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ABSTRACT

This thesis investigates the feasibility of producing electricity and cooling simultaneously
utilising low-grade heat sources. This was studied through (i) incorporating an expander
within the adsorption cooling system and (ii) integrating an Organic Rankine Cycle (ORC)
with the water adsorption cooling system. Novel configurations and scenarios of adsorption
system have been developed to enhance the adsorption cooling system performance so that it
can produce cooling and electricity simultaneously. Such new configurations can help
exploiting the available low-grade heat in developing countries to generate green cooling and

electricity.

Advanced physical adsorbent materials have been investigated for the first time to generate
cooling and electricity simultaneously utilising CPO-27(Ni), MIL101(Cr), and Aluminium-
Fumarate Metal Organic Framework MOF materials and AQSOA-Z02 zeolite, and compared
to commonly used Silica-gel. MOFs consist of metal ions coordinated to organic ligands
which form crystalline materials with ultrahigh porosity and enormous surface areas and pore
volume, while AQSOA-Z02 is a synthetic zeolite with a unique adsorption characteristics
produced by Mitsubishi Chemical Company. Two innovative configurations of water
adsorption systems for cooling and electricity were investigated in this study to compare their
performances and offer more options for energy designers. In the first configuration, the two-
bed basic adsorption cooling system (BACS) is improved by including an expander within the

system so that it can generate electricity and cooling simultaneously (ASCE).

In the second configuration, the basic adsorption cooling system (BACS) and ORC cycle are
integrated to produce cooling and electricity simultaneously (IAOSCE). Four different

scenarios of systems integration based on the way of powering the ORC and the adsorption



system were investigated to find out the best way of combining adsorption cooling system
with ORC. In the first three scenarios, the adsorption cooling system is used as a topping
system while the ORC is used as a bottoming system. In scenario 1, an external heat source is
used to drive the adsorption system while the ORC is powered using the cooling fluid leaving
the adsorption system. This happens after recovering the heat rejected during the adsorption
process. Scenario 2 is similar to scenario 1, but the ORC is driven by the heating fluid after
leaving the adsorption system. In scenario 3, the recovered heat from the adsorption process
mixes with the return heating fluid to produce new heat source that can be used to power the
ORC. In scenario 4 ORC is set up as a topping system so that the heating fluid leaving the
ORC is used to power the adsorption side. The IAOSCE can also include in addition to the
ORC turbine a steam turbine in the adsorption side (similar to ASCE) so that the integrated
system has two expanders which increases the electric power generated with similar four

integration scenarios.

MATLAB Simulink software is used to simulate the different configurations/scenarios
investigated in this study. Results show that generating cooling and power simultaneously is
feasible where for the ASCE, the equivalent coefficient of performance COP increased from
0.7 to 0.8. Scenario 1 of IAOSCE shows higher equivalent COP of 1.27 compared to 0.7 and
0.8 of BACS and ASCE respectively, while scenario 2 shows higher equivalent specific

cooling power than those of ASCE and BACS.

Also, detailed CFD simulations of small-scale radial inflow turbines are developed using the
k- SST turbulence model provided by ANSYS CFX@%8 for the cases of the ASCE (steam
turbine) and the IAOSCE (ORC turbines). CFD results show that an efficient radial inflow
turbine can be developed to meet the requirements of the ASCE configuration, also efficient

ORC radial turbines can be designed to meet the requirement of the different scenarios of the



IAOSCE configuration. Also, based on the numerical modelling results, a novel experimental
facility is developed to integrate ORC with two-bed adsorption cooling system to validate the
numerical models and proof the concept of producing power as well as cooling, where
maximum specific cooling power (SCP) of 252 W/kgads and specific power (SP) of 162
W/Kgags are achieved. Experimental data showed good agreements with the numerical results

with a maximum deviation of less than 17%.



To

The Soul of My lovely Mother
My beloved Father



ACKNOWLEDGEMENT

My thanks are extended to my Ph.D. supervisor Dr. Raya Al-Dadah for her guidance,
encouragement, support, motivation and wide knowledge that cover all aspects of my project

throughout my Ph.D. study.

Also, | am very grateful to Dr. Saad Mahmoud for his valuable suggestions and continuous

support during my Ph.D. study.

I would like to thank Mr. Simon Rowan for his support in constructing my experimental

facility and for his advice regarding the health and safety measures.

I would like to thank my fellow researchers and Ph.D. students for their cooperation and
useful comments. In addition, I would like to thank the university staff in the main library and

the post graduate administration office of the mechanical engineering department.

Many thanks to, my lovely big family, my father, brothers, sister for their support and
inspiration. Many thanks to my lovely wife and children. You really encouraged and

supported me along the way.

Finally, I thankfully acknowledge my sponsor, The Iragi Government, for their financial
support during my study. Also, | would like to thank the staff in the Iragi cultural Attaché in

London.

Fadhel Al-Mousawi
Birmingham February 2018

Vi



TABLE OF CONTENTS

(O o 1 e I ] N SR 1
INTRODUGCTION . ..ottt sttt e bbb e e s et e sbe e st et e st e e be b e eneebenbeereenes 1
1.1 BACKGIOUN ...t e bbbt b b 1
A N [ 41T o 0] o= 1= PSSR 3
1.3 Research novelty and CONIIDULION ........c.ooiiiiiii e 4
1.4 TNESIS OULTINE ..ottt ettt e ettt e st et et e et e s et nbeene e 6
CHAPTER TWO ...ttt ettt et s et te s e st e nte et e e s et e saeene e st e naeabeereeneentenreas 10
LITERATURE REVIEW ..ottt bbbt 10
P80 11 o T [ Tox 1 o] o SRS 10
2.2 LOW-0rade NEAL SOUICES ......viiiiiieeeiectiesiiesteestee st ste et e st st e e ste et e e steebeesbe e aessbeenbesneesneesnbesseennee e 11
2.3 SOrPLioN COOLING SYSIEIMS . ...cciiii e st et cie e e e s e e re e tee e s e e st e e ss e e sre e e steeessbeesreeesrneesrbeesnneeas 12
2.3.1 ADSOrption COONING SYSTEIM ....uviiiiiiiie ittt nre s 13
2.3.2 AdSOrption COOIING SYSTEIMS......uvieiieeiieeiieestie e see e sreestre e see e st e et e e sre e e sreeesabe e srneesreeesreeesrneeas 16
2.3.2.1 Two-bed adsorption COOIING SYSTEM ......ccviiiiiiiiiieie st 16
2.3.2.2 Integrated adsorption COOlING SYSIEMS .......ecviiiiiiiie e 18
2.3.2.3 Multi-bed and multi-stage adsorption cooling SYSEMS..........ccovvvieriiinieienesieeenieiae 20

2.4 Low-grade heat driven power generation CYCIES ........ccovveiiiiiiieiie s e sre e see e sne e sree e e sne e 23
2.4.1 Organic Rankine CYCIE (ORC) .....cuiiuiiiiiiiieie sttt 23
2.4.2 KaliNa CYCIE (KC) ...uiiiiiiiii ettt et st et te e s be e be s be e e s e e eneesreesne e 25
2.4.3 Comparison OF ORC @Nd KC........cuiiiiiiiiieie e 27
2.4.4 Resorption power generation CYCIE........ciiiii it 28

2.5 Absorption systems for cooling and eleCtriCity ..........ccooeiiiiiiiiiiiiee s 33
2.6 Adsorption systems for cooling and eleCtriCity.........ccccvveiiiiiieiie i 38
2.7 Integrated adsorption-ORC systems for cooling and electriCity ...........ccccovvrivieiinienincicie e 42
2.8 AUSOIDENT MALEITAIS. .. ...eieeeeee ittt sttt neeneeens 46
2.8.1 Physical adsorbent MaterialS............cooiiiiiiiiiii e 47
2.8.2 Chemical adsSorbent MaterialS..........cceiiriiieriiiiiieee e 47
2.8.3 Composite adsorbent MaterialS...........cooviiiiiii e 48
2.8.4 Advanced physical adsorbent MaterialS..........c.ccceviveiiiiiieiic i 48

2.9 EXPANdErs and TUIMDINES ........oiuiiiiiiie et 51

VI



2.9.1 TUrbings MOUEIING......cciuiiiiie et sre et e et e e srn e e sraeesreeesrneens 53

2.9.1.1 Preliminary eSIGN ........cveieiiiieieie ittt 53
2.9.1.2 Three dimensional CFD MOAeHliNg.........cccviviiiiiiiiiiiie e 54
2.9.2 Turbines working fluid SEIECTION ...........coviiiiiii e 55
2.9.3 Evaluation of expanders and turbines for small-scale applications............c..cccoecvvveiiennnnnn, 56
2.00 SUMIMENY ..ottt etttk h e bt e s b e e s b e e s bt e Rt e Rt e Rt e s R e e s Rt e et e nneesneennenneenneenneenne e e 58
CHAPTER THREE ..ottt bbbt sb et sb ettt 60
ADSORBENT MATERIALS ... .ottt sttt teste s eenneans 60
K T 11 (T [1Tox (o o U P PP UR PP 60
3.2 AUSOIPLION PAITS ...tttk b bbbt bbbt b e e e bbb e e e e e s 60
B3 DV S ANAIYSET ...ttt bbbt b bbb 62
3.4 DVS experimental procedure [20] .......coueiir oo 65
3.5 Adsorbent materials characteristics [20].......ccvvvveiiiiieiie i 67
3.5.1 AdsSOrption iSOthErMS [20] .....ccuee ettt enee e snee e 68
3.5.2 AdSOrption KIiNELICS [20] .....cveiveiieiieieiiesiisiesie sttt neas 72
3.6 Experimental reSUILS diSCUSSIONS .......ccivuieiieeiie e siie e stie e e sre et e e e e e sra e e snre e srne e srneesreeesnneens 75
3.7 SUMIMIAIY etttk b ek b e bt e ekt e e b e e s bt e bt e b e e Rt e R bt e s bt e st e nb e eb e eh e e e neeebeenbeenne e e 79
CHAPTER FOUR ..ottt ettt et e st e te s et e st e s teese et e sbeene e st e naesneeneeneentenreas 81
SIMULATION OF ADSORPTION SYSTEM FOR COOLING AND ELECTRICITY (FIRST
CONFIGURATION) .ttt sttt s et e et s et esbeebe e s e neesaeeneeseenneaneeneeneentenreas 81
I Va1 o [N oo I ST 81
4.2 Basic adsorption cooling system (BACS) [20, 21] ...ccveiiieiiieeiee e scr e esiee e e et nee e 82
4.3 Adsorption system for cooling and electricity (ASCE) [20, 21] .....ccoviiiiiiiieenereeeenee i 84
4.4 Multi-bed adsorption system for cooling and electricity [20, 65] ......c.ccocevvveviieiiiieiie e, 86
4.5 Mathematical MOGEL..........ccoiiiiieie e 91
4.5.1 Adsorbent material characteristics [20, 65] ......ccovviiiiiiiriiiie e 91
4.5.2 System energy balance [20, B5].......cccuiieieriiiiieieieee e 91
4.6 Performance 0f ASCE [20, B5]......ccvciiiiieieiecce ettt sttt st sne e 98
4.7 Hybrid adsorption system for cooling and electricity (HASCE) [28] ......ccccovvviineniniieen, 128
4.8 Performance OF HASCE [28].......oc ittt sttt st et 130
4.9 SUMIMEIY ...ttt b bbbt st s e e et e s e e R e R e e s Re e eb e e nE e e nb e e b e e re e nreenneenneennennns 137
CHAPTER FIVE ... oottt bbbttt et ettt eene e e 139
SIMULATION OF INTEGRATED ADSORPTION-ORC SYSTEM FOR COOLING AND
ELECTRICITY (SECOND CONFIGURATION) ..ottt 139
T80 1110 T [T o] o SRS 139
5.2 Integrated adsorption-ORC system for cooling and electricity [22] ......c..cccevvvevieeviveie e, 140
5.3 IAOSCE With two eXPanders [64] .........ccouueiiiiiiiiiieiie st 144
5.4 Mathematical Modelling [22, B4] ......vvoieiieii e 146



5.5 Performance 0f IAOSCE [22] .....vvciiieiie ettt e et e et e saee et et e e sre e e nree e 154

5.6 Performance of IAOSCE with two eXpanders [64].........cccuuriererininieiesiesieeee e 165
D7 SUMIMAIY ..ttt ettt a bt e sk b et e s sE b e e e et b e e e bt e e e e nRbbe e e b bee e e nnbee e s nnbaee s 180
(O o AN I ] SR 181
RADIAL INFLOW TURBINES DEVELOPMENT .....oooiiiiiiiiieieiesieeee e 181
LGB0 [0 T [T o] o SRS 181
6.2 EXPANders and tUIDINES .......eciviiie ettt et te et e be et e be e ae s 181
B.2.1 AXIAL TUIDING . ...ttt sttt et e et et neas 182
6.2.2 Radial INFIOW tUIDINE ..o 183

6.3 Methodology of developing RIT .......ooviiiiiii e 184
6.3.1 Mean-line design @PPrOACH..........cciiiiiiiiii et 184
6.3.2 VISTA RTD MELNOU .....eeeiieiieie ettt 190
6.3.3 CFD ANAIYSIS ..ottt sttt ettt ettt et et e et e et e nr e re e peeaeanns 191

6.4 Radial inflow turbines deVelopmMENt ............ooui i 192
6.4.1 SEEAM TUIDINE .. .ottt et e st e et e e be e nbe e te e teenreanns 195
6.4.2 ORCL TUIDING ..ottt st e et eesneer e e s e e e 201
6.4.3 ORC2 TUIDING ..eeivieieie ettt e et e st e steesteente e beesbeenteenteeneeannas 207

5.5 SUMIMAIY ...t e e e e et e e et e e e s aa b e e st e e e e ante e e e snteeeeantaneeanneeeeanraee s 216
CHAPTER SEVEN ...ttt s e et e st e e e s st e e e st e e e sta e e e steee s 217
EXPERIMENTAL FACILITY AND VALIDATION ..ottt e 217
8¢ [ o T [T o] o USSP 217
7.2 Description of the teSt fACHlity .....cccveiviiiiie e s 217
7.2.1 EXPerimental PrOCEAUIE..........oci et 219

7.3 AdSOrption COOLING SYSEM .....viiieiie et sbe et et esbe e be e be e saeebeeneeeneeennas 220
A TR Ao (Yo ¢ 0T gl o= RSP TRTR 221
7.3.2 AASOIPLION CONUENSET .......eiveiitie ettt ettt ettt e et s e s be e s te e sbeesbe e beesbeenteenbeeeeannas 224
7.3.3 AJSOIPLION EVAPOTALON ......ccuviiiiiiiieeieite sttt 225
7.3.4 CIIEr/NEALET UNIT.....oviiiiiiieieie ettt 226
7.3.5 VaCUUM PUIMIP UNIE .ottt 227
7.3.6 Vacuum MANITOIA ........oiiiiiiiicceeee e 228

T4 ORC SYSIBIM L.ttt ettt et e e bt e ettt et e e e bt e et e e e mbe e e she e e ek b e e ebbeesaneenbbe e e 229
7.4.1 Radial INFIOW tUMDING ..o 230

T 4.2 ORC BVAPOTALON ... e iuteiitie ettt ettt e st e et e et e e st e e s bt e eab e e s abeeeabe e enbeesnbeeenneas 231
7.4.3 ORC CONUBNSET ....cvvieiieieiieiie ettt ettt bbbt s et et b e e e bbb 232
N ] LG o111 o TSRS 233
7.4.5 ORC SYSIEM CRAIGING ... cviiueeieitieiieie sttt 234

7.5 Integration of adsorption and ORC SYSIEIMS ........ceeiiiiiiii i cee e et s 237



7.6 MEasUriNG INSLIUMENTS .......eeiiieiieeiieese e s e s re et e st e s ste e et e et e s ste e e steeestee e saeeesteeenteeesnneesreeennes 238

7.6.1 THEIMOCOUPIES ...ttt 239
7.6.2 PreSSUIE trANSUUCETS ....o.vvevieeieieiiesieesie sttt sttt ettt sbe st se bbbt se e e bbb e 240
7.6.3 POWET SUPPIY ...ttt 241
R o] (o [N 1= T PR STPPSPPR 241
7.6.5 FIOW MEBLEIS ...ttt ettt et e e s e st e steesbeeteeteenbeenteenteeneeaneas 242
7.6.6 Data acqUISITION SYSTEIM .....uviiiiiiieie ettt 243

7.7 System performance aNAIYSIS ........coveririiiii e 244
7.8 Measurement calibration and uncertainty propagation ............ccccovvvevievee v v s 244
7.9 Experimental results, modelling validation and diSCUSSIONS.............cceoeririiiniieieneseeeeieins 247
700 SUMIMEIY ..ottt ekt b e b e bt e be ekt e e bt e s bt e bt e bt e nb e e bt e s bt e b e et e en b e snnennnas 260
(O o 1 AN I B ] I S S U TR 261
CONCLUSIONS AND RECOMMENDATIONS ..ot 261
S J00 A 110 o [T o] o PSR 261

S B 0 o [od 0] o] USSR 262
8.2.1 Conclusions of the first configuration (ASCE) .........cccovviiiiiiee i 262
8.2.2 Conclusions of the second configuration (IAOSCE) .........ccooviiiiiieneneiieese e 264
8.2.3 GENEIal CONCIUSIONS.... ..ottt ettt ettt st sttt nee e ente e e aneas 265

8.3 Recommendations and FULUIE WOTK ..........ccuviuiiiiiieiie st 267
APPENDIX A ottt ettt £ ettt et Rt Rt et bt R et et nre e e e nne s 269
VISTA RTD DESIGN ...ttt e e st e e et ae e e e sab e e e s anbe e e enaeeeennnes 269
APPENDIX B ..ottt sttt sttt b e ne et beereen e et Re e et nre s 272
TURBINE CAD DRAWINGS ......coooiiiiiieie ettt a et ssa s aestessaanaessessesneeneessenseas 272
APPENDIX € .ottt ettt bbb bbbt bt bt et et bbbt re e nne s 274
INSTRUMENTS CALIBRATION AND UNCERTAINTIES ..o, 274
C.1 Instruments calibration and curve fitting ..........cccoceiiiiiiiic i 274
C.2.1 Thermocouples CUIVE TIEEING .......cverririiieieeee e 274
C.2.2 Pressure transducers CUrve FIttiNg ......ccocveiiiiiic i 277
C.3:UnCcertainty ProPagatiOn ...........ccoeeeerreriiieieir et ss et n e nne 277
REFERENGCES . ...t bbbttt be bbb e ne e e 281



Li1sT OF FIGURES

Figure 1-1: Electric power demand /supply in Iraq for the period between 1990 and 2010 [7].............. 2
Figure 1-2: Cooling and power generation systems classification and the knowledge gap of this study 4

Figure 1-3: Main configurations and technologies used in this thesis to generate cooling and electricity

............................................................................................................................................................... 6
Figure 2-1: Global annual solar thermal capacity and energy yields for the period between 2000 and

P40 L < 724 SRS TRRSRRSN 12
Figure 2-2: Single effect absorption SYStemM [39].......coiiiiiiiie e 14
Figure 2-3: Basic adsorption cooling SyStem [20, 52] .......ccocereriiiiieieienieeee e 17
Figure 2-4: Improved adsorption cooling system adopted by reference [57].......ccccoovveiiiiniiiicncnnn 19
Figure 2-5: Compact adsorption chiller utilised by [58] (a) bed 1 in desorption process, (b) bed 2 in

OESOTPLION PIOCESS ...veeveeieeitee it et et ettt ettt e st e st e st e sbeesbe e beesbeesbeesbeesbeesseaaeeatbesssesssestaestaesbeeteenteeras 20
Figure 2-6: Basic Organic Ranking CYCIe [79].......oiiiiiiiieee e 23
Figure 2-7: Kalina CYCIE [B5] ... .oiuiiieiiiiiieie ettt 26
Figure 2-8: Resorption power generation cycle, and pumpless ORC system [90] .......cccocevvrvviveniennne 28
Figure 2-9: Basic resorption power generation cycle reported by [91] .....ccovvvviieiiiiii i 29
Figure 2-10: Multi-stage resorption power generation sysStem [92] ........ccocevveviiiviieiee i s 30
Figure 2-11: Ammonia/water absorption system for cooling and electricity [106]........cccccccevvvrrvnenne 34
Figure 2-12: Resorption cogeneration system for cooling and electricity [13] .........ccooeririiiiinieniennnnn 38

Figure 2-13: Adsorption system for cooling and electricity adopted by [15], (a) bed 1 in desorption and

bed 2 in adsorption, (b) bed 2 in desorption and bed 1 in adSOrption ..........cccccovvevivevieiievie v 41
Figure 2-14: Cogeneration system for cooling and electricity proposed by [19] ......cccccovvviiiiiniinnene 42
Figure 2-15: Combined ORC and resorption chiller for cooling and electricity (a) HTS 1 and LTS 2 in
desorption process (b) HTS 2 in adsorption and LTS 1 in desorption process [119].......ccccocvveverenenee. 44
Figure 3-1: SEM image (a) Silica-gel [185], (b) AQSOA-Z02 [184], (c) MIL101(Cr) [186], (d) CPO-

27(N[130], and (&) AI-FUMArAe [187]....cveiueiiiiieiie sttt st s sre e s 62
Figure 3-2: DVS analyser teSt faCility ........cccveiiiiiii e 63
Figure 3-3: DVS analyser SChematic diagram ...........ccooiiiiiiiiiiiiee e 63
Figure 3-4: DVS instrument’s SUD-SYSIEMS ........oiuiiiiiiiiriiiieie et 64
Figure 3-5: DVS @NalYSiS SUITE .......eiivieiiie et ee et ste e te e ste e sre e beente s nneaaeenee s 65

Figure 3-6: Loading the sample outside the DVS analyser (left), loading the sample inside the DVS
LA LAY AT 4 To ] ] USSR 66



Figure 3-7: Change in mass and partial pressure during a DVS analyser test for CPO-27(Ni)/water at

1A O 111 ) TP TPRSSPRO 67
Figure 3-8: AQSOA Z02/water isotherms fitting of the experimental and the predicted uptake .......... 69
Figure 3-9: MIL101(Cr)/water isotherms fitting of experimental and predicted uptake....................... 70
Figure 3-10: Kinetics fitting of MIL101(Cr)/water for the experimental and predicted uptake at 25 °C
............................................................................................................................................................. 73
Figure 3-11: Kinetics fitting of MIL101(Cr)/water for the experimental and predicted uptake at 35 °C
............................................................................................................................................................. 74
Figure 3-12: Kinetics fitting of MIL101(Cr)/water for the experimental and predicted uptake at 45 °C
............................................................................................................................................................. 74
Figure 3-13: Experimental water adsorption isotherms for different adsorbent materials compared to
Silica-gel (from Simulation) At 25 “C ..o 76
Figure 3-14: Experimental water adsorption isotherms for different adsorbent materials compared to
Silica-gel (from SimUIAtion) At 35 OC ....cuviiiiiic et 76
Figure 3-15: Experimental water adsorption kinetics for different adsorbent materials at 25 °C ......... 77
Figure 3-16: Experimental water adsorption kinetics for different adsorbent materials at 35 °C ......... 77
Figure 3-17: Experimental water adsorption kinetics for AQSOA-Z02/water, MIL101(Cr) and CPO-
WA L) I 0 1 OSSP S PSPPSRSO 78
Figure 3-18: Experimental water adsorption kinetics and partial pressure for AQSOA-Z02 and CPO-

B N L I L 1< SO 79
Figure 4-1: Adsorption system for cooling and electricity (ASCE) layout............cccccoveniiiniiicnennen 82

Figure 4-2: Basic two-bed adsorption cooling system (left) schematic diagram (right) isosteric diagram

Figure 4-3: Two-bed adsorption system for cooling and electricity (ASCE), (left) schematic diagram,

and (right) ISOSTEMIC AIAGIAIM.....c..uiiiiee e e cie e sie e sre e ste e s e e s e e s e e st e e s e e e sreeessbeesreeesreeessaeesrneesneeesreeesnneeas 85
Figure 4-4: The expansion process on a T-s diagram utilising desorption temperature of 120 °C........ 86
Figure 4-5: Multi-bed ASCE schematic diagram (a) three-bed (b) four-bed in series (c) five-bed (d)
six-bed in series (e) four-bed in parallel and (f) six-bed in parallel ............cccccooevviiv i, 90
Figure 4-6: Flowchart of the absorbent bed model ... 97
Figure 4-7: Flowchart of adsorption system for cooling and electricity ASCE model..............ccceee. 98
Figure 4-8: Two-bed AQSOA-Z02/water ASCE utilising Theating=160 °C, Tcooling=28 °C and T chilea=18
°C using 8.24 kg of adSOrbent PEr DB .........ccuoiiiiiiiieee e 101
Figure 4-9: Two-bed CPO-27(Ni)/water ASCE utilising Theating=160 °C, Tcooling=28 °C and Tchillea=18
OC using 6.9 kg of adsorbent Per DE..........ccuviv i 101
Figure 4-10: Comparison of (a) cooling COP (b) SCP (c) SP between the current study (ASCE)
utilising Theating=160 °C and previous work (1) [16] and (2) [14].....ccccoeriririniiieiieeeee e 102

Wl



Figure 4-11: COP/COPe of BACS and ASCE (with two-bed) for a range of heat source temperatures
utilizing Silica-gel, AQSOA-Z02, MIL101(Cr), CPO-27(Ni) and Al-Fumarate ..........ccccoevrvrvennn. 104
Figure 4-12: SCP/SCPe of basic adsorption cooling system (BACS) and ASCE (with two-bed) for a
range of heat source temperatures utilizing Silica-gel, AQSOA-Z02, MIL101(Cr), CPO-27(Ni) and

AL-FUMAIALE ...ttt ettt e sb e bt e be e st e e sbe e beebeenbeebe e s beenbeeneas 104
Figure 4-13: Exergy efficiency of BACS and ASCE (with two-bed) for a range of heat source
temperatures utilizing Silica-gel, AQSOA-Z02, MIL101(Cr), CPO-27(Ni) and Al-Fumarate............ 105
Figure 4-14: Effect of heat source temperature on the COP of the ASCE utilising Tcooling=28 °C and
It = OSSOSO PSURTTSPN 107
Figure 4-15: Effect of heat source temperature on the COPe of the ASCE utilising T cooling=28 °C and
I < SRRSO 107
Figure 4-16: Effect of heat source temperature on SCP of the ASCE utilising Tcooling=28 °C and
It = OSSPSR 108
Figure 4-17: Effect of heat source temperature on SCPe of the ASCE utilising Tcooling=28 °C and
TenlIed=L8 OC 1. terieteetee ettt ettt ettt e AR e Rt e Rt e Rt e Rt e e st e Rt Rente e e neeneerenrenenean 108
Figure 4-18: Effect of heat source temperature on SP of the ASCE utilising Tcooling=28 °C and

LI 1110 B T PSSR 109
Figure 4-19: Effect of heat source temperature on the adsorption power efficiency of the ASCE
utilising Tcooling=28 °C and Tecnitled=18 OC....cuiiiiiiiiiiiiiieiie et 109
Figure 4-20: Effect of condenser temperature on the COP of the ASCE utilising Theating=120 °C,
Teooling=28 °C aNd Tehilled=18 OC.....ueeieieie ettt sttt te e te e be e saeenae s eeeneeaneas 110
Figure 4-21: Effect of condenser temperature on the COPe of the ASCE utilising Theating=120 °C,
Teooling=28 °C ANA Tchilled=18 OC...vrviriiriitiiteieieieete sttt st sb et sbe e b et sbeeeneas 110
Figure 4-22: Effect of condenser temperature on SCP of the ASCE utilising Theating=120 °C, Tcooling=28
OC AN Tchiled=18 OC...vrtiierieieeie it sie ettt ettt et e e s te st et e st eseese st et e st eneetesae s e e eneasesneeeneas 111
Figure 4-23: Effect of condenser temperature on SCPe of the ASCE utilising Theating=120 °C,
Teooling=28 °C aNd Tehilled=18 OC ... ureieeeiiei ettt sttt e s te e be e beesaeenaeenbeenteeneas 111
Figure 4-24: Effect of condenser temperature on SP of the ASCE utilising Theating=120 °C, Tcooling=28
OC AN Tchiled=18 OC...vrviierieriete it sie ettt sttt et ettt e s e be st et e s e st e be st et e st eseebente s e e aneetesneeeneas 112
Figure 4-25: Effect of condenser temperature on the adsorption efficiency of the ASCE utilising
Theating=120 °C, Tcooling=28 °C aNnd Tchilled=18 OC ....viivriiiieie ettt 112
Figure 4-26: Effect of chilled water temperature on the COP of the ASCE utilising Theating=120 °C, and
TC00lNGT28 OC ettt ettt b bbbttt h e bR bRt R R b et R bbbt R et bt ne s 113
Figure 4-27: Effect of chilled water temperature on the COPe of the ASCE utilising Theating=120 °C,
Lo T T OSSPSR 114
Figure 4-28: Effect of chilled water temperature on SCP of the ASCE utilising Theaiing=120 °C, and
TO001GT28 OC oo s e 114



Figure 4-29: Effect of chilled water temperature on SCPe of the ASCE utilising Theaing=120 °C, and
TE00HGT28 OC oottt n e 115
Figure 4-30: Effect of chilled water temperature on SP of the ASCE utilising Theating=120 °C, and
TC00lNGT28 OC .ttt sttt bbb b bR bRt b £t R R E e bRt b e bt Rt r e ne s 115
Figure 4-31: Effect of chilled water temperature on the adsorption efficiency of the ASCE utilising
Theating=120 °C, @NU Teo0ling=28 OC ..veerreiieitieiieie it et eie e teetee e ste e re e eeseesteeseeseessesseeseeseentesreeneeneeneens 116
Figure 4-32: Effect of using different bed size on the steam mass flow rate generated by the ASCE
utilising AQSOA-Z02 and CPO-27(Ni) with two heat source temperatures, Tcooling=28 °C, and
It = OSSOSO PSURTTSPN 117
Figure 4-33: Effect of using different bed size on the cooling generated by the ASCE utilising
AQSOA-Z02 and CPO-27(Ni) with two heat source temperatures, Tcooling=28 °C, and Tcnines=18 °C 117
Figure 4-34: Effect of using different bed size on the power generated by the ASCE utilising AQSOA.-

Z02 and CPO-27(Ni) with two heat source temperatures, T cooling=28 °C, and Tchied=18 °C ............... 118
Figure 4-35: Cooling generated from multi-bed ASCE utilizing CPO-27(Ni) and using two, three and
four beds utilising Theating=160 °C, Tcooling=28 °C and Tehitled=18 OC ...cvvvririiiiiiieieeiieee e 119
Figure 4-36: Cooling generated from multi-bed ASCE utilizing CPO-27(Ni) and using two, five and
six beds utilising Theating=160 °C, Tcooling=28 °C and Tchiled=18 °C ....c.vivviiiiiiiiiiicirceec e 119
Figure 4-37: Power generated from multi-bed ASCE utilizing CPO-27(Ni) and using two, three and
four beds utilising Theating=160 °C, Tcooling=28 °C and Tcniled=18 C ...ovvviiiiiiiiiiiisisieee e 120
Figure 4-38: Power generated from multi-bed ASCE utilizing CPO-27(Ni) and using two, five and six
beds utilising Theating=160 °C, Tcooling=28 °C and Techitled=18 °C.....ooviiiiiiiiiiieeic e 120
Figure 4-39: Cooling generated from multi-bed ASCE utilizing Al-Fumarate and using two, three, and
four beds utilising Theating=160 °C, Tcooling=28 °C and Tcnied=18 °C ...ovvvviiiiiiiiiiisicieee e 121
Figure 4-40: Cooling generated from multi-bed ASCE utilizing Al-Fumarate and using two, five, and
six beds utilising Theating=160 °C, Tcooling=28 °C and Tchilled=18 OC ....oovveeiiiiiiiie e 121
Figure 4-41: Power generated from multi-bed ASCE utilizing Al-Fumarate and using two, three, and
four beds utilising Theating=160 °C, Tcooling=28 °C and Tchilled=18 °C .....ovveviiiiiiiiiiiiiiice e 122
Figure 4-42: Power generated from multi-bed ASCE utilizing Al-Fumarate and using two, five, and
six beds utilising Theating=160 °C, Tcooling=28 °C and Tehilled=18 OC ..evverveiiiiiiiiieiesisieie e 122
Figure 4-43: COP of different bed arrangements and ads/des ratio (R) of multi-bed ASCE utilizing
four different adsorbent materials with Tcooling=28 °C and Tehilied=18 °C...cvvvvviviiiiiiiieieie e 123
Figure 4-44: COPe of different bed arrangements and ads/des ratio (R) of multi-bed ASCE utilizing
four different adsorbent materials with Tcooling=28 °C and Tehitied=18 °C...cvvrvviiiiiiiiiiieie e 124
Figure 4-45: SCP of different bed arrangements and ads/des ratio (R) of multi-bed ASCE utilizing four
different adsorbent materials with Tcooling=28 °C and Tchiled=18 %C ....veevveeiieiieieeee e 125
Figure 4-46: SCPe of different bed arrangements and ads/des ratio (R) of multi-bed ASCE utilizing
four different adsorbent materials with Tcooling=28 °C and Tchitled=18 °C......ovvvviviiiiiiiiiiiiiiieee 125

X1V



Figure 4-47: SP of different bed arrangements and ads/des ratio (R) of multi-bed ASCE utilizing four

different adsorbent materials With Tcooling=28 °C and Tenied=18 °C .....covvviriiiiiiiiiiiiceee e 127
Figure 4-48: Adsorption power efficiency of different bed arrangements and ads/des ratio (R) of multi-
bed ASCE utilizing four different adsorbent materials with Tcooling=28 °C and Teniea=18 °C ............. 127
Figure 4-49: Hybrid adsorption system for cooling and electricity (HASCE) ........cccccovvevvivicieiinnnne 128
Figure 4-50: COP/COPe of HASCE compared to ASCE and BACS utilizing AQSOA-Z02/Silica-gel
and CPO-27(Ni)/Silica-gel with Tcooling=28 °C and Tchiled=18 °C .....ovviiviiiiiiicisceec 131
Figure 4-51: SCP/SCPe of HASCE compared to ASCE and BACS utilizing AQSOA-Z02/Silica-gel
and CPO-27(Ni)/Silica-gel with Tcooling=28 °C and Tchilled=18 OC ..ovvvvviiiiiiiiiieieneee e 132
Figure 4-52: Exergy efficiency of HASCE compared to ASCE and BACS utilizing AQSOA-
Z02/Silica-gel and CPO-27(Ni)/Silica-gel with Tcooling=28 °C and Tchilled=18 °C....eovvvviviiiiiiiiiierine 132
Figure 4-53: Effect of heat source temperature on COP of the HASCE utilizing CPO-27(Ni)/Silica-gel
and AQSOA-Z02/Silica-gel utilising Tcooling=28 °C and Tchited=18 °C.....oovvvvriiiiiiiiiieiene e 133
Figure 4-54: Effect of heat source temperature on COPe of the HASCE utilizing CPO-27(Ni)/Silica-
gel and AQSOA-Z02/Silica-gel utilising Tcooling=28 °C and Tenited=18 °C...oovveviiiiiiiiiieii e 134
Figure 4-55: Effect of heat source temperature on SCP of the HASCE utilizing CPO-27(Ni)/Silica-gel
and AQSOA-Z02/Silica-gel utilising Tcooling=28 °C and Tchitled=18 OC......crveriiriiiiiriiieieeeeseeeeeas 135
Figure 4-56: Effect of heat source temperature on SCPe of the HASCE utilizing CPO-27(Ni)/Silica-
gel and AQSOA-Z02/Silica-gel utilising Tcooling=28 °C and Tehilled=18 °C ...vvvrvviiiriiiiiinienieeieie 135
Figure 4-57: Effect of heat source temperature on SP of the HASCE utilizing CPO-27(Ni)/Silica-gel
and AQSOA-Z02/Silica-gel utilising Tcooling=28 °C and Tehitled=18 OC....c.erveriiriiiiirieiieieieisesieeeas 136

