures inside the freebange significantly. In another study

by Gormley et al. (2002)some quality paraeters of selected food products with the

ef fect of fluctuating (fluctuations cycl es
frozen storage temperatures regimes (160U
fluctuations cycles could cause stress damagkaher deleterious effects such as fat

oxidation and changes in color and texture.
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Regardingtheseissues,Onyejekwe (1989) incorporatedl PCM into a domestic freezer.

The study showed the optimal performance of the container inside the freezer, and made
the possibility of using an easily available and very cheap PCM (NaGD?} tdr cold
storageAzzouz et al. (2008) useaddynamic model and applied a PCM (a eutectic water
salt solution with phase change temperatur
back side of a refrigerator evaporator to achieve in a higher evaporating temperature, and
claimed 36~15% increasan the coefficient of performance (COP) and a significant
decrease in the number of starts and stops of the compressor with smaller air temperature
fluctuations in the freezer. LateAzzouz et al. (2009) conductean experimental
investigation and claintethat the addition of the PCM (a eutectic wadalt solution

with a phase change temperature of T 3AC)
refrigerator (as shown ifrigure 3.6) improved its performance in compon with

conventional system and allowed several hours of refrigeration without electrical power

supply.

insulation

evaporator

Figure3.6: Schematic diagram of the refrigerator with PCM (Azzouz et al. (2009)
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One study byGin etal. (2010) investigatethe incorporation of PCM (a eutectic water

salt solution: mixture ofvaterand 19.5wt.% NHECI salt with a melting and freezing point

of T15. 4AC) panels placed against the 1 nt.
stable temperature in the presence of heat loads. Energy consumption tests showed that
heat loads resulting from door openingsd defrost cycles had increased the energy
consumption of the freezer by 417% and 1521%, respectively. The inclusion of the

PCM into the freezer had decreased the energy consumption during a defrost cycle by 8%,
and by 7% during door openings in thissem. Further study b§in and Farid (2010)
showedthat the introduction of the PCM improved the quality of the frozen foods during

the storage. Drip loss in meat was found to be lower and ice crystal sizes in the ice cream

were found to be smaller in tHeeezer with PCM compared to without PCRRCM

panels were placed against the walls of the freezer as shdwguie3.7.

N } {\
N
\PCM ~PCM”~
panels | | " panels
«—Door
Left Si_de Front Elevation Right S_ide
Elevation Elevation

Figure3.7: Schematic of the internal airspace of the freezer showing the placement of the
PCM panels against their inner walls (Gin and Farid, 2010)

Oro et al. (2012) studiethe thermal performance of commercial freezers using PCMs
under door openings and electricalner failure. A commercial PCM of ClimséB was
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selected (Sodium nitrate dissolved in water with some additives, with melting
temperature of T1T18AC). The PCM is contain
placed at different locations in the freezeurindg 3 hours of electrical power failurd,

showed that the use of PCM maintained the freezer temperat€ bwer and that of

the frozen products could remain at acceptable levelsltorger time. For the condition

of frequent door openings, the MCcould benefit the thermal performance especially

when the temperature of the cabinet is near the melting temperature of the PCM.

A novel dual evaporator based ordamesticrefrigerator with PCM was designed by
Subramaniam et al. (2010) poovided therral storage in order to improve food quality

and prolong compressor off time. New PCM based refrigeration cycle is shdwgure

3.8. It has two benefits: a) fresh food cooling by using high temperature refragerat
cycle during on time, and an off time period extension prolonging by using PCM; b)
storing excess energy at high refrigeration temperature to be used subsequently as sub
cold energy for the relatively less efficient low temperature refrigeration cytle.
theoretical estimation of the energy saving and COP improvement with the existing and
new cycle is shown iRigure3.9. The existing cycle COP of 1.5624 changes to 2.007 and
1.808 for charging and dischargimpgocesses with the new PCM based system. This
study showed that there could be potential of 8% savings in energy as compared to the

existing refrigerator model.

77



%,
:
Chargin - -
’a ging process
’,‘, e food Discharging proces's:r%h oud
y PCM PCM
Check valve
,,,,,* —
I
3way valve X 13 ay valve d--
’F-r.;qgfq @plll & ercapl ary f'
f_\l
Subcool
Acctimulator ..;caplllary
,I
way valve

Figure3.8: Schenatic of new PCM baseefrigerationcycle (Subramaniam, et al., 2010)

Existing Cycle Charging Cycle
30.5°C 39.4°C 32.2°C 41.1°C
3 2 3 2
P P| caillay1
COP=1.5624 COP=2.007
-20.5°C b/ sngc
v -30.8°C 4 PCM -2.0°C 1
4 ¥] -247°C
Kilojoules Energy capacity: 7477 kJ Kilojoules Energy capacity:2585.26 kJ
Freezer capacity:5068 kJ Fresh food capacity:1869 kJ
Discharging Cycle
305°C 39.4°C
3 2
P !
Capillary 2
COP=1.808
Y 25°C
Capillary 3 308°C -
4  PCM-26.1°C 1 -ATrC
Kilojoules Energy capacity:5608 kJ
Freezer capacity:5068 kJ Fresh food capacity:1822.9 kJ Total: 7431 kJ

h

Figure3.9: Energy saving & COP improvement of n@&€M based refrigeration cycle
(Subramaniam, et al., 2010)
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3.1.3 Non eutectic watesalt solution PCMs
3.1.3.1 Material selection

(1) Alcoholsolutions

Alcoholis a class of organicompoundsThe main functional group of alcohols (alkanols)
is the hydroxyl or-OH growp. Alcohols differ in the number of carbon atoms in the
molecules and with the placement of #&H group in the molecule. The most common

alcohol is ethanol which is commonly produced by fermentation. The structural formula

of ethanol is showm Figure3.10(a).

H H

HI cl cl oH

N— N—

H H
(a). Ethanol

H H H H
Hi of + ci ci of F ci ci of I H

H H H H

(b). Polyethylene glycols.
H H H H
Hi ci ci v i Ci Ci H
H H H H

(d). Alkanone containig three carbon atoms.

Figure3.10. Chemicalstructure of different materials
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For cold storage in subzerapplications the alcohol solutions, which is mainly the
mixture of alcohols and water, serve as heatsfer fluid (ice slurries) for supermarkets
andindustry refrigerationUsually alcohol solutions have larger fusion heat and density,
high heat transport abilities, as well as low pressure drop to facilitate small pumping
power. Hagg (2005)studied tle relationship between the freezing point and the
concentration of different freezing point depressants (alcohols), as siéwgure3.11.

Based on different cold storage requirements, different freezing pomteeadedin
addition, this can be achieved by choosing different concentration of depressants in
Figure 3.11. Figure 3.12 shows the relationship between freezing poinveuand the
latent heat of different alcohol solutiortsuimano et al.2007). Latentheat decreasen
combinationwith a lowered freezing point, and ethylene glycol solution has a larger

latent heat than other solutiowgth same freezing point.
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Figure3.11: Freezing point curves of common freezohgpressants (Hagg, 2005)

80



350

[ 334 Kikg

(5]

N

(&
T

Latent heat (kJ/kg)
8
o
T

N
3
ol

Propylene glycol solution

Ethanol solution
Ethylene glycol solution

250

10

15

20

5
Degree of freezing point depression (K)

Figure3.12: Latent heat of icéusion in different alcohatolutions (Hagg, 2005)

In addition to thentroductionof alcohol solutions, there are other close materials. One is
polyethylen glycol(Mehling and Cabeza, 20Q8)r shortpeg which is a polymer with

the general formula £Hn+On+1. It is produced from ethylenglycol. The base units of a
linear PEG chain are monomers @&H,-CH,-O-, as shown inFigure 3.10(b). The
monomerdhave a molecular weight of 44 g/mole. Polyethylene glycolsaaadable in a
molecular weight range from about 200 to 35,000; this corresponds to 5 monomers to

about 800 monomers.

For practical applicatiorgpartfrom the mentioned factors of alcohol solutions, it is also
necessaryto pay attention forenvironmenth pollution and toxicity, flammability,
material compatibility, corrosion and handling security. Usually alcohols have the issue

of flammability and toxicity. When choosing a fluid, it is important to find out which
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parameter is crucial for the particul@pplication and which one is the best fluid for the

current case.

(2) Paraffins

Typical paraffins,which areusuallysaturated hydrocarbon mixtures, normally consist of
a mixture of mostly straight chamalkanes, Chl (CH,),i CHs. A large amount of latent
heat can be released because of the crystallization of thg,(€tdin. Variougypes can
beacquiredirom petroleum refiningThe most commonly used organic PCM arade of
paraffins.Paraffinis a technical name for an alcane, but often it is speltyficaed for

linear alkanes with the general formulgHz,+2, as shown ifrigure3.10(c).

Examplesof some singlgaraffinwaxes that have been investigated as PCMs, are shown
in Table3.4 (Domalski and Hearing, 20L1in addition, Rubitherm product R¥ has a
melting temperature df4°C and a fusion heat of 179 kJ/K§UBITHERM, 201). In
comparison with inorganic PCMs, usually paraffin waxes are advantageous forehey ar
mostly chemically inert, stable and recyclable, they exhibit little or no supercooling (i.e.
they can be selfiucleating), and they show no phase separation anecoroosive
behavior. In comparison with inorganic PCMs, paraffin waxes are superior énatj@s

they are chemically inert, stable and recyclable. They exhibit little or no supercooling (i.e.
they can be selfiucleating), and they show no phase separation anecoroosive
behavior.However, they have relatively low thermal conductivity anblintric storage

(less than 1bkg/m?®), and they are flammable, which are opposite for organic PCMs.
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Table3.4: Thermal properties ofgraffins(Domalski and Hearing, 2011)

Melting Enthalpy of fusion Liquid density
PCM Formula temperature(°C)  (kJkg) (kg./nT)
n-Nonane CyHyg 153.5 120.6 720
n-Decane CiH> 129.6 201.8 730
n-Undecane Ci1Has 125.5 1419 740
n-Dodecane CioHoe 19.5 216.2 748
n-Tridecane Ci3Hog 15.3 1545 756

Yilmaz et al. (2009)developednew binary mixtures of paraffins to be used as phase
change materials (PCMs) for thermal energy storage in cooling applications.
Experimental results are shownTable3.5. This melting/freezing range cdre suitable

for a variety of subzero applications. Further experimental study also showed that none of

the mixtures as expected from organics showed any supercooling.

Table3.5: Thermal properties ofgyaffin mixture (Yilmaz et al., 2009)

On-set temperaturfor freezing

PCM by DSC (C) Heat of fusionkJkg)
40:60 TridecaneDodecandwt.%) 19.7 159
50:50 TridecaneDodecandwt.%) 719.1 145
60:40 TridecaneDodecangwt.%) 8.0 147
80:20 TridecaneDodecae (wt.%) 5.4 126
80:20 TridecaneTetradecanéwt.%) T11.5 110
60:40 TridecaneTetradecanéwt.%) 10.5 138

(3) Alkanones

Alkanones can be produced blye oxidation of a secondary alkanol. Alkanones are
usually similar in structure to alkanes. Howeven, one of the carbons, two of the
hydrogens have been replaced by an oxygen. For example, the alkanone containing three
carbon atoms is shown Figure3.10 (d). Here thermal properties afkanones containing

carlbon atoms from 6 to 10 is shownTrable 3.6 (Chickos etal., 2011). Usually this kind of
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materials has the issues of flammability and toxicity, and these issues have impeded their

cold storage applications.

Table3.6: Thermal properties ailkanones (Chickos et al., 2011)

Melting Enthalpy of fusion  Liquid density
PCM Formula temperature(°C) (kJkg) (kg/m?)
2-Hexanone CsH1 0 155.4 148.7 812
3-Hexanone CsH1 0 155.4 1345 815
3-Heptanone CH1.0 137.1 153.5 818
2-Heptanone CH1.0 1354 172.6 820
4-Heptanone CH.,0 132.9 141.5 820
2-Octanone CgH160 7120.3 190.4 819
5-Nonanone CyH150 13.8 175.3 826

3.1.3.2 Thermal property improvement

Among nonreutectic watesaltsoluion PCMs for subzero applicationalcohol solutions

have the advantages of high fusion heat, no phase separation and relatively low cost, but
they have issues of supercooliagd corrosion. To deal with such issues, solutions
should be adapted similar gutectic watesalt solutions. Also enough attention should

be paid to flammaubility of alcohol solutions. At present little information about alkanones

is available for subzero thermal storage applications. Usually this kind of materials has

the limits offlammability andtoxicity.

For paraffins, they are mostbhemicallyinert, stable and recyclable, exhibit little or no
supercooling (i.e. they can be selicleating), and show no phase separation and non
corrosive behavior. However, they have the isstidow thermalconductivity, which

may lead poor heat transfer characteristics for subzero applications. Here several

solutions are listed as follows. One possible solution is to add materials with larger
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thermal conductivity. Mixture of water and a pdirafas PCM by adding aluminum

foams of different porosity was studied Hgckeschmidt et al. (2007).

Results showed that with a relative density of 6%, which means with 94% porosity, a
thermal conductivity of about 6 iM-K can be achieved. Other solutiazen be to embed

the PCM in the metal matrix structure or the grapimerix (Mills et al.,2006; Mehling et

al., 1999; Fukaet al., 2000; Py et al2001). In addition, heat transfer for thermal storage
can also be improved by the use of finned tubemdiffanabhan and Murthy, 1986;
Morcos, 1990; Sadasuke and Naokatsu, 1991; Costa et al., 1998). All the previous studies
or resolutions regarding thermal conductivity improvement and heat transfer
enhancement show perspective of applying PCM technologiesbizer® cold storage

application.

For paraffins, anotheseriousissue istheir high flammability. Usually the shape
stabilized PCM composites consist of the paraffins, whichas a dispersed phase
change material, and a polymer material (such as higkitgepolyethylene (HDPE)),
which acts as a supporting material. As long as the operating temperature is below the
melting point of the supporting material, the shatsbilized PCM can keep its shape
even when the paraffin changes from solid to liquidudlly improving flame retardant

of polymer materials (with the addition of some flame retardant to polymer materials) can
relieve this issue. A short summary for flane¢ardanimprovement was done Chapter 2,

and possible ways can be done by adding mealp structured magnesium hydroxate
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expanded graphite. These studies can be used as guideline for paraffins for subzero

application.

3.1.4 Multi-component organic PCMs aimbrganicorganic composite PCMs

(1) Multicomponent organic PCMs

Guo (2008)also studies several multicomponentorganic PCMs from ethylene glycol,
sodium formate, sodium formate, sodiagetate, sodium lactate, ethacetic acid, glycerol,
sodium propionate, ethylene glycol angdH Results are shown Table3.7. Renewable
Alternatives products (Thermestefl4)B and Thermestefl2)M) (Renewable
alternatives products, 201%aje also listed imTable3.7. These PCMs are made from a
"green” technology, in that derutilized biebased productsamely beef tallow, palm oil,
coconut oil and soybean ailare converted into PCMs. They are ftoric and they are
capable of thousands of melting and freezing cycles without performance degradation.
There is no concern faxidation or concern that these fat and oil products will become
rancid because they are fully hydrogenated. Fully hydrogenated fats can be stable for

decades because they do not have chemical sites for oxidation to occur.