Figure 4-58: Effect of heat source temperature on the adsorption power efficiency of the HASCE
utilizing CPO-27(Ni)/Silica-gel and AQSOA-Z02/Silica-gel utilising Tcooling=28 °C and Tchinea=18 °C

........................................................................................................................................................... 136
Figure 5-1: Integrated adsorption-ORC system for cooling and electricity (IAOSCE) with different

K001 1 [0TSR 140
Figure 5-2: IAOSCE schematic diagram (SCENAIO 1) .......cccerieriiiiieiieiesieieesie e 141
Figure 5-3: IAOSCE schematic diagram (SCENAO 2) ......cecvvveieeiiiiriiie e s st 142
Figure 5-4: IAOSCE schematic diagram (SCENANIO 3) .....cccvivveeiieiiiiiriiie ettt st e ere e 142
Figure 5-5: IAOSCE schematic diagram (SCENAMO 4) ......c.eovueeueeieiieiie e 143
Figure 5-6: Schematic diagram of the IAOSCE with two expanders (scenario 1) .........c.ccocevevviveneene. 144
Figure 5-7: Schematic diagram of the IAOSCE with two expanders (SCenario 2) .........ccccecvvvevernene. 145
Figure 5-8: Schematic diagram of the IAOSCE with two expanders (scenario 3)........cccceevvevvenenne. 145
Figure 5-9: Schematic diagram of the IAOSCE with two expanders (scenario 4)........c.ccccevvevvveneenn. 146
Figure 5-10: Flowchart of the IAOSCE model (with one expander) ..........coccvoeveiiniienieenie e 153
Figure 5-11: Flowchart of the IAOSCE model (with two eXpanders) ..........cccceoeeerienienenenieienene 154

Figure 5-12: Cooling and power generated by IAOSCE using scenario 1 and R141b as ORC fluid..155

XV



Figure 5-13: Cooling and power generated by IAOSCE using scenario 2 and R141b as ORC fluid..156
Figure 5-14: Cooling and power generated by IAOSCE using scenario 3 and R141b as ORC fluid..156
Figure 5-15: Cooling and power generated by IAOSCE using scenario 4 and R141b as ORC fluid..156
Figure 5-16: Effect of using different scenarios, adsorbent materials, ORC fluids and heat source
temperatures on the COP Of the IJAOSCE .........oo i 158
Figure 5-17: Effect of using different scenarios, adsorbent materials, ORC fluids and heat source
temperatures on the COPe 0f the JAOSCE...........cooiiiie e 159
Figure 5-18: Effect of using different scenarios, adsorbent materials, ORC fluids and heat source
temperatures 0N SCP 0f the TAOSCE .........cov i 160
Figure 5-19: Effect of using different scenarios, adsorbent materials, ORC fluids and heat source
temperatures 0N SCPe 0 the TAOSCE ........oo i s s nes 162
Figure 5-20: Effect of using different scenarios, adsorbent materials, ORC fluids and heat source
temperatures 0N SP O the JAOSCE .......covi o 163
Figure 5-21: Effect of using different scenarios, adsorbent materials, ORC fluids and heat source
temperatures on the ORC efficiency of the JAOSCE .........ccoco oo 164
Figure 5-22: Effect of using different scenarios, adsorbent materials, ORC fluids and heat source
temperatures on the COP of the IAOSCE With twW0 eXPanders...........cccoovririeienenisieeene e 166
Figure 5-23: Effect of using different scenarios, adsorbent materials, ORC fluids and heat source
temperatures on the COPe of the IAOSCE with two eXPanders ..........cccceveveeieeiieeieeiee e e e 167
Figure 5-24: Effect of using different scenarios, adsorbent materials, ORC fluids and heat source
temperatures on SCP of the IAOSCE with tW0 eXpanders ............cooveieriiinieieneneseeese e 169
Figure 5-25: Effect of using different scenarios, adsorbent materials, ORC fluids and heat source
temperatures on SCPe of the IAOSCE With tWO eXPanCers ..........ccocuviieririnieiieneseseee e 170
Figure 5-26: Effect of using different scenarios, adsorbent materials, ORC fluids and heat source
temperatures on SP of the IAOSCE With tW0 eXPanders..........cceiuveieeiieevee e seeesee e sne e 172
Figure 5-27: Effect of using different scenarios, adsorbent materials, ORC fluids and heat source
temperatures on the adsorption power efficiency of the IAOSCE with two expanders ...........c.......... 173
Figure 5-28: Effect of using different scenarios, adsorbent materials, ORC fluids and heat source
temperatures on the ORC efficiency of the IAOSCE with two expanders...........cccocvevvveveeieeciecineenne. 174
Figure 5-29: COP/COPe of different adsorption configuration, and scenarios used to generate cooling
and electricity compared to that of BACS with a range of heat source temperature and R141b for (a)
AQSOA-Z02 (D) CPO-27(NI) c...vvoveoreieeeeeesereeeeesseseeseeseeseesseesees s ssessses s esssantes s s anssnsnsennes 177
Figure 5-30: SCP/SCPe of different adsorption configuration, and scenarios used to generate cooling
and electricity compared to that BACS with a range of heat source temperature and R141b for (a)
AQSOA-Z02 (10) CPO-27(NI) c.evevereereetiitesieieaeestestesaeiesesteseesessassesseseseasessessessasessessessessssessessessenens 178

XVI



Figure 5-31: Exergy efficiency of a number of adsorption scenarios and configurations used to

generate cooling and electricity with a range of heat source temperature utilising AQSOA-Z02, CPO-

27(NI) ANG RIALD....ooeoveeeeeeeeeee ettt s e en s 179
Figure 6-1: Velocity triangles of an axial turbine stage [217] .....cccvvviieiie i 182
Figure 6-2: Main components 0f RIT [218] ....ccviiiiiiiiiiiie ettt 183
Figure 6-3: Methodology of developing the RIT .......cc.ooiiiiie s 184
Figure 6-4: Velocity triangles and rotor blade profile of RIT [218, 219] ......ccceoviivivieieiereeeee 185
Figure 6-5: RIT stage cross-section (left), enthalpy-entropy diagram of turbine expansion (right) [218]
........................................................................................................................................................... 186
Figure 6-6: VISTA RTD mean-1ine deSign StEPS .......cciuveiiiiiieiie ettt s et sreesne e 191
Figure 6-7: Mesh sensitivity depending on total-to-static efficiency for Steam, ORC1 and ORC2

L0810 1TSS 194
Figure 6-8: 2D and 3D views of the Steam RIT gEOMELIY .......cocvveiiiiiiieiie e 195
Figure 6-9: 3D mesh generation blade-to-blade passage for the Steam turbine............c.cccoeveiienn 196
Figure 6-10: Power and efficiency of the baseline and the improved design of the Steam turbine.....196
Figure 6-11: Effect of mass flow rate on power and efficiency of the Steam turbine ......................... 197
Figure 6-12: Effect of rotational speed on power and efficiency of the Steam turbine....................... 198
Figure 6-13: Velocity at mid-span for the baseline design (left), and the improved design (right) of
SEBAM RIT ettt b e e e b et e bt e b et e b et e be e e s b e e e nbr e e b b e e nnr e e nrn e e e 198
Figure 6-14: Pressure distribution at mid-span for the baseline design (left), and the improved design
(FIGNE) OF STEAM RIT ..ot b e r et 199
Figure 6-15: Static entropy at mid-span for the baseline design (left), and the improved design (right)
OF the STEAM RIT ..ottt et et et e e beesbe e b e e sbeesbesraesneesraenraeas 199
Figure 6-16: Meridional Mach number for the baseline design (left), and the improved design (right)
OF the STEAM RIT ..ttt sttt et te et e et e s e et e aneeenteareesneesreenaeeas 200
Figure 6-17: Blade loading at rotor mid-span for the baseline, and the improved designs of the Steam

o 1 I PP PRPT PP 201
Figure 6-18:2 D and 3D views of the ORCL RIT gEOMELIY ....cvviviiiiiiecie e 202
Figure 6-19: 3D mesh generation blade-to-blade passage for the ORC1 turbine..........c.ccoevvevvenenn. 202
Figure 6-20: Power and efficiency of the baseline and the improved design of the ORC1 turbine.....203
Figure 6-21: Effect of mass flow rate on power and efficiency of the ORC1 turbine...............cccc.c.... 203
Figure 6-22: Effect of rotational speed on power and efficiency of the ORC1 turbine....................... 204
Figure 6-23: Effect of inlet temperature on power and efficiency of the ORC1 turbine...................... 204
Figure 6-24: Velocity at mid-span for the baseline design (left), and the improved design (right) of

(@] 2131 8 = 8 SRRSO 205
Figure 6-25: Pressure distribution at mid-span for the baseline design (left), and the improved design
(MTGNE) OF ORCL RIT e b ettt ettt et e bbb 205



Figure 6-26: Static entropy at mid-span for the baseline design (left), and the improved design (right)

(01O {03 = I [OOSR 206
Figure 6-27: Meridional Mach number for the baseline design (left), and the improved design (right)
OF ORCL RIT .ottt b bRt e bt et st e b e st et e st e b et enenbeabente st eneas 206
Figure 6-28: Blade loading at rotor mid-span for the baseline, and the improved designs of ORC1 RIT
........................................................................................................................................................... 207
Figure 6-29: 2D and 3D views of the ORC2 RIT gEOMELIY ......ccovvrieiieiiiiinieiesie e 208
Figure 6-30: 3D mesh generation blade-to-blade passage for the ORC2 turbine...........ccccccovvvenenne. 208
Figure 6-31: Power and efficiency of the baseline (initial design) and the improved design of the

(O] (O (11 o] [ 1 TSSOSO 209
Figure 6-32: Effect of mass flow rate on power and efficiency of the ORC2 turbine.........c..cccccovee.. 210
Figure 6-33: Effect of rotational speed on power and efficiency of the ORC2 turbine....................... 210
Figure 6-34: Velocity at mid-span for the baseline design (left), and the improved design (right) of

(@] 2107220 = i LSS 211
Figure 6-35: Pressure distribution at mid-span for the baseline design (left), and the improved design
(oL T HO 2 {07220 = N LSS 212
Figure 6-36: Static entropy at mid-span for the baseline design (left), and the improved design (right)
OF ORC2 RIT ..ottt ettt b e b et et ese e b e st e st et e s s ebe st e st et eseebesbessesseneas 212
Figure 6-37: Meridional Mach number for the baseline design (left), and the improved design (right)
(01O {0722 = I 1SS 214
Figure 6-38: Blade loading at rotor mid-span for the baseline, and the improved designs of ORC2 RIT
........................................................................................................................................................... 214

Figure 7-1: Experimental facility of the integrated adsorption-ORC system for cooling and power
[0 T=TaT=T =1 (oo SRR 218

Figure 7-2: Schematic diagram of the experimental facility of the integrated adsorption-ORC system

........................................................................................................................................................... 219
Figure 7-3: Operating interface in the LabVIEW SOTtWare............cooeviiiiiiiicicee e 220
Figure 7-4: components of the adsorber DEA ...........cccveov i 222
Figure 7-5: Adsorption SyStemM PaCKING........ccuoiieiiiii et sre e re et sre e 223
Figure 7-6: KF clamp fitting vacuum thermocouples used with adsorber bed, condenser and evaporator
........................................................................................................................................................... 224
Figure 7-7: AdSOIPLION CONUBNSET ......c.viiiiiieiieieite sttt b ettt 225
Figure 7-8: AdSOrption EVAPOTALOL ......ccueeiieeiieecie et sie ettt ee et e st e st e sraesteestaesreene e e 226
Figure 7-9: Chiller/NEater UNIt..........ccooiiiiiiie ettt sttt sae e te e sre e sreesre e 227
Figure 7-10: VaCUUM PUMP UNIE ...eeiiiiiiie ettt et e e sreesneesaeesreesaeesaeeseeenneenes 228
Figure 7-11: Vacuum manifold of the adsorption SYSIEM ..........covivrieiienininieie e 229
Figure 7-12: ORC radial turbine 10Cation and VAIVES ..o 230

Xvill



Figure 7-13: ORC radial inflow turbine used in the experimental facility............cccoccvviniiiiniinnnnn 231

Figure 7-14: ORC evaporator (plate heat eXChanger tYPE) ........cocorvrieriereririeese e 232
Figure 7-15: ORC condenser (plate heat eXChanger tYPe) ........oovrvrieierinieiee e 233
Figure 7-16: Three phase ORC pump used in the experimental facility ...........ccccccevvvviiiiiieincnnnn 234
Figure 7-17: Schematic diagram of an ORC system charging equipment ...........cccoccvevienieeenneeinens 236
Figure 7-18: Charging the ORC system of the experimental facility with the refrigerant .................. 237
Figure 7-19: Connections between adsorption and ORC SYSEMS ..........cccevvrieieieneniene e 238
Figure 7-20: Thermocouples type K and RTD sensors used in the test facility ............ccccoeevvvienennn. 239
Figure 7-21: Pressure transdUCEr CONNECLION ...........civeeiuieiteiiieeie e see e tee s s e e st e e e e e steesreesre e 240
Figure 7-22: DC POWET SUPPIY c.veiiieiie ettt ettt s re et ste e s re e nre e 241
Figure 7-23: TOPQUE MELEN UNIT ......viiiiei e cciec e et riee s e et e st e s ste e et e et e s sreeetaeenree s sreeenneeenreeans 242
Figure 7-24: Flow meters used (left) water flow meter (right) R24fa flow meter...........ccccovveenn. 243
oV A R B T v- W - |G OSSP 244
Figure 7-26: Calibration of the thermocouples and the pressure transducers ...........cccoeevvveveeveennenn, 245

Figure 7-27: Simulated and experimental temperatures of adsorber beds condenser and evaporator for
the two-bed CPO-27(Ni) /water adsorption system utilizing heat source temperature of 85 °C......... 248
Figure 7-28: adsorber bed temperature through cycle 2-4 utilizing CPO-27(Ni) /water at heat source
temperature of 85 °C, (a) bedl, and (D) DEAZ .........ooiiiiii e 249
Figure 7-29: Cooling and power generated from the integrated two-bed CPO-27(Ni) /water adsorption-

ORC system (a) scenario 1 (D) SCENAIIO 2 ......c.eccieiiiieiiee e e e sree e e sree e 250
Figure 7-30: Simulated and experimental values of power generated of the ORC system utilizing
R245fa a5 @ WOTKING TIUIG .....c.ooiiiiiiiec s 251
Figure 7-31: Simulated and experimental values of efficiency of the ORC system utilizing R245fa as a
AT LTC0 ] 1 ST 1 I LU T OSSR 251
Figure 7-32: Comparison of power generated from CFD simulations with experimental data of the
ORC turbine utilizing R245fa as a Working fluid ..............ccooiiiiiiii e 252

Figure 7-33: Comparison of efficiency from CFD simulations with experimental data of the ORC
turbine utilizing R245fa as a Working fluid .............coooviiii i 253
Figure 7-34: Experimental and numerical values of COP for the IAOSCE utilizing CPO-27(Ni) /water
and R245fa with half cycle time, condenser temperature and adsorption evaporator temperature of
7003, 16 °C and 8 °C reSPECIVEIY ......ooviiiiiieec e 254
Figure 7-35: Experimental and numerical values of SCP for the IAOSCE utilizing CPO-27(Ni) /water
and R245fa with half cycle time, condenser temperature and adsorption evaporator temperature of
700, 16 °C and 8 °C rESPECLIVEIY ....c.viiiecie et e e e e raesree s 254
Figure 7-36: Experimental and numerical values of SP for the IAOSCE utilizing CPO-27(Ni) /water
and R245fa with half cycle time, condenser temperature and adsorption evaporator temperature of
7003, 16 °C and 8 °C reSPECHIVEIY ......oiviiiieieie e 255



Figure 7-37: Experimental and numerical values of ORC efficiency for the IAOSCE utilizing CPO-
27(Ni) /water and R245fa with half cycle time, condenser temperature and adsorption evaporator
temperature of 700 s, 16 °C and 8 °C reSPECLIVEIY ........cceiiiiiiiiiiieie e 256
Figure 7-38: Experimental and numerical values of COPe for the IAOSCE utilizing CPO-27(Ni)
/water and R245fa with half cycle time, condenser temperature and adsorption evaporator temperature
of 700's, 16 °C and 8 °C reSPECHIVEIY .......eeuiiiii e 257
Figure 7-39: Experimental and numerical values of SCPe for the IAOSCE utilizing CPO-27(Ni) /water
and R245fa with half cycle time, condenser temperature and adsorption evaporator temperature of
700, 16 °C and 8 °C reSPECLIVEIY ....c.veiie ettt 257
Figure 7-40: Experimental values of COP and SCP for the two-bed water adsorption system using
CPO-27(Ni) with a range of chilled water temperatures at half cycle time, heat source temperature,

and condenser temperature of 700 s, 85 °C and 16 °C reSpectively .........cccceveiiiiiiiiniiieice 258
Figure 7-41: Experimental values of COP and SCP for the two-bed water adsorption system using
CPO-27(Ni) with a range of condenser cooling water temperatures at half cycle time, heat source
temperature, and evaporator temperature of 700 s, 85 °C and 8 °C respectively........ccccccoevivevnnnen 259
Figure 7-42: Experimental values of COP and SCP for the two-bed water adsorption system using
CPO-27(Ni) with a range of half-cycle time, at heat source temperature, condenser temperature and
evaporator temperature of 85 °C 16 °C and 8 °C respectively........cccccvviiiiiiieniicc e 259
Figure A-1: Project schematic of an ANSYS WOorkbench ..o 269
Figure A-2: Aerodynamic window in Vista RTD which defines the operating conditions, the fluid
properties, and the FIOW @NGIES ..o 270
Figure A-3: Geometry window in Vista RTD which defines the impeller diameters, the number of
blades, and the tiP CIEAIANCE .........ccuii it steente e 270

Figure A-4: Results window in Vista RTD which provides information about the turbine performance,

and the rotor/Stator JEOMEIIIES ......ccvee et e et e s e e e sre e e re e e sneeesreeennes 271
Figure A-5: Velocity triangles window in Vista RTD ..........ccooeiiiiiiiiineeeesesee s 271
Figure B-1: Three-dimensional assembly of radial inflow turbine ............c.ccooeviiiiiciiie, 272
Figure B-2: Two and three-dimensional rotor draWing ...........ccceeceiiiiiiesie i 273
Figure B-3: Two and three-dimensional stator drawing ...........ccccceviiiiieiie s 273
Figure C-1: Curve fitting of the thermocouples type K (T1, T2, T3,and T4) ....cccovvvviinieiieieeene 274
Figure C-2: Curve fitting of the RTD sensors (RTD 1, RTD 2, RTD 3,and RTD 4) .......cccovvvvenenne. 275
Figure C-3: Curve fitting of the RTD sensors (RTD 5, RTD 6, RTD 7,and RTD 8) ........cccccvvvvvnnne. 275
Figure C-4: Curve fitting of the RTD sensors (RTD 9, RTD 10, RTD 11, and RTD 12) ................... 276
Figure C-5: Curve fitting of the RTD sensors (RTD 13, RTD 14, and RTD 15)......cccccevvvevieveenenn, 276
Figure C-6: Curve fitting of the pressure transducer (P1, P2, and P3)........ccccoovviiiiniiieneenee e 277

XX



LisT OF TABLES

Table 2-1: Absorption co0liNg SYStEMS [20]......ccuviveieiieriiiieeei s 15
Table 2-2: Adsorption cooling systems [20-22, 64, 65].........ccceririiieieiiniiieese s 22
Table 2-3: Power generation cycles utilising a number of different technologies [20-22, 64, 65]........ 32
Table 2-4: Absorption system for cooling and electricity [20-22, 64, 65]..........cccovvveveeieiiiecie e, 36
Table 2-5: Adsorption systems for cooling and electricity [20-22, 64, 65].........ccccevveviiveiiesivesie s, 45
Table 2-6: Adsorbent materials and refrigerants utilised in various adsorption applications................ 50
Table 2-7: Small-scale expanders and turbines used in a number of power Cycles............ccoovvererene. 58
Table 3-1: Physical properties of the adsorbent materials used in this study .............ccccoevvieiieiieinnnnn, 61
Table 3-2: Parameters used in equations 3-1 and 3-2 [20].......cccccverieiieeiieii e 69
Table 3-3: MIL 101(Cr)/water isotherms of equation 3-3 [20].......ccccceviiieiiiieiiiieie e 70
Table 3-4: Al-Fumarate/water isotherms of equation 3-3 [20, 175] ......cccvviiieiininieceeeee s 70
Table 3-5: Values of parameters used in equations 3-7 and 3-8 [20, 55, 190].........ccccevererivniiericnenn. 71
Table 3-6: LDF equation constants of AQSOA-Z02/water [20, 173]......ccccvviereririnieieneseeiene e 72
Table 3-7: LDF equation constants of CPO-27(Ni)/water [70] ......ccccovveiveiieii e 72
Table 3-8: Fitted LDF equation constants of MIL101(Cr)/water [20] .....ccceevvvveviiiiieniee e, 73
Table 4-1: Parameters used in the simulation [20, 21, 65].......cccooiiiieiiieiiereeee e 99
Table 4-2: Adsorption system characteristics [20, 21, 70, 209]........ccooeririiiieiiiesieee s 99
Table 5-1: Parameters used in the simulation [20, 22, 64].......c.ccccevieiiieiireiiie e 152
Table 5-2: System physical characteristics [20-22, 64, 209] .......cccooeiiiiiciieeieece e 152
Table 6-1: Main parameters used in the baseling deSigN ........cccceve v 193
Table 6-2: Summary of the performance results for Steam, ORC1, and ORC2 turbines.................... 215
Table 7-1: Uncertainties of thermocouples and RTD sensors used in the experimental facility ......... 246
Table 7-2: Uncertainties of the pressure transducers used in the experimental facility ...................... 247
Table 7-3: Uncertainty propagation of cooling and electriCity ..........ccccvvviviiiiieiiie i, 247
Table C-1: Uncertainty detailed calculation sample of an RTD sensor (RTD1)......ccccoevcveivervinnnnn. 278

XXI



NOMENCLATURE

Symbols

A Adsorption potential, (J/mole)

A Area, (m?)

Cp Specific heat at constant pressure, (J/kg/K)

Cs Spouting velocity (m/s)

COP Coefficient of performance

COPe Equivalent coefficient of performance

d Diameter (m)

Dso Pre-exponential constant

E Exergy (W)

Ko Empirical constant (1/s)

Ea Activation energy, (J/kg)

f Correction/friction coefficient’s

F Shape factor, factor equivalent to the typical COP of
vapour compression refrigeration system

h Enthalpy, (J/kg)

hg Latent heat of evaporation (J/kg)

M Mass, (kg)

I Length, (m)

K Losses coefficient

Ko Pre-exponential constant

m Fluid mass flow rate, (kg/s)

P Pressure, (Pa)

Qst Adsorption isosteric heat, (J/kg)

R Adsorption/desorption time ratio

Rw Water vapour gas constant, (J/kg/K)

r Radius, (m)

U Overall heat transfer coefficient, (W/m?%/K)

XXII



Us Inlet rotor velocity (m/s)

Us Outlet rotor velocity (m/s)

UA Overall conductance (W/K)

SP Specific power (W/Kgads)

SCP Specific cooling power (W/Kgags)
SCPe Equivalent specific cooling power (W/Kgads)
Rp Particle radius (m)

T Temperature, (K)

t Time, ()

W Power (W), work (J/kg)

X Water uptake, (kg/kgads)

Xeq Equilibrium water uptake, (kg/kgags)
Z Blades number

Greek letters

a Absolute flow angle (degree)
B Relative flow angle (degree)
n Efficiency

p Density kg/m®

© Flag

) Flow coefficient

W Loading coefficient

® Rotational speed (rad/s)
Subscripts

ads, a adsorbent

ads adsorption

amb ambient temperature

bed adsorbent bed

chill chilled water

cond condenser

des desorption

XX1I



eff
evap, e

exp

effective
evaporator
expander
exergy
liquid

gas
hydraulic
inlet
Heating/cooling source
heat source
constant
outlet
saturation

water

Abbreviations

1D, 3D
ASCE
Al

AC
ATM
BACS
CFD
CCHP
CS
DVS
GWP
HASCE
HS
HFC
IAOSCE

LMTD

One and three dimensional

Adsorption system for cooling and electricity
Aluminum

Activated carbon

Automatic topology and meshing

Basic adsorption cooling system

Computational fluid dynamics

Combined cooling heating power

Cooling sink

Dynamic vapour sorption

Global warming potential

Hybrid adsorption system for cooling and electricity
Heat source

Hydrofluorocarbons

Integrated adsorption-ORC system for cooling and
electricity

Logarithmic mean temperature difference

XXV



LPM
KC
MOF
RD
RTD
SEM

Liter per minute

Kalina Cycle

Metal Organic Framework
Regular density

Resistance temperature detector

Scanning electron microscope

XXV



LIST OF PUBLICATIONS

JOURNAL PAPERS

1)

2)

3)

4)

5)

Al-Mousawi, F.N., R. Al-Dadah, and S. Mahmoud, Low-grade heat driven adsorption
system for cooling and power generation using advanced adsorbent materials. Energy
Conversion and Management, 2016. 126: p. 373-384.

Al-Mousawi, F.N., R. Al-Dadah, and S. Mahmoud, Low-grade heat driven adsorption
system for cooling and power generation with small-scale radial inflow turbine. Applied
Energy, 2016. 183: p. 1302-1316.

Al-Mousawi, F.N., R. Al-Dadah, and S. Mahmoud, Integrated adsorption-ORC system:
Comparative study of four scenarios to generate cooling and power simultaneously.
Applied Thermal Engineering, 2017. 114: p. 1038-1052.

Al-Mousawi, F.N., R. Al-Dadah, and S. Mahmoud, Novel system for cooling and
electricity: Four different integrated adsorption-ORC configurations with two expanders.
Energy Conversion and Management, 2017. 152: p. 72-87.

Al-Mousawi, F.N., R. Al-Dadah, and S. Mahmoud, Different bed configurations and time
ratios: Performance analysis of low-grade heat driven adsorption system for cooling and

electricity. Energy Conversion and Management, 2017. 148: p. 1028-1040.

XXVI



CONFERENCE PAPERS

1) Al-Mousawi, R. Al-Dadah, and S. Mahmoud, “MIL101(Cr) MOF — Water Adsorption
System for Cooling and Power Generation Using Waste Heat,” SusTEM2015 Conference
Proceedings, pp. 291-301, 2015.

2) Al-Mousawi, F.N., Raya Al-Dadah, and Saad Mahmoud, Novel adsorption system for
cooling and power generation utilizing low-grade heat sources. Students on Applied
Engineering (ISCAE), International Conference for. IEEE, 2016.

3) Al-Mousawi, F.N., Raya Al-Dadah, and Saad Mahmoud “Performance evaluation of
multi-bed adsorption systems for cooling and power generation”, HPC2016 Conference

proceedings, June 2016.

XXVII



Chapter 1 Introduction

CHAPTER ONE

INTRODUCTION

1.1 Background

For decades, fossil fuels have been the main energy source for various applications; however,
the abundant low-grade heat resources like solar thermal energy, geothermal energy or waste
heat can be converted into cooling and electricity using promising clean energy technologies
like absorption, adsorption and Organic Rankine cycle (ORC). Such technologies can be used
to reduce reliance on fossil fuels and associated CO> emissions thus alleviating the adverse
impacts of global warming [1]. A notable example of the low-grade heat sources is the waste
heat, where in the UK only the waste heat from industrial processes is ranging from 10 to 40
TWh [2]. Also, another useful example is the solar energy, where sun emits 3.8x10 TW, out
of which about 1.8x10°> TW reaches our planet [3]. However, millions of people who live in
developing countries still lack access to secure electricity and the problem is worse in hot
countries where large power capacities are required for building air conditioning. For example
in Iraq as a hot climate country, there is a big gap between the electricity supply and demand
as shown in Figure 1-1. ORC is one of the important technologies in this field that converts
low-grade heat sources into useful power (electricity) using different types of heat sources
including waste heat [4], and solar energy [5]. Although ORC systems are able to utilize a
wide range of low-grade heat sources to generate electricity, it shows relatively low efficiency

compared to other low-grade heat utilization technologies [6].
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Figure 1-1: Electric power demand /supply in Iraq for the period between 1990 and 2010 [7]

Air conditioning systems generally consume a large amount of electricity especially in hot
countries, so it would be more practical to convert the low grade-heat sources into cooling and
electricity directly and simultaneously to enhance the overall efficiency of power systems and
decrease losses in energy conversion. The production of cooling and electricity using
absorption technology is investigated by a number of researchers [8-10], however, this
technology has a number of disadvantages like the large size, ammonia risks, and
corrosiveness of lithium bromide salt [11]. On the other hand, adsorption technology can
utilise the large amount of low-grade heat sources to produce electricity and cooling
simultaneously with the advantage of using a wide range of heat source temperature, and
relatively long life compared to absorption systems [12]. Generating cooling and electricity
using chemical adsorbent materials was investigated by several researchers [13-19], by
incorporating an expander within the adsorption cooling cycle, however, this system showed a

limited power output with the problem of ammonia risks and salts corrosiveness.
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1.2 Aim and objectives

The aim of this Ph.D. research is to develop an adsorption system for cooling and power
generation at the same time utilising low-grade heat sources and using advanced physical

adsorbent materials [20]. The research aim is achieved through the following objectives:

1. Review published literature of absorption cooling systems, adsorption cooling systems,
power generation cycles and heat driven systems for cooling and power generation
including absorption and adsorption technologies. This helps to understand the
background of these systems and highlight their advantages and disadvantages.

2. Investigate the feasibility of modifying the basic adsorption cooling system (BACS) to
generate cooling and electricity at the same time utilizing low-grade heat sources by
integrating an expander (turbine) between the hot bed (desorber) and the condenser. This
can be achieved through thermodynamic modelling using MATLAB Simulink platform.

3. Investigate various possible scenarios of integrating adsorption cooling system with
Organic Rankine Cycle (ORC) to produce cooling and electricity simultaneously. This can
be achieved through thermodynamic modelling utilising a range of adsorbent materials,
ORC working fluids and operating conditions using MATLAB Simulink [20].

4. Detailed 3D CFD modelling of small-scale radial inflow steam turbine to be incorporated
in the adsorption system, and small-scale ORC turbines to be used in the ORC system
integrated with adsorption system [20]. This analysis helps to evaluate the performance of
the different turbines in terms of power and efficiency and find the suitable turbines that
meet the requirement of the different cases.

5. Develop an experimental test rig to validate the simulation of the proposed adsorption

system for cooling and electricity generation.
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1.3 Research novelty and contribution

Using clean technologies like adsorption system to generate cooling and electricity
simultaneously can reduce reliance on fossil fuels, and help to solve the problem of electricity
shortage especially in developing countries. Figure 1-2 summarises the main technologies that
use low-grade heat sources to produce cooling and electricity and highlights research areas
where there is a knowledge gap. Particularly, no research works on using physical adsorption
systems to produce cooling and power simultaneously was found. Also, limited research work
on integrated physical adsorption systems with ORC to produce power and cooling
simultaneously was found. Furthermore, advanced adsorbent materials like Metal Organic

Framework MOF materials have not been used for producing electricity and cooling at the

same time.
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Figure 1-2: Cooling and power generation systems classification and the knowledge gap
of this study
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Two new adsorption system configurations to generate cooling and power simultaneously are
investigated in this study as shown in Figure 1-3. Regarding the use of physical adsorption
systems for cooling and electricity, the two-bed basic adsorption cooling system (BACS) is
modified to generate electricity and cooling at the same time by integrating an expander
(turbine) between the hot bed (desorber) and the condenser [20, 21]. This configuration can
also utilise multiple bed arrangements like three, four, five or six beds. Also, a small-scale
steam radial inflow turbine (RIT) is developed using detailed CFD modelling that work
efficiently at the operating vacuum conditions of the adsorption system to generate electricity

[20] as shown in configuration 1 in Figure 1-3.

Regarding integrating adsorption system with Organic Rankine Cycle to generate cooling and
electricity simultaneously four different scenarios depending on the method of integration
were investigated [20, 22]. Configuration 2 in Figure 1-3 shows two integrations concepts;
one for integrating adsorption cooling system with ORC and the second one is for integrating
adsorption cooling and power generation system with ORC where power can be produced
from both the adsorption and ORC systems. Experimental testing of integrating adsorption
system with ORC is carried out, which proved the feasibility of this technique with good

agreement with modelling.

Regarding the use of advanced physical adsorbent materials AQSOA-Z02 zeolite, Metal
Organic Framework MOF materials such as CPO-27(Ni), Al-Fumarate (Aluminium-
Fumarate) and MIL101(Cr), are used and all the new adsorbent materials are compared to the
frequently used Silica-gel [20]. Water is utilised as an adsorption refrigerant, while R245fa,

R365mfc and R141b are investigated as ORC working fluids.
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Figure 1-3: Main configurations and technologies used in this thesis to generate cooling
and electricity

1.4 Thesis outline

This thesis consists of eight chapters, where chapter one introduces the main points of this
thesis including research topic, research aim and objectives, research novelty and thesis

outline furthermore, this chapter discusses the background of the research work.

Chapter two reviews the latest research work on adsorption systems that simultaneously
generate cooling and electricity utilising low-grade heat sources such as industrial waste heat
and solar thermal energy [20]. In addition, this chapter reviews the up to date literature of

other technologies that generate cooling and electricity like absorption systems, and Organic
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Rankine cycle (ORC). Also, this chapter assesses the newest literature work in the field of

small-scale expanders and turbines used in power generation systems.

Chapter three defines the main properties of the different adsorbent materials used in this
study, where the experimental data from the DVS (Dynamic Vapour Sorption) analyser is
employed to investigate the water adsorption characteristics of AQSOA-Z02, and
MIL101(Cr). For Al-Fumarate, CPO-27(Ni), and Silica-gel the adsorption characteristics are
already available in the literature. Also, in this chapter, the experimental water uptake for all

the studied adsorption materials are compared to each other.

In chapter four, mathematical models of water adsorption system for cooling and electricity
(ASCE) are developed where, the two-bed BACS is improved to generate electricity and
cooling at the same time by integrating an expander (turbine) between the hot bed (desorber)
and the condenser [20, 21]. Also, the effect of using a number of advanced adsorbent
materials such as CPO-27(Ni), MIL101(Cr), Al-Fumarate MOFs and AQSOA-Z02 zeolite on
the overall system performance is studied and compared to that of Silica-gel. Also, this
chapter studied the effect of using different bed arrangements either in series or in parallel
beside the effect of adsorption and desorption times on the overall adsorption system
performance. In addition, a hybrid adsorption system for cooling and electricity (HASCE) is
developed which comprises of four adsorber beds, two evaporators, condenser and an
expander (turbine) and results are compared in terms of using various system performance
criterion like coefficient of performance (COP), specific cooling power (SCP), and specific

power (SP) [20].
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In chapter five, the two-bed BACS is integrated with an ORC system (IAOSCE) to
simultaneously generate electricity and cooling utilising CPO-27(Ni)/water, AQSOA-
Z0O2/water, Al-Fumarate, and Silica-gel/water as adsorption pairs and R245fa, R365mfc and
R141b as ORC working fluids. Four different scenarios of the integrated adsorption-ORC
system have been simulated, where in the first three scenarios, an adsorption system is set up
as a topping system, while ORC is set up as a bottoming system. The first scenario utilizes the
waste heat of adsorption to power the ORC system with no additional heat. In the second
scenario, the adsorption return heating fluid is used to power the ORC system, in the third
scenario, the cooling and heating sources leaving the adsorption system are mixed, where the
new heat source is generated to power the ORC system. In the fourth scenario, the ORC used
as a topping system, while the adsorption system acted as a bottoming system and the return
ORC heating fluid can be used to power the adsorption cycle. In addition, the second
configuration can be presented in a novel method of integrating adsorption cooling system
with ORC to simultaneously generate cooling and electricity. This can be carried out by
incorporating a steam expander to the adsorption side so that the system has two expanders in
order to increase the amount of electricity generated, while similar four scenarios are
simulated using this configuration. Again results are compared in terms of COP, SCP, SP and

adsorption power efficiency, ORC efficiency besides the system exergy efficiency.

In chapter six, detailed CFD modelling for three small-scale radial inflow turbines namely
Steam, ORC1 and ORC2 have been established to meet the requirements of the main
adsorption configurations adopted in this thesis including the adsorption system for cooling
and electricity (ASCE) and the integrated adsorption-ORC system for cooling and electricity
(IAOSCE). The baseline design is developed using VISTA RTD ANSYS@2018 where the

design is improved using the three dimensional CFD modelling utilising ANSYS@2°18 CEX.
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Chapter seven describes the main components of the experimental facility of the integrated
adsorption-ORC system for cooling and electricity. Two scenarios of integrating adsorption
system with ORC cycle utilising CPO-27(Ni) as an adsorbent material and R245fa as an ORC
working fluid have been investigated experimentally. This chapter includes the validations of
the numerical models of the two-bed adsorption cooling system, the ORC cycle, and the
integrated adsorption-ORC system (as one system) using the two proposed scenarios in terms
of COP, SCP, SP, and ORC efficiency, against the experimental results for range of heat
source temperatures [22]. Also, the effect of various operating parameters on the performance
of the adsorption cooling system has been investigated experimentally. Chapter eight

illustrates the key conclusions of this work and the recommendations.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

Mechanical vapour compression refrigeration systems consume a large amount of power
(electricity), leading to fossil fuel consumption and CO2 emissions. In addition, working
fluids used in these systems usually including hydrofluorocarbons (HFCs) which have a
negative impact on the environment [11]. Absorption and adsorption can produce cooling for
different applications using the widespread low-grade heat sources like geothermal energy,
industrial waste heat, and solar thermal energy [20]. Absorption cooling is based on the
principle that absorbing a refrigerant like ammonia in an absorbent like water decreases the
pressure of refrigerant vapour which allows more refrigerant to evaporate generating a
cooling effect in the evaporator [23, 24]. The principle of adsorption cooling is similar to that
of absorption but with the adsorbent being solid porous material that has high affinity for the
refrigerant. Adsorption cooling systems are promising heat driven technology and this
technology has a number of advantages, like its ability to use low-grade heat sources, utilizing
environmentally friendly refrigerant such as water, they are quiet with less moving parts, no

crystallization or corrosion problems and low maintenance [25, 26].
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Furthermore, the performance of such systems is not affected considerably by the deviation of
the heat source, which makes them good candidates for using solar energy [27]. This chapter
reviews the latest work on absorption and adsorption cooling systems utilising low-grade heat
source, also it reviews the thermal power cycles generating electricity by utilizing low-grade
heat sources like Kalina and ORC cycles. However, the chapter focuses on published work
regarding the absorption and adsorption systems that generate cooling and electricity
simultaneously. In addition, it assesses the newest literature work on the small-scale

expanders used in power generation cycles.

2.2 Low-grade heat sources

The abundant amount of the low-grade heat sources like solar thermal energy, geothermal
energy and industrial waste heat can be converted into useful outputs like heating, cooling,
and electricity using various clean technologies [20, 28]. Enormous amounts of the waste heat
from the different industrial processes and power stations are discharged to the atmosphere
[29]. For example, in the UK, the waste heat from the industrial processes is estimated to be
about 40TWhr every year, which is enough for heating of about two million houses [30]. For
geothermal energy, globally the electricity capacity is projected to increase to 16 GW in 2020
and deliver about 104 TWh [31]. For solar energy, the amount of solar energy generated from
glazed or unglazed solar collectors is likely to increase significantly. Figure 2-1 shows the
increase in the global solar thermal capacity and energy yield for the years between 2000 and

2015 [32].
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Figure 2-1: Global annual solar thermal capacity and energy yields for the period between
2000 and 2015 [32]

Many researchers developed several technologies that can convert such low-grade heat
sources into heating, cooling, and electricity using absorption cooling cycle, adsorption
cooling cycle, Organic Rankine cycle (ORC), and Kalina cycle (KC). Several definitions of
the term low-grade heat source have been reported in the literature like that ranging between
ambient temperature and 250 °C [2], however, in this thesis, this term covers the heat source

temperature ranging between 80 and 160 °C.

2.3 Sorption cooling systems

Sorption phenomena can be classified into absorption and adsorption processes, where, in the
absorption process, an absorbate fluid is dissolved by an absorbent which is usually a liquid
so it is a bulk phenomenon [33]. In the adsorption process, the surface of an adsorbent which
is usually solid such as Silica-gel has a strong affinity to the atoms that become in contact
with it so the adsorption is a surface phenomenon. There are two types of adsorption; the first
one is called physical adsorption which is controlled by physical forces called van der Waals

forces. The second type of adsorption is the chemical adsorption, which is controlled by the
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so-called covalent forces [34]. The absorption phenomenon is utilised in the absorption
cooling technology by replacing the electrically driven mechanical compressor used in the
traditional vapour compression cooling systems with a thermal compressor consisting of
absorber, generator, and solution pump [35]. Although, many researchers reported a number
of absorption working pairs lithium-bromide/water and ammonia/water are still the dominant
working pairs that are used in absorption cooling systems [36]. Adsorption cooling systems
depend on circulating an adsorbate (refrigerant) like water between adsorber bed, condenser,
and evaporator and the working fluid can be cycled without any power consumption, because
of the adsorption phenomenon [37]. To achieve a continuous and steady cooling output, two

or more of adsorber beds are usually used.

2.3.1 Absorption cooling system

LiBr/water and ammonia/water are the most common absorption pairs used in the absorption
cooling chillers. LiBr/water systems can be utilized for air conditioning of buildings and
offices because it can generate effective cooling at a temperature higher than 0 °C, while
ammonia/water systems can be used for refrigeration applications with cooling temperatures
below the water freezing point [38]. Figure 2-2 illustrates a schematic diagram of a single
effect absorption cooling system utilising LiBr/water. The system consists of generator,
absorber, evaporator, condenser and pump, besides the precooler and the solution heat
exchanger [39]. An external heat is added to the generator, while the precooler is used to
reject the absorption heat. The absorber and evaporator are integrated into one component,

and the cooling is generated in the evaporator [35, 39].
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Figure 2-2: Single effect absorption system [39]

Yin et al. [40] investigated experimentally a small solar absorption chiller integrated with a
ceiling cooling system, where the indoor thermal comfort index of the tested building is
calculated. The system utilises driving temperature ranging between 74.8 and 89.1 °C, while
the average temperature of the produced chilled water was 12.8 °C. Results showed that a
cooling capacity of 4.6 kW was achieved during continuous 9 hours of working with an
average COP of 0.31. Compared to that of fan coil units, the cooling capacity increased by

23.5%, also with using two cooling stages, the energy saving was 43.5%.

Bellos et al. [41] numerically examined a new absorption pair (LiCl/water) and compared
results to LiBr/water commonly used in absorption cooling applications. The system consists
of a set of flat plate collectors, storage tank, and absorption unit which generates 250 kW with
a chilled temperature of 10 °C. The two pairs are studied using two different driving
temperatures and three different values of ambient temperature. Results showed that
LiCl/water achieved greater exergy efficiency and lower collector area by 8% for the same

cooling capacity, and the best driving temperature for LiCl/water is lower.

14



Chapter 2 Literature Review

Dominguez-Inzunza [42] experimentally evaluated the performance of an ammonia/lithium
nitrate absorption chiller utilising driving temperature ranging from 80 to 100 °C and cooling
temperature ranging from 20 to 34 °C. The chiller produced a maximum cooling output of 4.5
kW with chilled water temperature lower than 4 °C and COP values ranging from 0.3 to 0.62.
Results also showed that as driving temperature increases the COP increases, while as cooling
temperature decreases the COP increases. In addition, the study showed that the solution
recirculation can enhance the system performance, particularly at high driving temperatures.
Table 2-1 reviews a number of the published work on the absorption cooling system and it is
noticed that this technology can work utilising driving temperature ranging between 50 to 200
°C with a maximum COP of 0.7 using ethylene glycol/water [43] and ammonia/lithium nitrate

[44], however the double effect absorption chiller can show higher COP value of up to 2 [45].

Table 2-1: Absorption cooling systems [20]

Working pair Driving Application Evaporator COP Ref.
temp. (°C) temp. (°C)

Ammonia/water 100 Air 6 0.441 [46]
conditioning

Ethylene glycol/water 88 Chilled water 7 0.7 [43]

Lithium bromide/water 100 Chilled water 3.6 0.69 [35]

Ammonia/water 140 Ice storage -10 0.47 [47]

Lithium bromide/water 84.9 Chilled water 12.8 0.31 [40]

Ammonia/lithium 85-105 Chilled water 1 0.45-0.70 [44]

nitrate/water

Ammonia/lithium 80-100 Chilled water 4 0.3-0.62 [42]

nitrate

Lithium bromide/water 75-95 Air 10-15 0.6-0.68  [39]
conditioning

Ammonia/water 120 Chilled water 2 0.61 [48]

Ammonia/water 200 Ice storage -12-0 0.6 [49]

Lithium bromide/water 90 Air 7 0.37 [50]
conditioning

Lithium bromide/water 50-90 Air 15-22 0.11-0.27 [51]
conditioning
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2.3.2 Adsorption cooling systems

Adsorption cooling systems can be driven using a range of heating temperatures from 50 to
500 °C without any serious problems like corrosion, while in absorption cooling systems,
corrosion may occur with a heating temperature higher than 200°C [11]. Also, they can be
good alternative to the conventional vapour compression systems, which consume large

amount of electric energy, and this leads to more environmental problems.

2.3.2.1 Two-bed adsorption cooling system

Figure 2-3 illustrates a schematic diagram of a basic two-bed adsorption cooling system,
which contains two adsorber beds (bed 1 and bed 2), condenser and evaporator [20]. The
adsorber beds are packed with an adsorbent material like Silica-gel, and the system is charged
with a working fluid like water. Figure 2-3 shows also that, bed 1 undergoes a heating process
using an external heat source and this phase is called desorption process and during this
phase, the valve V1 is open so that bed 1 is connected to the condenser and the high
temperature and pressure fluid vapour generated through the desorption process enters the
condenser. Meanwhile, bed 2 undergoes a cooling process and this phase is called adsorption
process and during this process V4 is open and bed 2 is connected to the evaporator so that
bed 2 adsorbs the vapour from the evaporator which allows further evaporation generating
cooling effect [52]. In adsorption cooling systems, two adsorber beds are typically used and
preheating and precooling processes are carried out in the switching phase where all valves
are closed. Also, during this phase, the pressure of the desorber bed (hot bed) increases until
reaching the condenser pressure, while the pressure of the adsorber bed (cold bed) decreases

until reaching the evaporator pressure.
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Figure 2-3: Basic adsorption cooling system [20, 52]

Tso et al. [53] studied the potential of improving the performance of adsorption cooling
system driven by low-grade heat using activated carbon-based composite adsorbent material.
The influence of driving temperature, cooling water temperature, evaporator temperature and
adsorption and desorption time on the COP and SCP were investigated. It was found that COP
of 0.65 and SCP of 380 W/kgags can be produced. Results also showed that the best half-cycle
time was 360 s depending on COP and SCP optimization with a chilled water temperature of
9 °C. Results also showed that this composite material has better COP, SCP and evaporator

outlet temperature than those of the traditional Silica-gel/water.
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In typical two-bed adsorption cooling systems, adsorption time is equal to desorption time and
this is called the half-cycle time. Many researchers studied the effect of using various
adsorption and desorption times on the performance of various adsorption systems [54, 55].
Glaznev and Aristov [56] concluded that desorption is faster than adsorption by 2.2 to 3.5
times. Sapienza et al. [54] concluded that optimum performance can be obtained when the
adsorption time is 7 times the desorption time. El-Sharkawy et al. [55] theoretically studied
the effect of adsorption/desorption (ads/des) time ratios on the performance of a silica
gel/water adsorption cooling system. Results showed that the system performance is enhanced
when ads/des time ratio is less than one. Results also showed that utilising two-beds only with
a half-cycle time of 350 s, switching time of 35 s and ads/des time ratio of 0.8, can generate
continuous cooling with less fluctuation. Moreover, the study showed that maximum cooling

of 14.63 kW can be achieved using half-cycle time ranging from 300 to 350 s.

2.3.2.2 Integrated adsorption cooling systems

Integrated adsorption cooling systems consist of two or three vacuum chambers, where two or
three of the main components are integrated into one unit to produce more compact and
reliable systems with no need for vacuum valves. Xia et al [57] built an innovative two-bed
adsorption cooling system utilising Silica-gel/water. A condenser, evaporator and two
adsorber beds have been integrated into one unit so that no vacuum valves were needed. The
system consists mainly of three vacuum chambers including two adsorption beds with heat
pipe as shown in Figure 2-4. It was found that the proposed system can produce COP and
cooling output of 0.388 and 8.69 kW respectively with chilled water temperature of 11.9 °C
utilising driving temperature and condenser cooling temperature of 82.5 °C and 30.4 °C
respectively. Also, it was concluded that when the outlet chilled water temperature set to 16.5

°C the system can achieve COP and cooling capacity of 0.432 and 11 kW respectively. The
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suggested experimental system can achieve an improvement in the COP of about 12%

compared to that of the earlier adsorption cooling systems.
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Figure 2-4: Improved adsorption cooling system adopted by reference [57]

He et al [58] studied the performance of a compact prototype adsorption cooling system for
vehicles applications. The proposed chiller is designed to meet the vehicle requirements,
especially the size where only 40 L volume is available to install the suggested chiller. The
prototype consists of two adsorber beds, condenser and evaporator, besides four vapour
valves to be used as alternative to the vacuum valves as shown in Figure 2-5. It was found
that, the chiller can produce cooling output of about 1500 W utilising heating temperature of
about 95 °C and adsorption cycle time of 3 minutes. Results also showed that, the system
achieved a maximum cooling output of 436 W/kga.ss and COP of 0.31 using heat source

temperature of 80 °C.
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Figure 2-5: Compact adsorption chiller utilised by [58] (a) bed 1 in desorption process, (b)
bed 2 in desorption process

2.3.2.3 Multi-bed and multi-stage adsorption cooling systems

Aiming to generate continuous cooling, the multi-bed adsorption cooling systems are used in
many advanced adsorption systems. Also, multi-stage adsorption systems are another example
of the advanced adsorption systems and the aim of using such systems is to utilize effectively
the heat sources with low temperatures [59]. Chorowski and Pyrka [60] numerically and
experimentally investigated the performance of a three-bed adsorption cooling system
utilising Silica-gel/water at a heating temperature ranging between 45 and 70 °C. The
numerical model was developed for 90 kW cooling capacity adsorption chiller with two cases
of outlet chilled water temperature of 8 °C and 13 °C. A number of key parameters like
adsorption and desorption rates, switching time, driving temperature, and cooling condenser

temperature were studied. Maximum COP of 0.642 was achieved using switching time of 900
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s, condenser cooling temperature of 25 °C, and driving temperature of 60 °C. Also, they
reported that a maximum cooling capacity of 90.4 kW was achieved using switching time of

900 s, condenser cooling temperature of 25 °C, and heat source temperature of 64 °C [60].

Khan et al. [61] presented a new multi-stage Silica-gel/water, utilising six-bed adsorption
system with reheat utilising driving temperature ranging from 50 to 70 °C and cooling
temperature of 30 °C. It was concluded that cooling output and system COP with reheat can
achieve higher values than those of the system without reheating process. In addition, the
proposed chiller with reheating process can generate lower chilled water temperature
compared to that without reheating in the case of using driving temperature higher than 52 °C.
Moreover, the highest COP can be achieved with the cycle time ranging from 4000 to 4600 s
and mass recovery time of 600 s, also the predicted results are validated with experimental

data.

Farid et al [62] investigated a two-stage Silica-gel/water adsorption chiller with four beds
utilising various mass ratios with re-heat scheme utilising heating temperature ranging from
50 °C to 90 °C, with cooling water temperature of 30 °C. It was concluded that using the two-
stage adsorption system with re-heat and mass allocation of 3:2 topping/bottoming generate
higher cooling than that of the two-stage system with re-heat and mass allocation of 1:1
topping/bottoming. Wang et al. [63] have proposed an enhanced lumped-parameter model to
study the performance of a Silica-gel/water chiller with four beds. The model is validated
against an experimental data where the model can predict the value of cooling capacity and
COP with an accuracy of 10% and 12% respectively. Authors concluded that the improved
model can effectively define the multi-bed adsorption system and offer useful data for
designers and users. Table 2-2 summarizes a number of literature on the adsorption chillers

including the driving temperature, minimum chilled temperature achieved by the system,
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cooling capacity and maximum COP. A maximum COP of 0.64 can be achieved utilising

Silica-gel/water at driving temperature of 60 °C.

Table 2-2: Adsorption cooling systems [20-22, 64, 65]

Working pair Driving System Evaporator  Max Cooling Ref.
temp. (°C) description temp. (°C) COP capacity
W/kg or
KW*

AQSOA-z01/ 55-90 2 bed chiller 14.8 0.42 350 [66]
AQSOA-Z02/
AQSOA-Z05
and water
AQSOA-Z02 80 2 bed 15 0.31 436 [58]
Iwater automobile

compact

chiller

prototype
Silica gel/water 80 2 bed 15 0.467 -  8.46-10.3* [67]

simulation 0.491

using

TRANSYS
Silica gel/water 60 3 bed chiller 5/15 0.642 90* [60]

with two

evaporators
Silica gel/water 40-95 4 bed 2 stage 14 0.2/0.45 2/5* [68]

and 4 stage

dual-mode

chiller
AQSOA- 90 3 beds chiller 18 0.35 4.4* [69]
Z02/water prototype with
Silica gel/water des-/adsorption

allocation
CPO- 90-170 2 bed 15 0.456 440 [70]
27(Ni)/water automotive air
SAPO-34/water conditioning
Zeolite FAM 65-85 2 bed chiller 12+£2 0.44 12.13* [71]
Z01/water
Maxsorb 11I/CO2 95 4 bed chiller 15 0.1 2* [72]
Zeolite 13X- 80 2 bed chiller 15 0.5 517 [73]
CaCl2/water
Maxsorb 111/ 85 4 bed chiller 15 0.17 2.5% [74]
R1234ze(E)
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2.4 Low-grade heat driven power generation cycles

Power generation is one of the main challenging issues that face our world today, where the
fast increase in the global population which might reach 9 billion by 2050 and the continuous
development of electrically powered systems may add more commitments for the
governments and societies to secure this highly increasing power demand [75]. In addition,
the negative impact of using more fossil fuel motivated researchers to develop more efficient
and clean power generation technologies and energy resources [76]. Recently, generating
electric power utilising low-grade heat sources, received significant interest, and many
researchers suggested new system configurations to use low-grade heat sources to generate

electricity like Organic Rankine Cycle (ORC) and Kalina Cycle (KC) [77].

2.4.1 Organic Rankine Cycle (ORC)

ORC is similar to the steam Rankine Cycle, but with the steam replaced by an organic
refrigerant (hydrocarbon fluids) [78]. Figure 2-6 shows a simple Organic Rankine cycle which
consists mainly of evaporator, condenser, turbine and pump. The superheated refrigerant
generated in the evaporator expands through the turbine to produce a mechanical work, while
the low-pressure fluid passes through the condenser then to a circulating pump to be pumped

to the evaporator [79].

Evaporator Expander

Condenser

—

Figure 2-6: Basic Organic Rankine Cycle [79]
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Usman et al [80] studied the part-load performance of water and air-cooled ORC utilising
low to medium grade geothermal heat sources at different locations around the world. They
compared R245fa with R1233zde in terms of thermo economic performance, environment-
friendly and high system efficiency. Weather data of Ulsan, London, Vegas and Kuala
Lumpur have been used to simulate the ambient temperature, while experimental validation
and mathematical simulation were investigated for the condenser using wet cooling tower.
They also optimized the ORC system for maximum power generation at different ambient
(off-design) conditions. In addition, they made an economic analysis of the capital
investment/kW and levelized cost of electricity (LCOE) during system lifespan. Results

showed that R1233zde can outperform R245fa at driving temperature higher than 145 °C.

Le et al [81] used a number of low global warming potential fluids to optimize the
performance of basic and regenerative supercritical organic Rankine cycles utilizing 150 °C
pressurised hot water as a heating fluid. Maximum efficiencies of the basic and regenerative
configurations were 11.6 % and 13.1 % respectively using R152a, while the maximum power
generated was 4.1 kW using R1234ze. Depending on the ranking method and considering low
Global Warming Potential (GWP) criterion, R152a and R32 were found to be the best
refrigerants in terms of efficiency, while for the basic cycle R1234ze was the best in terms of

power generation.

Xu et al. [82] tested a small-scale ORC system including the performance of a diaphragm
pump, utilising R245fa, R123, R152a and R600a as working fluids under various operating
conditions. The effect of volume flow rate, pressure difference and physical properties of
refrigerants on the isentropic efficiency of the pump were investigated. Results showed that as

the pressure difference and flow rate increase, the isentropic efficiency of the pump increases.
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In addition, results showed that using R245fa, R123, R152a and R600a can achieve an
isentropic efficiency between 57.22 to 93.51% where nRrossta > NMRr123 > MR600a > MR152a. 1he
ratio a/pCp (the ratio of the thermal expansion coefficient to the density times specific heat)
has shown a significant influence on the pump’s isentropic efficiency, as the isentropic

efficiency decreases when o/pCp increases for the different fluids.

Ziviani et al. [83] developed an 11 kW industrial small-scale ORC system to be used as a test
facility utilising R245fa and Solkatherm (SES36) as working fluids. The system consists
mainly of a screw compressor used as an expander, centrifugal pump and three plate heat
exchangers. The effect of the expander on the ORC performance at different operating
conditions was investigated. The system performance achieved the maximum values using
SES36 and the maximum expander efficiency when using R25fa was 17 % lower than that of

SES36.

2.4.2 Kalina Cycle (KC)

Alexander I. Kalina proposed a novel power cycle that utilises low-grade heat sources using
ammonia/water as a working fluid [84]. Many designs of Kalina cycle (KC) have been
suggested in the literature utilising various heat sources [85]. Figure 2-7 illustrates a
schematic diagram of a simple form of an ammonia/water KC which consists of a boiler,
separator, two condensers, two pumps, two recuperators, throttle valve and a turbine [85]. The
mixture of the ammonia/water expands through the turbine to generate mechanical power,
while the first recuperator recovers heat from the fluid mixture leaving the turbine. The
ammonia/water is split in the separator into strong and weak solutions, where the strong

solution goes directly to the second condenser before being pumped to the boiler again [85].
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Figure 2-7: Kalina Cycle [85]

Wang and Yu [86] numerically studied and analysed a composition-adjustable KC system for
geothermal applications under various climate conditions. The effect of the yearly ambient
temperature variation on the KC performance is predicted using a numerical model. Results
showed that the suggested KC can produce higher annual-average thermal efficiency
compared to that of the system uses a fixed mixture composition. The study also concluded
that, the economic feasibility of a composition-adjustable KC by balancing between cost and

the efficiency enhancement.
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Cao et al [87] presented a numerical investigation to explore the main thermodynamic
parameters effects on the performance of a biomass KC. They also conducted a parametric
optimization using genetic algorithm approach to highlight the optimum performance of the
system with and without using a regenerative heater. It was found that maximum power
output and cycle efficiency of 583.944 kW and 28.43% (with regeneration) can be achieved
respectively. Results also showed that, as the inlet temperature or pressure increase, cycle

efficiency and the power output increase.

2.4.3 Comparison of ORC and KC

ORC and KC are promising power generation cycles for producing electricity utilising low-
grade heat sources. A number of researchers compared the performance of the ORC to the KC
using various working fluids and operating conditions [88, 89]. Walraven et al [88] compared
the performance of a number of ORC types with KC utilising geothermal heat source
temperature ranging from 100 to 150 °C. Optimisation results showed that transcritical and
multi-pressure subcritical ORCs outperformed the KC and they can achieve an exergy
efficiency of more than 50%. Eller et al [89] compared between KC (version KCS-34) with
zeotropic mixtures and ORC Cycle utilising heat source temperature ranging from 200 to 400
°C. Results showed that subcritical and supercritical ORCs with zeotropic mixtures can
outperform KC and an exergy efficiency of 13% higher than that of KC can be achieved.
Also, maximum exergy efficiency of 59.2% was obtained using supercritical ORC utilising
benzene/toluene 36/64. The exergy efficiency of KC can be increased using alcohol/alcohol
mixtures, however, it was still lower than those of subcritical and supercritical ORC with

binary zeotropic mixtures.
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2.4.4 Resorption power generation cycle

Resorption power generation cycle can employ a similar configuration of the pumpless ORC
system which contains two vessels, one works as a desorber/adsorber bed, while the other
works as an evaporator/condenser. An expander is located between the two vessels and valves
are used to allow the refrigerant passing through the expander in the two-way direction as

shown in Figure 2-8 [90].

Expander
Generator

»/

Hot/cold ‘ Cold/hot
source ‘ source
Figure 2-8: Resorption power generation cycle, and pumpless ORC system [90]

Bao et al [90] numerically analysed a resorption power generation cycle as shown in
Figure 2-8 utilising heating fluid temperature ranging from 60 to 180 °C and using four
metallic salts namely; manganese chloride, strontium chloride, barium chloride and sodium
bromide. Performance criteria like efficiency, energy density and power capacity are
compared to that of the pumpless ORC system (which has a similar arrangement of the
resorption power generation system) using pentane, R123 and R245fa under the same driving

temperature range. Results showed that pumpless ORC can achieve higher thermal efficiency,
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while resorption power generation system can generate higher energy density which is almost

twice the amount generated by the pumpless ORC.

Bao et al [91] also studied a new resorption power generation system with reheating scheme
utilising driving temperature ranging from 70 to 200 °C. The system consists of two sorbent
beds namely low temperature salt (LTS) and high temperature salt (HTS), and an expander
which is placed between the HTS sorbent bed and the LTS sorbent bed. In the first half cycle,
heat is added to generate the ammonia vapour from HTS bed which then expands through the
expander to generate electric power as shown Figure 2-9 (a). In the second half cycle, the heat
is added to the LTS bed and the ammonia vapour is directed again through the expander as
shown Figure 2-9 (b). Three different salts, including MnClz, SrCl, and NaBr were
investigated while ammonia was used as a refrigerant. The reheating process can increase the
power generated by 10-600%, while the thermal efficiency can be enhanced by 1.4 to 4.5

times while the exergy efficiency can be improved by up to 2.0-8.3 times.

Electricity

High temperature

salt (HTS) Heat rejected

Expander Low

(a) temperature salt
\_ (LTS)
Heat rejected ) NH3 Electricity
High temperature
salt (HTS) Heat input
Expander tow
P temperature salt
(b) (LTS)
NH3

Figure 2-9: Basic resorption power generation cycle reported by [91]
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Also Bao et al. [92] proposed an innovative multi-stage resorption power generation cycle
that utilises multi expanders as shown in Figure 2-10. Each expansion process is combined
with a re-heater to prevent the ammonia getting wet and produce the maximum amount of
work output. Three resorption salt pairs were used namely; NaBr-MnCl,, NaBr-SrCl, and
SrCl>-MnCI2 with ammonia. Results showed that work output of 100-600 kJ/kg can be
achieved using NaBr-MnCl, and NaBr-SrCl, and utilising driving temperature ranging from

30 to 150 °C.

Heat exchanger 1

High

temperature m
salt (HTS)

Expander 1

N

Heat exchanger 2

Expander 2

Heat exchanger 3

Expander 3

Low
temperature
salt (LTS)

Figure 2-10: Multi-stage resorption power generation system [92]

Lu et al. [93] proposed an innovative chemisorption power generation system utilising two

heat sources. The cycle consists mainly of two scroll expanders, four cascading resorption
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beds and valves. Nine Metal Chlorides salts and ammonia were examined in this investigation
to find the appropriate operating conditions for this system. Results showed that, SrCl; is the
best salt in terms of the thermal efficiency that can be used in the LTS with an efficiency of
up to 11%, while MnCl-SrCl; is suitable for HTS with the first heating fluid temperature
ranging from 200 to 250°C, and for the second heating fluid temperature of 100 °C with an
overall efficiency of about 10%. Results also showed that the topping cycle can generate an
average electric power of 300 W within 30 minutes time with driving temperature of 220 °C,
while the bottoming cycle can generate an average electric power of 500 W within 22.5

minutes time and utilising driving temperature of 160 °C.

Dutta et al. [29] suggested replacing the compressor of the Brayton Cycle, with a sorption
thermal compression process using four adsorber beds to increase the fluid pressure from the
minimum cycle pressure to the maximum cycle pressure. The proposed system was powered
by low-grade heat source and utilised activated carbon as adsorbent and R507a, R134a,
R410a, propane, R32, and CO; as working fluids. Results showed that, maximum thermal
efficiency of 8% can be achieved and that the system performance using R32 can exceed that

of the CO, and R410a.

Table 2-3 summarizes the literature review on the latest technologies and advanced working
fluids used to generate electricity utlising low and medium grade heat sources. Three main
cycles are included in this table namely Kalina Cycle (KC), Organic Rankine Cycle (ORC),
and resorption power generation cycle (RPG). A maximum thermal efficiency of about 32%
is achieved with ORC using toluene and heating temperature ranging from 150 to 400 °C,
while a maximum thermal efficiency of about 31% is achieved using Kalina cycle utlisnig

ammonia/water and heating fluid temperature of 500 °C.
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Table 2-3: Power generation cycles utilising a number of different technologies [20-22, 64,

65]
System type Working fluid Driving  System performance Ref.
temp. °C

A two- R-123, R-134a, 470 R-123 is the best fluid. Output [94]

parallel-step and water power of 468 kW and exergy

ORC for ICE efficiency of 21%.

waste heat

Basic ORC 7 different ORC 150-400 Toluene is the best fluid. Electric  [95]

combined with  fluids power output of 92 kW. Efficiency

a naval ship of up to 32% with toluene.

Basic ORC R-1234ze(E), R- 135 Maximum thermal efficiency of [96]

600a, R-236fa 10.5% and net power of 1kW.
and R-245fa

Partial R245fa/R227ea 120 PEORC generate 24.7% more [97]

evaporating mixture power than the traditional

ORC subcritical ORC using R227ea.

(PEORC) Power output of 6.19 kw and
efficiency of 7.40%.

Basic ORC R245fa 100 Maximum electrical power and [98]
thermal efficiency are 1.89 kW
and 5.92%.

Basic ORC 12 different ORC 50-140 Output power of 100 kW and [99]

with heat fluids thermal efficiency of about 19%

exchanger using neo-pentane.

Kalina cycle Ammonia/water 116-128 Maximum power output of 1573.5 [100]
kW with the corresponding
thermal efficiency of 9.94%.

Kalina cycle Ammonia/water 150-300 Thermal efficiency, recovery [101]
efficiency and exergy efficiency of
21.6%, 18.32% and 48.32%
respectively.

Different Ammonia/water 500 Output design power of 20 MW. [102]

Kalina cycle KC1234 gave the highest cycle

layouts efficiency of 31.47 %. KC123 had

including the second maximum efficiency of

KC12, KC123, 31.46 %. KC234 had the lowest

KC234 and efficiency of 27.35 %.

KC1234

A solar-driven  Ammonia/water 98-108 Net power output of 10.94 kW. [103]

Kalina cycle Thermal efficiency was 7.55% and
the optimized modified system
efficiency was 8.54%.

Kalina cycle Alcohol/alcohol 200-400 Maximum exergy efficiency of [89]

(KCS-34) and
supercritical
ORC

mixtures

55.8% achieved using
methanol/heptanol ~ 60/40. A
maximum exergy efficiency of
59.2% achieved for supercritical
ORC using benzene/toluene 36.
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Non- R12, HCFC-123, 277 Maximum thermal efficiency of [104]
regenerative HFC-134a, and about 25% and output power of
ORC R717 about 2000 kW using R123.
Pumpless Manganese 60-180 Maximum thermal efficiency of [90]
organic chloride, about 25% for pumpless ORC
Rankine strontium using Pentane. Maximum thermal
[resorption chloride, barium efficiency of about 17% for
power chloride and resorption power generation cycle
generation sodium using MnClz- MnClz/ammonia.

bromide/ammonia

and pentane,

R123 and R245fa

for ORC
Advanced Ammonia/water 70-140 Maximum energy and exergy [6]
absorption efficiencies were 9%-14% and
power 65%—-72% using driving
generation temperature of 70-100 °C.
(APG) double- Double-effect APG cycle could
effect, half- improve the energy and exergy
effect and one efficiencies by 3.6-12.6%, 10.7-
ejector- 28.2% and 19-900% using driving
combined temperature of 100,120, and 140
APG cycles °C, however power was 43-63%
based on lower.
Kalina KCS-
11
Multi-stage Ammonia/MnCl;,  30-150 SrCl>-MnCl, can generate output [92]
expansion SrCly, and NaBr work of 550 kJ/kg using driving

chemisorption
power
generation

temperature of 150 °C. Energy
efficiency of 6% -15% using 2-4
expansions and driving
temperature between 80-150 °C.