ChlorobenzenandbromobenzenéMichaud et al., 1996)which are liquid substances at
room temperature, crystallize with vergimilar structures, without any known
polymorphism at ordinary pressures. They are isomorphous, showing complete solid state

solubility, with little deviation fron ideality. The mixture could be regarded as suitable as
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phase change materials for cold storage application if one needs precise temperature

control at a temperature between T31AC and

Table3.7: Thermad properties of multcomponent organic PCMs

PCM Componentatio by Phase change Fusion heat
mass temperature®C) (kJ/kg)

Sodium lactaté,0 85.15:14.85 749 28.3

Sodium acetatél,O 23.96:76.04 43 29.7

Sodium formatéH,0 1:4 7118 250.2

Ethyleneglycol/Sodium . -

formatéH,O 1:1:8 125 1731

GlycerolSodium formatdH,0  1:1:8 123 1745

Ethyleneglycol/ Sodium . "

acetatéH,O 1:1:8 119 118.5

Ethy!eneglycol/Sodlum 11:8 i15 1278

propionatéH,O

Glycerol Sodium acetatel,O 1:1:8 14 156.0

GlycerolSodium .. ..

propionatéH,0 1:1:8 114 123.2

ethylene glycobodium . .

lactatéH,O 1:1:8 112 157.4

GlycerolSodium lactate 1:1:8 710 159.3

Thermeste(14)B Organic mixture 14 150

Thermeste(12)M Organic mixture 112 170

(2) Inorganieorganic composite PCMs

Usuallyinorganic PCMs (such asorganicsalt solutions) have high fusion heat, but they
have the serious issues of corrosion and phase sepafatiing organic PCMs (such as
alcohol solutions) can alleviate those issuBken (2008)studied a kind of hybrid
sdution of ammonium chloride solution (25 w230 wt.% NHCI) and glycol solution

(25 wt.% glycol) with their certain solution mass ratio of 3:2 ammonium chloride
solution and glycol solution). The hybrid solution has the plchs@ge temperature from
116°Ctoi21°C and latent heat from 207 kJ/kg to 212 kJ/kg, which can be regarded as a

good candidate of PCMs for cold storage in freezers.
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3.1.5 Microencapsulated PCMs and PCMs with nanoparticle additives

In this section, microencapsulated PCMs, which have latgéce area to volume, and
PCMs with nanoparticle additives, which have higher thermal conductivities, will be

discussed in this section.

3.1.5.1 Microencapsulated phase change materials (MPCMs) and MPCM slurries

Microencapsulation is the encapsulation of PCMparc | es (t he core) of
diameter with a continuous film of polymeric material (the shell). Generally speaking,
two processes are sued in microencapsulation: physical process, which can be spray
drying, centrifugal and fluidized bed processes,coating processes (e.g. in rolling
cylinders), and chemical process, which aresiin encapsulations like complex
coacervation with gelatine, interfacial polycondensation to get a polyamide or
polyurethane shell, precipitation due to polycondensatioantno resins, and others.

The insitu processes have the ability to yield microcapsules with the best quality in terms
of diffusiontightness of the wall. MPCMs have several benefits, such as reduction of the
reactivity of the PCMs with the outside eronment, improvement of heat transfer to the
surrounding because of the large surface to volume ratio of the capsules, improvement in
cycling stability since phase separation is restricted to microscopic distances, and no

leakage during its liquid phase feome PCMs.

Several MPCM products from@mpanynamed Microtek are listed as follows Tiable

3.8 (Standard microPCM products, 201The mean patrticle size is 420 microns.The
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appearance of two products is vehib slightly offwhite color with good thermal cycling.
The form for MPCM (10) is wet cake (70% Solids, 30% Water), and for MPT®)D it
is dry powder.

Table3.8: Thermal prgerties of microencapsulatedgde change materials (MPCMs)
(Standard microPCM products, )

p Core Melting  Fusionheat Specific Capsule Final
roduct . . "
N material temp (kJ/kg) gravity composition form
umber °C)
Wet

- 85~90% wt.% PCM .
MPCM (-30) n-Decane 130 140-150 0.9 10~15 Wt.% polymer shell ggig

. 85~90% wt.% PCM Dry
MPCM (-30)D n-Decane 130 140-150 0.9 10-15 Wt.% polymer shell powder

Wet
. 85~90% wt.% PCM :
MPCM (-10)  n-Dodecane 9.5 150~160 0.9 10~15 wt.% polymeshel EI&';E;
85~90% wt.% PCM Dry

MPCM (-10)D n-Dodecane 19.5 150~160 0.9 10-15Wt% polymeshell  powder

When the MPCM is dispersed intoe carrier fluid, e.g. water, a suspension of MPCM
slurry is formed.In the fabrication process, the proper amount of surfactants is used for
helping MPCM fully disperse into the carrier fluid, thus increasing the lifetime of the
MPCM slurry. Because the phase change with latent heat is involved, the effective
specific hea of the fluid is remarkably increased with results in the heat transfer
enhancement. Obviously, MPCM slurries can be used as both thermal energy storage and

heat transfer fluid.

Regarding the MPCMs/MPCMlIurries some additional attention should be paidfie
supercooling for it may drastically deteriorate the system performance as cold storage
materials. Chapter 2 provided a summary for supercooling minimization for air

conditioning application, such as adding nucleation agents for suppressing supgrcool
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http://www.microteklabs.com/pdfs/MPCM-_-30_Product%20Data%20Sheet.pdf
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http://www.microteklabs.com/pdfs/MPCM-_-10_%20Product%20Data%20Sheet.pdf
http://www.microteklabs.com/pdfs/MPCM-_-10_D%20Product%20Data%20Sheet.pdf

effect, and this can also be a good reference for subzero application. In addition, enough
attention should be paid to the cycle stability for a MPCM slaray belimited by its
performance attenuation after leteym running. Based on the literatureview, still

limited study exists for thermal performance of MPCMs for subzero application.

3.1.5.2 PCMs with nanopatrticle additives

PCMs with nanoparticladditivescan exhibit properties, such as thermal conductivity
enhancement for the thermal transport andssfe.It has been recognized that significant
enhancement in thermal conductivity can be shown with suspensions of nanoparticles in
fluids. Therefore, PCMs with nanoparticle additives can exhibit thermal conductivity
enhancement. The enhanced thermal gotidty contributes to improve the efficiency

of heat transfer fluids. This can also enable a possible reduction in the sizes of heat

exchangers and pumps in industrial thermal storage application.

New nanofluid systems bwitilizing semiconductornanorods hybrid nanoparticles,
phasechange liquid nanodroplets and phabange metallic nanoparticles as the
dispersed phases were developed systematicalldry (2008) A nanoemulsification
technique had been developed and used to synthesize nanofluidés Reswiedthat
thermal conductivity was increased greatly in these nanofluid systems, e.g., 52%
enhancement in thermal conductivity was found in weitdfC72 nanofluids. Though

this work is studied for nanofluids, it can provide good information for sobze
application for PCMsHe (2005)studied the relationship betwedmermal conductivity

and volume fraction of nanoTiarticles in nanofluid PCMs (nanoTi@articles with
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20nm in BaClJ/H,0O solution), as shown iRigure 3.13. Obviously, thermal conductivity

increased with increasing nanobifarticles.
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Figure3.13: Relationship between thermal conductivity and volume fraction of nanoTiO
paticles in nanofluid PCMs (He, 2005)

He (2005)also studied th&inetic characteristicsaand thermal properties of nanofluid
PCMs, as shown ifiable3.9. It can be found that nanofluids could reduce supercooling
degee with increased addition of volume fraction of nangTgarticles. Thermal
properties tested by differential scanning calorimetry (DSC) showed that the changes of
melting temperature were small, while it should be noted that the latent was reduced with
increased addition of volume fraction of nanoJigarticles. Therefore, the fraction of

nano particles for PCMs should not be excessive. In addition, dthendifty cold
charge/discharge experiments, its latent heat and phase change temperature remained

constant, whi ch shows t hat t he mat eri al 0s

91



that the time for freezing of nanofluids is much less than eutectic salt solutions, the
charge/discharge capacity, charge/discharge rate and heat transfer coefficient of

nanofluids are higher than eutectic salt solution.

Table3.9: Kinetic characterists and thermal properties of nanofluid PC{#4e, 2005)

Experimental kinetic characteristic Thermal properties by

PCM DSC
Phase change  Supercooling Melting Latent heat
temperatur¢°C) degree {C) temp (°C) (kJ/kg)
BaCL/H,O (BaCh 22.5wt%) 18.16 3.78 -8.4 281.1
TiO,/BaCk/H,0 (TiO, 0.167v0l.%) 18.61 2.93 -8.5 279.5
TiO/BaCL/H,0 (TiO, 0.283vo0l.%) 18.61 251 -8.6 258.3
TiO,/BaCk/H,0O (TiO, 0.565v0l.%) 18.61 1.88 -8.2 257.4
TiO,/BaCkL/H,0 (TiO, 1.13v0l.%) 18.72 0.57 -8.5 254.2

3.2 Sorption cold storage

Different from PCM solidiquid thermal storage, sorption storage uses the sorption
working pairs (sorbents/refrigerants) cold storage in subzero application. The sorbents
can make physical or chemical attraction with an active refrigerant gas for refrigeration
effect. Usually there are two common sorption storages: absorption technology (sorbents
in liquid phase) and adgption technology (sorbents solid phase). The cooling capacity

can be kept for a long term with no pollution and no cooling energy losses. Also it can be
discharged for immediatesewith connecting the generator (for absorption storage) or
adsorbent &d (for adsorption storage) to the evaporator. This kind of cold storage system
contributes significantly to the concept of sustainable system development with driving
source of electricity, industry waste heat, or solar energy. In addition, an adsorption
system after energy charging can be moved to another place easily where refrigeration

power is not enough for short term subzero application. Usually in a sorption system,
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alternative clean refrigerants, with no pollution other than the CFC or HCFC rafrige

(in a conventional vapor compression system), are adopted. Also, it can be operated
without major moving parts (such as pumps, fan motors, etc.) so that it is mechanically
simple, and has high reliability, low vibration and a long lifetiiggeneralcomparison

of absorption and adsorption storage technologieguite similar toFigure 2.20 in
Chapter 2 Absorption storage usually has larger storage capacity and larger thermal
conductivity of sorbents, whiladsorption storage usually proves its features of better

reliable operation and quietness.

3.2.1 Basic storage principle

3.2.1.1 Absorption cold storage

For absorption storagea schematic drawing of the basic principlesiwn inFigure
2.21(a)in Chapter 2Whenthe shutoff valve after the poor solutios opened, the poor
solution (low concentration of absorbent) is pumped towards thephagsure zone, and
then the mixture is heated in the generator during the chargiegg®s. The driving heat
makesthe separation of the refrigerant (take ;\Nbr example) from the absorbent (AIH
solution). The refrigerant vapor is sent to the condendegreit is condensed to liquid
by a cooling fluid. The liquid refrigerant is stored & containermand can be used to
produce the cooling effect for subzero application (ice makifige. rich solution from
the generator is also stored in a container. During the discharging pwitedbe shut
off valve after the poor solution closedethquid refrigerant is expanded with the shut

off valve on the liquid refrigerant side opened and sent to the evaporator, and rich

93



solution flows to the absorber with the slofit valve on the rich solution side opened.
Thus, water vapoirom the evaporatr is absorbed byhe rich solutionand the cooling

effect is produced in the evaporator at low pressuve=anwhile, the rich solution
absorbs the water vapor and absorption heat can be released, which can be used for
heating purposes. Gradually, the psolution from the absorber is stored in a container.

The principle of absorption storage is very similar to that of the intermittent absorption
refrigerator, in which working pairs can be heated or cooletuins. Here only a brief

introduction of absqation storages madeas it has beecommercially welldeveloped.

3.2.1.2 Adsorption cold storage

For adsorption storaga schematicliagramof its basic principle is shown iRigure2.21

(b). The phenomenon of adsorptie resulting from the interaction between a solid
(adsorbent) and a gas (refrigeranihich canbe a reversible physical or chemical
reaction process. During the charging process, with theashuélve after the desorber

(can also be an adsorber durthg discharging process) opened, the desorber connected

to a condenser is heated by a k#rating source. Next, the refrigerant vapor flows from

the desorber to the condenser and is cooled to a liquid state. It then passes through the
expansion valve antg stored in an evaporator under lpwessure condition for cold
storage. During the discharging procesth the shutoff valve after the adsorber closed

the adsorber is cooled by a heat transfer fluid and its pressure drops. When the pressure

drops béw that of the evaporator, the skoft valve after the evaporator is opened and
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the pressure difference makes the refrigerant be evaporated and move to the adsorber.

Then the cooling can be produced in the evaporator for subzero application.

3.2.2 Working pairselection

For sorption storage, thermal property wbrking pairs is very important for storage
efficiency because heat and mass flows are produced with working pairs during charge or
discharge proces#n this section, high storage capacity, which isrtte® of amount of
storage by evaporation of refrigerant to the mass or volume of the sorbent, is one of the
basic criteria required for designing an efficient storage process. To have a better
understanding for properties of different working pairs, Megrand Goetz (2001)
summarized and compared their storage capacity. Here based on the data with a rigorous
calculation protocol from literaturéMugnier and Goetz2001), thermalproperties of
working pairs for subzero application (such as ice making)ewextracted and
summarized irFigure 3.14 under the same conditisrihat ambient temperature is 35°C

and evaporation temperature i20°C. Storage capacity and minimum heating
temperature of different sorption wanlg pairs under same condit®is shown inFigure

3.15.
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From the figures above, the suitable and efficient working pairs for sorption storage
system is NH used as the refrigerant and solid/gaactionas the sorbenfThe main
sorption types, absorption storage, which has lmsnmercially welldeveloped, and

adsorption storage, which is stilhderthe development stagis,introduced later.

3.2.2.1 Absorption working pairs

Working pairswasa key role forstorageprocess. Usally it needs better volatility of the
solution For working pairs it has otherequirementssuch as environment safety, Aon
toxicity, low GWP and ODPand low material cost. For working pairs in subzero
application, the selection of absorbent/refrigefzait is mainlyNHs/H,O for refrigerant
NH; can evaporate at lower temperatures (i.e. ffadfC to 0°C). Several working pairs

for subzero application are summarized as follows

(1) NH3/H20

NH3/H,O pair is commonly used for subzermpplication such as écmaking. Related
research were conducted both theoretically (Sun, 1996)eapdrimentally Bogart,
1981). Althoughit is commonly used, it has the disadvantages that ammonia is toxic and
the system needs high operatipgessureconditions and needs a aain of rectifier

because NEand HO can both exist in vapor state.