2.5 Absorption systems for cooling and electricity

Many researchers investigated the potential of producing electricity and cooling
simultaneously using the absorption technology. A number of thermodynamic cycles with
binary fluids mixtures were suggested in the literature and one of these well-known cycles is
Goswami cycle which is an integration of an ammonia/water absorption cooling system and
an ammonia organic Rankine cycle [105]. Other studies combined absorption cooling system

with Kalina cycle, to produce cooling and electricity at the same time. Liu, and Zhang [106]
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proposed a new absorption system for cooling and electricity utilising low-grade heat as

shown in Figure 2-11.
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Figure 2-11: Ammonia/water absorption system for cooling and electricity [106]

The new system integrates an ammonia/water absorption cooling system and Kalina cycle and
the system consists mainly of generator, turbine, evaporator, pump, two separators and two
condensers. The ammonia/water is pumped to the generator pressure, while the vaporised
mixture produced from the generator is separated in the first separation process into weak and
strong mixtures. The strong mixture passes through a turbine to produce power, and after
another separation process, the rich mixture is delivered to the first condenser to generate the
liquid ammonia required to achieve cooling in the evaporator. Another condenser is used to
condense the mixture of the weak solution while ammonia vapour leaving the condenser is
pumped again to the generator.

Muye et al. [107] modelled and studied the annual performance of an ammonia/water
absorption system for cooling and electricity. Solar thermal energy is used to power the
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system as the main heat source while biomass energy is used as an auxiliary heat source and
the study includes Seville in Spain and Chennai in India. A scroll expander is used for the
power generation which is located between the super heater and the condenser. Also, the
effects of using various driving temperatures, cooling temperatures, and evaporator
temperatures on the system performance were studied. It was concluded that the annual
system efficiency varied between 6 to 8% and the annual solar contribution achieved values
ranging from 23% to 30%, depending on the location and the designed evaporator
temperature, while the annual expander efficiency achieved was ranging from 59% to 63%

[107].

Mohammadi et al. [108] suggested a hybrid combined system for heating, cooling, and power
generation for domestic applications. This system comprises mainly of a gas turbine, an ORC
system, and an absorption chiller. A numerical study was carried out to examine the effect of
various factors on the performance, power generation, heating capacity and cooling capacity.
Results showed that the system can achieve an overall efficiency of 67.6% and generate 30
kW of power, 8 kW of cooling and COP of 0.6196. The parametric investigation showed that
the turbine inlet temperature has an important impact on the electric power generated and the
overall system efficiency. Liu and Zhang [8] have suggested a cogeneration of
ammonia/water Rankine cycle and an absorption cooling system utilizing a driving
temperature of around 450 °C to generate cooling and electricity simultaneously. Splitting of
absorption unit was used to keep the desired levels of ammonia concentration in the different
processes of the cycle. It was concluded that maximum exergy efficiency of 58% can be
achieved and that the suggested system can reduce the power consumption by 18.2%
compared to traditional cooling and power generation systems that are working individually.

Zhang and Lior [10] investigated an ammonia/water cogeneration system to generate cooling

and electricity simultaneously. Energy and exergy efficiencies were evaluated with the values
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of 27.7% and 55.7%, respectively achieved using driving temperature of 450 °C. They also
studied the main parameters that can affect the cycle performance. Results showed that the
cogeneration system has higher energy and exergy efficiencies compared to that of the
generation of cooling and electricity separately for the same capacities. Table 2-4 summarises
the literature work on the absorption system for cooling and electricity utilising a number of
different configurations which depend mainly on Kalina Cycle, absorption cooling system,
and ORC. A maximum thermal efficiency of 35-45% can be achieved in [109] using heat
source temperature ranging between 120 to 160 °C. Also, a maximum exergy efficiency of

72% can be noticed in [110] utilising heat source temperature of 90-170 °C.

Table 2-4: Absorption system for cooling and electricity [20-22, 64, 65]

System type Driving Evaporator System performance Ref.
temp. 'C temp. 'C

Absorption 133 8 For cooling only, cooling of [111]
refrigeration 34.26 kW and COP of 0.57. For
cycle and Kalina combined generation, cooling of
extraction turbine 15.26 kW and power of 2.21
cycle kw. Effective first-law and

exergy efficiencies were 13%

and 48%
Integration of 200 15 Net power output of 35.88, kW, [106]
absorption net refrigeration output of 75.12
refrigeration kKW. Thermal efficiency of
cycle and Kalina 13.72% and exergy efficiency of
cycle 5.40%.
Absorption 350 -10 Thermal and exergy efficiencies  [9]
combined of 24.2% and 37.3%. Power of
Power/Cooling 7747 kKW and refrigeration of
cycle 298.8 kW.
based on Kalina
cycle
Novel integrated 450 -15 Reduction in energy  [8]
ammonia/water consumption by 18.2%. Power
Rankine cycle of 737.3 KW and refrigeration of
and an ammonia 203.8 kW. Exergy efficiency of
refrigeration 57.6%.
cycle
Novel combined 170 0 Net power output of 1379 kW, [112]
cooling and cooling output of 1736 kW,
power cycle first-law  efficiency 43.25%,

36



Chapter 2

Literature Review

(based on Kalina second-law efficiency of
cycle) 22.51%.
Combined 450 -25 Thermal efficiency and exergy [10]
ammonia efficiency of 27.7%, and 55.7%.
refrigeration Power of 7334 kW and
system and refrigeration of 241.9 kW.
ammonia/water
Rankine cycle
Combined 257-347 -15to -5  Net power output of 614.3 kW, [113]
Rankine power net refrigeration output of 839.8
and absorption kW. Heat efficiency of 20.35
cooling cycles and exergy efficiency of
35.68%.
Combined 90-170 20 Effective first-law and exergy [110]
Rankine power efficiencies were 20% and 72%.
and absorption
cooling cycles
A combination of 80/150 4 Power output of 2575 kW, [114]
a gas turbine, Cooling output of 2902 kW, and
ammonia/water heating output of 730 kw.
turbine and LiBr- Energy saving ratio of 31.70%
H>O absorption and exergy efficiency of
refrigerator 37.89%.
An ammonia- 90/500 -15 Equivalent heat-to-power [115]
water combined efficiency of 19.76%.
power and Refrigeration output of 225.72
cooling system kKW and net power output of
14.76 kW. Exergy efficiency of
33.69%.
GAX (generator 120-160 -10to 10  Overall thermal efficiency of 35- [109]
absorber heat 45% and COP of 0.35. Power
exchange) based output and cooling capacity were
combined power 225 kw and 80 kw at
and absorption evaporator temperature of 0 C.
cooling system
Two systems, 370 - Kalina Cycle generated 1722 [116]
Kalina power- kW  power with thermal
cooling cycle efficiency of 16.1%. KLACC

(KPCC) using
ammonia/water,
and Kalina
lithium bromide
absorption chiller
cycle (KLACC)

and KPCC generated 277 and
393 kW cooling besides 1550
and 1722 kW power. KPCC and
KLACC had a thermal
efficiency of 15.2 and 16.9%
and power-cooling efficiency of
18.8 and 20.2%
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2.6 Adsorption systems for cooling and electricity

Integrating electricity generation with adsorption cooling system using low-grade heat sources
has the advantage of the dual power and cooling generation simultaneously and increasing the
overall system performance [15, 16]. Figure 2-12 shows a resorption cogeneration system
(resorption system is an adoption system but without condenser or evaporator [14]) for
cooling and electricity that developed by [13], the system consists of two adsorbent beds,
super heater, precooler and a turbine. The turbine is placed between the HTS sorbent bed and
the LTS sorbent bed to produce electricity. The proposed system works in two phases; during
the first phase superheated ammonia is generated and expands through the turbine generating
electric power. In the second phase, cooling is generated due to decomposition heat and the
internal energy difference of ammoniate LTS in bed 2 as shown in Figure 2-12. The proposed
cycle archives an electricity generation exergy efficiency of up to 69% and cooling COP of up
to 0.77. Results also showed utilising heat source temperature greater than 100 °C can
produce maximum overall exergy efficiency of 90% and COP of 0.77 and when heat source
temperature of 200 °C is used, electric power and cooling of 1.42 kW and 5-6 kW can be

obtained utilizing 10 kW of heat [13].

Bed 2 HTS

Bed 1 HTS

Heat input

Open

Heat input
Heat rejected

Heat rejected
Refrigeration 2

Bed 1LTS Refrigeration 1

Bed 2 LTS

Figure 2-12: Resorption cogeneration system for cooling and electricity [13]
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Jiang et al [14] have presented a resorption cogeneration system for cooling and electricity
with similar electrical efficiency and considerably higher cooling performance than Goswami
cycle. The cycle comprises of two adsorber beds, precooler, super heater and an expander.
Results showed that the cycle has efficiency and COP of 7.2-12.6% and 0.33-0.53
respectively, without heat recovery, while when using heat recovery it has thermal efficiency
and COP of 9.5-15.8% and 0.416-0.691 respectively. A maximum exergy efficiency of 82%
was achieved, which is 50% higher compared to Goswami cycle. Results also showed that the
proposed system can outperform the Rankine cycle and the Goswami cycle in terms of the

exergy efficiency.

Bao et al. [16] introduced a new adsorption system for cooling and electricity by integrating a
scroll expander with a chemisorption cooling system. Experimental facility of such system
utilising chemical adsorbents has been built using CaCl./activated carbon and ammonia with a
scroll expander. The system consists of two adsorption units, two evaporators, two condensers
and an expander. An external heat source is used to power the adsorber bed which generates
high temperature and pressure flow of ammonia that expands through the expander generating
a mechanical work. Results showed that the system can generate maximum electricity of 490
W and minimum cooling temperature of about 5.4 °C. The study also discussed the main
challenges that may face such system, where the flow generated from desorption process was
varying between a minimum and maximum values in a periodic manner. A number of
solutions have been recommended to fix the problem of incompatibility between the

expansion process and the desorption process.

Jiong et al [17] have designed and studied a new resorption cogeneration system for

electricity, cooling and energy storage using MnCl,-CaCl, and ammonia as working pair with
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a scroll expander. To assess the performance of the scroll expander, an air pressure of 0.6 to 1
MPa was applied and an isentropic efficiency of about 60% was achieved. Results revealed
that the suggested system can generate an electric power of 300 W and a maximum cooling
capacity of 2 kW, also results showed that using the cogeneration system increases the overall
system efficiency from 31.6% to 37.6% when utilising driving temperature of 130 °C and
chilled temperature ranging between -10 to 20 °C, while the exergy efficiency decreases from

40.2% to 39.1%.

Yiji Lu et al [18] have used a computer software to improve the ammonia resorption
cogeneration cycle using mass and heat recovery. They used twelve different working pairs
with heating temperature ranging from 100 to 300 °C. Results showed that the system COP
has been increased by 38% and 35% utilising NiCl, and MnCl, respectively. The electrical
efficiency was enhanced by up to 12% and the exergy efficiency reached 41% using BaClo—
MnCI; utilising heating temperature of 110 °C. It was concluded that the proposed system can
be applied for various scale applications with the advantage of producing cooling and

electricity simultaneously with high performance.

Bao et al [15] proposed two chemical adsorption system prototypes for cooling and electricity
utilising heating fluid temperature ranging from 85 to 255°C. The study aimed to examine the
feasibility of integrating a solid-gas chemisorption adsorption system with a scroll expander
to produce electricity and cooling simultaneously utilising a number of adsorption salts
including NiClz, MnCl,, CaCl,, and BaCl> and ammonia. The proposed system consists
mainly of two adsorber beds, evaporator, condenser and a scroll expander. An external heat
source is used to heat bed 1 and hence the desorption process is started in this bed, so the high

pressure and temperature ammonia leaves bed 1 to the expander to generate an electric power
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as shown in Figure 2-13 (a), while the evaporated ammonia leaves the evaporator to bed 2
which is cooled (under adoption process) and cooling is generated in the evaporator. To
achieve continuous generation of cooling and electricity, after a half cycle time, bed 1
switches to cooling, while bed 2 switches to heating and the same procedure is repeated as
shown in Figure 2-13 (b). It was found that an electricity of 320 W was generated instead of
1kW that was predicted and this was because of common constraints between the adsorption
cooling system and the expansion system, also results showed that exergy efficiency of 62%

and COP of 0.57 can be achieved.

Heating Cooling Cooling Heating
N Close Close j
/ Expander k J Expander k
Bed 1 1 Bed2 Bed 1% Bed 2
(b} [ [y [«b]
3 Condenser o @ Condenser a
E) ) I X
* Evaporator * Evaporator
(a) (b)

Figure 2-13: Adsorption system for cooling and electricity adopted by [15], (a) bed 1 in
desorption and bed 2 in adsorption, (b) bed 2 in desorption and bed 1 in adsorption

Jiang et al [19] presented a novel resorption system for cooling and electricity utilising
MnClz-CaClz/ammonia and driving temperature ranging from 120 to 170 °C. As shown in
Figure 2-14, it consists of HTS bed, LTS bed, oil tanks, an expander (turbine) and valves.
During the desorption process of HTS, the valves V1, V2, V3, V4, V10 and V11 are open,
while the valve V9 is close and the HTS bed is heated using the hot oil tank, while the LTS

bed is cooled using the cold tank. The high temperature and pressure ammonia generated from
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the HTS expands through the turbine generating electricity [19]. During the desorption
process of LTS, the valves V5, V6, V7, V8, and V9 are open, while valves V1, V2, V3, V4,
V10 and V11 are close, while the HTS bed is cooled and the desorption process in the LTS
generates cooling in the chilled tank. Experimental results revealed that the cogeneration
system can generate maximum electric power and cooling of 253 W and 2980 W respectively.
Also, results showed that the suggested cogeneration system can increase the overall

efficiency from 29.3% to 41.7% and the exergy efficiency from 12% to 16% [19].

HTS bed

V1 -
p¢— Oiltank1l
* V3

g !ve * V7
Xpander
P Oil tank 2

V2
Pp<4— Cooling tank
p&

V5 V8
LTS bed

Figure 2-14: Cogeneration system for cooling and electricity proposed by [19]

2.7 Integrated adsorption-ORC systems for cooling and electricity

A number of researchers studied the possibility of combing adsorption cooling system with
ORC system to generate electricity and cooling simultaneously. Jiang et al. [117] studied the
feasibility of cascading a two stage adsorption cooling system with an ORC to produce
cooling and electricity concurrently utilising heat source of 78-98 °C. CaCl>-BaCl, and
ammonia were used as an adsorption working pair, while R245fa is used as an ORC working

fluid. The two systems were connected to the heating source, such that the heating fluid drives
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the ORC and then the adsorption chiller. It was concluded that, the proposed system can
produce cooling of about 1.92 to 2.7 kW and electric power of about 390 to 560 W. Results
also showed that the cascading system can enhance the heat utilization exergy efficiency by
20.4-29.1%. Wang et al. [118] studied the possibility of combining an ORC with a water
adsorption chiller to generate cooling and electricity simultaneously utilising heat source
temperature of 70-100 °C. Silica-gel and R600 are used as adsorbent material and ORC
working fluid respectively. The two systems were integrated using the heating fluid line. The
ORC is set up as a topping system, while the adsorption chiller is set up as a bottoming
system. Results revealed that an electric power of 1 kW and cooling of 6.3 kW can be
achieved. The integrated system can achieve maximum exergy efficiency of 74% compared to

that of 89% and 46% for a single ORC and a single adsorption chiller respectively.

Lu et al. [119] presented a newly combined resorption chiller and ORC system to enhance the
overall performance of an internal combustion engine (ICE) by generating cooling and
electricity as a result of recovering the coolant heat and the exhaust heat from the ICE. The
proposed system as shown in Figure 2-15 consists mainly of an ORC cycle which has
regenerator, expander, condenser, and two evaporators and a resorption chiller which has two
HTS beds, and two LTS beds. To achieve continuous cooling switching between the two
phases of the resorption chiller was used as illustrated in Figure 2-15 (a) and (b). It was
concluded that the cogeneration system can produce cooling of 16.58 kW and electric power
of 13.88 kW. Jiang et al. [120] investigated a new cascading system for cooling and electricity
utilising heat source temperature of 75-95 °C. The proposed system comprises mainly of a
pumpless ORC cycle and an adsorption cooling system (utilises Silica-gel/LiCl and methanol)

which were connected using the heating and cooling fluids. The ORC cycle contains two heat
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exchangers that can work as condenser or evaporator, an expander, and 4-way valve and it

utilises R245fa as a working fluid.

It was found that the integrated system can produce cooling of 4.94 kW and electricity of 232

W utilising heating fluid temperature of 95 °C and cooling water temperature of 25 °C [120].

Also, the system can achieve an exergy efficiency ranging from 30.1% to 41.8% which is

60% and 144% higher than the single adsorption cooling system and the single pumpless

ORC.

Exhaust heat

Coolant heat

Evaporator 1

Y

I Expander

Evaporator 2

>«

Regenerator |

Desorption Air cooling
><¢
HTS 2 LTS 2
Air cooling Desorption
cooling
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Evaporator 1

Y Expander

Evaporator 2

Air cooling

><¢

Desorption
cooling

Regenerator 1

Desorption

(b)
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Pump Condenser
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Figure 2-15: Combined ORC and resorption chiller for cooling and electricity (a) HTS 1 and
LTS 2 in desorption process (b) HTS 2 in adsorption and LTS 1 in desorption process [119]
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Table 2-5 summarizes the literature review on the adsorption systems for cooling and
electricity generation that utilising low and medium grade heat sources. The first part of the
table presents the adsorption systems integrated with expanders. It can be noticed that
maximum COP of 0.77 and maximum exergy efficiency of 90% can be achieved in [13]
utilising driving temperature ranging from 100 to 400 °C. The second part of the table
presents the adsorption systems that integrated with ORC systems and it can be noticed that
maximum exergy efficiency of 89% can be accomplished in [118] with the corresponding

COP of 0.8.

Table 2-5: Adsorption systems for cooling and electricity [20-22, 64, 65]

Working pair/fluid Driving temp. 'C  System performance Ref.
FeClz, MnCly, SrCly, 100-400 For the combined system, the [14]
NiCly, BaCly, and thermal efficiency of 9.5-15.8%,
ammonia COP of 0416 -0.691 and

maximum exergy efficiency of
82% using heat recovery. For a
single tube of adsorber bed (for
different adsorbents), SCP and
COP range from 74.9 —79.4 W/Kg,

0.16 —0.21.
PbCl,, BaCl; 100-400 Electricity  generation exergy [13]
CaCl,, and ammonia efficiency of 69% and
refrigeration COP of 0.77.
Optimum overall exergy
efficiency of about 90%.
NiClz, MnCl, CaCls,, 85-255 Exergy efficiency of 62% and [15]
and BaCl, and ammonia COP of 0.57. Power output was

increased by 10-600%, while
thermal and exergy efficiencies
were improved by 1.4-4.5 and
2.0-8.3 times respectively.

CaClz/ammonia 120-130 Generated electricity of 490 W [16]
and minimum evaporator
temperature of 5.4 °C.

MnCl2-CaClz/ ammonia 130 Cooling of 2 kW and electricity of [17]
300 W. Energy efficiency
increases from 31.6% to 37.6%
and exergy efficiency decreased
from 40.2 to 39.1% when the
evaporator temperature increased
from -10 to 20 °C.
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12 different 100-300 COP increased by 38% using high [18]

salts’/ammonia temperature salt NiClz, and 35%
using MnCl.. Efficiency
increased by up to 12% and
exergy efficiency achieved 41%
using resorption working pair
BaCl.—MnCl> and driving
temperature of 110 °C.

MnCl,-CaClz/ammonia 120-170 Maximum total efficiency of 41% [19]
and Maximum exergy efficiency
of 16%. Maximum cooling of
2.98 kW and average shaft power

of 82.3W.
MnCl>—NaBr, MnCl>— 110-250 Thermal efficiency of about 17% [91]
SrCly, using driving temperature of
and SrCl,—-NaBr and between 250 °C. COP of 0.4-0.6
ammonia and cooling output at a

temperature from -28 to 9 °C.

Adsorption and ORC

CaCl2/BaClz and R245fa 78 -98 Electric power of 390-560W and [117]
cooling of 1.92-2.7 kW. Energy
and exergy efficiencies were
10.1% to 13.1% and 18.5% to
20.3%, respectively. The
integrated system improved the
exergy efficiency by 20.4% to

29.1%.
Silica-gel/water and 78 -97 Electric power of 1 kW and [118]
R600 cooling of 6.3 kW from 15 kW of

heat. Cooling COP of 0.8, exergy
efficiency between 84% and 89%
and between 0.32 and 0.46 for the
single  ORC and adsorption
refrigeration cycle, respectively.

SrClz- MnClz/ammonia 200-700 Electric power of 13.88 kW and [119]
and R245fa cooling of 16.58 kW.
Silica-gel-LiCl/methanol 75-95 Cooling of 494 kw and [120]
and R245fa electricity of 232 W. Exergy

efficiency of 30.1% to 41.8%.

2.8 Adsorbent materials
Adsorption cooling systems are based mainly on the phenomenon of adsorption to produce
the evaporation/condensation process required to generate cooling [121]. Adsorber bed is the

key component of each adsorption cycle, which packed with a solid adsorbent material like
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Silica-gel to achieve adsorbing and desorbing processes. Recently, many researchers reported
a number of new adsorption pairs either for cooling or other applications [122]. Adsorbent
materials can be classified into physical adsorbent materials, chemical adsorbent materials or

a composite of both.

2.8.1 Physical adsorbent materials

Physical adsorbents are porous materials and the adsorption process depends on Van der
Waals force. They are more stable than chemical adsorbents and they can retain their original
properties after releasing the working fluid by using desorption process, as a result, these
materials are widely used in commercial systems. Physical adsorbents can be classified into
silicates, metal aluminophosphates, zeolites, activated carbons and Metal Organic

Frameworks [123].

2.8.2 Chemical adsorbent materials

The adsorption/desorption process in the chemical adsorbents is based on the reaction
between the adsorbate molecules and the chemical adsorbent material. Calcium-chloride and
ammonia is the most frequently used working pair of the chemisorption cooling systems
because it is cheap and has low desorption temperature. The main problems of such
adsorbents are the dissolution, agglomeration, and swelling, however, these problems can be
solved by mixing these materials with some additives like expanded graphite to produce
composite adsorbents [124]. Chemical adsorbents can be classified into metal chloride salt
and metal hydrides, metal oxides, and composite adsorbents (chemical and physical

mixtures).
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2.8.3 Composite adsorbent materials

The main purpose of using composite adsorbent materials is to enhance the adsorption
characteristics of the physical adsorbent materials as chemical adsorbents have higher heat of
adsorption and then higher kinetics rate than that of the physical adsorbents. Also, they used
to avoid the disadvantages of the chemical adsorbent materials like agglomeration, swelling
and low thermal conductivity [34]. For example, adding hygroscopic salts to Silica-gel can
enhance its adsorption characteristics and increase the water uptake and avoids the

aforementioned problem of the chemical adsorbent materials [125].

2.8.4 Advanced physical adsorbent materials

Enhancing adsorption technology requires advanced adsorbent materials with high adsorption
capabilities. During the last decade, many researchers and companies developed new
adsorbent materials to enhance the performance of the adsorption systems [126]. MOFs
materials are new adsorbent materials with superior water uptake and high surface area. Also,
AQSAO-Z02 produced by Mitsubishi Plastic is an advanced adsorbent material that received

significant interest during the last few years, because of its high water uptake.

Ali and Chakraborty [127] have numerically examined Silica-gel and AQSOA-Z02 to be used
in a two-stage water adsorption system for desalination and cooling. Results showed that
AQSOA-Z02 can generate more cooling capacity, while Silica-gel produces more specific
daily water production (SDWP). They used a heat recovery scheme between the evaporators
and the condenser of the two stages to enhance the overall system performance showing that
the proposed system has increased cooling capacity by 45% and fresh water by 26%

compared to those of the traditional systems.
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Ilis [128] numerically studied the effect of using new adsorbent materials for refrigeration
applications using Comsol software utilising evaporator and driving temperatures of 2 °C and
77 °C respectively. The constants of the isotherms equations for AQSOA-Z01, AQSOA-Z02,
NH2-MIL-125(Ti) and MIL101@GO5 were calculated and used in the modelling. It was
concluded that MIL101 (Cr)@GO5 has the maximum SCP of 21.13 kJ/kgass and the
minimum COP of 1.20, while AQSOA-Z01 has the maximum cooling capacity of 53.85 kJ/h.
Also, it is found that AQSOA-Z01 and NH>-MI-125(Ti) are promising materials for

refrigeration applications.

Elsayed et al [129] numerically studied the feasibility of using CPO-27(Ni), Al-Fumarate
(Aluminium-Fumarate), and MIL101(Cr) in an adsorption desalination system with two
adsorbent beds utilising heating fluid temperature ranging from 70 to 150 °C with various
operating conditions. Results showed that, MIL101(Cr) produced the maximum amount of
fresh water generated of 11 m?/(tonags.day) at evaporator temperature of 20 °C, compared to 6
m?/(tonags.day) generated using Al-Fumarate at evaporator temperature of 20 °C and 4.3
m3/(tonags.day) generated using CPO-27(Ni) at 5 °C . Results also showed that CPO-27(Ni) is
more appropriate for cooling and desalination systems. It is concluded that CPO-27(Ni) is
appropriate for heat source temperature higher than 110 °C, while Al-Fumarate needs low

heat source temperature of about 70 °C.

Youssef et al [130] experimentally investigated CPO-27(Ni) in one-bed adsorption test
facility for desalination and cooling. The effects of operating parameters on the generated
cooling and water were studied and results showed that a freshwater generation of about 22.8
m3/(tonags.day) was obtained utilising heating fluid temperature of 95 °C, cooling water

temperature of 5 °C and evaporation temperature of 40 °C [130]. Also, cooling with chilled

49



Chapter 2 Literature Review

water less than 20 °C of about 65 Rton/tona.ss was achieved. In addition, the experimental
results were validated against the values predicted by a numerical model. Du et al [131]
investigated ZSM-5 zeolite and AQSAOA-Z02 (SAPO-34 zeolite) as adsorbent materials and
water as a working fluid in a novel adsorption refrigeration system using solar thermal
collectors as a heat source. Experimental results showed that AQSAOA-Z02 was superior in
terms of the mass transfer, while ZSM-5 zeolite was superior in terms of heat transfer. Also,
cooling capacity and desorption speed of AQSAOA-Z02 are considerably higher than that of

ZSM-5 zeolite.

Table 2-6 summarizes the latest literature review on the new and commonly used adsorbent
materials and working fluids utilised in the adsorption technology for a number of
applications at a range of heat source temperatures. Metal Organic Framework MOF materials
showed superior adsorption characteristics with a maximum water uptake of 1.47 Kg/KQads

achieved by MIL101(Cr).

Table 2-6: Adsorbent materials and refrigerants utilised in various adsorption applications

Adsorbent  Refrigerant Uptake Desorption Application Ref.
temp. (°C)

Silica-gel (physical adsorbent materials)

Silica-gel water 0.2 kg/KQads 80 cooling [132]

Silica-gel water 0.592 kg/KJads 85 cooling/ [133]
desalination

Silica-gel water - 50-70 cooling [61]

Type RD water 0.4465 kg/kgads - cooling [134]

Silica-gel

Type A water 0.3948 kg/kgads - cooling [134]

Silica-gel

Zeolite-based adsorbent materials (physical adsorbents)

AQSOA-Z01 water 0.1 kg/KQads - cooling [135]

Zeolite 13X water 0.23 kg/KJads 90 - 150 cooling [136]

AQSOA-Z02 water 0.31 kg/KQads 85 cooling/ [127]
desalination

Activated carbon AC (physical adsorbent materials)

AC R134a 1.649 E-3 m*/ KQads - cooling [137]

AC R507A 1.175 E-3 Mm%/ KQads cooling [137]
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AC 207EA Methanol 0.33 kg/KQads - cooling/ [138]
heating

AC WS-480 Methanol 0.49 kg/KQads - cooling/ [138]
heating

Metal Organic Framework MOF (physical adsorbent materials)

MIL101(Cr) Ethanol 1.1 kg/KJads - cooling [139]

MIL101 Isobutene 0.45 kg/KJads 95 cooling [140]

MIL-101(Cr) water 1.47 kg/KQads 70-150 desalination [129]

CPO-27(Ni) water 0.462 Kkg/KQads 70-150 desalination [129]

Al-Fumarate water 0.53 kg/kgads 70-150 desalination [129]

CPO-27(Ni) water - 95 ice making/ [141]

desalination

Salts (chemical adsorbent materials)

NaBr-MnCl» ammonia - 30 -150 power generation  [92]

NaBr-SrCl, ammonia - 30 -150 power generation  [92]

MnCl,-CaCl,  ammonia - 130 cooling/electricity  [17]

MnCl; ammonia 40% weight 170 cooling [142]

Composite adsorbent materials

AC,/Silica- water 0.805 kg/KQads 115 cooling/ [143]

gel/CaCl; dehumidification

CaCl,/AC ammonia - 120-130  cooling/electricity  [16]

2.9 Expanders and turbines

Expanders are the key parts of any power generation systems like ORC, Kalina and for the
cycles with multiple outputs such as the adsorption system for cooling and electricity. They
can be classified according to the fluid passing through their blades like steam, gas, water, or
ORC expanders [20]. Also, they can be classified as velocity type expanders like axial and

radial turbines, or volumetric expanders like scroll, and screw expanders [144, 145].

Volumetric expanders are positive displacement machines that convert the energy of the
expanding fluid into a useful power by means of changing the volume of closed spaces
between the moving parts and the expander casing. In the literature, scroll expanders are used
widely within the power generation cycles like ORC. Such expanders are mostly modified
from existing scroll compressors, and not designed to meet the cycle operating conditions nor

the specific aerodynamics properties of the fluid, and as a result, they have relatively low
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efficiencies. On the other hand, velocity type expanders like axial and radial turbine are
widely used in various power generation systems, because they are simple, and compact with
light weight compared to the volumetric expanders. Axial turbine is usually used for
applications with high mass flow rate and low-pressure ratio [146], while the radial turbine is

used for systems that have relatively low mass flow rate [147].

Clemente et al. [148] studied and compared a number of expanders for ORCs in order to
design a bottoming cycle powered by the exhaust heat of 100 kWe regenerative gas turbine.
Six different refrigerants were utilized and adjusted to increase the electric power generated.
A scroll expander (commonly used as a compressor in refrigeration systems) and a piston

expander were used as an alternative to turbines.

Mendoza, et al [149] presented a scroll expander for a combined absorption system for
cooling and electricity utilising ammonia/lithium nitrate, ammonia/sodium thiocyanate and
ammonia/water. In this study, a scroll compressor from Sanden Company was developed to
work as an expander because it is cheap and compatible with ammonia. The expander was
designed for inlet pressure and volume ratio of 3500 kPa and 1.9 respectively and was tested
experimentally using ammonia to study the impact of operating conditions and lubrication
level on the expander performance. Using an inlet pressure of 1400 kPa and rotational speed

of 50 Hz, the expander generated about 958 W.

Maurizio et al [150] converted a scroll compressor to be used as a scroll expander in non-
regenerative ORC system. R410A was used to test the expander within an ORC system.
Results showed that using commercial scroll expander is feasible, however, the system

performance was low because of using such expander and the high pump consumption. In
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addition, four different fluids namely; R245fa, R134a, R1234yf, and R1234ze were simulated

using heating temperature of 100 °C and it was concluded that R245fa is the best fluid.

2.9.1 Turbines modelling

2.9.1.1 Preliminary design

Many preliminary design methods for predicting the performance of a radial inflow turbine
(RIT) were reported in the literature using the losses correlations which based on
experimental work. The one-dimensional mean-line modelling is the most famous method and
it is assumed that the parameters at the mean radius of the flow can represent the flow in the
entire turbine stage [151]. Rahbar et al. [151] developed a 1D mean-line model to design a
small-scale RIT for distributed power generation using heating temperature of up to 200 °C.
The effect of various turbine parameters like rotational speed, velocity ratio, flow angles, on
the turbine performance and the inlet diameter were studied. Mean-line method results
showed that to increase the power output, mass flow rate, pressure ratio, and inlet temperature

should be increased.

Nithesh et al. [152] designed a 2 kWe RIT utilising R-22 as a refrigerant for Ocean thermal
energy conversion applications. The turbine has rotational speed, mass flow rate and inlet
temperature of 34000 rpm, 0.46 kg/s, and 24.5 °C respectively. A numerical study with 1D
design was carried out to find the best geometry of the RIT including the stagger angle, and
the number of blades [152]. It was concluded that maximum efficiency of 74% and output
electricity of 2.5 kW were achieved utilising 15 blades for the rotor and 12 blades for the

stator.
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Ventura et al. [153] established a programming code to determine the preliminary design of
RITs including losses calculations along with selection criteria. The model can predict the
efficiency of RITs, and it was validated against previous codes. The authors claimed that the

model can be integrated with the thermodynamic cycle design and 3D blade design analysis.

2.9.1.2 Three dimensional CFD modelling

The actual flow in the RIT is a 3D turbulent and viscous flow with secondary flow regions.
Therefore the mean-line method which assumes one-dimensional flow cannot capture all the
effects of the three-dimensional parameters like supersonic/transonic flow, the interaction
between the stator and the rotor and tip clearance. As a result, a more powerful tool is
required to facilitate the study of the three-dimensional flow in the RITs. CFD modelling can
capture the influence of the three-dimensional parameters on the turbine performance, also

save the time and the cost of the prototype manufacturing.

Sauret and Gu [154] developed an RIT for ORC applications with power of 400 kW utilising
R143a as working fluid. They used mean-line analysis and detailed 3D CFD simulations
using the commercial software ANSYS CFX. Wide ranges of operating conditions were
applied and the 3D CFD and the mean-line results were compared showing a good agreement.
However the CFD modelling was shown to enable enhancing the performance of the turbine
to achieve maximum efficiency of 88.45% corresponding to power output of 400 kW
compared to maximum efficiency of 79.8% and power output of 393.6 kW obtained by the

mean-line method.
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Fiaschi et al. [155] developed a small-scale expander for the ORC applications using the
preliminary design and the three dimensional CFD simulations utilising R134a. The three
dimensional CFD modelling depended on the preliminary design point with updating some
other key factors using ANSYS Fluent. The three-dimensional rotor analysis leads to
improving the blade profile of the rotor and selecting the right number of blades, which

improved the blade loading.

Rahbar et al [156] carried out a parametric investigation and optimization for a small-scale
RIT for ORC applications. The preliminary design method was combined with 3D CFD
simulation using genetic algorithm optimization scheme provided by ANSYS to investigate
the main parameters that affect the turbine performance. Eight different ORC fluids were
examined using the designed turbine. Optimization results showed that the studied turbine can
reach a maximum efficiency of 84% utilising R152a with 7 K superheat, however, if the
superheated degree is excluded, isobutane can show better features with a rotor diameter of

66.3 mm and efficiency of 83.82% at inlet driving temperature of 89.2 °C.

2.9.2 Turbines working fluid selection

The selection of the appropriate fluid of any power generation cycle in terms of the
thermodynamic properties and the environmental requirement is an important issue. Many
researchers investigated many working fluids to highlight their influence on the performance
of the power generation cycles. Costall et al. [157] established a design method to design and
select the working fluid for three different small-scale ORC radial turbo expanders utilising
Siloxanes and Toluene as working fluids for integration with diesel engines. Three different
sizes (small, medium, and large) turbines were designed and studied. The small turbine can

generate power capacity of 15.5 kW with 1.6 mm inlet blade height and 20 mm diameter. The
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medium turbine can generate power of 34.1 kW with efficiency of 51.5% and a diameter of
62.9 mm while the large turbine can generate power of 45.6 kW with efficiency of 56.1% and

a diameter of 83.0 mm. Results showed that Toluene is the preferable working fluid.

Li and Ren [158] investigated a thermodynamic study of an ORC system using a number of
working fluids, they also developed an aerodynamic model of an organic RIT using R123.
Results showed that, as the driving temperature increases, the thermal efficiency increases for
all refrigerants used and maximum cycle thermal efficiency of 17% (at an evaporator
temperature of about 430 K) was achieved using R141b, while the lowest thermal efficiency
value was obtained using R601a. Under the design condition, R123 can generate power
output of 534 kW and cycle efficiency of 13.5%. Also, results showed that the waste heat
utilization ratio of about 42% was achieved using R245fa and R600, while the designed RIT

can achieve a maximum isentropic efficiency of 84%.

2.9.3 Evaluation of expanders and turbines for small-scale applications

Velocity type expanders like axial and radial turbines are more suitable to the small-scale
power systems because of their compactness and simplicity compared to the volumetric
expanders which have a number of disadvantages like complicity, and high cost. On the other
hand, RITs have a number of advantages compared to the axial turbines in terms of their
compactness and high performance at a low mass flow rate. However, the axial turbines have
the advantages of their compatibility for the multi-stage applications and they can work
efficiently at low rotational speed. Al Jubori et al. [159] carried out with optimization of a
small-scale axial turbine utilising ANSYS CFX for ORC systems using heating temperature
of less than 100 °C. A number of ORC fluids including R123, R141b, R152a, R134a,

isobutane and R245fa were investigated and a number of optimization parameters including
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throat width, stagger angle, tip clearance and number of blades for the stator and the rotor
were included. It was concluded that a shaft power of 6.3 kW and an efficiency of 88% can be
achieved, the ORC thermal efficiency can be increased by up to 14% compared to that of the

preliminary design.

Al Jubori et al. [160] developed three dimensional CFD designs using ANSYS CFX for
small-scale radial inflow and axial turbines for ORC systems utilising low-grade heat sources.
Both turbines were examined using R245fa, R141b, n-pentane, n-butane, and R1234yf using a
mass flow rate ranging from 0.1 to 0.5 kg/s. CFD results showed that n-pentane produced the
maximum power and efficiency for all the studied cases. For the RIT, maximum power and
efficiency of about 8.9 kW and 84% were achieved while for the axial turbine, maximum
power and efficiency of about 8.5 kW and 83.5% were achieved. Also, the ORC thermal
efficiency can achieve 10.6% and 10.14% utilising radial inflow and axial turbines
respectively. Daabo et al [161] designed two small-scale radial inflow and axial turbines for
Brayton cycle application. The effects of inlet temperature, inlet pressure, mass flow rate, and
rotational speed on the power output and the efficiency have been investigated. The 3D CFD
simulations of the two turbines were carried out and it was concluded that the radial turbine
was superior with low mass flow rate, while the axial turbine was better with low rotational
speed. Table 2-7 summarizes a number of the latest literature on the development of
expanders and turbines for electricity generation systems powered by low-grade heat sources.
A maximum isentropic efficiency of 88% is achieved using RIT with R123 utilising driving

temperature of less than 100°C.
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Table 2-7: Small-scale expanders and turbines used in a number of power cycles

Expander Working fluid Driving  Efficiency  Power Speed Ref.
type temp.°C % kw RPM
Axial turbine  R141b,R152a 100 88 6.3 10000- [159]
R123,,R134a,is0 30000
butane and
R245fa
Axial and R141b, n 67-92 84 8.9 40000- [160]
radial turbines pentane,R245fa, 50000
n-butane, and
R1234yf
RIT R245fa 79 33 63000 [162]
RIT R123 65 1.36 24000 [163]
Axial turbine/ R141b, R245fa, 87 82.5/79.05  15.15/13. 18000- [164]
radial-outflow R365mfc, 625 20000
turbine isobutane and n—
pentane
RIT 15 working 117 80 7.23 40700- [165]
fluids 105982
RIT R134a 24.5 70 2 22000 [166]
Radial R134a 122.5 68 5 87645 [155]
turboexpander
Radial turbine 8 working fluids  89.2 84 15 35000- [156]
65000
Scroll R134a, R245fa, 100 53.3 10 5830 [150]
expander R1234yf, and
R1234ze
Scroll Ammonia 90-120 - 6 - [149]
expander
RIT Air 20-40 84.5 4.343 55000 [167]

2.10 Summary

This chapter reviewed the latest literature on the main technologies that utilises low-grade
heat sources to produce cooling, electricity and both cooling and electricity simultaneously.
For cooling applications, the literature review covered absorption and adsorption cooling
systems. For power generation, the literature covered Organic Rankine Cycle (ORC), Kalina
Cycle (KC), and resorption power generation cycle. The aforementioned review is important

to understand the next part of the literature review which includes the latest work on the main
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technologies used to produce electricity and cooling simultaneously utilising low-grade heat

sources. From this detailed review the following conclusions can be made:

1. The first technology for producing cooling and power simultaneously was based on
absorption system utilising ammonia/water as working pair [8, 10, 106]. More recently,
research on using adsorption system for cooling and power generation particularly using
chemical sorption with metal salts’ammonia as the main working pairs. Very limited
literature was found regarding the use of physical adsorption systems for cooling and

power production.

2. Also, it is concluded that there is no previous work on the use of water adsorption system
for cooling and power generation that utilises physical adsorbent materials. These
materials are more stable than the chemical adsorbent materials where the latter has
practical problems like swelling and agglomeration which limits the development of such
technology [34]. Furthermore, water is an environmentally friendly fluid compared to
ammonia which is poisonous fluid and does not meet the health and safety requirements.

3. This review identified advanced adsorbent materials with superior adsorption
characteristics which have not been used before to generate cooling and electricity,
including Metal Organic Framework MOF materials that have water adsorption uptake
reaching about 1.5 kKg/KQads.

4. In addition, this chapter reviewed the latest technologies used in the expanders and
turbines that generate electricity. It is noticed that there is no previous work that has a
detailed CFD turbine design to meet the operating conditions of the adsorption system for
cooling and electricity particularly at a very low mass flow rate of about 0.01 kg/s with

vacuum pressures in the inlet and outlet of the turbine.
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CHAPTER THREE

ADSORBENT MATERIALS

3.1 Introduction

Choosing adsorbent/refrigerant working pair is essential for any adsorption system. Water is
an environmentally friendly and safe fluid with the advantage of the high latent heat of
evaporation and thermal properties [168]. New adsorbent materials with high water
adsorption capacities have been reported in the literature. However, those adsorbents were not
investigated for simultaneous production of cooling and power. This chapter aims to
experimentally predict the water adsorption characteristics of two advanced adsorbent
materials namely MIL101(Cr) MOFs, and AQSOA-Z02 zeolite where these materials with
additional two advanced MOFs materials namely Al-Fumarate and CPO-27(Ni) are compared

to the commonly used Silica-gel in terms of water adsorption characteristics.

3.2 Adsorption pairs

Adsorbent materials are classified into physical, chemical and composite adsorbent materials.
In this study, all the adsorbent materials used are of the physical type. Physical adsorbent
materials are porous adsorbents like zeolite, Silica-gel, and Metal Organic Frameworks MOFs
with different pore sizes. The adsorption process in these materials is driven by Van der
Waals force (an intermolecular force). They have the advantage of keeping their original
properties during the adsorption/desorption process, which leads to being commonly used in

the practical applications.
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Silica-gel/water has relatively low adsorption uptake of about 0.2 kg/kgass [132], however,
some types of Silica-gel/water showed higher water uptake with a value of 0.4465 kg/kgads for
type RD silica gel, and 0.3948 kg/kgass for type A silica gel [27, 169]. Zeolites are micro-
porous crystalline alumina silicate minerals and many types of zeolite frameworks are
available with different uptake values [170]. AQSOA-Z02 (SAPO-34) is an advanced
synthetic zeolite with a unique adsorbent performance that has been developed by

MITSUBISHI PLASTIC Company using inorganic material design technology.

MOFs materials are advanced adsorbents with high porosity, superior adsorption
characteristics, uniform pore size, and large surface area (up to 5500m?%g) [171, 172].
Particularly MIL101(Cr) is a remarkable adsorbent material that shows very high water
uptake by up to 1.47 kg/kgass [20]. Also, MOFs Al-Fumarate and CPO-27(Ni) are
commercialised materials and they have a maximum water uptake of about 0.53 kg/kgads and
0.47 kg/kgags respectively [129]. Therefore, MIL101(Cr), CPO-27(Ni), in addition to
AQSOA-Z02 will be used in this study to investigate their performance in adsorption system
for cooling and power generation compared to Silica-gel. Table 3-1 lists the main physical

properties of the adsorbent materials used in this study.

Table 3-1: Physical properties of the adsorbent materials used in this study

Property Silica-gel AQSOA- MIL101(Cr) CPO- Al-Fumarate
Z02 27(Cr)

BET surface area 840[173] 590[135] 3460([174]  469.777 893.965

m?/g [175] [175]

Max uptake kg/kgags 0.5092[55] 0.2901° 1.4773% 0.4711° 0.5591%

Bulk density kg/m? 820 [176] 715.3° 620 [177] 599.3P 577.8"

Pore volume cm?®/g 0.4477[178] 0.2769  1.753[174] 0.5[129] 0.436[129]
[135]

Heat of adsorption 2430 [179] 3420 2557 [180] 2626 2483 [182]

(kJ/kg) [135] [181]

Particle radius (m) 0.16E-3[168] 0.19E-9 0.46E—6 0.65E—6 53.75E-6
[183] [174] [175] [175]

a: measured using the DVS analyser, b: measured using a scaled container and an accurate
electronic balance.
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Figure 3-1 shows the SEM images of Silica-gel, AQSOA-202, MIL101(Cr), CPO-27(Ni) and
Al-Fumarate (Aluminium-Fumarate). AQSOA-Z02 has solid regular cubic particles and it has

smaller particle size [184] compared to Silica-gel.

Figure 3-1: SEM image (a) Silica-gel [185], (b) AQSOA-Z02 [184], (c) MIL101(Cr) [186],
(d) CPO-27(Ni)[130], and (e) Al-Fumarate [187]

3.3 DVS analyser

A DVS (Dynamic Vapour Sorption) analyser from Surface Measurement System Ltd as
shown in Figure 3-2 is utilised to test the adsorption characteristics of two adsorbent materials
utilized in this study. Figure 3-3 shows the fully automated analyser which comprises a

temperature controller with an ultra-sensitive microbalance to measure the weight of the
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adsorbent. It works with a range of temperature between 5 - 60 °C while the microbalance has
a sensitivity of 0.1ug. The microbalance and stand are accommodated in a well-controlled
temperature oven, which provides a high stability and precise vapour generation control. The
microbalance mechanism is very sensitive to the adsorption/desorption processes,

consequently, a continuous flow rate of nitrogen is used.

Figure 3-2: DVS analyser test facility

[=—====-

| Gas purge
::_' Balance chamber

| Microbalance

I
I 1

| Temp probe

o Sample chamber
I Humidity probe

| Service port - Sample pan
|
Reservoir
Water
R Drain

Figure 3-3: DVS analyser schematic diagram
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A PC microcomputer is interfaced to the balance and the oven control units. An advanced
microprocessor system is used to control a number of sub-component systems including,
sample pre-heater, mass flow controller, optical sensor, temperature RTD probes, and

isolation valves as shown in Figure 3-4.

PC micro-computer

‘ Balance ‘ ‘ Oven ‘ ‘
control unit controller

. Temp. Pre- Mass flow Optical Isolation
Microbalance Oven
probes heater controller sensor valves

Figure 3-4: DVS instrument’s sub-systems

Micro-computer system ‘

A convenient and flexible software package (DVS analysis suite) as shown in Figure 3-5 is
provided with the DVS analyser to set up and run the experiments easily. Furthermore, the
DVS Analysis Suite can be linked to Microsoft Excel, which provides powerful tools for

plotting and data analysis.
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Figure 3-5: DVS analysis suite

3.4 DVS experimental procedure [20]

To have accurate readings from the DVS analyser it is important to ensure that the sample pan
is clean. Figure 3-6 shows how to load the sample into the sample pan outside the DVS
analyser and then hung the pan in the right place. At the beginning of the testing process, a
dry nitrogen gas is used with a stable flow before packing the sample to the analyser. A built-
in high accuracy and high stability microbalance is used to read the mass change every 4
seconds, while the other experimental conditions can be recorded using RTD sensors and
pressure transducers [20]. Once, the material sample of about 10 mg is placed in the sample
pan, the analyser starts to dry the sample until no mass change is noticed. After that, the

adsorption process will be started, at a constant temperature, while the partial pressure (the
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ratio between the supplied and the saturation pressures) [188] is varied gradually in a step of

10% from 0% to 95% where it is kept constant during each partial pressure ratio step [20].

During this process, the microbalance measures the adsorption/desorption process by

recording the mass change in the adsorption sample [20].

L

Solvent A

RN =

Figure 3-6: Loading the sample outside the DVS analyser (left), loading the sample inside the
DVS analyser (right)

Figure 3-7 shows a sample of the raw data obtained from the DVS analyser for CPO-

27(Ni)/water at 25 °C, which shows the change in the mass of the sample and the partial
pressure during the experiment.
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Figure 3-7: Change in mass and partial pressure during a DVS analyser test for CPO-
27(Ni)/water at 25 °C [189]

3.5 Adsorbent materials characteristics [20]

The performance of adsorbent materials is measured mainly by the two well-known terms
‘isotherms’ and ‘kinetics’. Adsorption isotherms are defined by the maximum adsorbate
amount (working fluid) that can be adsorbed per one dry kilogram of the adsorbent, while
Kinetics is defined as the rate at which the adsorbent can adsorb or desorb the adsorbate
(working fluid) at a certain partial pressure. The DVS analyser is used to characterize
AQSOA-Z02/water and MIL101(Cr)/water at various partial pressures between 0% and 95%,
with temperatures of 25°C, 35°C, and 45°C [20]. For the remaining adsorbent materials, their
water adsorption characteristics are taken from the literature and this is detailed in the next

two sections.
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3.5.1 Adsorption isotherms [20]

Adsorption isotherms define how much refrigerant (water) can be contained in the pores of
the adsorbent material under equilibrium conditions. Many adsorption isotherms models like
modified Freundlich and Dubinin—Astakhov are reported in the literature to define the
adsorption equilibrium [190]. In this study, the DVS experiment starts with adsorption
process and then desorption process using constant temperature. However, adsorption results
are used to fit the isotherms model as the curves of the adsorption and desorption processes
are assumed to be symmetric [20, 132, 191]. For AQSOA-Z02/water, the readings from the
DVS analyser are fitted to the model of Sun and Chakraborty [192] in the form of equation 3-

1 as shown in Figure 3-8 [20].

3-1

Ps(Tw)\n
X. =X k(Ps(Ta))
e (o] Pg(T
! 1+ kD ()"

Where, Ps(Tw) is the saturation pressure at the working fluid vapour temperature, and Ps(Ta) is

the saturation pressure at adsorbent material temperature [52].

k = aexp [n(Qst - hfg)/(Rwaed)] 3-2

X, Is the maximum uptake (kg/kdads), Qs refers to the adsorption isosteric heat (J/kg), hgg is
the evaporation latent heat (J/kg), Rw refers to the gas constant (J/kg K), and Tyeq is the bed
temperature (K). Results show that good agreements can be noticed between experimental and
numerical data, while the constants of equations 3-1 and 3-2 obtained from this fitting are

listed in Table 3-2 [20].
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Figure 3-8: AQSOA Z02/water isotherms fitting of the experimental and the predicted uptake

Table 3-2: Parameters used in equations 3-1 and 3-2 [20]

X, 0.285 kg/KGads [20]
a 1032 - [20]
n 3.18 - [20]

Qs; 3420 kd/kg [135]

For MIL101(Cr)/water, the experimental isotherms data from the DVS analyser are fitted to
equation 3-3 as shown in Figure 3-9 which has three parts as shown in Table 3-3 due to the S-
shape isotherms of this adsorption pair. This three-part isotherms model can be achieved

using the function Polyfit in MATLAB software [20].

Xeq=F (A) 3-3

A is the adsorption potential which can be calculated as:

Ps(Tyw
A= —RWTbedln(PsTTa))) 3-4

69



Chapter 3 Adsorbent Materials

===-25CDVS ===-35CDVS ===-45 C DVS

5 — 25 C Ftting = 35 C Fitting = 45 C Fitting
1.

1.4
1.2

0.8
0.6

Uptake (kg/kgqgs)

0.4
0.2

0 10 20 30 40 50 60 70 80 90 100
Partial pressure %

Figure 3-9: MIL101(Cr)/water isotherms fitting of experimental and predicted uptake

Table 3-3: MIL 101(Cr)/water isotherms of equation 3-3 [20]

A<1774.9 Xeq =1.46-5.76E-5A - 1.34E-08A? + 6.65E-12A°
A>2498.7 Xeq =0.475-2.29E-04A+4.79E-08A? +3.36E-12A°
1774.9<A<2498.7 Xeq =2252.774-5.567A+0.0055A% -2.66E-06A° +

6.42E-10A*-6.14E-14A°

For Al-Fumarate/water, the adsorption isotherms model was obtained from Elsayed et al.

[175] who used equation 3-3 with the empirical constants listed in Table 3-4 [20].

Table 3-4: Al-Fumarate/water isotherms of equation 3-3 [20, 175]

A< 2900 Xeq = 0.5948-3.12E-4A +1.68302E-7 A%-3.124455E-11A°3
A> 3987 Xeq = 0.111993EXP(-0.000258797A)
2900<A<3987 Xeq = 2.36129-9.93768E-4A+ 1.05709E-7A?
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For CPO-27(Ni)/water, the adsorption isotherms were reported by Shi et al. [70] using the

Dubinin—Astakhov (D-A) equation 3-5:

~RyTpeq In[2sdw)
Xeq=XoEXp{ l - [P S )]H 3-5

E is characteristic adsorption work (J/mole) and has the value of 10088.7, while the constants

X0=0.468, n=6 and they are taken from [70].

For Silica-gel/water, the modified Freundlich model is applied to define the adsorption

isotherms [20, 52, 55, 193] as below:

Py (T B(TS)
Where
A(Ty) = Ay + A, Ts + A, T2 + AT 3-7
B(T,) = B, + B, Ts + B,TZ + B, T> 3-8

T, is the saturation temperature (K), while the constants of equations 3-7 and 3-8 are taken

from [20, 55, 190] and listed in Table 3-5.

Table 3-5: Values of parameters used in equations 3-7 and 3-8 [20, 55, 190]

Ao -6.5314
Ay 0.072452

A, -0.23951x10-3
A, 0.25493x10-6
B, -15.587

B, 0.15915

B, -0.50612x10-3
B, 0.5329x10-6
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3.5.2 Adsorption Kinetics [20]
Adsorption and desorption are time-dependent processes and the LDF model (linear driving

force model) is commonly used to define adsorption and desorption rates as [20, 52, 73, 193]:

d

d_)t( = Koexp(—Ea/RwThed) (Xeq — X) >
FDgo

k. > 3-10

F is a shape factor, Ry is the radius of the adsorbent particle, Dy, iS pre-exponential constant
(m?/s). The kinetics constants of Equation 3-9 for the case of AQSOA-Z02 were reported by

Youssef et al. [173] and listed in Table 3-6.

Table 3-6: LDF equation constants of AQSOA-Z02/water [20, 173]

Parameter PP > 0.1 PP < 0.1 Unit
E, 17709.8 44423.5 J/mole
Ko 3.23E+04 1.85E+04 1/s

PP: partial pressure

For CPO-27(Ni) the constants of equation 3-9 are taken from [70] and listed in Table 3-7.

Table 3-7: LDF equation constants of CPO-27(Ni)/water [70]

Parameter PP<0.2 PP>0.2
Rp 0.12x10° 0.12x10°
Dso 7.83%x108 7.467x1010
Ea 3.2x10* 1.48x10%
F 15 15

PP: partial pressure
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For MIL101(Cr) the kinetics constants are obtained by fitting, the experimental data with a
range of partial pressure between 0% to 95% and three isotherms temperatures at 25, 35, and
45 °C to the LDF equation as shown in Figure 3-10, Figure 3-11, and Figure 3-12. Good
agreements between the experimental and the numerical uptake (with a maximum deviation
of 13%) are achieved while the constants are obtained from the fittings and are listed in
Table 3-8. For Al-Fumarate the constants of equation 3-9 are taken from [175], where ko=1.29

1/s and Ea=18026 J/mole [20].

Table 3-8: Fitted LDF equation constants of MIL101(Cr)/water [20]

Parameter 05>PP>04 Else Unit
E, 27612 19610 Jimole
Ko 10 3.25 1/s

PP: partial pressure

For Silica-gel the constants of equation 3-9 are: ko= 1.3183 E+05 1/s, and E.= 42000 J/mole,

and they are taken from [20, 21, 52, 55].
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Figure 3-10: Kinetics fitting of MIL101(Cr)/water for the experimental and predicted uptake
at 25 °C
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Figure 3-11: Kinetics fitting of MIL101(Cr)/water for the experimental and predicted uptake
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Figure 3-12: Kinetics fitting of MIL101(Cr)/water for the experimental and predicted uptake
at45 °C
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3.6 Experimental results discussions

In this study, the characteristics of two advanced adsorption pairs namely AQSOA-Z02/water
(adsorption isotherms), and MIL101(Cr)/water (adsorption isotherms and kinetics) is carried
out using experimental data taken from the DVS analyser [20]. The predicted data and the
experimental results from the DVS analyser showed good agreements as shown in Figure 3-8
for the isotherms of AQSOA-Z02/water and in Figure 3-9, Figure 3-10, Figure 3-11, and

Figure 3-12 for the isotherms and kinetics of MIL101(Cr)/water [20].

Figure 3-13 and Figure 3-14 compare the experimental adsorption isotherms of the four
advanced adsorption pairs to those of Silica-gel at two different temperatures of 25 °C and 35
°C. MOFs MIL101(Cr)/water showed a superior water uptake of about 1.47 kg/kgads due to its
high porosity and internal surface area compared to other materials [20]. However, in this
pair, the maximum uptake happened at a partial pressure of around 50%, which does not meet
the requirements of the adsorption cooling systems that need low partial pressure between
30% and 40% for adsorption process [20]. On the other hand, the remaining adsorption pairs
reach their maximum uptake at a partial pressure less than 40%. Adsorption systems (either
for cooling, power or desalination) are dynamic systems, hence the adsorption isotherms
analysis is not enough and the kinetics analysis is important as in such systems, the adsorption

uptake is a time-dependent variable.
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Figure 3-13: Experimental water adsorption isotherms for different adsorbent materials
compared to Silica-gel (from simulation) at 25 °C
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Figure 3-14: Experimental water adsorption isotherms for different adsorbent materials
compared to Silica-gel (from simulation) at 35 °C

Figure 3-15 and Figure 3-16 show the experimental kinetics for AQSOA-Z02, MIL01(Cr),

CPO-27(Ni) and Al-Fumarate with water at 25 °C and 35 °C respectively. It can be seen that
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Al-Fumarate is very slow compared to the other materials and it takes about 6000 minutes to

reach about 80% of its maximum value.
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Figure 3-15: Experimental water adsorption kinetics for different adsorbent materials at 25 °C

AQSOA-Z02 MIL101(Cr) CPO-27(Ni) Al-Fumarate
1.6

1.4

1.2

0.8
0.6

Uptake kg/kg,4s

0.4

0.2

0 1000 2000 3000 4000 5000 6000 7000 8000

Time (min)

Figure 3-16: Experimental water adsorption Kinetics for different adsorbent materials at 35 °C
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Figure 3-17 compares the kinetics uptake of the AQSOA-Z02, MIL01(Cr) and CPO-27(Ni) at
35 °C. Although MILO01(Cr) and CPO-27(Ni) show higher maximum uptake compared to
AQSOA-Z02, this material has faster kinetics than MILO1(Cr), and CPO-27(Ni). AQSOA-
Z02 takes about 100 minutes to reach its maximum value of water uptake compared to
MILO1(Cr), and CPO-27(Ni) which take about 250 and 200 minutes respectively to reach
about 80% of their maximum water uptake. As there is a certain time for the
adsorption/desorption process in the dynamic adsorption system, faster materials like

AQSOA-Z02 has more chance to achieve higher uptake compared to the other materials.
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Figure 3-17: Experimental water adsorption kinetics for AQSOA-Z02/water, MIL101(Cr) and
CPO-27(Ni) at 35 °C

However, in typical adsorption cooling systems, the partial pressure does not reach very low
values like 0% or high values like 50%, but it changes from the partial pressure of the
adsorption process (around 30% to 40%) to the partial pressure of the desorption process
(around 10% or less). Figure 3-18 compares kinetics and partial pressure for AQSOA-

Z02/water and CPO-27(Ni)/water at 35 °C. CPO-27(Ni) can outperform AQSOA-Z02 if the
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desorption partial pressure reaches the value of 5% which is more likely to happen at high
desorption temperature and the water uptake difference is between Max and Min 1 (grey). If
the desorption partial pressure cannot reach 5%, which is likely to happen at low desorption
temperatures, then the uptake difference is between Max and Min 2 (grey), which is low
compared to the previous case. As a result, CPO-27(Ni) can outperform AQSOA-Z02 at a

high driving temperature and the opposite is true at low driving temperature.
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Figure 3-18: Experimental water adsorption kinetics and partial pressure for AQSOA-Z02 and
CPO-27(Ni) at 35 °C

3.7 Summary

In this chapter, the water adsorption characteristics of four advanced physical adsorbent
materials including MIL101(Cr), Al-Fumarate and CPO-27(Ni) MOFs, and AQSAOA-Z02
zeolite are presented and compared to Silica-gel. The experimental data from the DVS
analyser is utilised to express the isotherms of the AQSOA-Z02/water, and isotherms and
kinetics of the MIL101(Cr)/water. The results of the two characterized materials showed good

agreements between the experimental and the predicted data. For the remaining adsorbent
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materials, the adsorption isotherms and kinetics are available in the literature. Also, the
experimental water uptake of the studied adsorbent materials was compared to Silica-gel and
results showed that AQSOA-Z02 and CPO-27(Ni) are promising materials and CPO-27(Ni)

can outperform AQSOA-202 at high heat source temperatures.
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CHAPTER FOUR

SIMULATION OF ADSORPTION SYSTEM FOR
CoOOLING AND ELECTRICITY (FIRST
CONFIGURATION)

4.1 Introduction

Low-grade heat sources like solar thermal energy, industrial waste heat and geothermal
energy can be an alternative to the traditional fossil fuel for producing electricity and cooling
thus reducing the CO, emissions and global warming [20]. Such sources can be converted
directly to produce cooling by means of clean technologies like absorption [194-196], and
adsorption [126, 197, 198], or to generate electricity by using Kalina cycle and Organic
Rankine cycle (ORC) [199-201]. In hot climate countries cooling and air conditioning
consume a large proportion of the total electricity required for houses and offices, so it would
be more practical to convert the heat energy into cooling and electricity directly (instead of
converting heat to electricity and then to cooling) and simultaneously to enhance the overall
system performance and reduce the energy conversion losses. This chapter aims to investigate
the feasibility of producing electricity in addition to the cooling produced by basic adsorption
cooling system (BACS) through integrating an expander between the desorber bed and the
condenser (ASCE) [20]. In addition, ASCE is investigated using multiple beds and hybrid
system with four cascaded adsorber beds. Advanced water adsorbent materials with superior

adsorption characteristics like CPO-27(Ni) and AQSOA-Z02 are used and compared to the
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commonly used Silica-gel. Figure 4-1 shows the main arrangements of the adsorption system

for cooling and electricity (ASCE) [20, 21, 65] used in this chapter.

Adsorption system for cooling and Different arrangements
electricity (ASCE)

|
|
I I —— Three-bed
[ Basic adsorption : — Two-bed ASCE
I - cooling system : L Four-bed
: Cooling (BACS) I
I I | Multi-bed ASCE — _
I I | — —— Five-bed
l
|
I Electric power | .
I I — Six-bed
| Expander !
| I | Hybrid adsorption system for
_' cooling and electricity (HASCE)

Figure 4-1: Adsorption system for cooling and electricity (ASCE) layout

4.2 Basic adsorption cooling system (BACS) [20, 21]

The basic adsorption cooling system (BACS) consists mainly of four components namely:
adsorber (cold bed), desorber (hot bed), evaporator, and condenser [202]. Figure 4-2 (left)
shows a schematic diagram of the BACS where cooling is needed to cool the adsorber
through the adsorption process which is obtained from an external cooling sink CS, while
heating is needed during the desorption process which is obtained from an external heat
source HS [20, 21]. Subsequently, the condenser cools the hot water vapour coming from the
desorber to provide the evaporator with the liquid refrigerant. Figure 4-2 (right) shows the
BACS system on an isosteric diagram, where the system works in sequence through four
processes [20, 21]. Process 1-2 is an isosteric heating (preheating process) and during this

process, the heat is added to the desorber while all valves are closed. Process 2-3° is a
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constant pressure heating and during this process, the heating continues in the desorber (bed
1) meanwhile valve 1 is opened. Process 3°-4’ is an isosteric cooling (precooling process) and
through this process, the heat is rejected from the adsorber (bed 2) while all valves are closed
[20, 21]. Finally, process 4°-1 is a constant pressure cooling and the cooling process continues
in the adsorber while valve 4 is opened [20, 21]. Through the preheating process, the bed
pressure increases from the pressure of the evaporator to the pressure of the condenser, while
through the precooling process the bed pressure decreases from the pressure of the condenser
to the pressure of the evaporator [20, 21]. Also, during the constant pressure heating process,
the desorber bed is connected to the condenser to discharge the hot vapour refrigerant so that
it can be cooled and condensed, while through the constant pressure cooling process, the
adsorber bed is connected to the evaporator so that the vapour refrigerant can be sucked by
the adsorbent material [20, 21]. These processes are repeated by switching between the two

beds so that a continuous cooling effect can be achieved in the evaporator [20, 21, 65].
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Figure 4-2: Basic two-bed adsorption cooling system (left) schematic diagram (right) isosteric
diagram
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4.3 Adsorption system for cooling and electricity (ASCE) [20, 21]

The basic adsorption cooling system BACS can be modified to generate cooling and
electricity (electric power) simultaneously by incorporating an expander within the cycle [20,
21]. However, adding the expander is not sufficient to produce the electricity without
producing a significant pressure difference between the desorber (hot bed) and the condenser
and this can be obtained by making the pressure of the condenser lower than the pressure of
the desorber (hot bed) [20, 21]. Figure 4-3 (left) illustrates a schematic diagram of the ASCE
(modified two-bed cooling adsorption system) which contains adsorber, desorber, evaporator
condenser, and expander (turbine) integrated between the desorber and the condenser. The
modified system can work as BACS as shown in Figure 4-3 (right) to produce cooling only
(1-2-x-4-5-1) and as ASCE (1-2-3-4-5-1) to generate electricity as well as cooling [20, 21,

28].

In the ASCE cycle, the process 1-2 is an isosteric heating (preheating process) and during this
process, the heat is added to the desorber until reaching Pmax at point 2 and during this
process, all valves are closed [20, 21]. Process 2-x’ is a constant pressure heating and during
this process, the heating continues in the desorber meanwhile valve 1 is opened and
desorption process is started in bed 1 which generates the cycle maximum pressure Pmax
while, bed 2 undertakes an adsorption process [20, 21]. Power can be generated, when the
superheated refrigerant at point 2 (with pressure P2) passes through the expander and leaves it
at point 3 (with pressure P3) as shown in Figure 4-3 (right) [20, 21]. The evaporator is always
provided by the condensate refrigerant (water) coming from the condenser to absorb heat
during the evaporation process as a result cooling effect can be generated. During switching

time, all valves are closed and bed 1 undertakes an isosteric heating process (preheating),
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while bed 2 undertakes an isosteric cooling process (precooling). The other ASCE cycle

processes are similar to that of BACS processes shown in Figure 4-3 (left) [20, 21, 65].
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Figure 4-3: Two-bed adsorption system for cooling and electricity (ASCE), (left) schematic
diagram, and (right) isosteric diagram

Figure 4-4 shows the expander expansion process on a T-s diagram where the process 2-3 is
the actual expansion process, while the process 2-3s is an isentropic process [20, 21]. The
maximum pressure at point 2 (P2) as shown in Figure 4-3 (right) varies depending on the bed
temperature during desorption process and the condenser temperature. As in Figure 4-4, the
entropy at point 3s can be determined using steam tables corresponding to the condenser
temperature. So, as the entropy at point 2 is equal to the entropy at point 3s (S2=Sss), the

maximum pressure (P2) can be obtained [20, 21].
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Figure 4-4: The expansion process on a T-s doiégram utilising desorption temperature of 120
4.4 Multi-bed adsorption system for cooling and electricity [20, 65]
Multi-bed adsorption system for cooling and electricity (Multi-bed ASCE) [65] has the same
working principle of the two-bed ASCE as discussed in section 4.3. Instead of using two
adsorber beds, a number of adsorber beds can be used in the same system as shown in
Figure 4-5 [28, 65]. Usually in two-bed systems, adsorption time equals to desorption time
..e. the adsorption/desorption (ads/des) time ratio R=1, (R = total switching and adsorption

time /the total switching and desorption time) [65].

This section aims to investigate the effect of using multi-bed arrangements with a number of
ads/des time ratio (R) on the overall system performance. For example, In the three-bed
adsorption system with R=1/2 shown in Figure 4-5 (a), one bed is in adsorption process while
the other two beds are in desorption process (with different starting time), also the opposite
case is possible i.e. when the first bed is in desorption process and the other two beds can

undertake an adsorption process [65]. The same concept can be used for the four-bed, five-

86



Chapter 4 Simulation of Adsorption System for Cooling and Electricity

bed and six-bed systems as shown in Figure 4-5 (b), (c) and (d) with R of 1/3, 1/4 and 1/5

respectively [65].