(2) Other working pairs
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Generally speakingNH3/H,O systemsexhibit a relatively low COP, therefore it is
necessary to search for better working fluid pairs to improve syseiormancelnfante
(1984) studied thermal properties of the lithiummmonidnitrate (NHs/LINO3) and
ammoniagodium thiocyanateNHs/NaSCN) solutionsSun (1998) and Abdulateef et al.
(2007) made detailed comparisons betwedhiz/H,0O, NH3/LINO3; and NHz/NaSCN
absorptionsystems. Results showed that thE3/LINO; and NH3/NaSCN cycles give
better performance than tidH3/H,O cycle. TheNHs/NaSCN cycle cannot operate at
evaporator temperatures belowil0°C for the possibility of crystallization. With a
theoretical analysisfahe absorption refrigeration cycle @&hu and Gu (2009)t was
found that theNH3z/NaSCN solution is advantageous for lower generator temperatures in
comparison witiNH3/H,O solution. This is becauseOPis about 10% higher than that

for NH3/H,O system &the same working conditions

For other workingpairs, Fan et al. (2007) gawestateof-the-art review on the solar
sorption research refrigeration technologies. A unit of 1.5 kWh/day using ds$H
refrigerant and IMPEX material (80% SpChnd 20% Graph&) as absorbent was
reportedby Bansal et al. (1997T.heoretical maximum overall COP of the unit is 0.143,
and it is closely related to the climatic condition®otential of using organic fluid
mixtures trifluoroethanol (TFHgetraethylenglycol dimethyleer (TEGDME or E181)
and methandTEGDME, as working pairs in series flow aritie vapour exchange
doublelift absorption cycles was discussed kledrano et al. (2001)The simulation
results showed that the COP of the vapor exchange cycle working witit HEEBME is

15% higher than thatiH3/H,0.
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3.2.2.2 Adsorption working pairs

To make adsorptiostoragemore efficient,thereare several requirements for working
pairs. Asfor the adsorbent, large adsorption capacity, large change of adsorption capacity
with temperatre variation, more flat desorption isotherm and good compatibility with
refrigerant are the main requirements. fAs the refrigerant, it should have large latent
heat per volume, no toxicity, ndfammable, no corruptioandgood thermal stability. In

fact, no perfect working pairs meeting all requirements above exist. In the following,
common working pair®f methanoktarbon ancammonia¢arbon are mainly introduced

as an example of physical adsorption, antmoniaCalcium chloride is introduced as an

example of chemical dsorption.

(1) Methanolcarbon

Methanol/carbonworking pair system is most commonly used for low desorption
temperature, low adsorption heat, high latent heat of evaporation of methanol and good
supply with low price.Methanol/carborand methanolactivated carbon fiber are two
kinds of working pairsCarbon fibre has better masansferperformance than granular
activated carbon for the specific surface area of former is larger than that of latter, and the
pores of activated carbon fibare more uniform. When compared with activated carbon
methanol, the carbon fiber has an increased COP bg0%0 and an increased cyclic
adsorption capacity by~3 times (Wang, 1997)n addition, it should be noted that the
former has the issues of the swtropic thermal conductivity and higher contact thermal

resistance between the fiber and the adsorber wall. Agtbanoltarbon working pair
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system, it has the disadvantage of operating undeatuobspheric pressure (i.e. high
vacuum condition) and lifred desorption temperature range (no higher than 120°C) to
ensure better system performance. Other attentions should be paid to its high toxicity of

methanol and relatively low thermal conductivity of carb@sed materials.

(2) Ammonia/carbon

The adsqgption heat of this working pair is similar tbat of methanokarbon. However,

it has higher working pressure (1.6 MPa under condensation temperature of 40°C), which
can lead to better mass transfer performance and shorter adsorption time. This may also
make the system to be ponderous. Another difference is that it can use heat source higher
than 200°C. However, it also has disadvantages, such as toxicity and corrosion of

ammonia to cuprum material.

(3) Ammonidcalciumchloride

Ammonia/calciumchloride,which haslargeadsorptiorguantity( ashigh as more than 1

kg/kg for most chlorides, is commonly used in chemical adsorption storage systems.

Related reaction between calcium chloride and ammonia is shown as follows:

CaCb-niNHz+nogoHr  Z2 - @A G)NH3 + n,NH3 Equation3.1

whereqH; is thereactionenthalpy (J/mol), theumbersof n; andn; could be 2, 4 and 8.1t
should be noted in the calcium chloriglemonia adsorption systems, issues of expansion,

deterioration and corrosion should be solved outitdazommercialization
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(4) Working pairs with consolidated/composite adsorbents

In addition to the single working pairs listed above, there are macesatfworking pairs

with consolidated/composite adsorbents. Consolidated adsorbent, which has high thermal
conductivity, can be considered as the most promising alternative to enhance the heat
transfer within the adsorbéNang et al. 2004)studied ads@tion performances with the
additive of activated carbon in solidified compound adsorbent (mixture of,Gaal
activated carbon) for ice making. Results showed that solidified compound adsorbent
(sample No.6 in his study) made the adsorption quantitg improved about 0.15 K¢y

in comparison with simple Cagadsorbent (sample No.4 in his study) at thepevating
temperature of T15AC. This is because the
additive of activated carbon. Also the volume cooling density of solidified compound
adsorbent is about 35% improved at least in comparison with that of @a€ame
evaporating temperature. hecent work, composite adsorbents (Ga&atd expanded
graphite) have better adsorption performances and thermal conductivity for the additive
of expanded graphite in Ca(dowder has restrained the agglomeration phenomeno
adsorption process and improved the adsorption performance of (V&@hg et al.,

2006) They are suitable to be used as adsorbent for ice making on fishing boats because
they have higher thermal conductivity, larger volumetric cooling capacity, higGe

values and better argivay performance than simple composite adsorbents.
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3.2.3 Heat transfer and system performance improvement

Absorption technologies have been well developed as compared with adsorption
technologies. Components of absorption systemevimproved for better heat transfer
and system performance. In a studyRiyera and Rivera (2003),@mpound parabolic
concentrator (CPC) with a glass cover, operates as the geradvatwber of the cooling
system. Since lithium nitrate does not evap@iduring the generation, it is not necessary

to use a rectifier. The theoretical efficiencies of the CPC varied 388 to 0.78
depending on the time of the day and the season. In a typical Mexico weather, it was
possible to produce up to 11.8 kg of i@nd the thermal COPs were between 0.15 and 0.4
depending on the generation and condwngemperatures. In addition, various recycle
forms such as doubleffect convertiblesystem, duatycle system, and multistage system
has been used to improve systeenformance (Li and Sumathy, 2000; Yang et al., 2011).
Yang et al. (2011) summarized related absorptiomihkstorage technologiederethe

works usingworking pairNHs/H,O weresummarizeds shown irrable3.10.

Table3.10: Review ofadbsorptioncold TEStechnologies for subzero application (Yang et
al., 2011)

Absorptio Cold storage density with
n pair Driving source theoretical analysis Standard for theral storage volume
(KW h/n?)
Compressor Concentratedolution volume (Xu and
NHo/H;0 cycle 182.7 Zhang, 2007)

33 Optimizeddilute solution volume and

NHi/H,O  Heat pump (evap temp i 27 °C) concentrated solutiovolume(Rizzg 1998)

One of main issues of thedsorptionstorageis the poor heat and mass transfer of

adsorbent beds, particularly for the low thermal conductivities and poor porosity
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characteristics of adsorbents. To evaluate the performance for adsorption refrigeration,
there are two main parameter€OP, which is the ratio of cold production from
evaporator to heat supplied by driving energy, and SCP, which is the ratio of cooling
power for semcycle to the adsorbent mass in one adsorbent bed. Adding the materials
with higher thermal conductivity nto the adsorbent and developing consolidated and
composite adsorbents (as discussed in section 3.2.2) are good ways to improve heat
performance of adsorbents. A good example is the thermal conductivity of activated
carbon with added cuprum pder can bemproved by 225% Eltom and Sayigh, 1994
Obviously, such solutions are beneficial for SCP improvements. However, it should be
noted that the heat transfer enhancement here usually reduces the mass transfer
performance of the adsorbent. Therefore, it @enconvenient for the solutions here to

be used in the occasions where heat transfer rather than mass transfer is the dominating
factor for system performance. A reasonable analysis for both heat and mass transfer is

necessary during sorption storage psx

Furthermore, extended surfaceschas finned tubeand platein heat exchangers, can

also help improve heat transfdihe adsorbent bed with an expanded graphite plate can
be also a good way for heat transfer enhancemiersisould be noted for sh solutions

an efficient heat management solution is needeatheevea reasonable COP. In addition,

heat pipes used in adsorption refrigeration systems can improve the system performance.
Moreover, adsorption storage with different advanced cyclesdaasdiudied extensively

for system performance improvemeii&umathy et al., 2003; Wang et al., 2Q010he

typical adsorption refrigeration cycles are: basic cycle, continuous heat recovery cycle,
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mass recovery cycle, thermal wave cyatelconvective thanal wave cycleSome work

about the optimization for system design (adsorber and the cycle mode) should be done
for system performanc&/ang and Oliveira (200&ummarized performance of COP and
SCP with a fair comparison for different working pairs, areworking pairs for subzero
application (ice making) are extracted based on litergRoas and Guilleminot, 1986;
TamainotTelto and Critoph, 1997; Li et al., 2002; Li et al., 2004; Khattab, 2004; Wang
and Wang, 2005; Lu et al., 2008 shown imTable3.11.

Table 3.11: Performance of adsorptiog/stems forsubzeroapplication (Wang and
Oliveira, 2006)

Application Heat source Working pair COP SCP orice Reference
temperature or production
insolation
. i (Pons and
Ice making 20 MJ/nf day AC-Methanol 0.12 6 kg/nfday Guilerminot 1989
. o i (TamainotTelto
Ice making 105°C AC-NH; 0.10 35 W/kg andCrioph 1997
Ice making 18.1~19.2 MJ/rhday ~ AC-Methanol 0.12~0.14 5.0~6.0 g/nfday (Li et al., 2002)
Ice making 17~20 MJ/mi day AC-Methanol 0.13~0.15 6.0~7.0 kg/riday  (Li et al., 2004)
Ice making 20 MJ/nf day AC+badened ;5 9.4 kg/niday (Khattab, 2004)
steetMethanol ™ ' '
i i ; (wang and
Ice making < 120°C AC-Methanol 0.18 27 Wikg Wang, 2005)
Ice making 115°C AC+CaC/NH; 0.39 770 Wikg (Lu et al., 2006)

®Based on the area of the adsorber, which was different from the area of the reflector panels.
®The SCP is based on the mass of GaBlide one adsorbent bed and only in theatlan of the adsorption
phase

In addition, the ISAAC solar icemaker, which is an intermittent solar amrveatier
absorption cycle, as shovim Figure3.16, wasdeveloped by Energy Concepts Company
(The ISAAC sola icemaker, 2012)The ISAAC uses a parabolic trough solar collector
and a compact and efficient design to produce ice with no fuel or electric input, and with

no moving parts.During the day, solar energy is used to generate liquid ammonia
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refrigerant. Duing the night, the generator is cooled by a thermosyphon and ice is formed
in the evaporator compartment as ammonia is reabsorbed to the geriratdaily ice
production of the ISAAC is aboftize kilogramsper square meter of collector, per sunny
day. The construction of the ISAAC solar icemaker involves only welding, piping and
sheet metal work, and there are no expensive materials. And the quantity of ice is
sufficient to support small scale businesile maintaining sustainability irharsh
environments, or provide low cost household refrigeration. It is a good exaaoiple

sorption storage for subzero application.

Condenser Condenser
Air Coil) Air Coil)

Vapor Thermosyphon

Liquid Liquid

Q Absorber

Solar Collector

O

Generator

Solar Collector

Evaporator Evaporator
(Cold Box) (Cold Box)
Day Mode Night Mode

Figure3.16: Design of ISAAC solar icemaker (The ISAAC soleemaker, 2012)
Based orthe adsorptiorstorage technologies discussed above, it can be found that it has
a great potential in subzerapplication while the main factors impeding the
commercializatiorof this storage technology may include poor heat argkrransfes of

adsorbent beds, high equipment and maintain aodiarge size. Further work is still
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needed to improve heat and mass transfer characteristics during adsorption storage

process and reduce the system cost.

3.3 Challenges and technology perspezt

Different kinds of available cold storageaterialsfor subzero application are introduced
in this paper. Technology perspectives with regard to PCM storage and sorption storage

are mainly summarized as follows:

(1) For PCMs, eutectic watsalt soluions have the benefits of higher fusion heat than
other PCMs, but have the issues of phase separation and supercooling effect. Among
non-eutectic watesalt solution PCMs, most used alcohol solutions have relatively higher
fusion heat and no phase sepamtibut usually have issues of supercooling, corrosion,
etc. Also, paraffins have the advantages of that they are mostly chemically inert, stable
and recyclable, exhibiting little or no supercooling (i.e. they can bengeléating), no

phase separatioand norcorrosive behavior. However, they have relatively low thermal
conductivity and density. Usually neautectic watesalt solution PCMs are flammable.
Issues of each kind of PCMs are discussed indhépter Multicomponent PCMs are

also discussed.

(2) In addition, two other kinds of materials, microencapsulated PCMs, which have better
heat transfer with larger surface area to their volume, and PCMs with nanoparticle
additives, which have higher thermal conductivities, are mainly introducedFetieer

researchon the inherent mechanism of heat transfer and transport characteristics
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including convective heat transfer characteristics, viscosity and stabibiyld be good

to do.

(3) Working pair selection, heat transfer enhancement and systerorrpanice
improvement are made for sorption storage for subapphications absorption storage
(which has been developed well), and adsorption storage (which has made a great
progress for further marketing). Related issues include poor heat and mass toansf
adsorbent beds, especially for the low thermal conductivities and poor porosity
characteristics of adsorbents. The sorption system is usually more complicated for
subzero applications than for air conditioning application. For examplgH)BI system

is commonly used for subzero applications such as ice making. However, the system
needs high operating pressure conditions and needs a column of rectifier becguse NH
and HO can both exist in vapor state during the storage process, and because ammonia is
toxic. Further research also includes optimizing and redutiagost of these systems

with more advanced technologies for sorption storage.
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4 Critical Review ofHeatTES Technologiedor ResidentialApplication

In addition to air conditioning and subpegipplication, TES has another important aspect

for residential application, such as space heating, domestic hot water production, heat
supply for cloth dryes, etc. In this section, the heat storage technologies for residential
application are mainly disssed. Asshown inFigure 2.8 discussed earlin Chapter2,

the mainintroducedmaterialshere have thphase transitioat around 36100°C. In this

section, the sensihléatentand sorption heatorage arentroduced.