Besides using two-beds (2B), three beds (3B), four beds (4B), five beds (5B) and six beds
(6B) systems another two arrangements are investigated in this study. The first one is the
four-bed system arrangement in parallel with R=1 as shown in Figure 4-5 (e), while the other
one uses six-bed arrangement in parallel with R=1/2 as shown in Figure 4-5 (f) [65]. Thus, 9
different cases including 7 different bed arrangements and 7 ads/des time ratios are
investigated to find the best bed arrangement and ads/des time ratio in terms of coefficient of

performance, specific cooling power and specific power output [65].
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Figure 4-5: Multi-bed ASCE schematic diagram (a) three-bed (b) four-bed in series (c) five-
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4.5 Mathematical model
4.5.1 Adsorbent material characteristics [20, 65]

Four advanced water adsorbents namely Al-Fumarate, CPO-27(Ni), MIL101(Cr) MOFs, and
AQSOA-Z02 zeolite are investigated and their performance are compared to that of the
conventional Silica-gel [20, 65]. The experimental data from the DVS analyser is utilised to
define the water adsorption characteristics of the AQSOA-Z02, and MIL101(Cr). For Silica-
gel, Al-Fumarate, and CPO-27(Ni), the adsorption isotherms and kinetics are obtained from

the literature as described in details in Chapter 3 [20, 65].

4.5.2 System energy balance [20, 65]

Lumped parameter modelling method is used to define the energy balance in adsorber beds,

where the bed is assumed to be at constant temperature [20, 52, 65, 73, 203, 204].

(MCpYbeaerr gt + (Maxcp) 722 = oM, () (Qe0) = (0Cp) (T = Tiin) 4-1

Symbols T, M, C, and t refer to temperature (K), mass (kg), specific heat capacity (J/kg.K),
and time (s) respectively. The symbol ¢ is a flag that has the value of zero at switching
process and it has the value of one at adsorption/desorption process. Also, m refers to the
mass flow rate (kg/s), Qs is the isosteric heat of adsorption (J/kg), while x is the water uptake
(kg/kgags). Subscript (j) refers to cooling/heating process during adsorption/desorption
process. Also, subscripts (in) and (o) refer to the fluid inlet and outlet respectively and the

subscript (eff) represents the effective value [20, 65].
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The first term of the equation 4-1 (left side) denotes the energy capacity of the bed heat
exchanger including the heat exchanger materials and the adsorbent material, while the
second term of the left side represents the water energy capacity. Also, in the right side of
equation 4-1, the first term shows the heat of adsorption [20, 65]. The second term represents
the rejected heat to the cooling fluid during the adsorption process or the added heat from the
heating fluid during the desorption process [20, 65]. The bed outlet temperature can be

expressed as [20, 65, 73, 203].

_(UA)bed] 4-2

(I’th)j

To = Tpea + (Tj,in - Tbed)exp

U refers to the overall heat transfer coefficient (W/m?/K), while A refers to the surface area of

the adsorber bed (m?) [20, 65].

The evaporator energy balance can be written as [20, 53, 55, 62, 65].

dT dx .
(Mcp)evap,eff ;\t/ap = (phnga datds - (mcp)evap(Tchill,o - Tchill,in) - (Cp)w(Tcond -

dXges
a dt

Tevap) M

The symbol hg, is the heat of vaporization and it has a negative value as heat is released by
the system during vaporization process (J/kg), M, refers to the adsorbent material mass (kg),
and the subscripts (evap), (chill), (ads), (des) and (w) refer to the evaporator, chilled water,

adsorption process, desorption process and water respectively.

The outlet chilled water temperature is expressed as [20, 53, 62, 65, 193].

_(UA)evap] 4_4

MCp)evap

Tchill,o = Tevap + (Tchill,in - Tevap)exp [
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The mass balance in the evaporator is expressed as [20, 53, 65, 73, 193, 203].

dMpef _ [dxdes ands]
at Ma at T a 4-5

The subscript (ref) refers to the adsorption refrigerant (water).

The condenser energy balance equations are given as [20, 53, 55, 62, 65, 205].

dT ond

dXd
(Mcp)cond,eff (Cit .

= (phngaTS - (mcp)cond(Tw,o - Tw,in) -

d
(Cp)W(Texp - Tcond)Ma % 4-6

The subscripts (des), and (cond), refer to desorption process, and condenser respectively.

The condenser cooling water outlet temperature can be written as [20, 53, 62, 65].

_(UA)cond] 4-7

MCp)cond

Tw,o = Teona + (Tw,in - Tcond)exp [

The mechanical power produced in the expander (turbine), can be written as below [65]:

t
[Vl . 4sAhdt
Wexp,ads == L = 4-8
cycle
Where, h refers to the enthalpy through the expander and m, 4 is the expander mass flow rate,
the expansion process is assumed to be ideal in this thermodynamic study. The overall

performance of the ASCE can be defined using the terms specific cooling power (SCP),

specific power (SP), coefficient of performance (COP), adsorption power efficiency (1ads),
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equivalent coefficient of performance (COPe) and equivalent specific cooling power (SCPe)

as written in equations 4-9 to 4-17 [20, 21, 65].

. teycle
_ (mcp)evap [, YE (Teninin—Tenino)dt

COP — .
(rth)h fO oe e(Th,in_Th,o)dt
The subscript (h) refers to the heat source.
SCP — (I’th)evap I;CyCIE(Tchi]],in_TChill,O)dt 4-10
Matcycle
[ 1, q58ndt
P e 4-11

Matcycle

The symbol Ah refers to the enthalpy difference through the adsorption expander (J/kg).

Adsorption power efficiency (nadas) 1S defined as the ratio of the mechanical power output
generated in the adsorption expander to the total heat added to adsorber bed during heating

process during the cycle time and it can be written as:

t le .
[ Y€ thyqsAhdt
Nads = 0 = 4-12

. teyel
(hep)n fy ¢ (Th,in—Th,o)dt

The symbol 4 refers to the adsorption refrigerant mass flow rate passing through the

expander.
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. teycle teycle
_ (mcp)evap fo Y (Tchill,in_Tchill,o)dt+F[f0 Y€ thygs Ahdt]

COPe = 4-13
(Thin=Th,)dt

. teycle
(hep)n f,

. teycle teycle .
_ (cpevap J Y (Tchinin=Tehino)dt+F[, Y€€ thygsAhdt]

SCPe = 4-14

Matcycle

The term (nags) IN equation 4-12 is used to represent the power generation efficiency of the
adsorption system i.e. the ratio of the amount of mechanical power output generated by the
expander incorporated within the adsorption system to the total heat consumed by the
adsorber beds [65]. The term COPe and SCPe are used to compare the performance of ASCE
to the two-bed basic adsorption cooling system (BACS) [65]. F is a factor equivalent to the
typical COP of vapour compression refrigeration system, assumed to be 3 [64, 65] in this
work. This factor is used to convert the power generated by adsorption system into cooling
energy in order to compare between ASCE system and the basic adsorption cooling system
(BACS). Using the second law of thermodynamics, exergy efficiency is the ratio between the
output exergy to the input exergy and it is used to highlight the grade difference between
cooling and power generated by the ASCE used in this study [65]. The exergy efficiency can

be defined as [10, 65, 106]:

Wexp,ads+Eevap 4_15

nex= Ein

Where Eevqp IS the cooling exergy through the evaporator and can be defined as [65, 206-208]:
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. teycle
(mcpdevap Jy~° (Tehilin=Tehillo)dt [Tamb 1]

tcycle

Eevap= 4-16

Tevap

The subscript (amb) refers to ambient temperature. While, Ein is the exergy input to the

system and can be defined as [10, 65, 106]:

t
iy, J Y[ (hp,in—hn,0)~Tamb (Sh,in=Sho)]dt

tcycle

Eipe 4-17

The symbol s refers to the entropy (J/kg.K).

Adsorption system for cooling and electricity (ASCE) proposed in this chapter is simulated
using MATLAB Simulink software in order to study the possibility of generating cooling and
electricity simultaneously [20, 65]. A number of MATLAB Simulink models are developed to
investigate the effect of using various adsorber bed arrangements and operating parameters on
the overall system performance of ASCE [20, 65]. Figure 4-6 shows the flowchart of the
adsorbent bed which is a key component of the adsorption system for cooling and electricity
(ASCE). Figure 4-7 shows the key steps used to solve the numerical model of ASCE which

includes the energy balance equations of the main components of the system.
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Figure 4-6: Flowchart of the absorbent bed model
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Figure 4-7: Flowchart of adsorption system for cooling and electricity ASCE model

4.6 Performance of ASCE [20, 65]

Table 4-1 shows the main operating conditions, and Table 4-2 shows the main characteristics
of the bed heat exchanger, evaporator, and condenser used in this work. The data of Table 4-2
are taken from [20, 21, 65, 70, 209], but some parameters like number of tubes and module
length are updated to meet the requirement of ASCE, where large bed size is required to
increase the steam mass flow rate passing through the expander and the UA values of the
three heat exchangers (bed, condenser and evaporator) are calculated within the numerical
models.

98



Chapter 4 Simulation of Adsorption System for Cooling and Electricity

Table 4-1: Parameters used in the simulation [20, 21, 65]

Heat source temperature °C 80-160
Bed cooling water temperature °C 28
Condenser cooling water temperature °C 28
Inlet chilled water temperature °C 18
Bed hot water mass flow rate kg/s 1.85
Bed cold water mass flow rate kg/s 1.85
Condenser water mass flow rate kg/s 0.85
Evaporator mass flow rate kg/s 0.85
Adsorption/desorption (half cycle) time s 324
Switching time s 20

Table 4-2: Adsorption system characteristics [20, 21, 70, 209]

Bed heat exchanger characteristics

Fins length m 172E-3
Fins width m 30E-3
Fins pitch m 1.2E-3
Module length m 800E-3
Number of module 4
Number of pipes per module 6
Number of bypass 2
Pipe outside diameter m 15.875E-3
Pipe thickness m 0.8E-3
Condenser characteristics

Pipe length m 5.5
Number of pipes 4
Pipe outside diameter m 15.875E-3
Pipe thickness m 0.8E-3
Evaporator characteristics

Pipe length m 10
Number of pipes 4
Pipe outside diameter m 15.875E-3
Pipe thickness m 0.8E-3
Fins length m 40E-3
Fins thickness m 0.12E-3
Fins pitch m 1.2E-3

Four advanced adsorbent materials namely; Al-Fumarate, CPO-27(Ni), MIL101(Cr) and

AQSOA-Z02, are studied and compared to the commonly used Silica-gel utilising heating

99



Chapter 4 Simulation of Adsorption System for Cooling and Electricity

water temperature ranging from 80 to 160 °C [20, 65]. Silica-gel was not investigated at 140
and 160 °C as many researchers reported that Silica-gel can show high performance at a
regeneration temperature of below 95 °C [210, 211] and Silica-gel can be damaged by heating
the material above 120°C [212]. Also, high temperature heating is provided using pressurised
water with properties evaluated using REFPROP database [20]. Figure 4-8 shows the output
of the ASCE utilising AQSOA-Z02 with heat source temperature (Theating) Of 160 °C, cooling
temperature (Tcooling) OF 28 °C, and inlet chilled water temperature (Tchiled) Of 18 °C [20, 21].
The system can generate average power and cooling of about 1.06 kW and 10.58 kW
respectively. Figure 4-9 shows the cooling and power that can be generated using CPO-27(Ni)
with average power and cooling of about 1.1 kW and 11 kW respectively utilising heat source
temperature of 160 °C, cooling temperature of 28 °C, and inlet chilled water temperature of 18

°C [20, 21].

Figure 4-10 compares COP, SCP, and SP of the ASCE utilising Al-Fumarate/water,
MIL101(Cr)/water, AQSOA-Z02/water, and CPO-27(Ni)/water at heat source temperature of
160 °C to that using chemical adsorption pairs like CaClJammonia reported in [16] and
FeCl,-BaClo/ammonia reported in [14]. Results show that the advanced physical adsorbent
materials adopted in this study are more efficient than the chemical adsorbent materials
adopted in [14, 16]. The cooling COP achieved by CPO-27(Ni) is more than two times that of
the chemical materials, also CPO-27(Ni) achieved SCP and SP of 800 W/kgads and 80 W/KJads
respectively compared to 182 W/Kgads and 28 W/kgags of the chemical adsorbent materials

reported in [14, 16].
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Figure 4-8: Two-bed AQSOA-Z02/water ASCE utilising Theating=160 °C, Tcooling=28 °C and
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Teniled=18 °C using 8.24 kg of adsorbent per bed
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Figure 4-9: Two-bed CPO-27(Ni)/water ASCE utilising Theating=160 °C, Tcooling=28 °C and

Teniles=18 °C using 6.9 kg of adsorbent per bed
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Figure 4-10: Comparison of (a) cooling COP (b) SCP (c) SP between the current study
(ASCE) utilising Theating=160 °C and previous work (1) [16] and (2) [14]
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Figure 4-11, Figure 4-12, and Figure 4-13 show a comparison between the ASCE and the
BACS (using the same operating conditions including condenser temperature) in terms of
COP/COPe, SCP/SCPe, and exergy efficiency for Silica-gel, AQSOA-Z02, MIL101(Cr),
CPO-27(Ni), and Al-Fumarate with a range of heat source temperature. For cases of Silica-
gel, MIL101(Cr), and Al-Fumarate COPe achieved by the ASCE is higher than the COP of

BACS.

For AQSOA-Z02 and CPO-27(Ni), COPe of ASCE is higher than those of BACS at heating
temperature higher than 120 °C and this is because of the additional power generated in
ASCE. However, for AQSOA-Z02, and CPO-27(Ni) with heating temperature of 120 °C (or
less), the COP of BACS is higher than COPe of ASCE and this is due to AQSOA-Z02, and
CPO-27(Ni) show low performance with ASCE at low heat source temperatures. COPe of
AQSOA-Z02, and CPO-27(Ni) achieved by ASCE at heat source temperature of 160 °C is
about 28% and 24% higher than the COP of BACS respectively. Also, for Silica-gel, Al-
Fumarate, and MIL101(Cr) SCPe achieved by the ASCE is higher than the SCP of BACS,
while for AQSOA-Z02 and CPO-27(Ni), it is higher than the SCP of BACS at heating
temperature higher than 140 °C. The SCPe achieved by AQSOA-Z02 at heat source
temperature of 160 °C is 24% higher than the SCP of BACS [65]. For heating temperature
ranging from 100 to 160 °C, ASCE has a maximum COPe of 0.8 utilising Silica-gel compared

to maximum COP of 0.7 achieved by the BACS.
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Figure 4-11: COP/COPe of BACS and ASCE (with two-bed) for a range of heat source
temperatures utilizing Silica-gel, AQSOA-Z02, MIL101(Cr), CPO-27(Ni) and Al-Fumarate
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Figure 4-12: SCP/SCPe of basic adsorption cooling system (BACS) and ASCE (with two-
bed) for a range of heat source temperatures utilizing Silica-gel, AQSOA-Z02, MIL101(Cr),
CPO-27(Ni) and Al-Fumarate

104



Chapter 4 Simulation of Adsorption System for Cooling and Electricity

m Adsorption system for cooling and electricity (ASCE)
mBasic adsorption cooling system (BACS)

Heat source temperature (°C)
1(
[==Y
N
o

o
=
o

20 30 40
Exergy efficency (%)

a
o

60 70

Figure 4-13: Exergy efficiency of BACS and ASCE (with two-bed) for a range of heat source
temperatures utilizing Silica-gel, AQSOA-Z02, MIL101(Cr), CPO-27(Ni) and Al-Fumarate

For all adsorbent materials and heat source temperatures used (except for CPO-27(Ni) at
100°C) as shown in Figure 4-13, the exergy efficiency achieved by ASCE is higher than that
of BACS and this is because the power generated by the former has higher grade than cooling.
The maximum exergy efficiency of 63.26% is achieved using Silica-gel at heat source
temperature of 80 °C [65]. Results also show that using ASCE can enhance the exergy
efficiency of BACS by up to 2.5 times when using Al-Fumarate at heat source temperature of
160 °C [65]. Also, results show that different adsorbent materials presented different values of
COP/COPe, SCP/SCPe, and exergy efficiency. For example, Silica-gel showed the highest
COP and exergy efficiency, while AQSOA-Z02 and CPO-27(Ni) showed the highest SCP
with heat source temperature of 140 °C or higher. COP is an important coefficient for
determining the effectiveness of any heat pump because high COP values mean less energy

used. Though, if the energy used is an infinite or semi-infinite source in terms of availability

105



Chapter 4 Simulation of Adsorption System for Cooling and Electricity

at no cost like solar energy, SCP can be a more important criterion, because high SCP means

more cooling generated using the same system size.

Moreover, for all cases, SCPe achieved by the ASCE is always higher than that produced by
BACS as shown in Figure 4-12 except for Silica-gel at 80 °C, AQSOA-Z02 at 120 °C or less
and CPO-27(Ni) at 140 °C or less and this is because less power is generated at low heating
temperatures. At high heating temperatures, the mass flow rate of refrigerant (water) is higher
because of high adsorption/desorption rate. In addition, at high heat source temperatures,
high-pressure ratio can be obtained through the expander (turbine) which means more power
can be generated. As the grade of electricity is higher than cooling (i.e. each 1 kW of power
produces about 3 kW of cooling depending on the typical COP of compression refrigeration
systems, which is assumed to be 3 in this study), SCPe of ASCE is higher than that of BACS

at heat source temperature higher than 140 °C [28, 65].

Figure 4-14 shows the effect of heat source temperature on the COP of the ASCE and for
AQSOA-Z02 and CPO-27(Ni) as the heat source temperature increases COP increases, while
for MIL101(Cr), Al-Fumarate, and Silica-gel COP decreases due to higher heat consumption
at high temperatures with limited increase in the cooling output [20]. Figure 4-15 shows that
COPe has similar behaviour to the COP but with higher values because of the additional

power generated.
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Figure 4-14: Effect of heat source temperature on the COP of the ASCE utilising Tcooling=28
°C and Tchilea=18 °C
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Figure 4-15: Effect of heat source temperature on the COPe of the ASCE utilising Tcooling=28
°C and Tehillea=18 °C

Figure 4-16 and Figure 4-17 show the effect of heat source temperature on SCP and SCPe of
the ASCE and for all adsorbent materials used in this work, as heat source temperature
increases SCP and SCPe increase and this is because of the water uptake increase leading to
the increase in the water mass flow rate passing through the evaporator[20], however the rate

of change is different, where AQSOA-Z02 and CPO-27(Ni) have higher rate of change than
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that of Silica-gel, MIL101(Cr) and Al-Fumarate [20, 21]. For all cases, SCPe has a higher
value than that of SCP and this is because additional power is generated which was converted
to the equivalent cooling. Maximum SCP of 800 and 642 W/kgads were achieved by CPO-

27(Ni) and AQSOA-Z02 respectively at heat source temperature of 160 °C.
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Figure 4-16: Effect of heat source temperature on SCP of the ASCE utilising Tcooling=28 °C
and Tchillea=18 °C
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Figure 4-17: Effect of heat source temperature on SCPe of the ASCE utilising Tcooling=28 °C
and Tehileg=18 °C
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Figure 4-18 shows the effect of heat source temperature on SP whereas as the heating fluid
temperature increases the SP increases and this is due to increasing the water uptake which
leads to higher mass flow rate besides the increase in the enthalpy difference [20, 21].
Figure 4-19 shows the effect of heating temperature on the adsorption power efficiency and as
the heating fluid temperature increases the adsorption power efficiency increases for all
adsorbent materials and this is due to more power generated at high heat source temperature

[20, 21].
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Figure 4-18: Effect of heat source temperature on SP of the ASCE utilising Tcooling=28 °C
and Tchilled=18 °C
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Figure 4-19: Effect of heat source temperature on the adsorption power efficiency of the
ASCE Ut|||5|ng Tcooling=28 °C and Tchilled=l8 °C
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Figure 4-20 and Figure 4-21 show the effect of condensation temperature on the COP and
COPe using the five different adsorbent materials utilising cooling temperature and inlet
chilled water temperature of 28 °C, and 18 °C respectively [20, 21]. Generally, as the
condenser temperature increases, the COP and COPe decrease and it is clear that AQSOA-
Z02 and CPO-27(Ni) are more affected by the condenser temperature, while MIL101(Cr) is

not affected [20, 21].
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Figure 4-20: Effect of condenser temperature on the COP of the ASCE utilising Theating=120
°C, Tcooling=28 °C and Tchined=18 °C

—o—Silica-gel AQSOA-Z02 MIL101(Cr) CPO-27(Ni) —»—AL-Fumarate
0.9

F
0.8 —0— —o— —9
0.7

0.6 —X

COPe

0.5
0.4
0.3

0.2
19 21 23 25 27 29 31 33

Condenser cooling temperature (°C)

Figure 4-21: Effect of condenser temperature on the COPe of the ASCE utilising Theating=120
°C, Tcooling=28 °C and Tchined=18 °C
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Figure 4-22 and Figure 4-23 show the effect of the condensation temperature on SCP, and
SCPe, respectively. Again as the condensation temperature increases SCP, SCPe, decrease
except for MIL101(Cr). SCP, and SCPe, are affected by the condenser temperature, because it
affects directly the water uptake, while for MIL101(Cr), SCP and SCPe are not affected

because of the S-shape isotherms of this material as described in Chapter 3 [20].
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Figure 4-22: Effect of condenser temperature on SCP of the ASCE utilising Theating=120 °C,
Teooling=28 °C and Thiles=18 °C
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Figure 4-23: Effect of condenser temperature on SCPe of the ASCE utilising Theating=120 °C,
Teooling=28 °C and Tehileds=18 °C
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Figure 4-24 and Figure 4-25 show the effect of condenser temperature on SP and adsorption
power efficiency respectively and results show that for all materials as the condenser
temperature increases the SP, and the adsorption power efficiency decrease and this is

because of its effect on the water uptake and the pressure ratio of the turbine [20, 21].
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Figure 4-24: Effect of condenser temperature on SP of the ASCE utilising Theating=120 °C,
Teooling=28 °C and Tehileds=18 °C
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Figure 4-25: Effect of condenser temperature on the adsorption efficiency of the ASCE
Ut|||3|ng Theating:].zo OC, Tcooling:28 °C and Tchilled:18 °C
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Increasing the condenser temperature decreases the pressure ratio and reduces the power
output [20]. However, the rate of the decrease is different from material to the other, where
SP, and adsorption power efficiency of AQSOA-Z02 and CPO-27(Ni) are the most affected
by the increase in the condenser temperature. Figure 4-26 and Figure 4-27 show the effect of
chilled water temperature on the COP and COPe of the ASCE utilising heat source
temperature and cooling temperature of 120 °C and 28 °C respectively [20, 21]. For Silica-gel
and MIL101(Cr) as the chilled water temperature increases, COP and COPe increase, while
the other materials are not affected. MIL101(Cr) has good water adsorption characteristics
with a maximum water uptake of 1.47 kg/kgags, but this high uptake happens only at partial
pressure higher than 0.5 as described in Chapter 3 and this high partial pressure can be
achieved when high chilled water temperature or low bed cooling water temperature are used

and this explains why MIL101(Cr) has higher performance at high chilled water temperature

[20, 21].
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Figure 4-26: Effect of chilled water temperature on the COP of the ASCE utilising
Theating=120 OC, and Tcooling=28 °C
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Figure 4-27: Effect of chilled water temperature on the COPe of the ASCE utilising
Theating=120 °C, and Tcooling=28 °C

Figure 4-28, Figure 4-29, Figure 4-30 and Figure 4-31 show the effect of chilled water
temperature on SCP, SCPe, SP, and adsorption power efficiency respectively. For Silica-gel
and MIL101(Cr) as the chilled water temperature increases, SCP, SCPe, SP and adsorption
power efficiency increase. SCP, SCPe of MIL101(Cr) have relatively high values at high
chilled temperature, but this is not suitable for the cooling applications nevertheless,

MIL101(Cr) still has the potential of producing electricity [20].

—0—Silica-gel AQSOA-Z02 MIL101(Cr) CPO-27(Ni) —*—AL-Fumarate
900

800
700
600
500

SCP (W/KQg4s)

400 . e i —
300

200

100
17 19 21 23 25 27

Chilled water temperature (°C)

Figure 4-28: Effect of chilled water temperature on SCP of the ASCE utilising Theating=120 °C,
and Tcooling=28 °C
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Figure 4-29: Effect of chilled water temperature on SCPe of the ASCE utilising Theating=120
OC, and Tcooling:28 °C
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Figure 4-30: Effect of chilled water temperature on SP of the ASCE utilising Theating=120 °C,
and Tcooling=28 °C
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Figure 4-31: Effect of chilled water temperature on the adsorption efficiency of the ASCE
UtlllSlng Theating:120 OC, and Tcooling:28 °C

Figure 4-32, Figure 4-33, and Figure 4-34 show the effect of using different bed size (number
of modules per bed, which is 4 for the normal size 1X, and 8 for 2X and 12 for 3X) on
expander mass flow rate, cooling output and power generated by the ASCE for AQSOA-Z02
and CPO-27(Ni) utilising heating temperature of 140 and 160 °C, cooling temperature of 28
°C and inlet chilled water temperature of 18 °C. Maximum steam mass flow rate, cooling
capacity and power of about 0.012 kg/s, 26.2 kW and 2.6 kW respectively are achieved using

the bed size of 3X and AQSOA-Z02 with heat source temperature of 160 °C.
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Figure 4-32: Effect of using different bed size on the steam mass flow rate generated by the
ASCE utilising AQSOA-Z02 and CPO-27(Ni) with two heat source temperatures, Tcooling=28
°C, and Tchillea=18 °C

m1X m2X m3X
30
25
20
=
< 15
=)
=
5 10
o
)
5 I I I
0
140 160 140 160
AQSOA-702 CPO-27(Ni)

Heat source temperature (°C)
Figure 4-33: Effect of using different bed size on the cooling generated by the ASCE utilising

AQSOA-Z02 and CPO-27(Ni) with two heat source temperatures, Tcooling=28 °C, and
Tenites=18 °C
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Figure 4-34: Effect of using different bed size on the power generated by the ASCE utilising

AQSOA-Z02 and CPO-27(Ni) with two heat source temperatures, Tcooling=28 °C, and
Tehilea=18 °C

Utilising multi-bed adsorption arrangement can help to improve the performance of the ASCE
by improving the cooling and power generated. The main advantage of using multi-bed ASCE
is to increase the values of SCP and SP generated [65]. Also, it improves the quality of the
cooling and power generated so that they have less fluctuation. Figure 4-35, Figure 4-36,
Figure 4-37, and Figure 4-38 show cooling and power generated using 7 different
arrangements including two-bed, three-bed, four-bed, five-bed, and six-bed in addition to
four-bed in parallel and six-bed in parallel utilizing CPO-27(Ni) with heating temperature of
160°C, cooling temperature of 28 °C and inlet chilled water temperature of 18 °C [65]. Results
show that cooling and power can be generated at the same time however, the amount of
cooling and power generated differs from one arrangement to another. As the number of beds
increases the amounts of cooling and power increase because of more adsorbent materials are
added to the system and more uptake and mass flow rate can be generated [65]. In addition, as
the number of beds increases, more continuity in cooling and power can be noticed i.e. the

cooling and power have less fluctuation which is preferable. A significant gain in cooling and
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power can be noticed between 2B (two-bed) and 3B (three-bed) arrangements where more
cooling and power can be generated with the arrangement of three-bed. Using the six-bed
arrangement in parallel with R=1/2 gives the highest average cooling and power generated of

24.93 kKW and 2.43 kW respectively [65].
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Figure 4-35: Cooling generated from multi-bed ASCE utilizing CPO-27(Ni) and using two,
three and four beds utilising Theating=160 °C, Tcooling=28 °C and Tchilledg=18 °C
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Figure 4-36: Cooling generated from multi-bed ASCE utilizing CPO-27(Ni) and using two,
five and six beds utilising Theating=160 °C, Tcooling=28 °C and Tchileds=18 °C
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Figure 4-37: Power generated from multi-bed ASCE utilizing CPO-27(Ni) and using two,
three and four beds utilising Theating=160 °C, Tcooling=28 °C and Tchiles=18 °C
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Figure 4-38: Power generated from multi-bed ASCE utilizing CPO-27(Ni) and using two, five
and six beds Ut|I|S|ng Theating:160 OC, Tcooling:28 °C and Tchilled:lB °C

Figure 4-39, Figure 4-40, Figure 4-41 and Figure 4-42 show cooling and power generated
using 7 different arrangements utilizing Al-Fumarate at heating fluid temperature of 160 °C,
cooling temperature of 28 °C, and inlet chilled water temperature of 18 °C [65]. Similar
results are obtained using Al-Fumarate, where a good improvement in cooling and power can

be noticed in three-bed arrangement compared to the two-bed arrangement (2B) where more
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cooling and power can be generated with the three-bed arrangement (3B), while using the six-
bed arrangement (6B) in parallel with R=1/2 gives the highest average cooling and power

generated of 16.2 kW and 1.61 kW respectively [65].
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Figure 4-39: Cooling generated from multi-bed ASCE utilizing Al-Fumarate and using two,
three, and four beds utilising Theating=160 °C, Tcooling=28 °C and Tchilea=18 °C
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Figure 4-40: Cooling generated from multi-bed ASCE utilizing Al-Fumarate and using two,
five, and six beds utilising Theating=160 °C, Tcooling=28 °C and T chilled=18 °C
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Figure 4-41: Power generated from multi-bed ASCE utilizing Al-Fumarate and using two,
three, and four beds Ut|I|S|ng Theating:l60 OC, Tcooling:28 °C and Tchilled:18 °C
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Figure 4-42: Power generated from multi-bed ASCE utilizing Al-Fumarate and using two,
five, and six beds Ut|||S|ng Theating:160 OC, Tcooling:28 °C and Tchilled:18 °C

Figure 4-43, and Figure 4-44 show the COP and COPe of different bed arrangements and R
ratios utilizing Al-Fumarate, CPO-27(Ni), AQSOA-Z02 and Silica-gel with a range of heat
source temperature between 80 and 160 °C and cooling water temperature of 28 °C and inlet

chilled water temperature of 18 °C [65]. The maximum COP achieved in this investigation is
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0.7 using Silica-gel at heating fluid temperature of 80 °C with the two-bed arrangement and
the maximum COPe achieved is 0.8 using Silica-gel at heating fluid temperature of 120 °C
with the two-bed arrangement. Compared to other materials at heat source temperature
between 80-120 °C, Silica-gel shows the highest COP and this is due to the high cooling
capacity achieved with this material as a result of high water uptake (high
adsorption/desorption rate). Silica-gel’s isotherms which has a linear and uniform shape,
besides its good kinetics which helps to generate such high uptake rate and this can explain
the high water uptake and the high cooling capacity produced by this material. At heating
fluid temperature of 80 °C the amount of heat consumed is the lowest which leads to highest
COP, while at 120 °C the power generated is the maximum for Silica-gel which leads to
highest COPe. In terms of the number of beds and R ratio used, the two-bed arrangement with
R=1 shows the maximum COP and COPe and this is due to using less amount of heat with

this arrangement [65].
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Figure 4-43: COP of different bed arrangements and ads/des ratio (R) of multi-bed ASCE
utilizing four different adsorbent materials with Tcooling=28 °C and Tchines=18 °C
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Figure 4-44: COPe of different bed arrangements and ads/des ratio (R) of multi-bed ASCE
utilizing four different adsorbent materials with Tcooling=28 °C and Tchiled=18 °C

Figure 4-45, and Figure 4-46 show SCP and SCPe of different bed arrangements and R ratios
utilizing the four different adsorbent materials with heating temperature ranging from 80 to
160 °C and cooling temperature of 28 °C and inlet chilled water temperature of 18 °C. The
maximum SCP achieved is around 800 W/Kkgags using CPO-27(Ni) at heat source temperature
of 160 °C using two-bed arrangement. For AQSOA-Z02 the maximum SCP achieved is about
678 W/kgags at heat source temperature of 160 °C using three-bed arrangement and R=1/2
compared to 642 W/Kgags using two-bed arrangement. The maximum SCPe achieved is about
1040 W/kgads using CPO-27(Ni) at heat source temperature of 160 °C using two-bed
arrangement. For AQSOA-Z02 the maximum SCPe achieved is around 878 W/kgads at 160 °C
using three-bed arrangement. For Silica-gel and Al-Fumarate, the maximum SCP and SCPe
happen when using three-bed arrangement. At heat source temperature below 120 °C,
AQSOA-Z02 and CPO-27(Ni) showed poor performance due to their adsorption

characteristics as discussed in Chapter 3.
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Figure 4-45: SCP of different bed arrangements and ads/des ratio (R) of multi-bed ASCE
utilizing four different adsorbent materials with Tcooling=28 °C and Tchiled=18 °C
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Figure 4-46: SCPe of different bed arrangements and ads/des ratio (R) of multi-bed ASCE
utilizing four different adsorbent materials with Tcooling=28 °C and Tchiled=18 °C

gure 4-47 shows the effect of using different bed arrangements and R ratios using four

different adsorbent materials and heat source temperature between 80-160 °C on SP generated

by the system. Maximum SP generated in this study is about 80 W/kgags utilizing CPO-27(Ni)
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at 160 °C with the two-bed arrangement and R=1. For AQSOA-Z02 the maximum SP
achieved is around 67 W/kgads at 160 °C using the three-bed arrangement and R=1/2. In terms
of the number of beds and R ratio used, the three-bed arrangement with R=1/2 has the
maximum SP for Silica-gel and Al-Fumarate for all the range of heat source temperatures
used, while for AQSOA-Z02 this occurred only with heating temperature of 160 °C and for
CPO-27(Ni), the maximum SP was always achieved when using two-bed arraignment. This
may reveal that for some materials there is a specific limit of heat source temperature, where
after such limit the three-bed arrangement can be the best. The arrangements with R>1 have
low SP compared to other arrangements, as the time of adsorption is more than that of
desorption. SP of 80 W/kgads is not large value compared to SCP of 800 W/kgags (about only
10%), however the grade of power is higher than that of cooling because ideally each 1 kW of
power can generate 3 kW of cooling when the typical COP for compression refrigeration

system is assumed to be 3 [64, 65].