4.1 Sensible heattoragematerials

Sensible heastoragemeans energy can be stored by changing the temperature of the
storage materials. The amount of stored heat is proportional to the density, specific heat,
volume and temperature variation of tretorage materials. Basically, specific heat,
density and thermal conductivity are the main thermal properties of sensible heat storage

materials Figure4.1 showsthe main thermal properties sénsible heat matais.
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Figure4.1: Thermal properties of sensible heat materials
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4.1.1 Selection criteria for sensible heat materials

Requirementgor commonsensible heastoragematerialsin residentialapplication are

summarzed as follows:

1 Minimum service temperature of 30°C;

1 High energy density (high density and specific heat);

1 Good thermal conductivity (higher than 0.3 W/m-K);

1 Good thermal diffusivity

1 Easy manufacturing and low price

i Stablechemical properties, low corragy, and low environmental impact factors,

such as zero ODP effect and low GWP effect

Sensible heat storage isr@atively mature technology that has been implemented and
evaluated among many largeale residential applications. Water and rock bed are
commonly used as storage materials and a brief comparigbeiofthermal properties is

shown inFigure4.2.

Specific heat Specific heat
Thermal : Thermal :
conductivity Density conductivity Density
" Temperature " Temperature
Leakage operation range Leakage Operation range
Geological requirement Geological requirement

(a) Water anl aquifer (b) Rock bed
Figure4.2: Comparison of sensible heat mateGafermal properties
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4.1.2 Water and aquifer

Water is a favorable material for heat storage in residespiplicationdue to its high
specific heabscompared with other sensible heat storage m&taer tank and aquifer

storage system are two common wadiased storage systems.

Hot water, Hot water,

0 = 0

Heat ex

uxiliary Solar collector doct >_<i|iharyt
ic heater

Solar collector
elegtric heater

— —
Pump \T/{:old water Pump \_/éold water
@ input @ input

(a) Direct mode (b) Indirect mode

Figure4.3: Schematic of domestic hot water system with electrical heater
Regarding water tank, water stratifies naturally because of increasing density at lower
temperature: the hot water flows to the top, the cold water remains at the bottom, and the
intermediate region is the thermocline. For sensible heat storage, typical temperature
difference is usually in the range of 5~10°T=mperature scale for space heatamgl
domestic hot water production is usually at the operating range of 25~80°C. One of the
common applications is the solar hot water tankstasvn inFigure4.3. Forthe direct
(open loop) configuration, the collector directharisfers the heat to water tank without
any intermediate heat exchanger and the heat transfer fluid is water. Cold Water enters at
the bottom of the hot water tank and in turn passes through the solar collector, gets heated

and delivers heat at the top pon of hot water tank. For the indirect (closed loop)
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configuration, the heat transfer fluid does not mix with water in the tank. Usually the hot
water requirement is typically at constant temperature and solar radiation varies during
the day. Thereforeauxiliary heater, attached to the tank, is used to compliment the

demand at constant temperature.

Usually the thermal stratification in the water storage tank is affected by several factors,
such as tank size and shape, location and geometry of inletaitets, temperature and

flow rates during charging and discharging. In addition, necessary strategies should be
investigated to improve stratification. Water storage tank should be operated in a
stratified manner with water at the top if the tank beiotjen than that in the bottom due

to thermal buoyancy. It should be noted that mixing effect caused by the temperature
difference could degrade the heat source level and negative effect on the system storage
efficiency. The horizontally partitioned wateank was proved to achieve good thermal
stratification performance and was efficient for heat storage application. Another
important point for water tank is the heat losses during storage tank. Effects on water tank
design and selection of insulation maddsi (glass wool and polyurethane) have been

made recent years for reduction of heat losses.

Aquifers are geological formations containing ground water, and water in aquifers is
sometimes mixed with gravel or sand. Aquifers have the advantages of st@ifuplde

for long periods, especially when large storage volumes are available. Heat storage in
aquifers consists in extracting ground water from a well, heating this water with an

available heat source, and theAmecting it back into the aquifer in thether well, as
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illustrated in Figure 4.4. Aquifer heat storage systems have lower investment and
operating cost than classical water storage tanks. However, the allowable temperature
change, the natural ground flow and potenéia/ironmental consequences should be
considered for design and operation. Usually the hgeaogical conditions make the

aquifer storage system quite complex and conditional.

Cold loop

Gravel

Figure4.4: Schematic of aquifers

4.1.3 Rockandbricks

In addition to the water, other comnprused materials can ts®lid materials such as
rock, metal,concrete sand, brick, etc. The operajinemperature range can be over
100°C As compared with water stige, solid storage has several inherent advantages: it

can endure much higher temperatures; it has no leakage problem with their containment;
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sold heat storage material has good conductiRbckis the commonly useldeat storage

material Even though ithas a lower volumetric thermal capacity, it can work at
temperatures higher than 100°C. One exampleisHalnyo mas ono6s techni que
water and stone as storage media, as showkigure 4.5. The collected heat can be

stored both in the stone and water tank. The stored energy could warm the cool air.

Warm air out

31 From
:{collector

To & Water tank
collector |:: i
T g
Cool air in \
— Insulation

Figure4.5: Harry Thomasods technique using both water and stone as storage media
(Dincer and Rsen, 2011)

Another example is shown Figure4.6. During off-peak periods (i.e. charging process)
electric energy is converted to heat which is stored in high mass units, or bricks, made of
dense ceramic matekieDuring the peak hours (i.e. discharging process), the power is
shut off and an electric fan begites transferthe heat from the brick to the house. The
temperature is controlled by outside sensors. The sensors can adjust the amount of power
intake to lkeep the room at the required comfort temperature. In addition, sensible heat

storagecanuse large amount of watesuch asinderground reservoirs or solar ponds.
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Vent of discharge Internal thermostat

=T Ceramic bricks
Internal resistance =

Figure4.6: Sersible heat storage (Molina et al., 2003)

Regarding solid storage materials, the compatibility of the material with heat transfer
fluid used is very important. The storage performance is strongly dependent on the solid
materi al 6s si z eensits theatype of heat transfep fluid, letic. Wile, dhe
main drawback for solid storage materials is their low specific heat capacity (~1200
kJ/nT-K, where water is ~420RJ/n?-K), which makes a relatively lower storage density
by volume. To achieve thase amount of heat storage, solid storage usually needs three

times more space than watssed storage system.

In addition, there are other kinds of storage systems, such as ground and soil storage.
Since sensible heat storage technologies have alreaddoded well and there are

already many largscale practical applications, it will not be discussed in detail here.
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4.2 Latent heastorage

4.2.1 Selection criteria for latent storage materials

For latent heat storage materials, inorganic materials (salt hydratesnetals), and
organic materials(paraffins and no parafipsare mainly introduced here, as shown in

Figure4.7. Table4.1 andTable4.2 providefor a review of their thermal properties.

1 Phase changservice temperature of 3060°C,

1 Large fusion headnd gooctycling stability,

1 Good thermal conductivity to speed up phase change progress, and low
supercooling;

9 Stable chemical pperties, low corrosivity, and low environmental impact factors;

1 Easy manufacturing and low price.

Usually it is hard for a material to satisfy the entire requirements listed above so that here
the primary four requirements are discussed here. A briafive comparison of the

thermal properties of the different types of PCMs is shown in Fi§y&re
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Figure4.7: Thermal properties of heat storage materials for residential application
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Table4.1: Inorganic phase change materials (Sharma et al., 2009; Naumann and Emons,
1989; Belton and Ajami, 1973; Lindr, 1996; Wikipedia, 2013)

PCM Phase change Fusionheat PCM Phase change Fusion heat
temp (°C) (k/kg) temp('C)  (kikg)

Salt hydrates Salt hydrates
LINO;-2H,0 30.0 296 Na.S,0;-5H,0 48.5 210
LINO;-3H,0 30 189 MgSQ,-7H,0 48.5 202
Na,CO,-10H,0 32. 267 Ca(NQ),-3H,0 51 104
Na,SO,-10H,0 324 241 Zn(NO,),-2H,0 55 68
KFe(SQ),-12H,0 33 173 FeCl-2H,0 56 90
CaBr-6H,0 34 138 Ni(NOs),-6H,0 57 169
LiBr,-2H,0O 34 124 MnCl,-4H,0 58 151
Zn(NO,),-6H,0 36.1 134 MgCl,-4H,0 58 178
FeCl-6H,0 37. 223 CH,COONa-3HO 58 265
Mn(NO;),-4H,0 37.1 115 Na(CHCOO0)-3HO 58 226
Na,HPO,-12H,0 40 279 Fe(NQ),-6H.0 60.5 126
CoSQ-7H,0 40.7 170 NaAl(SQ),-10HO 61 181
KF-2H,0 42 162 NaOH-HO 64.3 273
Mgl,-8H,0O 42 133 N&PO,-12H,0 65 190
Cal-6H,0 42 162 Na.B.O;-10H,0 68.1 -
K(CH,COO)-3/2HO 42 - LiCH,COO-2HO 70 150
K:HPQ,-7H,O 45 145 Al(NO,),-9H,0 72 155
Zn(NG;),-4H,0 45 110 Ba(OH)-8H,0 78 265
Mg(NO,)-4H,0O 47 142 Al,(SO)3-18HO 85.8 -
Ca(NQ)-4H,0 47 153 AI(NO,);-8H,0 88 -
Fe(NQ),;-9H,0 47 155 Mg(NOs),-6H,0 89.9 167
Na:SiO;-4H,0 48 168 KAl (SO),12H0O 91 184
K:HPQ,-3H,0 48 99 MgCl,-6H,0 117 167
Metals M etals
Gallium 30.0 80.3 Cerrolow 203 70 159
Cerrolow 136 47.2 68.2 Cerrolow 117 95 .
Cerrolow 158 58 90.9
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Table4.2: Organic PCMs for heat storage residential application (Sharma, et al., 2009;
Lane, 1980; Hawes et al., 1993)

PCM Phase change Fusionheat PCM Phasehange Fusionheat
temp( °C) kJ/kg) temp (°C)  (kJ/kg)
Paraffins Paraffins
C19 32.0 222 Cc29 63.4 240
C20 36.7 246 Paraffin wax 64 173.6
1-Tetradecanol 38 205 C30 65.4 251
c21 40.2 200 Polyglycol E6000 66 190
Cc22 44.0 249 C31 68 242
C23 47.5 232 C32 69.5 170
C24 50.6 255 Biphenyl 71 119.2
C25 49.4 238 C33 73.9 268
C26 56.3 256 C34 75.9 269
c27 58.8 236 Propionamide 79 168.2
Cc28 61.6 253 Naphthalene 80 147.7
No paraffins No paraffins
Camphenilone 39 205 Lauric acid 49 178
Docasyl bromide 40 201 9-Heptadecanone 51 213
Caprylone 40 259 Methyl behenate 52 234
Heptadecanone 41 201 Hypophosphoricacid 55 213
1-Cyclohexylooctadecane 41 218 Palmatic acid 55 163
4-Heptadaanone 41 197 Trimyristin 33-57 201~213
Cyanamide 44 209 Heptaudecanoiacid  60.6 189
Methyl eicosanate 45 230 Bee wax 61.8 177
Eladic acid a7 218 Bees wax 61.8 177
3-Heptadecanone 48 218 Stearic acid 69.4 199
2-Heptadecanone 48 218 Acetamide 81 241

C19 means the no. of carbon atofos paraffinsis 19.

119



Fusion heat by
volume

Therma

conductivity Density

Fusion heat by
volume

Density

Phase - Phase -
separation Flammability separation Flammability
Corrosion Corrosion

(a) Salt hydrates (b) Metals
Fusion heat by Fusion heat by
volume volume
Therma . Thermal .
conductivity Density conductivity Density

Phase

separation Flammability

Corrosion

(c) Paraffins

Figure4.8: Comparison ofatentheat materiafs

4.2.2 Salthydratesand metals
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The inorganic heat storage materials are mainly salt hydrates and metals for residential

application. As dicussed in the Chapter 2 and Chapter 3, salt hydrates have the

advantages that they have relatively high volumetric storage density and high thermal

conductivity, and they are cheaper as compared with organic materials. However, they

have the issues of pooycle stability, corrosion and supercooling. Regarding these issues,

the resolutions are quite similar to Chapter 2 and 3, and it will not be discussed in detail

here. The metals can be excellent heat storage candidates because of their high
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volumetric usion heat. The main drawbacks for use of metals are their scare availability

and high cost.

4.2.3 Paraffins and no paraffins

The organic heat storage materials are mainly paraffins and no paraffins (fastiyly
acids). As discussed in Chapter 2 and 3, usuatbanic materials have negligible
supercooling, noworrosiveness, chemical stability, selicleation, no phase segregation,

and low cost operation. However, they have the issues of low thermal conductivity
(D0.2W/m-K), significant volume change and flammability. Pure paraffins are very
expensive and therefore only technical grade paraffins (mixture of pure substances) are
used for latent heat storage applications. {daraffin organic PCMs (fatty acids) also

have corrosion issues. Regarding these issues, the resolutions are quite similar to Chapter
2 and 3, and it will not be discussed in detail here. The organic heat storage materials

should not be exposed to intense temperature, flames.

4.2.4 Heat transfer enhaament and system application examples

Thematerialdisted inTable4.1 andTable4.2 still have issues, such as phase separation,
supercooling, corrosion for inorganic PGMor low thermal conductivity and
flammability for organic PCMs. Related solutions regarding these issues are similar to
that for air conditioning application. Repeated introduction for each issue is not listed
here More details are refered to Chapter 2 Figure 4.9 summarized the possible

techniqgues(Agyenim et al., 2010)The performancef micro-encapsulated PCMs is
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expected to exceed conventional PCMs since small PCM particles provide larger heat
transfer areger unit volume and can provide a higher heat transfer rate. PCMs in metal
structures have aldwe prove to be a good way for thermal conductivity enhancement. In
addition, PCMs with high conductivity porous materialsd nanoparticles, can still

constitue a promising alternative for improving the heat transfer processes in PCMs.

(i) Longitudinal or (i1) Circular fins (111) Multitubes or (iv) Bubble agitation
axial fins shell and tube

(vi) Multitubes and (vii) Encapsulation (ix) Metal Matrix
carbon brushes

r.’
|
(x) Finned Re ctangular (xi) Graphite flakes (xii) Steel metal (xiv) Polyolefine
Container ball capsules spherical balls

(xv) Polypropylene (xvi) Module beam (xvii) PCM- (xviii) Compact flat
flat panel Graphite panel

Figure4.9: Heat transfer enhancement methods employéatent heamaterial research
(Agyenim et al., 2010)
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For latent heastorage, the system is composed of a heat storage medium that undergoes
the phase change, a container for the storage medium and a heat exchanger surface for
transfer heat to and from the storage medium. There are three heat transfer type of heat
storage gstem: heat transfer at the outside surface of storage system (usually employed
in space temperature control application), heat transfer at the inside surface within the
storage system and heat transfer with exchanging the storage medium, as dhigwrein

4.10.

PCM
storage volume

Heat transfer fluid

(a) (b) (€)
(a) Heat transfer at the outside surface of storage system
(b) Heat transfer at the inside surface within the storage system
(c) Heat transfer with exchanging the storage medium

Figure4.10: Heat transfer type of heat storage system

An undeftfloor electric heating system with the shagtabilized PCM plates is shown in
Figure 4.11 (Lin et al., 2005). The unddioor heating system included polystyeen
insulation, electric heaters, PCM, some wooden supporters, air layer and wood floor.
Different from conventional PCM, shagstabilized PCM can keep the shape unchanged
during phase change process. Therefore, the PCM leakage danger can be avoided. This
system can charge heat by using cheap night time electricity and discharge the heat stored

at day time.
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Figure4.11: PCM assisted unddioor electric heating system (Lin et alQ(5)
Canbazoglu et al. (2005) compa@M-charged solar water heater (SWH) systems with
that of the conventional SWH systems witih PCM. PCMfilled polyethylyne bottles
were set in their storage system in three rows. The-sexg®onal view of the systeis
shown inFigure4.12. Without drawingoff the hot water during night, the system could
attain about 46°CThe storage time of hot water, the produced hot water naasstotal
heat accumulated in the solar esmeating system having the heat storage tank
combined with PCM were approximately 2-8945 times of that in the conventional
solar watetheating systemin addition, there are other application, such as PCM filled

glass windows, PCM integrated roof, PGskisted ceiling, which are not discussed here.
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=
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Figure4.12: Crosssectional view of heat storage tank combined with PCM
(Canbazoglu et aR005)
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4.3 Sorptionheatstorage

4.3.1 Operatng principle

Generator Condenser

Liquid
PumP Rich refrigerant
solution

S [
A i R valve
; Vv V
<:| kdimemim e -
Heat_.._ ...... S R NP S
<_
supply Absorber Evaporator
(a) Absorptionstorage (b) Adsorptionstorage

Figure4.13: Schedule drawing of basaperatingprinciple for sorption storage
A schematic drawing ohe basicoperationprinciple for absorption storage is shown in
Figure 4.13(a). The operatig principle is same as that fabsorptionair conditioning
application. The difference is that for heating purpose, dudischarging process, the
heat supply from absorber is utilizeghile for air conditioning application, the cold
supply from evaporator is utilize@he basicoperatingprinciple of adsorption storage is
shown in Figure 4.13(b). During the charging process, a desorber (can also be an
adsorber during the discharging process) heated by a heat source connected to a
condensefcan also be aavaporatoduring the discharging procgssAfter a period of
storing proces (it can be shoiferm period or londerm period),discharging process
begins. The adsorber is cooled by a heat transfer fluid and its pressure ditops.
pressure is lower than that of evaporator, and the refrigerant from evaporator will flow to
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the adsrber. The adsorption heat will make theat transfer fluidemperature in the

adsorbeincreases. Then the fluid with higher temperature $ltmbuildingsfor heating

4.3.2 Working pair selection

Usually the working pairs should have the requirements ¢f thigrmal conductivity and
high heat transfer with the heat transfiewd for sorption processThey also have the
requirements of environmental safety, ftowicity, low global warming potential and
ozone depletion potential. Several common sorption \parks for heat storage purpose
are listedin Table 4.3. Water /silicagel, waterlithium bromide, and waterlithium
chloride appear to be at the most extensively studdsdto other chemical reaction

working pais, please refer to literaturédtsidjodounget al. 2013) for details.

Table4.3: Sorption heat storage performance of different working pairs

Sorption Storage densit performance
P . g 3 Y charaterization Operationcondition Reference
working pair (MJ/n7) level
900 (single Charge: 108150°C Weber and
H0/NaOH stage reactor) Reactor scale Discharge40~65°C Dorer, 2008
910.8 (with . o
Absorption H,O/LICl crystallization in Reactor scale C_harge. 4_6870(: Balesetad., 2008
, Discharge: 30°C
heat the storage tank
storage . Charge: 7680°C Le-Pierres et g
H,O/CaCl 428 (solution)  Reactor scale Discharge: 21°C 2011
. . Charge: 4690°C NTsoukpoeetal,
H,OI/LiBr 907.2(solution) Reactor scale Discharge: 363¥C 2012
H,0O/zeolite . Charge: 150°C Hongois et al
13x+Mgsq, 2070 Material scale ;o harge30-50°C 2011
Adsorption H,O/expanded .
. Charge: 7680°C Mauran et aJ
heat natural graphite 216 Reactor scale Discharge: 35°C 2008
storage +SrBn
H,O/expanded Charge: 6265°C Sapienza dl.,
vermiculieing, 420 Reactor scale o harge33-36°C 2012
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4.3.3 Thermal property and system performance improvement

Despite high theoretical storage potenégists,sorptionheat storage systems generally
have very low performance wh experimentecespecially for adsorption heat storage
reactorscaleor systemscale The main reasons are the poor heat and mass transfers
involved and the thermodynamic cycle of the processekt is necessary to improve
thermal conductivity of theeactant sorbentsin addition, swelling and agglomeration
phenomena often occuluring the sorption process with wat®egarding these issues,
several solutions are offered, which are quite same to that for air conditioning application
(not introducedn detail here), such aldingan additive with the sorbent in absorption,

usng porous elaborated materiats natural expanded graphite Bwrption heat storage

Regarding the adsorption heat storage for residential application, based on thediteratur
review, this aspect is still marginal compared to sensible and latent heat storage
technologies. For further researaevelopingnew highefficient and environmental
friendly sorption working pairs is one important direction. In addition,usee of carier
materials with a high porous structure with a reactive material dispersed inside to
improve the heat and mass transferanother important directio®therfuture work still

needs to focus on the integration of sorption storage into resident&insys

4.4 Challenges and technology perspective

(1) For sensible heat storage, the use of water, rock and ground has been investigated

deeply and has proven to be feasible for lecme district heating.
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(2) Latent heat storage has a higher energy dersty sensible heat storage. Current the
issues of corrosion, flammability and compatibility with building materials, should be
taken into account in details. Search for novel PCMs and gaining better understandings of

their physicochemical mechanisms aretgumiecessary for further technical developments.

(3) Sorption heat storage currently remains in the laboratory study stages. Current studies
are mainly on the selection and modification of working pairs in accordance with the
thermodynamic requirements araperation conditions. Finding the proper sorbent
materials and optimizing the reaction bed structure for both better heat/mass transfer and

more compact system are critical steps.
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5 Critical Literature Review of Energy and Exergy Analysison TES System

Paformance Evaluation

Facing the issue dhe gapbetween the availability and tldemandn traditional energy
sources, the performance assessment of TES units requires a sound and comprehensive
knowledgeon ther thermal behavior. The energy efficiencyaoTES system, the ratio of

the energy recovered from storage to that originaitwided,can be conventionally used

to measure TES performandd&lith energy analysis, lots of work had been done both
numerically and experimentally fazonfigurations various geometes operating and

design parametexd TES unitsfor variousapplications. Howevethey are not sufficient
becausé¢hey didnot take into account all the considerations necessary in TES evaluation.

It does not evaluate how nearly the perforngainé the system approaches the ideal
storage performance. The thermodynamic losses which occur within a system are often

not accurately identified and assedwith energy analysis.

Here it is important to mention the poputprote by Bejan (1978\hichis,

fithe primary purpose of a thermal energfpragesystem is not, as the name implies, to

store the energy, rather, to store useful vaork

Exergy analysigllows to overcomenany shortcomings of energy analysis. Based on the
secondaw of thermodynamigsexergy analysis is very useful in identifying the causes,
locations, and magnitudes of process inefficiencies. It can be predicted that in the near

future, exergy analysisvould be the major part for TES performance assessment.
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Reasonablenergy and exgy analysis forstorage systerperformance evaluation can
achieve aroptimized system for the application of interest. As discussed in the section of
Chapter 1, storage system performance evaluation can be investigated through two

approaches, whicareintroduced in detail later. They are:

1 Energy conservatioprinciplebased on first law of thermodynamics.

1 Exergy analysis based on second law of thermodynamics.

5.1 Energyanalysis

Usually for thermal storage systemperformance can be evaluatby efficiency or
effectiveness. The efficiency is usually nothing but a way to measure how effectively the

heat or cold energy is stored or removed. It is related to the storage procéss,hea r gi ng
processo, and Adischarging progessaé. rEhate
its actual application. I f it is for cooli
for PCM storage. While for heating purpesé& can be a melting process for PCM

storage. Similarly, the charging or discharging process has inéerpreted in earlier

section, and its operation principle will not be explained here. The system performance

can be calculated separately for charging and discharging process or done as an overall

parameter.

One studyby Kaizawa et al(2008) showed he t er m of Aheat stor a
rel ease r atheemergy staragsysteayerioararee.
"Y¢ 0@ Qii "QcE 1 O&ETOD £ QO
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"YE O@RAQIT @B Q @A £ QO Equation5.2
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Usually the heat stored and released can be calculated from the heat absorbed and
released, respectively, by the HTFhe maximum heat storage capacity takes into
account the sensible, latent, or smptheat capacity of the unit. It can be easily predicted
that both the performance ratios increase with increase of the mass flow rate of HTF at all
times. In addition, thermal efficiency is defined for charging process, discharging

process and overall process.

Y€ O@ROQI{ Qo TO@WO ¢ QO

YE 0@RI0 1 O@s "QUIBEDR Qo Equation5.3
YE OB @ £ 0 Qi LHINO & QO
YE O@ENQ 11 Al TODWS & Qo Equation5.4
YE OB @ £ 0 Qi LHIMO & Q0O |
Equation5.5

Ye 0@E0'Q i Q@ "QUOHTD'R QO
It should be noted that based on the literature review, lots of resesudid noinclude
the work from pumpn their system evaluation. One possible reason is that the pump
work of HTF is relatively small when compared with the total storage ene@ye
would expectit to produce the maximum possible efficiency. Differigrfiuence factors
and operatig parameters on the energy efficiency should be investigated extensively. For
sensible, latent and sorption TES storage, highass flow rates of HTEanresult in
higherstorage efficiencyOne study byEl Qarnia(2009) catulatedthe storage efficiency
of latent heat storage system used for solar water heater, with the storage efficiency

expressed as a ratio between the latent heat stored in the PCM and the total solar radiation.
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Results showed that higher HTF mdlesv rate and more tubes in the heat exchanger
lead to higher storage efficiency. In another study by Kaygusuz (2003), the storage
efficiency of latent heat unit of a solar heat pump increased with higher HTF mass flow
rate. Similar results were also achievedSegniraj et al(2002). In anotheexperimental

study of a compact PCM solar collectyr Mettawee and Assassa (2006shbwed that

in the charging process, the average heat transfer coefficient irtrelzeely with
increasing the molteraltlayer thikness, as the natural convectiomvgrstrong. In the
discharge process, the useful heat gain was found to increase as the water mass flow rate
increasesThe research wonlwas conducted leder sorption storage process than that for
sensible and latent@tige procesddowever,it can still reveal thata large HTF mass

flow rate is beneficial for thermal storage efficiency.

5.2 Exergyanalysis

As discussed above, exergy analysis is more important for it can establish a clear
understanding of the system storggeformance. This section overvigthe concepts of

exergy, entropy and their influence in secondaw of thermodynamicbased analysis.

5.2.1 Basicconcepts

5.2.1.1 Exergyandentropy

In the secondaw of thermodynamigsthe quality of energy igauged from the sta of
system in relation to the surroundingnditions. This quality or usefulness of energy is

termed asiiexergy. It has otherequivalent termslike availability, availableenergy,
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essergy, work capabilitgnd utilizable energyBased on the literatuneview, the term
fiexergy is more commonlyemployed than other§herefore in this section the term

fiexergyis used The corresponding analysis is called exergy analysis.

Exergy is defined as maximum quantity of work that caprhoeluced by a systeasit
comes to equilibrium with surroundinig.is a measure of potential of the system to cause
change in case that it is monrequilibrium condition withsurroundinglt should be noted
that a system can hold exergy when it is not in equilibrium with sodiogs and the
exergy can be larger when the systéaviates more from surroundsgThe exergy is
zero when it has achieved the equilibrium stBteergy cannot be conserved, but can be

consumed or destroyetiherefore energy is getting degradedtomaitally.

Regarding the entropyhe exergy content of a system or a matter can be obtasgiegl

the thermodynamic relationwithin it. It is well-known that all real processes are
irreversible and henceny irreversibility is associated with the procesancbe stated as
responsible for the exergy destructidhis necessary to know that to what extent exergy
can be destroyed in order to quantify the true potential ofsylstems.From this
viewpoint, entropy is very useful. It smeasure of irreversilty. In practical application,
entropy is always generated and exergylestroyed.t is easy to find thaexergyis
proportional tothe generated entropyA simple expression with flow condition for the

relationship is expressed as follows:

r M Q Yi o Equation5.6
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[ is the flow (specific) exergy,Qis enthalpy, is entropy, and the subscript zero

indicates properties at the dead staté aind”Y.

5.2.1.2 Exergyefficiency

The first law of thermodynamicdased efficiency can be stated as the ratio of energy
output and energy input. In practical thermal systems the energy output is less than
energy input because of energy loss. Tils law of thermodynamicdasedefficiency
indicates the amount of loss that occurs during the process in the system. Hence,
efficiency can be improved only by reducing losses. However, the losses do not reflect
the degradation of energy. Tkecondlaw or exergy efficiency of a thermal/stemis
defined as the ratio of exergy output and exergy input. For a given quantity of exergy, the
output exergy idesseneddue to exergy destruction. As we know exergy destruction is

due to irrerversibilities.

Thus, exergy efficiencgX) is a measure of irrerverdiities and is defined as,

for total charging process,
Ye 0@ Qii "QuE O@WO £ QO

T VE 0G0 OE "QUSGBADHE Qo Equation5.7
for total discharging process,
T "Y€ O@aQiil "@uoo € L QI NGO € QO _

YE OGO Qi TOSW6 & Q0 Equation5.8
for overall process, -
T "Ye 0O@aQil @€ L QI N6 € QO _

YE 0BBQ 1O QUSBABR Q0 Equation5.9
i T i Equation5.10
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Since heat transfer during charging or discharging process is time dependent, it is also
very important to investigate the exergy efficiency at different sinfderefore, the
exergyefficiency in terms of exergy rate is defined as,
YOEMMoQii Qd | BT ¢ Q0
Y D QidQH "QLEQTWHR Q0o

YOERMMQIl '@ ¢ U'Qil &HMO € QO
YOEMwQIii Qo Q@MW ¢ QO

Equation5.11

Equation5.12

It should be noted that still lots of studid&l not include the pump work for exergy
efficiency evaluation. Energy usually cannot reflect the destroyed quantity as well as lost
guantity. Because of this reason, the exergy efficiency is usually found to be less than
energy efficiencyJegadheeswaraet al (2010) summarized latent TES comparison for

energy and exergy efficiency, which is redrawirigure5.1.
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Performance metrics

Figure5.1: Energy and exergy efficiency comparidon latentTES
(Jegadheeswaran et,&010)
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5.2.2 Exergybased system performance evaluation

As discussed earlier, appropriate values of operating and design parameters can benefit
the system storage performance. This section revibe research work with exgy

based system performance evaluation and optimization. Basically, the influencing
parameters can be HTF inlet temperature, mass floworatelocity andheat exchanger

geometry.