It is known that desorption rate is faster than adsorption rate [56] and this is because the later
occurs at a relatively low temperature, so discharging the adsorption refrigerant (water) from
the adsorbent material can be faster than charging the adsorbent materials with the refrigerant.
Figure 4-48 shows the effect of using different bed arrangements and R ratios using four
different adsorbent materials and heat source temperature between 80-160 °C on the
adsorption power efficiency of the system. Maximum adsorption power efficiency achieved is
around 5.4% utilising CPO-27(Ni) and heat source temperature of 160 °C and 2B

arrangement.
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Figure 4-47: SP of different bed arrangements and ads/des ratio (R) of multi-bed ASCE
utilizing four different adsorbent materials with Tcooling=28 °C and Tchineds=18 °C
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Figure 4-48: Adsorption power efficiency of different bed arrangements and ads/des ratio (R)
of multi-bed ASCE utilizing four different adsorbent materials with Tcooling=28 °C and
Tenites=18 °C
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4.7 Hybrid adsorption system for cooling and electricity (HASCE) [28]

The two-bed ASCE can be modified so that, four hybrid adsorber beds can be used, besides
two evaporators, condenser and expander as shown in Figure 4-49 [28]. The topping beds
(bed 1 and bed 2) use a high temperature adsorbent material (adsorbent material with high
performance at high heat source temperature like CPO-27(Ni) and AQSOA-Z02) and they are
powered using an external heat source, while the bottoming beds (bed 3 and bed 4) use low
temperature adsorbent materials (adsorbent with high performance at low heat source
temperature like Silica-gel) and they are powered using the heat recovered from the topping

beds during adsorption process, so no more heat is added to the bottoming beds [28].
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Figure 4-49: Hybrid adsorption system for cooling and electricity (HASCE)
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In this design, the bed cooling water temperature of the topping beds is set to be at a relatively
high value (46-48 °C) so that the cooling water leaving the topping bed can be in the range of
50-55 °C which can power the bottoming beds [28]. During adsorption process, the cooling
water recovers additional heat so it leaves the topping beds to the tank in order to reduce the

fluctuating in temperature when powering the bottoming beds [28].

The overall performance of the HASCE can be defined using the terms COP, SCP, COPe,
SCPe, SP and adsorption power efficiency (nass). COP, SCP, COPe, SCPe can be calculated

using [20, 28, 65]:

COP =
. teycle . teycle
(thcp)evap,1 [ Y (Tehilin1 —Tehilo,1)dt+(cp)evap, 2 Jo Y (Tehilinz—Tehillo,2)dt 4-18
. tcycle )
(ep)n J; 7 (Th,in=Th,o)dt
SCP =
. tcycle . tcycle
(mcp)evap,1 fo (Tchill,in,l_Tchill,o,l)dt+ (hcp)evap,2 fo (Tchill,in,z _Tchill,o,z)dt 4-19

Matcycle

COPe =
. teycle . teycle teycle .
(1hcp)evap,1 fo Y (Tchill,in,l_Tchill,o,l)dt+(mcp)evap,2 fo Y (Tchill,in,z _Tchill,o,z)dt +F[f0 Y% th,q5 Ahdt]

. teyel
(hepn Jy ¥ (Th,in—Th,0)dt

4-20

SCPe =

tC 1 t
. ycle .
(mcp)evap,1 fo (Tchill,in,l_Tchill,o,l)dt+ (cp)evap,2 fo

Matcycle

cycle teycle .
Y (Tehillinz—Tehillo2)dt +F[f, < myqs Ahdt]

4-21
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SP and mags can be calculated as in equations 4-11 and 4-12. Also the exergy efficiency is used

to evaluate the HASCE and it can be defined as [65, 206-208]:

rl Wexp,ads+Eevap,1+ E:evap,z
ex= Ein

4-22

Where Eevqp IS the cooling exergy through the evaporator and can be defined as [65, 206-208]:

. teycle
Eevap . (hcp)evap, [ y (Tchill,in,l_Tchill,o,l)dt[ Tamb 1] 4-23
! teycle Tevap,1
. teycle
Eevap2= (mcp)evap,z fo Y (Tchill,in,z_Tchill,o,z)dt[ Tamb _ 1] 4-24
! teycle Tevap,2
The exergy input to the system (Ein) can be defined as [10, 65, 106]:
. teycle hw: —h -T L dt
Ein: mp fo [( h,in h,o) amb (Sh,in Sh,o)] 4-25

tcycle

4.8 Performance of HASCE [28]

Figure 4-50 shows COPe/COP of the hybrid adsorption system for cooling and electricity
(HASCE) compared to that of ASCE and BACS systems utilising AQSOA-Z02/Silica-gel and
CPO-27(Ni)/Silica-gel [28]. For all cases, COPe of HASCE is higher than that of ASCE and
BACS with maximum value of 0.97 achieved by AQSOA-Z02/Silica-gel at 100 °C.
Figure 4-51 shows SCPe/SCP of HASCE compared to that of ASCE and BACS systems

utilising AQSOA-Z02/Silica-gel and CPO-27(Ni)/Silica-gel. Results show that the SCPe of
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HASCE is always lower than that of ASCE and BACS and this due to using relatively high
cooling temperature at the toping beds and relatively low heat source temperature that
powering the bottoming beds. Figure 4-52 shows the exergy efficiency of HASCE compared
to that of ASCE and BACS systems utilising AQSOA-Z02/Silica-gel and CPO-27(Ni)/Silica-
gel. For all cases, exergy efficiency of HASCE is higher than that of ASCE and BACS
(except for CPO-27(Ni)/Silica-gel at 160 °C) with a maximum value of 48% utilizing

AQSOA-Z02/Silica-gel at 100 °C [28].
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Figure 4-50: COP/COPe of HASCE compared to ASCE and BACS utilizing AQSOA-
Z02/Silica-gel and CPO-27(Ni)/Silica-gel with Tcooling=28 °C and Tchilled=18 °C
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Figure 4-51: SCP/SCPe of HASCE compared to ASCE and BACS utilizing AQSOA-
Z02/Silica-gel and CPO-27(Ni)/Silica-gel with Tcooling=28 °C and Tehileg=18 °C
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Figure 4-52: Exergy efficiency of HASCE compared to ASCE and BACS utilizing AQSOA-
Z02/Silica-gel and CPO-27(Ni)/Silica-gel with Tcooling=28 °C and Tchiled=18 °C
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Figure 4-53 and Figure 4-54 show the effect of using a range of heat source temperature
between 100-160 °C (very low cooling with almost no power were achieved below 100 °C)
on the COP and COPe of HASCE respectively. A maximum COP of 0.93 is achieved using
AQSOA-Z02/Silica-gel (AQSOA-Z02 in the topping beds and Silica-gel in the bottoming
beds) at heat source temperature of 100 °C, while for CPO-27(Ni)/Silica-gel, the maximum
COP of 0.89 is achieved at 100 °C. Maximum COPe of 0.97 is achieved using AQSOA-
Z02/Silica-gel at 100 °C, while for CPO-27(Ni)/Silica-gel, maximum COPe of 0.9 is achieved
using heat source temperature of 100 °C. HASCE has significantly higher COP and COPe
compared to the two-bed ASCE utilising AQSOA-Z02 and CPO-27(Ni) separately and this is
mainly because HASCE has two evaporators producing cooling without any additional heat

for powering the bottoming cycle.
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Figure 4-53: Effect of heat source temperature on COP of the HASCE utilizing CPO-
27(Ni)/Silica-gel and AQSOA-Z02/Silica-gel utilising Teooling=28 °C and Tchilleg=18 °C
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Figure 4-54: Effect of heat source temperature on COPe of the HASCE utilizing CPO-
27(Ni)/Silica-gel and AQSOA-Z02/Silica-gel utilising Teooling=28 °C and Tchilleg=18 °C

Figure 4-55 and Figure 4-56 show the effect of using a range of heat source temperature with
cooling water temperature of 28 °C and inlet chilled water temperature of 18 °C on SCP and
SCPe of the HASCE [28]. Even though, HASCE shows higher COP and COPe compared to
the two-bed adsorption system, unfortunately, this system shows relatively low SCP and
SCPe and this is because of using relatively high bed cooling water temperature in the topping
cycle, and relatively low heat source temperature in the bottoming cycle. Maximum SCP of
341 W/kgads is achieved using AQSOA-Z02/Silica-gel at heat source temperature of 160 °C,
while maximum SCPe of 412 W/kgads is achieved using AQSOA-Z02/Silica-gel at 160 °C
[28]. Figure 4-57 and Figure 4-58 show the effect of heating fluid temperature on SP and
adsorption power efficiency of the HASCE. SP and adsorption power efficiency of this
system are relatively low for the same reasons that discussed SCP and SCPe, however
maximum amount of SP of 23.5 W/kgads and adsorption power efficiency of 4.9 % are

achieved using AQSOA-Z02/Silica-gel at 160 °C.
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Figure 4-55: Effect of heat source temperature on SCP of the HASCE utilizing CPO-
27(Ni)/Silica-gel and AQSOA-Z02/Silica-gel utilising Teooling=28 °C and Tchilleg=18 °C
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Figure 4-56: Effect of heat source temperature on SCPe of the HASCE utilizing CPO-
27(Ni)/Silica-gel and AQSOA-Z02/Silica-gel utilising Tcooling=28 °C and Tchillea=18 °C
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Figure 4-57: Effect of heat source temperature on SP of the HASCE utilizing CPO-
27(Ni)/Silica-gel and AQSOA-Z02/Silica-gel utilising Tcooling=28 °C and Tchillea=18 °C
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Figure 4-58: Effect of heat source temperature on the adsorption power efficiency of the
HASCE utilizing CPO-27(Ni)/Silica-gel and AQSOA-Z02/Silica-gel utilising Tcooling=28 °C
and Tenies=18 °C
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Hybrid adsorption system for cooling and electricity (HASCE) can generate cooling and
electricity at the same time with relatively high COPe (with a maximum value of 0.97)
compared to that of the ASCE (with a maximum value of 0.8) which can be useful especially
when the amount of heat is limited. However, the SCPe generated by HASCE are low

compared to the ASCE [28].

4.9 Summary

In this chapter, the basic adsorption cooling system (BACS) has been modified to study the
feasibility of producing cooling and power simultaneously by combining an expander
between the hot adsorber bed (desorber) and the condenser [20]. The modified system utilises
advanced adsorbent materials like Metal Organic Framework MOF CPO-27(Ni),
MIL101(Cr), Al-Fumarate, and AQSOA-Z02 zeolite and results are compared to Silica-gel.

The main conclusions of this chapter can be listed as [20]:

1. Adsorption system for cooling and electricity (ASCE) is feasible and can generate cooling
and power simultaneously. The system can generate maximum SCP of 800 W/kgads and

SP of 80 W/kgads utilising CPO-27(Ni) with heat source temperature 160 °C [20].

2. Generating cooling and power simultaneously is more effective at heat source temperature
higher than 120 °C and generally as the heat source temperature increases, the specific

cooling power (SCP) and specific power (SP) increase [20].

3. The ASCE has maximum equivalent coefficient of performance COPe of 0.8 utilising
Silica-gel compared to maximum COP of 0.7 achieved by BACS utilising Silica-gel at
heat source temperature of 100 °C. Also, the ASCE has maximum equivalent specific

cooling power SCPe of 1040 W/kgads achieved by CPO-27(Ni) compared to maximum
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SCP of 892 WI/kgads achieved by BACS using the same material at heat source
temperature of 160 °C.

4. For all adsorbent materials with heat source temperatures used in this study, the exergy
efficiency of ASCE is higher than that of BACS [65] (except for CPO-27(Ni) at 100 °C),
and maximum exergy efficiency of 63% is achieved utilising Silica-gel at 80 °C.

5. In terms of bed arrangement, the two-bed arrangement with R=1 has the maximum
COP/COPe for all adsorbent materials and all range of temperatures used in this study.
The three-bed arrangement with R=1/2 has the maximum SCP/SCPe and SP for Silica-gel
and Al-Fumarate for all the range of heat source temperatures used, while for AQSOA-
Z02 with heating fluid temperature of 160 °C.

6. As the number of bed increases, more continuity in cooling and power can be achieved.
For most cases, four-bed and three-bed arrangements working in parallel produce higher
COP, SCP and SP than those of the four-bed and six-bed arrangements working in series.

7. Hybrid adsorption system for cooling and electricity (HASCE) is another form of the
ASCE utilising four cascaded adsorber beds. The system can generate cooling and power
with higher COP/COPe compared to the ASCE, however, the amount of cooling and

power generated are low compared to the ASCE.
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CHAPTER FIVE

SIMULATION OF INTEGRATED ADSORPTION-
ORC SYSTEM FOR CooLING AND ELECTRICITY
(SECOND CONFIGURATION)

5.1 Introduction

In this chapter, a two-bed water adsorption cooling system has been integrated with an
Organic Rankine Cycle (ORC) to simultaneously generate cooling and electricity (IAOSCE)
[22]. CPO-27(Ni), and Al-Fumarate MOFs and AQSOA-Z02 zeolite are used and compared
to the commonly used Silica-gel while R245fa, R365mfc and R141b are used as ORC
working fluids. Four different scenarios of the integrated adsorption-ORC system have been
investigated for cooling and electricity (IAOSCE), where in the first three scenarios, the
adsorption system is set up as a topping system, and ORC is set up as a bottoming system. In
the fourth scenario, the ORC is used as a topping system, and the adsorption system is used as
a bottoming one. Figure 5-1 shows that there are two main arrangements of the IAOSCE, the
first one uses one expander (IAOSCE-1EXP), while the second one uses two expanders
(IAOSCE-2EXP) so that more electric power can be generated, while the four scenarios of

integration are applied to both cases of IAOSCE.
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Integrated adsorption-ORC system for Scenarios of integration
cooling and electricity (IAOSCE)

IAOSCE with one expander

Cooling Adsorption ___Scenario 1: adsorption system is a topping cycle
cooling @D orc and ORC is a bottoming cycle. ORC is powered by
system the cooling fluid leaving the adsorption system.

| Scenario 2: adsorption system is a topping cycle
Electric power and ORC is a bottoming cycle. ORC is powered by

the heating fluid leaving the adsorption system.

|___Scenario 3: adsorption system is a topping cycle
and ORC is a bottoming cycle. ORC is powered by
mixture of the heating and cooling fluids leaving
Cooling [, dsorption — the adsorption system.

cooling =) ORC

system L Scenario 4: ORC is a topping cycle and adsorption

is a bottoming cycle. Adsorption system is

powered by the heating fluid leaving the ORC
Adsorption system.

Electric power

IAOSCE with two expanders

Figure 5-1: Integrated adsorption-ORC system for cooling and electricity (IAOSCE) with
different scenarios

5.2 Integrated adsorption-ORC system for cooling and electricity [22]

The main purpose of using the integrated adsorption-ORC system for cooling and electricity
(IAOSCE) is to investigate the possibility of producing electricity and cooling simultaneously
by modifying the basic two-bed adsorption cooling system (BACS) to be integrated with an
ORC system so that the heat utilization efficiency can be improved [22]. This study can be

carried out using four scenarios:

Scenario 1 [22]: this scenario is shown in Figure 5-2 where the adsorption cooling system is
used as a topping system while the ORC is used as a bottoming system. The two-bed
adsorption cooling cycle is driven by an external heat source (HS) like waste heat or solar

energy to sustain the desorption process in the desorber. As cooling is needed during
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adsorption process, an external cooling fluid is used to absorb the heat of adsorption and
sustain the adsorption process, which produces cooling effect in the evaporator [22], while

ORC is powered using the same cooling fluid leaving the adsorption cooling system.

Scenario 2 [22]: this scenario is shown in Figure 5-3, where the adsorption cooling system is
set up as a topping system and powered by an external heat source, while ORC is set up as a
bottoming system and it is driven using the same heat source leaving the adsorption system.

Scenario 3 [22]: this scenario is shown in Figure 5-4, the adsorption cooling system is set up
as topping system and it is powered by an external heat source. This scenario combines
scenarios 1 and 2 where the recovered heat from the adsorption mixes with the return heating

source to produce new heat source that can be used to power the ORC.,

Condenser

ORC evaporator

D

K
Pum
P Expander

A

Condenser

Evaporator
(Cooling effect)

Figure 5-2: IAOSCE schematic diagram (scenario 1)
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Figure 5-3: IAOSCE schematic diagram (scenario 2)
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Figure 5-4: IAOSCE schematic diagram (scenario 3)
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Scenario 4 [22]: this scenario, is shown in Figure 5-5, an external heat source is used to drive
the ORC system, which is set up as topping system while the adsorption cooling system is set
up as a bottoming system. The heating fluid leaving the ORC evaporator is used to power the
adsorption cycle and cooling can be generated in the adsorption evaporator, while electricity

can be generated by the ORC expander.

Condenser

|
- Tank :
1

1HS

)
D e e

——— o —

ORC evaporator

D

i Pump

l

Expander

V2

A

Condensate water

Condenser

Evaporator
f(Cooling effect)
Figure 5-5: IAOSCE schematic diagram (scenario 4)
In scenarios 1 and 3, the cooling fluid (water) used has a relatively high temperature (48 °C)
compared to the scenarios 2 and 4, so that the heat of adsorption can be recovered to produce

hot fluid with temperature in the range of 50-55 °C which can be used to power the ORC

without using the external heat source [22].

143



Chapter 5 Simulation of Integrated Adsorption-ORC System for Cooling and Electricity

5.3 IAOSCE with two expanders [64]

This study examines the opportunity of producing electricity and cooling simultaneously by
integrating a two-bed adsorption system for cooling and electricity (ASCE) described in
Chapter 4 with an ORC system. As a result, cooling can be generated in the evaporator, while
two expanders generate electricity (steam expander and ORC expander) [64]. Four scenarios
similar to those used in the IAOSCE with one expander as discussed in section 5.2 are
presented in Figure 5-6, Figure 5-7, Figure 5-8 and Figure 5-9 [64]. The steam expander
(turbine) incorporated between the desorber and the condenser (in the adsorption cycle), while

the ORC cycle already has an ORC expander (turbine).

Condenser

F==== . _ _ _ _ _
| :. -
v

Expander 1

ORC evaporator

D

i Pump
Expander 2

——— — —

A

Condenser

Condensate water
S

Evaporator
(Cooling effect)

Figure 5-6: Schematic diagram of the IAOSCE with two expanders (scenario 1)
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Figure 5-7: Schematic diagram of the IAOSCE with two expanders (scenario 2)
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Figure 5-8: Schematic diagram of the IAOSCE with two expanders (scenario 3)
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Figure 5-9: Schematic diagram of the IAOSCE with two expanders (scenario 4)

5.4 Mathematical modelling [22, 64]

Three advanced adsorbent materials including Al-Fumarate, and CPO-27(Ni) MOFs and
AQSOA-Z02 zeolite are investigated and compared to the traditional Silica-gel [64]. The
lumped parameter model method is used to define the energy balance equations of the
adsorbent bed, as described in Chapter 4, where refrigerant (water), adsorbent material, and
the heat exchanger materials are assumed to be at the same temperature during the
adsorption/desorption cycle time [20, 22, 28]. In addition, the energy balance equations for
the adsorption condenser and evaporator are similar to those used in Chapter 4 [20]. For the
ORC cycle, heat added to the ORC evaporator (Q;,) and heat rejected in the ORC condenser

(Qour) can be written as [22, 64, 213-215]:

teycle .
fo Y e 0RCCp (Te,in-Te,0)dt
Qin = 5-1

tcycle
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Itcycle

) ¢, orcCp(Tein-Teo)dt
Qout =

5-2

tcycle

In equation 5-1, me orc IS the heating fluid mass flow rate of the ORC evaporator which
equals to the mass flow rate of cooling fluid of the adsorber bed in scenario 1 and it is the
same as the mass flow rate of the adsorber bed heating fluid in scenario 2 [64]. Moreover, it
represents the summation of the mass flow rates of the cooling and heating fluids (water)
leaving the adsorption cycle after mixing them to produce new heating source in scenario 3,
while it is the main heat source mass flow in scenario 4 [64]. Tein IS the heat source
temperature of ORC, which equals to that of the cooling fluid leaving the adsorption cycle
after recovering the heat of adsorption in scenario 1. Also, Tein refers to the heating fluid
leaving the adsorption cycle in scenario 2 and the mixture of hot and cold fluids temperature
of the adsorption cycle in scenario 3 [64]. In addition, it represents the main heat source
temperature in scenario 4. In all scenarios, Te, IS the temperature of the fluid leaving the ORC
evaporator and it is used to power the adsorber beds in scenario 4. In equation 5-2,
¢ orc represents the mass flow rate of the cooling fluid (water), used to cool the ORC
condenser and it is assumed constant during this study [64]. T¢inand Tco are the inlet and the
outlet cooling fluid temperatures of the ORC condenser, and the outlet temperatures of the
ORC condenser and evaporator are calculated as that used in Chapter 4. The power generated

by the ORC expander can be calculated as [22, 64]:

teycle
J, 7 morc(Ah)orcdt

5-3

Wexp,0rC =
exp, teycle
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mogc IS the mass flow rate of the ORC fluid (kg/s) and (Ah)ggc is the enthalpy difference
across the ORC expander. The power consumed in the pump can be calculated as [22,

64]:

t le .
7 horc(AP)dt
Wpump = = 5-4

teycle Pllpump

AP is the pressure difference across the pump (Pa), p is the density of the liquid refrigerant
(kg/m3), and Npump is the pump efficiency. For the adsorption system, the equations of
energy balance, evaporator mass balance, temperature outlet of the adsorbent beds, evaporator
and condenser are used as listed in Chapter 4 (equations 4-1 to 4-7). The overall performance
of IAOSCE with one expander can be evaluated using the terms COP, SCP, COPe, SCPe, SP

and ORC efficiency (norc) as written in equations 5-5 to 5-10 [64, 65]:

. teycle
(hep)evap Jy © (Tenillin=Tehillo)dt

cycle (Thin—Th,o)dt

COP =

(cp)n f;

m is the mass flow rate in kg/s and C, is the specific heat at constant pressure in J/(kgK).
Tenino and Tepin; are the inlet and the outlet temperatures of the chilled water in °C.
Ty and Ty 5, are the inlet and the outlet temperatures of the hot water across the adsorbent

bed in °C [22].

teyel
. ycle
_ (mcp)evap [y (Tehinin—Tchilo)dt

Matcycle

SCP 5-6
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. teycle tcycle
_(cpevap fy 7 (Teninin=Tchillo )dt+F [ [

COPe — thorc(8h)orc—1orc(AP)/(PNpump)]ldt

5-7

. teyel . teyel
(me)h fo e e(Th,in_Th,o)dt"'me,ORCCp fo e e(Te,in—Te,o)dt
. teyel teycley. .
SCPe = (hep)evap Jy ¥ (Tenilin—Tehilo )At+F [y @ “[Morc (Ah) orc —Morc (AP)/(PNpump)]dt 5.8
Matcycle
t le - .
sp = Y€Imorc(8h)orc=1oRc(AP)/(PNpump)]dt 5.9
Matcycle
teycley: )
Jo @€ Imorc(Ah)orc—T0RC (AP)/(PNpump)]dt
Norc = 5-10

teyel
. ycle
Me,0RCCp fo (Te,in-Te,0)dt

The terms COPe (equivalent coefficient of performance) and SCPe (equivalent specific
cooling power) are used to compare the performance of the four different scenarios of the
proposed integrated system to the basic adsorption cooling system (BACS). F is a factor used
to convert the power generated to cooling for comparison purpose. It is equal to the typical
value of vapour compression refrigeration systems COP and assumed to be 3 in this study [64,
65]. In addition, in this thermodynamic study, the expansion process in the ORC expander is

considered as an ideal isentropic process.

Also, the exergy efficiency is used to evaluate the IAOSCE which can be defined as [10,

106]:

n Wexp,ORC_Wpump+Eevap 5 11
ex= Ein,1'|’Ein,2

Where Eevap IS the cooling exergy through the evaporator and can be defined as [206-208]:
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5-12

. teyel
(thcp)evap J, V(T ehinin—Tenio)dt [ Ty
Eevap: -1

tcycle Tevap

While, Ein1 Ein2 are the input exergies to the adsorption system and the ORC system

respectively and can be defined as [10, 106]:

. teycl
Mp,q focyc e[(hh,in,l_hh,o,l)_Tamb(Sh,in,l_sh,o,l)]dt

tcycle

5-13

Ein,1=

) teycl
thp 2 Jo ™ [(hhin2—hn0,2)~Tamb(Sh,in2=Sho,2)]dt

tcycle

5-14

Ein,2=

The overall performance of IAOSCE with two expanders can be evaluated using the terms
COP, SCP, COPe, SCPe, SP, and ORC efficiency (norc) and adsorption power efficiency

(Mags) @s written in equations 5-15 to 5-21 [64]:

Wexp,ads Can be calculated using equation 4-8 and Wey, ore  Can be calculated using equation

5-3.
. teyel
COP = (hep)evap Jo 7 (Tehill,in—Tehillo At 5.15
— t =
(thcp)n J, Ve (Tho~Th,in)dt
. teyel
SCP = (hep)evap Jy ¥ (Tenitin—Tehillo)dt 5-16

Matcycle
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COPe =

Cycle[

i ey Tenio )t [ haqs(Ah horc(Ah)orc—ToRC (AP dt
(mcp)evapfo chillin~ Tchill,o Jdt+ fo Maqs(Ah)ags+morc(Ah) orc—ToRc(AP)/(PNpump)]

5-17

. teyel . teyel
(mcp)n focyc e(Th,in_'I‘h,o)dt"'me,ORCCp fo ve e(’I‘e,in—Te,v.))dt
SCPe =
. teyel teycle; . . .
(mcp)evap focyc e(Tchin,in—TchilLo)dH‘Ffo Y ags(Ah)aqs+horc (Ah) orc—TORC(AP)/(PNpump)ldt 5-18
Matcycle
tcycle . . .
Sp = Jo [ g5 (Ah)aqs+horc(Ah)orc—ToRc (AP)/(Ppump)]dt 5-19

Matcycle

Norc Can be calculated using equation 5-10 and adsorption power efficiency (nads) can be

calculated as [65]:

teycle .
nyC M,4s(Ah),4sdt
Nads = 0 ads ads 5_20

. teycl
(icp)n fu 7 (Th,in=Th,o)dt

Also, to evaluate the performance of IAOSCE with two expanders, the exergy efficiency is

used as [10, 64, 106]:

n Wexp,ORC_Wpump +Wexp,ads+Eevap 5_21
ex=
E:in,l +Ein,2

Table 5-1 and Table 5-2 show the main operating conditions used in this chapter and the
characteristics of the adsorption system components like adsorber bed, condenser and

evaporator in addition to the ORC components like evaporator and condenser [22, 64].
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Table 5-1: Parameters used in the simulation [20, 22, 64]

Bed heating fluid temperature °C

Bed cooling fluid temperature °C
Condenser cooling water temperature °C
Chilled water temperature °C

Bed hot fluid mass flow rate kg/s

Bed cold fluid mass flow rate kg/s
Condenser mass flow rate kg/s
Evaporator mass flow rate kg/s

Half cycle time s
Switching time s

ORC condenser temperature °C
ORC condenser mass flow kg/s
ORC refrigerant mass flow kg/s

80-160
487128
28
18
1.85
1.85
0.8
0.8
324
20
257128
0.8
0.12

*; conditions used only in scenarios 1 and 3

Table 5-2: System physical characteristics [20-22, 64, 209]

Bed heat exchanger
Fin length m

Fin width m

Fin pitch m

Module length m
Number of module
Number pipes/module
Number of bypass
Pipe OD m

Pipe thickness m
Adsorption condenser
Pipe length m
Number pipes

Pipe OD m

Pipe thickness m
Adsorption evaporator
Pipe length m
Number of pipes

Pipe outside diameter m
Pipe thickness m

Fins length m

Fins thickness m

Fins pitch m

ORC condenser/evaporator
Pipe length m
Number pipes

Pipe OD m

Pipe thickness m

172E-3
30E-3
1.2E-3
800E-3

4

6

2

15.875E-3

0.8E-3

55
4
15.875E-3
0.8E-3

10
4
15.875E-3
0.8E-3
40E-3
0.12E-3
1.2E-3

11
6
15.875E-3
0.8E-3
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The IAOSCE with one expander and two expanders proposed in this chapter is simulated
using MATLAB Simulink software. Two MATLAB Simulink models have been developed to
study the effect of using various integration scenarios, adsorbent materials, ORC fluids and
operating parameters on the overall system performance of the IAOSCE. Figure 5-10 and
Figure 5-11 show the flowcharts of the IAOSCE models with one expander and two

expanders respectively.

Input : simulation
parameters Tables
5-1 and 5-2

v

v \
Adsorption bed 1 Adsorption bed 2
Figure 4-6 Figure 4-6

‘1' ORC
Evaporator energy balance Egs. Condenser
energy balance Egs. 4-3 5-1t0 5-4 energy balance Eqgs.
to 4-5 4-6 to 4-7

Output
COP, SCP, COPe,
SCPe, SP and
Nggc EYs 5-5t0 5-10

End

Figure 5-10: Flowchart of the IAOSCE model (with one expander)
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Adsorption bed 1
Figure 4-6

Adsorption bed 2

Input : simulation
parameters
Tables 5-1 and 5-2

energy balance
Egs. 4-3 to 4-5

Adsorption expander
power output Eq. 4-8 energy balance

EQs. 4-6 to 4-7

Evaporator [
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v
\
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N
C expander Condenser
Eq.5-3 Eq.5-2
7

e e e e e e e

SCP, COPe, SCPe,

5-10, 5-15 to 5-20

Figure 5-11: Flowchart of the IAOSCE model (with two expanders)

5.5 Performance of IAOSCE [22]

In this study, three advanced adsorbent materials were investigated namely; CPO-27(Ni), Al-

Fumarate and AQSOA-Z02, and compared to the commonly used Silica-gel utilising heat

source temperature ranging from 80 to 160 °C [22]. Silica-gel was not investigated at 140 and

160 °C as many researchers reported that Silica-gel can show high performance at

regeneration temperature of below 95 °C [210, 211] and that Silica-gel can be damaged by

heating the material above 120°C [212]. Also, to provide high temperature heating, water

under pressure is used with properties evaluated using REFPROP database.
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Figure 5-12, Figure 5-13, Figure 5-14, and Figure 5-15 show the cooling, and power
generated by the IAOSCE using scenario 1, scenario 2, scenario 3, and scenario 4 respectively
utilising Al-Fumarate, CPO-27(Ni), AQSOA-Z02, and Silica-gel as adsorbent materials and
R141b as ORC fluids [22]. Results show that, this system can generate cooling and power
simultaneously, however the amount of cooling and power generated is affected by the
scenario used and the adsorbent materials [22]. For example, Silica-gel produces more
cooling and power when using scenarios 2 and 4, while the value of cooling generated by
CPO-27(Ni) varies from one scenario to another. Al-Fumarate produces lower cooling
capacity than that of the other adsorbent materials for all scenarios as this material shows low
performance with ASCE and this is due to its slow adsorption kinetics which leads to low
water uptake as discussed in Chapters 3 and 4 and the situation becomes worse with scenarios
1 and 3 where the relatively high cooling water temperature again reduces the water uptake

[22] so, Al-Fumarate is excluded from the remaining part of this study.

Silica-gel (120 °C) AQSOA-Z02 (160 °C) Silica-gel (120 °C) AQSOA-Z02 (160 °C)
CPO-27(Ni) (160 °C) Al-Fumarate (160 °C) 1 CPO-27(Ni) (160 °C) Al-Fumarate (160 °C)
10
9 0.95
8 0.9
i (75 i 0.85
25 g 08
5 4 ncz 0.75
©3 0.7
2 0.65
1
0 0.6
0 100 200 300 400 500 600 700 0 100 200 300 400 500 60O 700
Time (s) Time (s)

Figure 5-12: Cooling and power generated by IAOSCE using scenario 1 and R141b as ORC
fluid
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Figure 5-13: Cooling and power generated by IAOSCE using scenario 2 and R141b as ORC
fluid
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Figure 5-14: Cooling and power generated by IAOSCE using scenario 3 and R141b as ORC
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Figure 5-15: Cooling and power generated by IAOSCE using scenario 4 and R141b as ORC
fluid
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Figure 5-16 shows the effect of using four scenarios, three adsorbent materials, three ORC
fluids and heat source temperature on the COP of the IAOSCE. Results show that scenarios 2
and 4 have the highest COP of about 0.75 (utilizing Silica-gel with heating fluid temperature
of 80°C) [22]. This is because Silica-gel has high uptake at low bed cooling water temperature
such that used in scenarios 2 and 4. Figure 5-17 shows the effect of using different scenarios,
different adsorbent materials, different ORC fluids and heat source temperature on the COPe
of the IAOSCE. Results show that scenario 1 shows the highest COPe values compared to
those of other scenarios, and this is because of no additional heat from the main heat source is
needed to power the ORC cycle. A maximum COPe of 1.14 is achieved utilising Silica-gel

and R141b and heat source temperature of 80 °C.

Figure 5-18 shows the effect of using different adsorbent materials, ORC fluids and heat
source temperature on SCP of the IAOSCE respectively. Results show that scenarios 1 and 3
produce the lowest values of SCP and this is due to using relatively high cooling temperature
in these two scenarios which affects the water uptake and then affects the cooling capacity of
the system. A maximum SCP of 892 W/kgags iS achieved in scenario 2 utilising CPO-27(Ni)
and heat source temperature of 160 °C and this value is the same for all ORC fluids except for
scenario 4, because the value of the cooling is not affected by the ORC fluid used in the first
three scenarios. Also, scenarios 1 and 3 with AQSOA-Z02 produce higher SCP than Silica-
gel and CPO-27(Ni) at all temperatures. With scenarios 2 and 4, Silica-gel produces higher
SCP than Silica-gel and CPO-27(Ni) at heat source temperature of 80 °C, while CPO-27(Ni)
produces higher values than Silica-gel and AQSOA-Z02 at heat source temperature of over

100 °C.
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Figure 5-16: Effect of using different scenarios, adsorbent materials, ORC fluids and heat
source temperatures on the COP of the IAOSCE
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Figure 5-17: Effect of using different scenarios, adsorbent materials, ORC fluids and heat
source temperatures on the COPe of the IAOSCE
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Figure 5-18: Effect of using different scenarios, adsorbent materials, ORC fluids and heat
source temperatures on SCP of the IAOSCE
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Figure 5-19 shows the effect of using different adsorbent materials, ORC fluids and heat
source temperature on SCPe of the IAOSCE. Scenarios 2 and 4 show the highest SCPe
because of using relatively high cooling temperature in scenarios 1 and 3 and more power is
generated in these two scenarios. Maximum values of SCPe of 2311 W/Kgass and 2276
W/Kgags Were achieved in scenario 2 and scenario 4 respectively utilising CPO-27(Ni) and
heat source temperature of 160 °C and this is for the same reasons discussed before.
Figure 5-20 and Figure 5-21 show the effect of using different adsorbent materials, ORC
fluids and heat source temperature on SP and ORC efficiency respectively. Scenarios 2 shows
the highest values of the SP of 473 W/kgads and the ORC efficiency of 18.6% respectively
utilising CPO-27(Ni) and R141b at heat source temperature of 160 °C. Scenarios 1 and 3
show the lowest values of the SP and the ORC efficiency and this is because of using
relatively high cooling water temperature used in the adsorber beds which affects the water
uptake of the adsorption cycle and also, because of low-pressure ratio in the ORC cycle due to

using low heat source temperature for powering the ORC evaporator.
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Figure 5-19: Effect of using different scenarios, adsorbent materials, ORC fluids and heat
source temperatures on SCPe of the IAOSCE
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Figure 5-20: Effect of using different scenarios, adsorbent materials, ORC fluids and heat
source temperatures on SP of the IAOSCE
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Figure 5-21: Effect of using different scenarios, adsorbent materials, ORC fluids and heat
source temperatures on the ORC efficiency of the IAOSCE
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The four scenarios examined in this work offer different options for energy designers and
consumers to choose a suitable design for different applications. For instant, in hot climate
countries, refrigeration and air conditioning consume large amount of energy while in many
developing countries, the national electricity grid fails to supply the required demand of
electricity, especially in summer. This problem can be solved by means of using such
integrated systems as localized units not only to generate cooling and electricity
simultaneously but also to enhance the overall system performance. For example, when
infinite or semi-infinite low-grade heat sources are available like solar energy as in many hot
countries, scenarios 2 and 4 can be preferable because they generate more cooling and power
which means smaller size systems. Conversely, if there is a limited amount of low-grade heat
sources, scenario 1 may be preferable because it has higher COPe thus more energy can be

saved.