For latent TES system, with larger the difference between the inlet ¢ifijperature and

PCM unit temperature, the entropy generatiogresater Entropy generation is directly
proportional to finite temperature difference. Therefore, in order to minimize the entropy
generation and maximize exergy efficiency, the difference dmtwthe inlet HTF
temperature and PCM unit temperature should be small. But smaller temperature
difference will lead to lower heat transfer rate. There exists a compromise between the

heat transfer charging rate and exergy efficiency.

One study byEl-Des®uky and AlJuwayhel (1997)proved that entropy generation
number could be reduced by increasing the HTF (air/water) inlet temperature during
discharging. Based on the literature review, the mass flow rate of HTF can also influence
the exergy efficiency dot. As for the mass flow rate, the wéthown dimensionless
number called Reynolds (Re) number is widely used. Higher Re number indicates higher
mass flow rate and vice versa. One studyKimyisksou et al. (2007eported that the
effect of velocity of HTFon the entropy generation number is almost negligible. This is

because in the numerical model, the pressure drop is neglected and the effects of
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variation in velocity (responsible for pressure drop) on entropy generation number could
not be explored. Imeory, with a larger Re number, the pressure drop is higher, and thus,
entropy generation is higher. Howevdérg researchon latent TESby Kousksou et al.
(2008) and Erek and Dincer (20083 not show the effect. Other researchers argued that
the higher value of mass flow rate of HTF does not increase heat transfer rate
considerably either charging or discharging process for latent heat storagendribe
reason was given that HTF side heat transfer coefficient has very small role in
determining the pdise change rate. Basically the HTF inlet temperature has greater
influence than mass flow rate, as showirigure5.2 for latent TES systerfAkif Ezan et

al., 2010) From the discussion above, it is necessary @mtion that the inherent

mechanism for effect of mass flow rate on exergy efficiency should be further

investigated.
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Figure5.2: Effect of the inlet temperature and flow ratetba exergy efficiencgharging
mode (Ezan et al., 2010)
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In addition, tube material and length can also influence the exergy. As shdugune

5.3 (Ezan et al.,, 201Q)with larger thermal conductivity of tube material, the rgye
efficiency is also increased. In another studyBzan et al. (2011)energy and exergy
efficiencies increase with increasing the length of the tube. Besides, with increasing the
tube lengtheffectof the flow rate on exergy efficiency becomes aeaith increased

tube length (as shown iRigure 5.4), even the pressure drop is larger, the thermal
efficiency is increased. Further research still need to determine the main contsibution

entropy generatiorguch as pressure drop irreversibibitydheat transfer irreversibility.
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Figure5.4: Effects of tube length and flow rate of HTF on Exergy efficiency
(Ezan et al. 2011)

Some studies also did some work on the influence of system dimenagsiown in
Figure5.5. It is understood that increasing the diameter and decreasing the length of unit
can lead to the pressure drop in the HTF flow. Erek and Dincer (2008, 2009) have
reported for discharging process, thatreasing shell radius reduces the entropy
generation number considerably. While with a larger shell radius, the natural convection,
which is dominated in the melting process, will lead to a larger heat transfer rate. It may
also lead to larger irreversiliies because of the faster interface motion and liquid
viscosity. Therefore, more work need to be investigated to reveal the main contribution
for irreversibilities: heat transfer irreversibilities and pressure drop irreversibilities.
Currently there areirhited rearch regardinghe exergy evaluation with influencing
factors for sorption storage. More future work should be developed for ebasgyl

system performance evaluation.
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Figure5.5: Shell and tube heat storage unit
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6 ExperimentalApparatusandProcedurdor Adsorption Storage

This chapter introdusghe experimentabpparatus and procedure for adsorption hedt
cold storage. The operation principle and test facilitare introduced first. Then
instrumentation and DAQ systertest procedure and data analysis together with test

matrix areintroduced

6.1 Test facility

6.1.1 Operationprinciple

First, the principle ofheat storageis introducedas shown inFigure 6.1. During the
charging process, thermal energy is used to regenerate the adsorbent in the desorption bed.
The adsorbate vapor (i.e. refrigerant) is separated from desorption bed and edndens
into liquid phase by ambient cooled caitisthecondenserThe liquid refrigerants stored

in thecondenserAt the beginning of the charging process, the pressure in the desorption
bed and condenser increases greatly. Finally, the pressures of desorption bed, condenser
are at the saturation m®ure of the ambient temperatubesorption bed and condenser
during charging process become adsorption bed and evaporator during discharging
process, respectively. At the beginningdefcharging procestywer HTFtemperature of
adsorption bedanakes adsrption chamber pressure lower than saturation pressure of the
ambient temperature. With the valve betweelsorption bed and evaporator opens, the
pressure of the two chambetscreaseandthe adsorbate (refrigerant) is forced to be in

adsorption phasenside adsorbent and the reaction latent heat is released, carried by the
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heat transfer fluid to meet the loa@uring the discharging procedalling film coils is

used as evaporator to supply heat for liquid adsorbate evaporation.

Regardingcold storage, duringthe charging process, thermal energy is used to regenerate
the adsorbent in the desorption bed. The adsorbate vapor (i.e. refrigerant) is separated
from desorption bed and condedsnto liquid phase by ambient cooled coits the
condenserThe liquid refrigerant flove to the evaporator and stored thereFinally, the
pressures of desorption bed, condensereaagorator are at the saturation pressure of the
ambient temperatur&eforethe discharging process, the adsorption ibéuist cooledat

the ambient conditions (i.e. pokscharging processgfrigerant vapor is adsorbed by the
adsorbents. Therefore, its pressure decreases greatly and is below the saturation pressure
of the ambient temperature. As discharging process begins, the nagitige evaporated

by absorbing heat from the chilled water coil so that the coolingraduced in the
evaporatorto meet the loads. The pressure difference between the evaporator and
adsorption bed forces refrigerant flows from evaporator to adsorptezh The
irreversibility in this process is the mass transfer driving force, i.e. finite pressure
difference and the sequence is a temperature difference between stored thermal energy

and released thermal energy.
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In this project, Mitsubishi Plastic (MPI) FAMOL1 is proposed as the adsorbent bed
materialand water is the refrigerarithe isotherm curves iRigure 6.2 shows the mass
fraction (also loading) of adsorbate equilibrium state as a function of pressure ratio
between adsorbate reservoir and saturation pressure of adsorbent bed. At the end of
charging process, the regenerated adsorbentelsasdsorbate residual and the mass
fraction is low, i.e.blue point. At the end of discharging process, the mass fraction

reaches a high value, iredpoint. The differential loading between two operating points

contributes to théhermal energgtorage.
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Figure6.2: Chargingdischarging process of adsorption heat storage on Z01 isotherm
chart
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6.1.2 Experimentabpparatus

Different chambersof sorptionbeds and condenser/evaporator, which were housed in

each own cylindricalacuumchamber, are shown iRigure 6.3. A steel flange on one

side of each chamber supportedreeinch thick plate of Lexan to enable viewingside

of the heat exchangers during adsorption thermal storage operation. The hot water can be
supplied by a 22@allon water sirage thermal buffer tank, which is heated by the prime
mover, named fAecopowero (currently a recip
engine).Threeconstanspeed pumps circulate heat transfer fluid (w&taryorption bed,

condenser and/or evagpdor. The heat flows between components are regulated by
electronically actuated mixing/diverting valves that control the amount of water

recirculation. Thermocouples amdassflow metersthroughout the systerare used to

test the system storage perforrarspecificationsareprovidedin Table 6.1 as follows.

Table6.1: Specifications of adsorption thermal storage system

Component/operation parameter of adsorption thermal storage syst Specification

Working pair (refrigerant/adsorbent)

Adsorber HX finneevolumedimensions (excludes headers ardes)

Calculated adsorbent mass (per HX)
Adsorbent substrate area (per HX)
Charge of HTF (per HX, excl. heais)
Nominal driving temperature

Heat transfer fluid (HTF) type
Refrigerant falling film flow rate

CHW flow rate

HTF flow ratei condenser

HTF flow ratei adsorber

HTF flow channe&d and feedthroughs
HTF ball valves

Refrigerant vapor feedthroughs
Refrigerant vapor flow channels
Refrigerant vapor ball valves

Vacuum clamber interior volume (empty)
Condenser/Evaporator tube surface area

water/zeolite

600 x 264 x 102 mm

2.80 kg

16.7 nf

247 L

around 70°C

water

40~70 g/s

30~100 g/s

40~60 g/s

10~80 g/s

20.0 mm ID steel/copper/PEX
19.1 mm ID stainless steel
63.5 mm ID steel

50.8 mm ID steel/copper
50.8 mm ID brass

52~61 L (various lengths)
0.0023 M
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The adsorber heat exchamgFigure 6.4), which was inside of the sorption bed were
obtained through a donation from Mitsubishi Plastic. They are copper tube and aluminum
plain fin type with 12 parallel foupass circuits and a 0.25 mm thickness coating of Z01

zeolite on all fin and tube surfaces. Headers are 25.4 mm in outer diameter.

W
\\\.\\\\

. .'. \ l { k 1111
(a) Prototype of adsorber heat exchanger (b) Gigsef adsorber heat exchangeated fins
(1.8 mm fin spacing, 0.115 mm fin thickness, 0.25 mm zeolite coating thickness)

Figure6.4: Adsorber heat exchanger used in sorption bed

The condenser/evaporat@hown inFigure 6.5, wasalso soldered together with 22.23
mm OD copper pipe and fittings. The horizontal tubes were stacked vertically in two
columns so that refrigerant dripping off would fall directly to the chamber bottom. It will
be evaporatochamber during discharging process, and the tubes were carefully leveled
so that the refrigerant would fafi film form from one tube onto the next. Distribution of

the falling film was implemented with a combination of an orifice tube (the copper tube
with many small orifices shown in the top Bigure 6.5(b)) to ensure even longitudinal
distribution, andV-shaped aluminum distributor trays that made sure the orifice jets
landed on the middle of the first tube the evaporator. The HTF flowed on the inside

and refrigerant flowed around the outside.
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(@) Condenser/evaporator plumbed to chamberﬂlemﬂ;gh (b) Close up of falling film
distributor

Figure6.5: Condenser/evaporator chamber

6.2 Instrumentation anBata AcquisitionDAQ) system

The structure of the data acquisition process (DAQ}¥hswn in Figure 6.6. The
measuring instnments(thermocouple, pressure transducer, mass flow rate meter) sends
output signals (420 mA or 0-5 VDC) to National Instrument Field Point modul&hen

the signalsare received by the modules and transferred to a data acquisition personal
computer. TheLabVIEW main DAQ in the computer reads the signal and further
processes thenthe DAQ can convert signals to the unit of measure, such as temperature,
pressure and mass flow rate for further data reduction techniques. Part of the processed
data from DAQ an be used to control the mass flow rate, inlet temperature of the HTF
for different chambersThe control was based on proporticnategratderivative (PID)
algorithm In addition, the DAQ can also benefit of visualizing processes real time on the
persmal computer monitor. An array of all collected and processed data can be written to
a Microsoft Excel spreadsheet, which can be used for further data analysis and visual

formatting. The heat transfer fluid property database is also written in the DAGasaft

148



E National | ent Labview Main DAQ
le Edt View Project Operate Jools Window Help

@ [E [ 130 Applcation Fant \vﬂ;_.:..ﬂa:v] pr
5 5 =t S i |
i ;

T I T Bl WS I
;E: ]shakedown_ .
Rl 1,7 e s g 1 )
in | 1] I

Figure6.6: Data acquisition process structure

6.3 Datareduction process

Data reduction was performed within the LabVIEW data acquisition program. Property
subroutinesof HTF are an essential part of convertimgeasurable datasuch as
temperature and pressure, into calculated parametersasaphcific heat capacitgnd
enthalpy.The HTF properties are used in LabVIEW to calculate fluid exchanger heat

directly. Thermalenegy storage performance is calculated as follows:

For charging process, the instant capacity for desorption bed is calculated as,

0 dn 0 Yrr Yo og Equation6.1

a j is HTF mass flow rate of the desorption bed,; ; and”Y j  are inlet and

outlet HTF temperature.

Similarly, the instant capacity around condenser side is calculated as,
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0 ar O/ Y % 5 Y §n Equation6.2

The total delivered energy into desorption bledng charging process,

~ ~ ~

0 0 0 Qo Equation6.3

The instant exergy flow and tdxergy delivered into the desorption bed are,

Ow Y Equation6.4
Ow Ow Ow Q0o Equation6.5

For discharging procesthe instant capacity for adsorption bed is calculated as,

0 a5 Or Yvrr Yh ok Equation6.6

Y R B Equation6.7

Q- Q-
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The totalrecoveredenergyduring discharging process
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€
C

Qo (Heat storage)  Equation6.8

cA
€
€
cx
€
€
C

Q0o (Cold storage)  Equation6.9

Theenergy storage density (ESD) can be calculated as
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0°YO P Equation6.10

The instant exergy floptotal exergyrecoveredandtotal exergyloss or destroyedrom

thetotal processre,

Ow O rn I ®mEe T & F (Heat storage  Equation6.11

0 OO0 D@ O® Q6  (Heatstorage) Equation6.12

i~ . o o 47 BT ¢

oo OE " ( L hn oAT O Equation6.13
a i [ hoho T h R

0 W0 ® D Qj O® Q06 (Cold storage) Equation6.14

Ow Oow Ow Equation6.15

The total energy efficiencgndexergy efficiencyare
V]

T Equation6.16
ow Equation6.17
06 qu .

In addition, for discharging proced®r heat storage purpgseéhe HTF from the
adsorption beds utilized to meet the loadThe outlet HTF temperature fronthe
adsorption bed chang&om high (such as 7€) to low (such as 3) with time. In the
case that it is needed to determine theayewoutlet HTF temperature for adsorption bed,
the term targebased hot watdemperaturéY , for example, 4%C, which can be the
bath water temperature for one kind of residential applicaamsed. Ifthe outlet HTF

whole-dischargingmassbased average temperature can be regarded as the target
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temperature during the dischargiprocess at time , it will be convenient tase the

outlet HTF from adsorption bed evaluate system performance.

a ‘Yo QoY | & Q0 (Heatstorage) Equation6.18

The target basednergyrecovered, exergyecovered fromadsorption bed ESD and

whole exerg lost are,

0 0w j v Qo (Heat storage) Equation6.19
0w D Q Ow Q6 (Heat storage) Equation6.20
0"YO - (Heat storage) Equation6.21
0 (OJN D@ O® Q6 (Heatstorage) Equation6.22

The target basednergy efficiency, exergy efficiecy and total volume of hot water

supply are calculated as,

(Heat storage} Equation6.23

T (Heat storage; gy ation6.24

(Heat storage, Equation6.25

After all these calculations, it will be convenient to compare system performadee u
different operation contlons. The loading difference is the difference of loading at the
end of charging process and the loading at the end of discharging process, which can be

obtained from thésotherm chart
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6.4 Uncertainty analysis

Uncertainty in anexperimental testing has two components, namely systematic
uncertainty and random uncertainty. The former comes from measurement device itself.
On the other hand, the latter is due to the fluctuation in every data measured. Typically,
the standard deviatn is used for the random uncertainty. Then total uncertainty is the
sum of systematic and random uncertainties. The temperature, pressure, and mass flow
rate are measured directly. While during the data reduction processyaasurable fluid
properties,such as state enthalpy, state exergy, were calculated based on measured
physical properties. These nameasurables were further used to determine system
performance metrics, such as total energy delivered and recovered energy and exergy
efficiency. Randomuncertainty of normeasurables and performance metrics can be

computed as their respective standard deviation, using following equation.

Y'Y & - O ® w ® E o o Equation6.26

™|

For any calculategpbarameter the systematic uncertainty needs to be propagated by
means of Pythagoreaaddition shown for a function f and coefficienés from w
throughw as follows

T T_1 T_‘1 E T_‘1 Equation6.27

The above equatiommplies that the relatnship of any calculated parameter, i.e.

enthalpy, to its measurable components, i.e. temperature and presswvayubted
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Sinceall the testconductedn this studyarein transientprocess transient uncertainty
analysis should be performed usitige uncertainty propagation table option in the
Engineering Equation Solver software (EE®)e absolute magnitude of a measured data
can change significantly during the course of a test. Systematic uncertainty needs to be
evaluatedn every time step durinthe test and be integrated over the time of the experiment

to determine the total uncertainty of accumulated performance parameters, such as total

stored energy and recovered exergy, etc.

] 1 Q0o Equation6.28

Therewereseverakypes ofmeasurements acquired during testing, such as mass flow rate,
temperature, pressyrpower, etc., as shown in Table 6A&ccumulated uncertainty of

transient results provided by means of error barsfigures shown in Chapter 7.

Table6.2: Systematic uncertainties of instrumentataod performance parameters

Instrument Range Absoluteerror  Relativeerror Units
Ohio Semitrmics Watt Transducers 0~1 - 0.01 kw
RTD Sensors 0~90 0.2 - °C
Coriolis Micro Motion mass Flow Meters 0~0.10 - 0.005 ka/s
Sponsler Turbine Flow Meters 0~0.10 - 0.01 ka/s
T-Type Thermocouples -200-350 05 - °C
Main performancegarameter
6 desfﬁ ads 0.014 kwW
6 conﬁ evap Om'g kW
0 J10 G 0.0% kw
0 G0 G 0.0 W
0 gedD ags 0.023 kJ
0 Jrﬁ evap 0.027 kJ
O @40 Gs 0.0 kJ
0 @ndO @ap 0.0% kJ
0.037/0.043 -
T 0.04770.05 -

Thevaluesin this tablefor performance paramessreaverage uncertainty: heatstorage’: cold storage
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6.5 Test procedurand test matrix

As mentioned previously, the goal of this study is to investigate the effeatisofption
storage, such as HTF médtsw rate, HTF temperaturior different chamberdrirst, the

test procedure is listeab follows

(1). Before a test, check chamber pressure and temperature, and use vacuum pump to
vacuum each chamber to ensure there is no leakage and make each chtrabaitiat

preset condition. Push the green button for Ecopower on the back side, and start the
AfecoServo button in the personal computer

temperature). Start outdoor chiller and cooling water pump manually.

(2. To begin a test, c h o 0 s eLalVIkEVW profite @itdiwaitn T E S 0
until tank temperature approaches the-ggeregeneration temperature. Then set each
parameter (such as HTF mass flow rate, HTF inlet temperature for charging and
dischargng process for different chambers) on tlebVIEW profile. After regeneration
temperature has been achieved, for heat S
processor bfuan omngl d storage process, press i
and start recording data in CEEE DAQ.Vhe charging procesthenbegins Wait until

the inlet and outlet HTF temperature of desorption bed is very close and the difference

for inlet and outlet HTF temperature of condenser is also quite small. Thehattging

process has been finishadd all valves between different chambers are closed at this
moment Then for heat storage process tgst;, e s s fheat storage di ¢

button to begin discharging procesésor col d st or ageoldptoragee s st
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predi scharging processo button first-seio ens:
ambient conditions for a period of ti me.
buttonand discharging process begiBgnilarly, the dischargingrocess will be finished

when the inlet and outlet HTF temperature agborption bed is very close and the

difference for inlet and outlet HTF temperatureegéporatois also quite small.

3.After a test, press fAshut a StepnEzopdwertby on a
press ACHP offo button from the néiedimgSer v o

water pump manually.

Usually it take around one or two hours to ensm@malsystemoperationfor each test

If the initial temperature of hot wex tank is low (perhaps it the ambient temperature),

it takes alonger time (around three hours) for the water tank to achieve the regeneration
pre-set temperature. During the period of shakedown test, it took more than one month to
adjust the PID conbl parameters or chang@bVIEW control strategies to minimize the

HTF temperature fluctuation during the test. The issue of HTF temperature fluctuation
could not be neglected at the early stage of this prdpecausehe water loop from
outside chillerto the chamber was long and the response time was so slow, and there are
many valves in different HTF loofd.uckily, this issue wasasedlater with better

LabVIEW control strategiesostorage performanamuldbe accessed and analyzed.

The HTF inlet émperature of condenseaspre-set as the ambient temperature. The heat
storage test igishorttermo (it can be used in several days), and it assutinat the

sorption chamber is in good insulatidrhetest matrix isshown inTable6.3.
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Table6.3: Test matrix

(a) Heatstorage mode

Effect factor Charging process Discharging process Performance
4 (O |'Y (O |ad 9y |['Y(OLY (O |a (gy
70 30 0.080 30 30 0.050 Energy
70 30 0.030 30 30 0.040 storage
G 70 30 0.080 30 30 0.030 density,
70 30 0.080 30 30 0.020
70 30 0.080 30 30 0.010 Energy
70 30 0.080 30 30 0.028 efficiency;
70 30 0.070 30 30 0.028
a 70 30 0.060 30 30 0.028 Exergy
70 30 0.060 30 30 0.028 efficiency;
70 30 0.040 30 30 0.028
70 30 0.080 45 30 0.028 Eé‘gtrﬁ%tion
vy 70 30 0.080 40 30 0.028 :
70 30 0.080 35 30 0.028 V.
70 30 0.080 30 30 0.028 . 8 .
76 30 0.080 30 30 0.028 'tzrt:;e'g:'j'e
73 30 0.080 30 30 0.028 of adsorption
vy 70 30 0.080 30 30 0.028 bed for
67 30 0.080 30 30 0.028 discharging
64 30 0.080 30 30 0.028 process
61 30 0.080 30 30 0.028
70 25 0.080 30 25 0.028
Y =Y 70 30 0.080 30 30 0.028
70 35 0.080 30 35 0.028
70 30 0.080 30 30 0.028
Y 70 30 0.080 30 33 0.028
70 30 0.080 30 36 0.028
70 | 70 30 0.080 30 30 0.028
Yo 60 | 70 30 0.080 30 30 0.028
50 | 70 30 0.080 30 30 0.028
(a) Cold storaye mode
Effectfactor | Charging process Discharging process Performance
Y (°C) |Y (°C) | & (kals)|Y (°C) |Y (°C) | &  (kgls)
70 30 0.060 30 30 0.040 Energy
p 70 30 0.060 30 30 0.030 storage
70 30 0.060 30 30 0.020 density,
70 30 0.060 30 30 0.014
70 30 0.060 30 15 0.028 Energy
ry 70 30 0.060 30 20 0.028 efficiency;
70 30 0.060 30 25 0.028
70 30 0.060 30 30 0.028 Exergy
70 30 0.060 20 30 0.028 efficiency;
Y 70 30 0.060 25 30 0.028
70 30 0.060 30 30 0.028 Eé‘;rr%{tion
73 30 0.060 30 30 0.028 '
Y 70 30 0.060 30 30 0.028
67 30 0.060 30 30 0.028
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7 Energy and Exergy Performance of Adsorption TES

This chapter mainly discuss energy and exergy adsorption TES performance with
different influencing factors. At first, a complete charging and dischargiogepsare
introduced and then more detagie analyzed regarding HTF flow rate and temperatures

for different chambers.

7.1 Charging and discharging procgssformancef adsorptiorheatstorage

The operatig conditiors for one overall charging and discheng heat storag@rocess
arelisted as follows'Y =70°C,”Y ="Y ="Y =30°C,”Y =30°C,a  =0.080
kg/ls, @  =0.028 kg/s,a Eo=a r =0.050 kg/s. Different process

performance is shown with experimental test data as follows.

Temperature profile of HTF during charging and discharging process with experimental
investigation is shown inFigure 7.1. During chargng process, the heat source
temperature atY  (70°C) regenerated the desorption chamber, and drove the
refrigerate water vapor to the condenser chamber and condensed there. The condense
heat made thé&y | increase about°®. After about 18 minutes, the charging process
finished. During the discharging process, more refrigerant vapor would flow into the
adsorption chamber. And this lead to a lowér  than”Y j . The adsorption heat
together with the sensible heat of adsorption chamber mmbagherd  (>30°C) for

the heat loading purposefor building application. When the inlet and outlet of HTF
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Figure7.1: Temperature profile of HTF during charging and dischargingge®

7 T T T T T T T
Tdes - Pdes/ads
6F - cond/evap
5 P .

cond

Pressure (kPa)
N

2 - 4

|l Charging process Discharging process

1 i 1 i 1 i 1 i 1 i 1 i
0 10 20 30 40 50 60

Time (min)

Figure7.2: Pressure profile of chambers during charging and discharging process
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temperature difference is small for adsorption chamber and evaporator chamber, the
discharging process finished. Ittook 42 minutes fothe discharging proces®ressure
profile of chambers during charging and discharging prooggh experimental
investigation is shownn Figure 7.2. The high regeneration temperature made the
pressure of desorption chamber and condenser chamber high while the low adsorption

temperature made the pressure of adsorption chamber and evaporator chamber low.

HTF mass flow rate profile during charging and discharging process with experimental
investigaion is shown inFigure 7.3. During charging and discharging process, the HTF
mass flow rates of condenser and evaporator remained constant while HTF mass flow
rate of sorption chamber changed. This is becausexpieced to have a quick charging

process (largelt | ) and a reasonable longer discharging process (usually smaller

a 5 ).

Instant capacity of sorption bed during charging and discharging proeiks
experimental ingstigation is shown ifrigure7.4. At the beginning of charging process,
larger temperature gradient between inlet HTF and desorption bed together with larger
HTF mass flow rate made a larger instant capacity Her desorption bed. Charging
process ended when instant capacity was very small. Similarly, instant capacity was

larger of the beginning for discharging process.
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Figure7.3: HTF mass flow rate profile duringharging and discharging process
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Figure7.4: Instant capacity of sorption bed during charging and discharging process
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Accumulated energy by HTF for sorption bed during charging and discharging process is
shown inFigure 7.5. With the charging time or discharging time increased, the total
energy delivered or energy recovered increased. The calculation showed that the energy
efficiency is 95.9%. The loading differes is around 0.164 kg adsorbate/kg adsorbent.
The analysis from adsorption bed showed that for the total recovered energy during
discharging process, adsorption heat conte®d0.27% while the adsorption bed
(including HTF, tubes, fins and adsorbentshssele heatcontribues 39.73%. The
distribution for mass and thermal mass inside the adsorption bed is also sHegurén

7.5. Amongthe thermal mass, the HTF is arowt®6 and the adsorbent is 27%.

3000 —
[ Adsorption heat contribution
[T Adsorption bed sensible heat contribution
100% -
2000 9.73% . 90% -
B 5 T =HTF
7 80% -
< 70%
1000 6027 E Se0% 2 Tubes
P . o
Distribution of accumulated energy ] 550% J
during discharging process =
] ging p S40%
0 - - = wFins
LL30%

20% +—— S —

\ Loading difference: 0.164 kg/kg \
Overall energy efficiency: A =95.9%

10% —— S— ==

Accumulated energy by HTF for sorption bed (kJ)
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0% T
Mass [kg] Thermal mass
[kI/K]

-2000

| Charging process Discharging process
_3000 L 1 L 1 L 1 L 1 L 1 L
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Figure7.5: Accumulated energy by HTF for sorption bed during charging and
discharging process
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Instant exergy flow by HTF for sorption bed during charging and discharging process is
shown inFigure7.6. The instant exergy flow is larger at the beginning floe charging

and discharging process. Accumulated exergy by HTF for sorption bed during charging
and discharging process is shownHigure 7.7. It showed that after 12 minutes for
discharging process, the accumulated exergy did not change much, and the total exergy
recovered was small in comparison with exergy deliverée overall exergy efficiency

was 26.7%.
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Figure7.6: Instant exergy flow by HTF for sorption bed during charging and discharging
process
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Figure7.7: Accumulated exergy by HTF for sorption bed during charging and
discharging process

Energy storage density and energy efficiency for different tdrgetd hot water supply
average temperatures is showrFigure 7.8. With higher targebased hot water supply
temperature, the ergr storage density and energy efficiency reduced. The chamges
exergy recovered, exergy efficiency and hot water supply volume are shéwguie7.9
andFigure7.10. Similarly, the exergy recovered, exergy efficiency and hot water supply

volume reduced with increasing hot water temperature.
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Figure7.10: Hot water volume for different targbtased hot water supply average
temperatures

7.2 Effectfactors on adsorptioneatstorage performance

7.2.1 Effect of HTF mass flow rate of adsorption bedheatstorage performance

Effect of HTF mass flow rate ofdsorption bedor different targebased hot water
supply average temperatures is shawirigure 7.11 throughFigure 7.13. For a single

mass flow rate, energy and exemgyated performance including hot water supply
volume is same to what discussedCinapter 7.1. Frorkigure7.11, it canbe found that

with smallerd ; , the storage density was higher. For theecafdé [ =0.010

kg/s, it did not show any data on tarfpeised hot water temperature of@tnd 35°C,

this is because the average hot water supply temperature throughout the discharging

processwas higher than 48C. Similarly, there is a data on targdbased hot water
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temperature of 35°C for case | =0.020 kg/s and 0.030 kg/s. Frdfigure7.12 and

Figure 7.13, it can be found that withnsaller& ; , the exergy recovered and hot
water supply volumeverelarger. Possible explanation is that watimallerd  , the
irreversibilities due to pressure drop are smaller. Therefore, moreghajtly energy (i.e.
exergy) is recovered. For the experimental test for this project, sometimés thg

was reduced manually at one point during the discharging process, and it could be
noticed that théY  increased immediatelyThis suggestthat if more hot water

(with higher temperatura$ required, itwould be better to reduce thie | in order

to fully use of the potentidleat especialljrom adsorption heat.
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Figure7.11: Effectof HTF mass flow rate of adsorption bed on energy storage density
for different targebased hot water supply average temperatures
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Figure7.12: Effectof HTF mass flow rate of adsorption bed oemy recovered for
different targetbased hot water supply average temperatures
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Figure7.13. Effectof HTF mass flow rate of adsorption bed on hot water supply volume
for different targebased water avega temperatures
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Effectof HTF mass flow rate of adsorption bed overall storage performanoeetricsis

shown inFigure7.14. It can be found that total energy storage density, energy efficiency
and loading differace increased with larger mass flow rate. While the exergy efficiency
reduced. With larger mass flow rate, the total exatgstruction and losmcreased, as
shown in Figure 7.14, which means larger irreversibiis due to pressure drop are
produced. Therefore, the exergy efficiency is redu€gglire 7.15 throughFigure 7.17

show the change of mass flow rate on instant capapiégific exergy flowand chamber
pressuran detail. With mass flow rate decreased in the discharging process, it is easy to
get the conclusion that the instant capacity decreased, but the HTF outlet temperature of
adsorption bed increased, which made $pecific exergy flow(absolute valuejland

chamber pressuiacreased.
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; ; 1 —%+ Overall energy efficiency, /..., ;
130 : — Overall exergy efficiency, ,overa 4 0.6
""""""""""""""" -~ Overall loading difference (kgrkg)
120 L 650 T — T — L 0.5
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HTF mass flow rate of adsorption bed, rha sonre (KO/S)

Figure7.14: Effect of HTF mass flow rate of adsorption bed on storage performance
metrics
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Figure7.17: Effect of HTF mass flow rate change of adsorption bed on specific exergy
flow

7.2.2 Effect of HTF mass flow rate of desorption bedneatstorage performance

Effect of HTF mass flow rate oflesorption bedfor different trgetbased hot water
supply average temperatures is showRigure7.18 throughFigure7.20. It can be found
that even though different vasieof & | used the energy and exergglated
performance, and hot water supply volume did not change néuchy is less
sensitive thand |  for targetbased system performanc&urther analysis for

&  showed that with larger  , the energy storage density, exergy recovered
and hot water supply volumevere larger. Possible explanation is that with
largera  , the heat transfer rate is also larger, and theeraoergy and exerggre

stored.
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Figure7.18: Effectof HTF mass flow rate of desorption bed on energy storage density
for different targebased hot water supply average temperatures
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Figure7.19: Effectof HTF mass flow rate of desorption bed on exergy recovered for
different targetbased hot water supply average temperatures
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Figure7.20: Effectof HTF masdlow rate of desorption bed on hot water supply volume
for different targebased water average temperatures

Effectof HTF mass flow rate of desorption bed on overall storage performagiciesis

shown inFigure7.21. It can be found that total energy storage density, energy efficiency
and loading difference increased a little with larger mass flow rate. While the exergy
efficiency reduced. With larger mass flow rate, the total exelgstruction and loss
increased as shown inFigure 7.21, which also means larger irreversibilities due to
pressure drop are produced. Therefore, the exergy efficiency is reduced. It should be
noted that the exergy efficiencgdid not change much as compaed with effect

of &
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Figure7.21: Effect of HTF mass flow rate of desorption bed on storage performance
metrics

7.2.3 Effect of inlet HTF temperature for adsorption bed on heat storage performance

Effect of inlet HTF temperature foadsorption bedadsorption temperatur@r different
targetbased hot water supply average temperatures is showingure 7.22 through
Figure7.24. 1t can be foundhat for with hot water supply temperature reduced, energy
storage density increased greater for higher than that for lowefY . Similarly, the
curve slope for higherty is larger than that for loweél for the performance of

exergy recovered, and hot water supply volume.
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Figure7.22: Effectof inlet HTF temperature for adsorption bed on energy storage density
for different targebased water average temperatures
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Figure7.23: Effectof inlet HTF temperature for adsorptiondoen exergy recovered for
different targetbased water average temperatures
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Figure7.24: Effectof inlet HTF temperature for adsorption bed on hot water supply
volume for different targebased water averagemperatures

Effect of inlet HTF temperature for desorption bed on overall storage performance
metricsis shown inFigure 7.25. It canbe found that total energy storage density, energy
efficiency and loading difirence reduced with increasing adsorption temperaitniée

the exergy efficiency increased. Possible explanation is that the entropy generation is
directly proportional to the finite temperature difference between adsorption temperature
and HTF temperate. With higher adsorption temperature, the temperature difference
was small, and the total exerdgstruction and losdecreased, as shown kingure 7.25,

which also means less irreversibilities due to temperditfe¥ence are produced.
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7.2.4 Effect of inlet HTF temperature for desorption becheatstorage performance

Effect of inlet HTF temperature for desorption béregeneration temperaturddr
different targetbased hot water supply average temperatures is showigume 7.26
throughFigure7.28. It can be found the gher"Y

storage density, exergy recovered, and hot water supply volume. Highézads to a
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Figure7.26: Effectof inlet HTF temperature for desorption bed on energy storage density
for different targetbased water average temperatures
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Figure7.28: Effectof inlet HTF temperature for desorption bed on hot water supply
volume for different targebased water average tparatures

Effect of inlet HTF temperature for desorption bed on overall storage performance
metricsis shown inFigure 7.29. Similarly, it can be found that total energy storage
density, energy efficiency and loadinlifference increased with desorption temperature.
While the exergy efficiency reduced. This is attributed to the fact that the entropy
generation is directly proportional to the finite temperature difference between
regeneration temperature and HTF terapge.As shown inFigure7.29, the total exergy
destruction and loss increased withhigher regeneration temperaturksads larger

irreversibilitiesbeing producedue to temperature differerece
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Figure7.29: Effect of inlet HTF temperature for desorption bed on storage performance
metrics

7.2.5 Effect of ambient temperature beatstorage performance

Effect of ambient temperature (condemgtemperature and evaparag temperature are

same to ambient temperatur&®r different targebased hot water supply average
temperatures is shown kigure 7.30 throughFigure 7.32. It can be foundhat energy
storage density and hot water supply volume were larger for higher ambient
temperatureY . For the caséy =25°C (<"Y =30°C), for charging process, it had a
higher accumulated energy, which can be calculated as 877 kJ/kg in the charging storage
density formatFor discharging process, becali¥e <"Y , it severed as heat sink and
removed a certain amount of energy and the adsorption heat could not be fully utilized.

Therefore the storage density during discharging is small. Take-tmget hot water
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temperature 6 for example, only 250 kJ/kg storagensity was achieved. For the case

Y =35°C (>"Y =30°C), for charging process, it is easy to understand that it had a
lower accumulated energy, which can be calculated as 802 kJ/kg in the charging storage
density formatHoweverfor the discharging process, fof >"Y , it severed as heat
source and added a certain amount of energy to supply the hot watieg Treksame

supply temperature 8G for example, around 340 kJ/kg storage density was achieved,
which is higher than the cas8¥ =25°C. Similarly, higher’Y leads to larger hot

water volume. Ador the exergy recovedsincelower™Y means the reference energy

temperature level is low, more exergy would be recovered.
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Figure7.30: Effectof ambient temperature on energy storage density for different-target
based water average temperatures
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Figure7.32: Effectof ambient temperature on hot water supply volume for different
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Effect of ambient temperature on overall storage performameteicsis shown inFigure

7.33. It can be found that, with increased , total energy storage density and energy

efficiency increasedsis explained earlier. The loading change was not apparentit

is easy to understand that the exergy lost leager when the reference temperature

(i.,e.”Y ) is higher. In addition, overall exergy efficiency decreased with incréased

due to reference energy temperature level increased.
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Figure7.33: Effectof ambient temperature on storage performanegics

7.2.6 Effect of inlet HTF temperature for evaporatort@atstorage performance

Effect of inlet HTF temperature for evaporatdifferent targetbasedhot water supply

average temperatures is shownHigure 7.34 through Figure 7.36. Here the ambient
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temperature”Y for charging process (i.€Y ) remained constant whiley for
discharging process (i.8Y ) changed. For this sectiosincethe ambient temperature

is different during charging and discharging process, exdfigyeacy was not analyzed
and exergy recovered was analyzed basedYon as the reference temperature. It can
be foundthatwith higher’Y , the energy storage density and hot water supply volume
increased. It is also easy to undemstahat exergy recovered was smaller when the

reference temperaturéY  was higher.
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Figure7.34: Effectof inlet HTF temperature for evaporator on energy storage density for
different targetba®d water average temperatures
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Figure7.35: Effectof inlet HTF temperature for evaporator on exergy recovered for
different targetbased water average temperatures
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Figure7.36:. Effectof inlet HTF temperature for evaporator on hot water supply volume
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Effect of Y  on overall storage performanoeetricsis shown inFigure7.37. It can be
found that, with increaseé®Y , total energy storage density, energy efficiency and the
loading difference increased.higher Y  means an additional higher temperature heat

source to the adsorption process, which can make more contribution for the heat energy

recovered.
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Figure7.37: Effectof inlet HTF tempeaiture for evaporator on storage performance
metrics

7.2.7 Effect of initial state of adsorption bed beatstorage performance

Effect ofinitial state of adsorption bedy g ) for discharging process on storage

performances shownin Figure 7.38 through Figure 7.40. After charging process has
been finished, the storing period may influence the storage performance for the initial

condition of adsorptiondd will be also changed. Therefore in this section, the effect
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of Y g was investigated. Obviously, highef 5 lead to higher energy

storage density, exergy delivered and hot water supply volume.
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Figure7.38: Effect of initial state of adsorption bed on energy storage density for
different targetbased water average temperatures
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Figure7.39: Effect of initial state of adsorption bed on exergy recovered for different
targd-based water average temperatures
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Figure7.40: Effectof initial state of adsorption bed on hot water supply volume for
different targetbased water average temperatures
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Effectof Y g on overall storage performanaogetricsis shown inFigure7.41

A higher Y 5 would lead to larger total energy storage density, energy
efficiency, and thedading difference. It can also lead to larger exergy recovered and
exergy efficiency. It can be noticed that wheh 5 decreased, energy storage
density decreased mosggnificantly than other effect factors. One reason is thatd

was an amount ofondensed water at the bottom of adsorption bed during charging
process asshown inFigure 7.42, andthe water would be absorbed by the adsorbents
during a long storing period and this paftadsorption heat would be wasted before the
discharging process. Another reason is that with lower 5 during discharging
process, part of the adsorption heat would be used to heat the adsorption bed, not to heat
the HTF. This can be used to explain that even though there are lots of reports for larger
adsorption storage dethsirom material scale (tested kgcuum gravimetric method and
thermoebalancg based on the literature review, the storage density was usually lower

from the system integration level (with large vacuum chamber and HTF loops).
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Figure7.41: Effectof initial state of adsorption bed on storage performanegics

Figure7.42. Phenomenon of condensed water at the bottom of adsorption bed during
charging proess
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7.3 Charging and discharging procgesformancef adsorption cold storage

The operatig conditiors for one overall charging and dischargiogld storaggprocess
arelisted as follows'Y =70°C,”Y ="Y =Y =30°C,”Y =30°C,a  =0.060

kals,a i =0.028 kg/sa r =0.050 kg/sg  ; =0.046kg/s.

Temperature profile of HTF during charging and discharging proggksexperimental
investigationis shown inFigure7.43. For charging process, tihegeneratiotemperature

Y 1 (70°C) regenerated the desorption chamber, and drove the refrigerate water vapor
to the condenser chamber and condensed tAdie:. about21 minutes, the charging
process finishedl'hen the pralischarging process was taken to make the adsorption bed
at the ambient conditiorf-or thefollowing discharging process, the lowadsorption
chamber temperature (ambient temperatuead to a lower pressure than that of
evaporator chamber and more refrigerant vapor would flow into the adsorption chamber.
And this lead to a lowery  than”Y  , and theY § can be used for cold

load for residential application. The minimum point f¥r ; was around 20°C,

which means 9°X temperature drop could be produced dutimg discharging process.
When the inlet and outlet of HTF temperature differemaes small for adsorption
chamber and evaporator chambmar the adsorption process was in a steady state
condition the discharging process would be finished. It took ardbthaninutes for

discharging process.
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Figure7.43: Temperature profile of HTF during charging and discharging process

Pressure profile of chambers durihg process is shown iRigure7.44. At the beginning

of the charging process, the pressure in the desorption bed and condenser increases
greatly. Finally, the pressures of desorption bed, condenseevambrator are at the
saturation pressure of the ambient tempeeafdrl5 kPa wheiY =30°Cas shown in

Figure 7.44). During the discharging process, the adsorption isefirst cooled at the
ambient conditions (i.e. pr@ischarging processkefrigerant vapor is adsorbed by the
adsorbentsTherefore, its pressure decreases greatly and is below the saturation pressure
of the ambient temperature (the final pressure fordseharging process is 0.25 kPa,
which is quite lower than saturation pressure 4.15 kPa Wher=30°C, as shownn

Figure 7.44). As discharging process begins, the refrigerant is evaporated by absorbing

heat from the chilled water coil so ththe cooling isproduced in the evaporattor meet
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the loads The pressure differem between the evaporator and adsorption bed forces

refrigerant flows from evaporator to adsorption bed.
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Figure7.44: Pressure profile of chambers during chargingdiadhargingorocess

Temperature and pgsure change detailin the evaporatois shown inFigure 7.45. It
can be found that when evaporator chamber pressure is above the saturation pressure of
falling film water inside the evaporator, both the HTHewutemperature and falling film

water temperature begin to increase.
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Figure7.45: Temperature anpressurehange in the evaporator

HTF mass flow rate profile during charging and discharging processwnsin Figure
7.46. During charging and discharging process the HTF mass flowabatendenser and
desorption chamber were largdile the HTF mass flow ratef evaporator was small
This is because it is expedt¢o have a quick charging process (laer ; ) and a

reasonable longer discharging process (usually sntaller ).
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Figure7.46. HTF mass flow rate profile during charging and discharging process

The instant caacity of sorption bed during charging aride instant capacity of
evaporator duringlischarging procesare shown inFigure 7.47. At the beginningof
charging process, larger temperature gradient between inletadd@Fdesorption bed
together with larger HTF mass flow rate made a larger instant capacity for the desorption
bed. Charging process ended when instant capacity was very small. Sirthiamgtant

capacity ofevaporatowas larger for the beginningf discharging process.

Accumulated energy for sorption bed during charging &md evaporator during
discharging process is shownhkigure7.48. With the charging time or discharging time
increased, the total energy delivered or gnerecovered increased. The calculation
showed that the energy efficiency is aroufl8%. The loading difference is around
0.16b kg adsorbate/kg adsorbent.
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