5.6 Performance of IAOSCE with two expanders [64]

Figure 5-22 shows the COP of four scenarios of the IAOSCE with two expanders utilising
CPO-27(Ni), AQSOA-Z02, and Silica-gel and three different ORC fluids using heat source
temperature ranging from 80 to 160 °C [64]. ORC fluids do not affect the COP of the
IAOSCE, so for the first three cases, the corresponding COP is the same except for scenario 4,
where the adsorption system is the bottoming system. Silica-gel shows the highest COP of
about 0.7 utilising scenarios 2 and 4. Figure 5-23 shows the COPe of the IAOSCE with two
expanders using Silica-gel, AQSOA-Z02, and CPO-27(Ni) and three different ORC with heat
source temperature of 80-160 °C. Results show that the maximum COPe of about 1.27 can be
achieved using Silica-gel and R141b using scenario 1 with heating fluid temperature of 80 °C
[64]. This is due to high Silica-gel performance and low consumption of heat at low heat

source temperature, also the ORC is powered using the return cooling line of the adsorption
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system so that no additional heat is added from the main heat source. In scenario 2, the

maximum COPe of 0.61 is achieved using CPO-27(Ni) and R141b at 160 °C.
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Figure 5-22: Effect of using different scenarios, adsorbent materials, ORC fluids and heat
source temperatures on the COP of the IAOSCE with two expanders
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Figure 5-23: Effect of using different scenarios, adsorbent materials, ORC fluids and heat
source temperatures on the COPe of the IAOSCE with two expanders
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Figure 5-24 and Figure 5-25 show the values of SCP and SCPe of the IAOSCE with two
expanders utilising three different adsorbent materials and three different ORC fluids with
heat source temperature of 80-160 °C, cooling water temperature of 28 °C and inlet chilled
water temperature of 18 °C [64]. Results show that, maximum SCP of 800 W/kgags can be
achieved in scenario 2 utilising CPO-27(Ni) at heating fluid temperature of 160 °C and this is
because CPO-27(Ni) shows high adsorption uptake at high regeneration temperature which
leads to producing lower desorption pressure ratio and then higher water uptake and
refrigerant mass flow rate as described in Chapter 3. SCP is not affected by the ORC fluid in
the first three scenarios, because cooling is generated in the topping system (adsorption
cooling system which set up as a topping system), except for scenario 4, where the adsorption

system is set up as a bottoming system.

Maximum SCPe of 2460 W/Kkgads is achieved in scenario 2 using CPO-27(Ni) as an adsorbent
material and R141b as an ORC fluid with heat source temperature of 160 °C. This is due to
the high cooling and power generated in this scenario compared to the other scenarios as high
uptake can be achieved in the adsorption system and high-pressure ratio can be achieved in
the ORC. Also, this is because two expanders are used in this time so that more power is
generated and as power has higher grade than cooling, the equivalent cooling generated i.e.

SCPe is relatively high in this case [64].
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Figure 5-24: Effect of using different scenarios, adsorbent materials, ORC fluids and heat
source temperatures on SCP of the IAOSCE with two expanders
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Figure 5-25: Effect of using different scenarios, adsorbent materials, ORC fluids and heat
source temperatures on SCPe of the IAOSCE with two expanders
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Figure 5-26 and Figure 5-27 show the SP and the adsorption power efficiency of the IAOSCE
with two expanders using different scenarios, adsorbent materials, ORC fluids and heat source
temperature respectively. As SP includes the power generated by both expanders, different
ORC fluids generate different values of power from the ORC cycle. As a result, the overall SP
is affected by the different ORC fluid utilised and R141b with CPO-27(Ni) produce the
highest SP of 553 W/kgags in scenario 2 with heating fluid temperature of 160 °C. Adsorption
power efficiency is not affected by the ORC fluids for the first three scenarios, as adsorption
system is set up as a topping one, while for scenario 4, it is affected slightly as the ORC is set
up as a topping system. Also, maximum adsorption power efficiency of 5.44% was achieved

using CPO-27(Ni) in scenario 2 with heating fluid temperature of 160 °C.

Figure 5-28 shows the ORC efficiency of the different scenarios, adsorbent materials and
ORC fluids used in this study with heat source temperature ranging from 80 to 160 °C.
Results show that maximum ORC efficiency of 18.64% and 18.54% were achieved in
scenarios 2 and 4 respectively using R141b at heating fluid temperature of 160 °C. The effect
of different adsorbent materials on the ORC efficiency is very limited in the first three
scenarios, while there is no effect in scenario 4 because the ORC is the topping cycle [64]. It
is worthy to note that, the expanders used in this study are assumed to be ideal with isentropic
efficiency of 100% so that the different configurations and scenarios can be compared, while
in the next chapter, full detailed CFD analysis of both the adsorption and the ORC expander

will be carried out to highlight the range of efficiency and power generated by each turbine.
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Figure 5-26: Effect of using different scenarios, adsorbent materials, ORC fluids and heat
source temperatures on SP of the IAOSCE with two expanders
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Figure 5-27: Effect of using different scenarios, adsorbent materials, ORC fluids and heat
source temperatures on the adsorption power efficiency of the IAOSCE with two expanders
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Figure 5-28: Effect of using different scenarios, adsorbent materials, ORC fluids and heat
source temperatures on the ORC efficiency of the IAOSCE with two expanders

174



Chapter 5 Simulation of Integrated Adsorption-ORC System for Cooling and Electricity

The four proposed scenarios of the IAOSCE with two expanders again can offer more options
for energy designers and consumers to choose the suitable scenario or configuration for
different applications. The main advantage of IAOSCE with two expanders is that more
power can be generated because of using two expanders. Scenario 1 is preferable when
limited amount of heat is available as this scenario can generate cooling and power
simultaneously with a high coefficient of performance (COPe). However, the amount of
cooling and power generated are relatively low when using this scenario. Scenarios 2 and 4
can generate cooling and power at the same time with relatively high SP and SCP with COPe
approaching 0.6 [64]. These two scenarios can be considered as good scenarios when
compromising between the amount of cooling and power generation and the coefficient of
performance is needed. Therefore, if the low-grade heat source available is infinite or semi-
infinite like solar energy (as in many hot countries around the world) scenarios 2 and 4 can be

preferable [64].

Figure 5-29 shows COP/COPe of a number of configurations and scenarios of adsorption
systems for cooling and electricity used in Chapter 4 and Chapter 5 for heat source
temperature ranging from 100 to 160 °C, cooling water temperature of 28 °C and inlet chilled
water temperature of 18 °C. The comparison started with heat source temperature of 100 °C
because HASCE was started from this value as very low cooling with almost no power were
achieved below 100 °C. HASCE has the highest COPe of about 0.97 and 0.9 utilising
AQSOA-Z02/Silica-gel and CPO-27(Ni)/Silica-gel respectively at heat source temperature of
100 °C which is clearly higher than BACS and the other scenarios and configurations used to
generate cooling and electricity. This is due to HASCE has an additional evaporator that
associated with the bottoming adsorbent beds which are powered by the cooling water leaving

the topping adsorbent beds after recovering the heat of adsorption process [28].
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Also Figure 5-29 shows that scenario 1 of the IAOSCE-2EXP (with two expanders) shows
COPe of 0.8 utilising AQSOA-Z02 and R141b at heat source temperature of 100 °C, while
scenario 1 of the IAOSCE-1EXP (with one expander) shows COPe of 0.79 utilising CPO-
27(Ni) and R141b at heat source temperature of 120 °C. Scenario 2 of the IAOSCE-2EXP
shows COPe of 0.61 utilising CPO-27(Ni) and R141b at heat source temperature of 160 °C,
while scenario 2 of the IAOSCE-2EXP shows COPe of 0.58 utilising AQSOA-Z02 and

R141b.

However, Figure 5-30 shows SCP/SCPe of a number of configurations and scenarios of
adsorption systems for cooling and electricity used in Chapter 4 and Chapter 5 for heat source
temperature ranging from 100 to 160 °C. HASCE has the lowest SCPe compared to that of
BACS and other cooling and electricity scenarios and configurations. Again scenario 1
IAOSCE-1EXP and IAOSCE-2EXP show low SCPe. Meanwhile, scenario 2 of the IAOSCE-
2EXP shows the highest SCPe of about 2460 W/kgads utilising CPO-27(Ni) and R141b at
heat source temperature of 160 °C and 2022 W/kgads utilising AQSOA-Z02 and R141b at

heat source temperature of 160 °C.
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Figure 5-29: COP/COPe of different adsorption configuration, and scenarios used to generate
cooling and electricity compared to that of BACS with a range of heat source temperature and
R141b for (a) AQSOA-Z02 (b) CPO-27(Ni)
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Figure 5-31 shows the exergy efficiency for a number of scenarios and configurations used in
Chapter 4 and Chapter 5. Scenarios 2, and 4 of the IAOSCE-2EXP show the highest exergy
efficiency of about 57.6 %, and 57.52 % respectively utilising CPO-27(Ni) and R141b at heat
source temperature of 120 °C compared to the maximum value of exergy efficiency
accomplished by BACS and ASCE of about 19.46% and 21.9% respectively for range of heat
source temperatures of 120-160 °C. Generally, IAOSCE (configuration 2) investigated in this

chapter shows better performance than ASCE investigated in Chapter 4 (configuration 1).
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Figure 5-31: Exergy efficiency of a number of adsorption scenarios and configurations used to

generate cooling and electricity with a range of heat source temperature utilising AQSOA-
Z02, CPO-27(Ni) and R141b
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5.7 Summary

In this chapter, novel scenarios of integrating adsorption cooling system with ORC to
simultaneously generate cooling and electricity utilising low-grade heat source are
established. The integrated adsorption-ORC system for cooling and electricity (IAOSCE) [22]
is carried out in the first part of this chapter, while IAOSCE with two expanders [64] is
carried out in the second part of this chapter by incorporating a steam expander in the
adsorption cycle, so that the system has two expanders which increase the amount of
generated power. Four different scenarios are adopted with IAOSCE-1EXP (with one
expander) and IAOSCE-2EXP (with two expanders), where in scenario 1 the adsorption
system (topping cycle) is powered by an external heat source, while ORC (bottoming cycle) is
driven by the return cooling line of the adsorber bed without using the main heat source.
Scenario 2 is similar to scenario 1 but the ORC is powered using the same heating fluid
leaving the adsorber bed. In scenario 3, an adiabatic mixer is used to power ORC with the
mixture of the heating and cooling fluids leaving the adsorption system, while in scenario 4;
the adsorption system (bottoming cycle) is powered using the heating fluid leaving ORC
(topping cycle). Advanced adsorbent materials (AQSOA-Z02, Al-Fumarate and CPO-27(Ni))
are investigated and compared to Silica-gel, while R245fa, R365mfc, and R141b are used as
ORC working fluids. Results show that using scenario 1 of the IAOSCE-1EXP and the
IAOSCE-2EXP can achieve maximum values of the system COPe of 1.14 and 1.27
respectively utilising Silica-gel and R141b and heat source temperature of 80 °C, while
scenario 2 of the IAOSCE-1EXP and the IAOSCE-2EXP can achieve maximum equivalent
SCP of about 2311 W/kgads and 2460 W/kgags respectively utilising CPO-27(Ni) and R141b
with heat source temperature of 160 °C. The last part of this chapter compares the different
scenarios and configuration investigated in chapters 4 and 5 to generate cooling and

electricity.
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CHAPTER SIX

RADIAL INFLOW TURBINES DEVELOPMENT

6.1 Introduction

Turbine is the most important part of any power generation cycle and its performance can
affect significantly the overall efficiency of such system. In this chapter a full detailed CFD
analysis (using ANSYS@218 CFX and VISTA RTD) is established to design three small-scale
radial inflow turbines that can work efficiently with the main configurations adopted in this
work. For the first configuration (adsorption system for cooling and electricity ASCE), a
small-scale steam radial inflow turbine has been developed to meet the requirements of the
adsorption system using CPO-27(Ni) and AQSOA-Z02 as adsorbent materials, because they
generated the maximum cooling and power as discussed in Chapter 4 [20]. For the second
configuration (integrated adsorption-ORC system for cooling and electricity IAOSCE), two
small-scale radial inflow turbines are developed to work efficiently with the main scenarios of
this configuration with R141b as an ORC working fluid, where this fluid showed the

maximum power generated as mentioned in Chapter 5 [64].

6.2 Expanders and turbines

Expanders are expansion devices where a high-pressure flow of a working fluid expands
producing useful work. Generally, they can be classified into the volumetric type like screw,
scroll, rotary vane, and reciprocating piston expanders, and the velocity type such as radial,
and axial turbines. Selecting turbines depends on system size, working fluid properties, and

cycle operating conditions used [145]. Radial inflow turbines are attractive for small-scale
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applications, as radial inflow turbine has less sensitivity to blade profile and it requires fewer

blades which can offer a key cost advantage [147]

6.2.1 Axial turbine

Axial turbine consists mainly of a row of fixed stator blades (nozzles) followed by a row of
running rotor blades. The working fluid passing through the stator is accelerated in the axial
direction, as a result the working fluid leaves the stator with a high velocity which converts
the flow of the fluid into useful mechanical energy. Subsequently, the fluid is accelerated
again in the rotor blades, meanwhile the pressure is reduced and work is done on the rotor
blades [216]. Figure 6-1 shows the flow through an axial turbine stage defined using velocity

triangles [217]. Subscripts (0) and (m) refer to the tangential and meridional directions.
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Figure 6-1: Velocity triangles of an axial turbine stage [217]
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6.2.2 Radial inflow turbine

The high pressure working fluid passing through the radial inflow turbine (RIT) transfers its
energy to the rotor shaft and compared to the axial turbine, RIT has the advantage of
additional centrifugal energy (because the fluid passes from a large radius to a smaller one)
which can be added to the total energy transferred through the turbine rotor. RIT can work
with a relatively high-pressure ratio (around 4 per every single stage) with lower mass flow
rate [146]. Figure 6-2 shows the geometry of a typical RIT stage which consists mainly of
four different components namely; volute, stator (nozzle), rotor and diffuser. The fluid arrives
at the stage through an inlet volute, and then it flows through a vaneless annular passage to
the stator blades row. After that, the fluid flows through another vaneless annular passage
before passing through the rotor. A diffuser is usually used after the rotor to convert some of

the rotor exit velocity to static pressure [147].

Volute

Figure 6-2: Main components of RIT [218]
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6.3 Methodology of developing RIT

The design process of the RIT includes a number of steps starting from the preliminary design
to the detailed CFD analysis. Figure 6-3 shows the main steps carried out to accomplish the
final turbine design. From the cycle analysis of adsorption system for cooling and electricity
or the integrated adsorption-ORC system for cooling and electricity generation, all the
required operating conditions are available. The mean-line design using VISTA RTD
software is the first step of this process and this step is an important step because of its ability

to predict the performance maps for a range of various operating parameters.

Mean-line design CFD analysis
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Figure 6-3: Methodology of developing the RIT

6.3.1 Mean-line design approach
In the mean-line (one-dimensional) procedure, the fluid properties are assumed to be constant

and the variation in the fluid properties can be only in one direction that follows the mean
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streamline of the blade geometry [218]. Also, this procedure can determine the dynamic
properties of the fluid in addition to the blade geometric parameters like rotor and stator inlet

and exit triangles, blades radii and heights [218].

Figure 6-4 shows the velocity angles and the basic geometry of the RIT, where C is the
absolute velocity (m/s), Us and Us are the rotor blade velocities at the inlet and the outlet
respectively (m/s), W is the relative flow velocity (m/s), a is the absolute flow angle with
respect to radial (degree), B is the relative flow angle with respect to radial (degree) [218,
219]. Figure 6-5 shows RIT stage cross-section including volute, stator, rotor and diffuser
(left) and the corresponding expansion process on the h-s diagram of the radial turbine stage
(right), where lrotor is the rotor length (m), bs, and bs are the rotor blade inlet and outlet widths,

I4, I'shub, @nd s sip are the rotor inlet, exit rotor hub, and exit rotor tip radii (m).
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Figure 6-4: Velocity triangles and rotor blade profile of RIT [218, 219]
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Figure 6-5: RIT stage cross-section (left), enthalpy-entropy diagram of turbine expansion
(right) [218]

The mean-line procedure depends mainly on Euler turbomachinery equation and fluid
dynamics (conservation of mass, momentum and energy) and aerodynamic losses [218].
Generally, the operating conditions of the turbine such as mass flow rate, inlet temperature,
inlet pressure, pressure ratio, loading coefficient, velocity ratio and specific speed are the
main inputs to the mean-line design software. The main characteristics of the remaining
components like stator blades, volute and diffuser can be estimated depending on the results
of the velocity triangles. For the radial turbine, the loading coefficient and the flow coefficient

can be written as [156, 217]:

L|J — Ahacztual 6_1
U4-
Cms
= —ms -2
U, 6
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Spouting velocity or isentropic velocity is a reference velocity with related kinetics energy
equal to the difference of the isentropic expansion [220]. Spouting velocity (Cs), rotor inlet

velocity (U,) can be written [147] as:

Cs = v 28hjgea 6-3

U4_ = CSVtS 6-4
F4 = % 6'5

Where, v, is the total to static velocity ratio and o is the rotational speed (RPM). Tip

diameter, rotor blades number and rotor axial length can be calculated as [147, 167]:
A
Tstip = ,ff + S hub 6-6

Zrotor = % (110 — az)tan(ay) 6-7

lrotor = 1-S(I‘S,tip - r5,hub) 6-8

The volute radius and the maximum turbine diameter can be calculated as:

_ Ay -
Tyolute = (0.751+1) 6-9
dmax = 2([‘1 + r'volute) 6-10

Euler turbomachinery equations [218, 221], can be used to define the velocity triangles at the

inlet and the outlet of the rotor blade and work transfer per unit mass can be determined as:
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. 1
W/t = UyCoq — UsCos = [(UF — UD)] — (Wi — WZ) + (C% — C5) 6-11

Subscripts 4 and 5 refer to the rotor inlet and outlet respectively, while subscript 6 refers to
the tangential direction. Also rh is mass flow rate (kg/s). Euler equation shows the advantage
of using RIT compared to an axial turbine, where for the axial turbine, the value of rotor blade
velocity is constant, and thus the first term in the above equation becomes zero. For the RIT,
as a result of the significant radius change, the term (UZ — U2) has an important contribution
to the overall specific power (specific enthalpy). For the second term, to be positive, Ws must
be greater than Wa. The third term is the opposite of the second one, where the difference

between the absolute velocities at the inlet and the outlet is needed to be maximized.

In the mean-line method, the losses models are used to predict the performance of the RIT.
These losses are the total enthalpy drop which consists of incidence, passage, secondary, exit,

tip clearance, nozzle and volute losses.

The incident and friction losses can be calculated [218, 222] as:

WZ
Ahjncidence = % 6-12
K U3 2
Ahgisk friction = fir;u 6-13
The symbol p refers to the density (kg/m3), and Ky is a friction coefficient.
Ws tiptWs hub
Ahgriction = feurve [ ( 2 : >] thd 6-14
hyd

Symbol f¢rve is the friction factor that accounts the curvature effect, while symbols l;y4
and dyyq are the hydraulic length and diameter respectively (m) [156].
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The secondary losses can be calculated [218] as:

Cida 6-15

Ahsecondary =z

rotorl'c

Zrotor 1S the number of the rotor blades, while r. is the rotor mean radius of curvature (m)

[156].

The exit energy losses can be calculated [222] by:
Ahyie = 0.5C2 6-16

The enthalpy drop caused by the tip clearance in both axial and radial directions can be

calculated [217, 223] using the following correlations:

U3Zrotor
Ahtip clearance = — g0 (0.4, + 0.75&.C, — 0.3,/e,&,C,C;) 6-17

— r'g -
Cx = o 2= 6-18
_ (Tstip lrotor—ba _

Cr - ( Iy ) Cm5r5b5 6 19
ex = & = 0.04(Tsrip — s hub) 6-20

Where g, and ¢, are the clearances of the axial and radial tips (m). The losses from the friction

generated in the stator (nozzle) can be calculated [218] as:
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—5 1
— 2 ‘hyd,nozzle
Ahfriction,nozzle - 4‘fnozzleC d 6-21
hyd,nozzle

frozzie, 1S the stator (nozzle) friction factor. C is the average absolute velocities of the stator

[218]. Volute losses can be calculated [218] using:

_ KvoluteC%
Ahvolute,loss - 2 6-22

The total losses in enthalpy through the RIT stage can be calculated as:

Ahtotal,losses = Ahincidence + Ahdisk friction + Ahfriction + Ahsecondary + Ahexit +

Ahtip,clearance + Ahfriction,nozzle + AhVolute,loss 6-23

After calculating the total losses through the RIT stage, the total to static efficiency can be

calculated as [160, 224]:

rlt,s — Ahgctual 6-24

Ahactual"‘Ahtotal,losses

More details about the dimensions calculations of the RIT can be found in Whitfield and

Baines [218] and Glassman [225].

6.3.2 VISTA RTD method

Vista software included in ANSYS®@2018 Workbench offers mean-line design and off-design
with performance prediction for a range of turbomachinery applications including radial
turbines, axial compressors, axial fans, centrifugal compressors, and centrifugal pumps [226].
It can be used to produce a mean-line design for the RIT and the generated geometry can be

exported to BladeGen, BladeEditor and other three-dimensional CFD analysis tools provided
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by ANSYS CFX. Figure 6-6 summarises the main steps of the RIT mean-line design from the
aerodynamic properties and operating conditions to the velocity triangles and the performance
result. Results from VISTA RTD can then be exported to the BladeGen to generate the

required geometry for the RIT rotor. More details about the VSTA RTD design are provided

in Appendix A.
1 Aerodynamics
* Operating conditions
* Fluid properties
» Flow angle
4 Results

2 Geometry
* Impeller dimensions
 Tip clearance

3 Velocity triangles
* Inlet velocity triangle
* Outlet velocity triangle

Figure 6-6: VISTA RTD mean-line design steps

» Power/efficiency
* inlet/exit velocities
* Impeller/nozzle efficiencies

6.3.3 CFD Analysis

CFD (Computational Fluid Dynamics) is defined as a numerical approach to solve the flow
field problem (Navier—Stokes equations) using computer simulation tools that including finite
elements and finite difference methods [227]. By using VISTA RTD, the initial geometry
parameters like stagger angle, tip and hub radii, leading and trailing edge radii, blade angles,
and chord are already defined. Then the blade geometry can be generated by the CFX

BladeGen tool which can be imported to the CFX TurboGrid tool (ANSYS@2°18 Workbench
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tool) to produce the meshing for the fluid domain. The Optimized Automatic Topology
(ATM) can be used to create the required mesh. Generally, this technique of meshing is easier
than the traditional topology methods with better mesh quality [228] and after defining the

topology, the mesh can be generated.

CFX-Pre is the pre-processor tool for the ANSYS CFX simulation set up, where the
turbomachine type can be defined (such as radial or axial). Furthermore, the main components
(like rotor blade R1 and the stator blade S1) can be added, and all the interfaces and
boundaries can be defined. Also, this tool supports the Inflow/Outflow boundary conditions
and the fluid selection. Shear Stress Transport (SST) turbulent model can be chosen because
of its ability of near-wall treatment and it was developed to overcome deficiencies in the K-¢
and BSL K-e models and using the SST model over the other models is recommended by
ANSYS [229]. After all the operating conditions and the setup parameters are defined in the
CFX-Pre tool, all files are sent to the CFX-Solver which can start or stop the solution process,
and monitor its progress and for this study, the solution stops normally when the residuals
reach convergence of 10°. Once the solution reaches this convergence limit, all the results

data are sent to the CFX-Post which is a presenting tool for the simulation CFD results.

6.4 Radial inflow turbines development

Using the three-dimensional CFD modelling can enhance the aerodynamic performance of the
baseline design (baseline design is a three-dimensional design based on the mean line design
obtained by VISTA RTD) of the RIT [151, 159, 215, 230]. In this work three different radial
inflow turbines namely Steam, ORC1, and ORC2 are designed and developed using VISTA
RTD ANSYS@2%%8 and the three-dimensional modelling with ANSYS@2918 CFX to meet the

operating parameters of the two main system configurations adopted in this work. Steam
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turbine is designed to meet the operating conditions of the adsorption system for cooling and
electricity (ASCE). Turbines ‘ORC1’ and ‘ORC2’ are designed to work efficiently with the
integrated adsorption-ORC system for cooling and electricity (IAOSCE) described in Chapter
5, where ORC1 is designed for the scenarios 1 and 3 which have a relatively low-pressure
ratio, while ORC2 can be used with scenarios 2 and 4 which have a relatively high-pressure
ratio. Table 6-1 illustrates the main operating conditions and parameters used in this chapter

for development of the three different turbines.

Table 6-1: Main parameters used in the baseline design

Steam turbine

Refrigerant steam

Mass flow rate kg/s 0.016

Speed RPM 60,000-70,000
Pressure ratio 3.2-35
Number of blade (stator) 18

Number of blade (rotor) 15
ORCl1turbine

Refrigerant R141b

Mass flow rate kg/s 0.16

Speed RPM 24,000-30,000
Pressure ratio 1.6-1.8
Number of blade (stator) 16

Number of blade (rotor) 13
ORC2turbine

Refrigerant R141b

Mass flow rate kg/s 0.16

Speed RPM 26,000-40,000
Pressure ratio 2.8-3

Number of blade (stator) 16

Number of blade (rotor) 13
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Figure 6-7 shows the mesh sensitivity depending on total-to-static efficiency for the three
different turbine designs. It is clear that the effect of the number of nodes on the total-to-static
efficiency for the three turbines is negligible with nodes number of one million (500,000 for

the stator and 500,000 for the rotor).
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Figure 6-7: Mesh sensitivity depending on total-to-static efficiency for Steam, ORC1 and
ORC2 turbines
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In this study, the modelling of the three-dimensional turbulent viscous flow in RIT is
accomplished using the k-¢ SST turbulence model. This model has the ability to take into
account the effect of the first node nearby the walls and capture the turbulence closure to the

wall [231].

6.4.1 Steam turbine
A small-scale RIT is developed to work with the adsorption system for cooling and electricity
cycle defined in Chapter 4. Figure 6-8 shows the two dimensional and three-dimensional

views of the steam turbine geometry including stator and rotor blades stages.

0 0.100 0.200 (m) 0 0.100 0200 (m)
0.050 0.150 0.050 0.150

Figure 6-8: 2D and 3D views of the Steam RIT geometry

Figure 6-9 shows the three-dimensional blade-to-blade passage mesh generation of the Steam
turbine. The grid consists of one million cells; 500,000 for the stator and 500,000 for the rotor
with the refined mesh near the edges in order to compromise between the solution accuracy

and the computational time.

195



Chapter 6 Radial Inflow Turbines Development

0.080 (m)

Figure 6-9: 3D mesh generation blade-to-blade passage for the Steam turbine

Figure 6-10 compares the baseline design (the initial design obtained from the VISTA RTD
and the BladeGen) and the improved design (improved by the 3D CFD) in terms of power and
efficiency. The improved design is developed by changing the number of blades for both rotor
and stator, and improving the shape of the stator and the rotor blades to enhance the flow and
reduce the losses. The power is increased from about 2000 W to about 2590 W, while the

efficiency is increased from 75% to about 85%.
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Figure 6-10: Power and efficiency of the baseline and the improved design of the Steam
turbine
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Figure 6-11 shows that the Steam turbine can work efficiently through a range of mass flow
rate between 0.01 to 0.02 kg/s and as it increases, power and efficiency increases, so the mass

flow rate has an important influence on the power generated.
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Figure 6-11: Effect of mass flow rate on power and efficiency of the Steam turbine

Figure 6-12 shows that Steam turbine can work within a range of rotational speed ranging
from 61000 to 69000 RPM. It is clear that as the rotational speed increases, the speed and the
power generated increase and the power generated is more sensitive to the rotational speed

because it is directly proportional to the speed.
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Figure 6-12: Effect of rotational speed on power and efficiency of the Steam turbine

Figure 6-13 shows the velocity distribution at 50% span for the baseline, and the improved
designs of the Steam turbine. It can be noticed that the baseline design contour has a flow
reversal (which increases the secondary losses) compared to the improved design contour

which shows a smooth flow.
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Figure 6-13: Velocity at mid-span for the baseline design (left), and the improved design
(right) of Steam RIT
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Figure 6-14 shows the pressure distribution at mid-span for the baseline and the improved
designs of the Steam turbine. The improved design has less pressure on the pressure side

which reduces the mechanical load on the rotor blades.
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Figure 6-14: Pressure distribution at mid-span for the baseline design (left), and the improved
design (right) of Steam RIT

Figure 6-15 shows the static entropy at mid-span for the baseline and the improved designs of
the steam turbine. It is clear that the improved design has significantly less entropy generation
compared to that of the baseline design. Entropy is one of the losses indicators, where the
secondary flows and flow separation lead to considerable entropy generation which reduces

the turbine efficiency [219].
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Figure 6-15: Static entropy at mid-span for the baseline design (left), and the improved design
(right) of the Steam RIT
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Figure 6-16 shows the meridional Mach number for the baseline and the improved designs of
the Steam turbine. Mach number is still less than unity (subsonic) for both the baseline and
the improved designs, but the baseline design contour shows relatively high Mach number at
the diffuser (exit) which means more exit losses. For the improved design, the highest Mach
number of about 0.93 occurred at the interspace between stator (nozzle) and rotor and this is
due to the relatively high-pressure ratio of about 3.4. Figure 6-17 shows the blade loading
(pressure distribution) of the baseline, and the improved designs for the Steam turbine at rotor
mid-span and it shows the pressure profile at the suction and pressure sides. The blade loading
is important because the enclosed area of such pressure curves is an indicator of the net torque
and then it is an indicator of the shaft work. The improved design has lower blade loading
with a better profile, however, the area enclosed by the curves are close, but the improved

design has a larger net torque because it has a larger number of blades.
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Figure 6-16: Meridional Mach number for the baseline design (left), and the improved design
(right) of the Steam RIT
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Figure 6-17: Blade loading at rotor mid-span for the baseline, and the improved designs of the
Steam RIT

6.4.2 ORC1 turbine

ORCL1 turbine is a small-scale RIT developed to work efficiently with scenario 1 and scenario
3 (with low-pressure ratio) of the integrated adsorption-ORC system for cooling and
electricity as discussed in Chapter 5. Figure 6-18 shows the two-dimensional and three-
dimensional views of the ORC1 turbine geometry. Figure 6-19 shows the three-dimensional
mesh generation of the ORCL1 turbine including the stator and rotor blade stages. Again for
this turbine, one million nodes are used; 500,000 for the stator and 500,000 for the rotor with
refined mesh near the edges to compromise between the solution accuracy and the

computational cost.
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Figure 6-18:2 D and 3D views of the ORC1 RIT geometry
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Figure 6-19: 3D mesh generation blade-to-blade passage for the ORC1 turbine

Figure 6-20 compares between the baseline and the improved designs of the ORCL1 turbine in

terms of the power and efficiency. The baseline design is improved by changing the number
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of blades for the stator and the rotor, while the blade shape of the stator and the rotor were
improved to reduce the losses and enhance the flow. The power of the ORC1 turbine is
improved from 1303 to 1634 W, while the efficiency is increased from about 76% to about
89%. Figure 6-21 illustrates the effect of fluid mass flow rate on power and efficiency of the
ORCL1 turbine. The results showed that the turbine can work at high efficiency for mass flow
rate ranging from 0.1 to 0.2 kg/s. Also, results show that the power is very sensitive to the

mass flow rate, where it increases from 568 W at 0.1 kg/s to 2455 W at 0.2 kg/s.
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Figure 6-20: Power and efficiency of the baseline and the improved design of the ORC1

turbine
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Figure 6-21: Effect of mass flow rate on power and efficiency of the ORC1 turbine
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Figure 6-22 illustrates the effect of the rotational speed on power and efficiency of the ORC1

turbine. Generally, this turbine can work at high efficiency for a wide range of rotational

speed (between 20000 and 30000 RPM) and as the speed increases, both power and efficiency

increase. Figure 6-23 shows the effect of turbine inlet temperature on power generated and

efficiency of the ORCL. It is clear that the turbine can work efficiently with a range of turbine

inlet temperature between 328 and 348K. The power is affected noticeably by the inlet

temperature, as it affects the turbine inlet enthalpy.
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Figure 6-22: Effect of rotational speed on power and efficiency of the ORC1 turbine
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Figure 6-23: Effect of inlet temperature on power and efficiency of the ORC1 turbine
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Figure 6-24 shows the velocity vectors (blade to blade view) at mid-span for the baseline, and
the improved designs of the ORC1 turbine. The improved design has a smooth flow and less
flow reversal in comparison to the baseline design, also the velocity at the trailing edge of the
improved design is lower than that of the baseline design which means lower exit losses and
higher efficiency. Figure 6-25 shows the pressure distribution (blade to blade view) at mid-
span for the baseline and the improved designs of this turbine. The improved design contour
shows less pressure dissipated to the rotor blades, which means low mechanical load is

exerted on them.
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Figure 6-24: Velocity at mid-span for the baseline design (left), and the improved design
(right) of ORC1 RIT
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Figure 6-25: Pressure distribution at mid-span for the baseline design (left), and the improved
design (right) of ORC1 RIT
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Figure 6-26 shows the static entropy distribution at mid-span for the baseline and the
improved designs of the ORCL1 turbine. The improved design has a noticeably less entropy
generation compared to that of the baseline design which leads to higher isentropic efficiency.
Figure 6-27 shows the meridional Mach number for the baseline and the improved designs of
the ORC1 turbine. Mach number is transonic for the baseline design, while it is subsonic for
the improved design with a maximum value of 0.8 which occurred at the interspace between

stator and rotor.
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Figure 6-26: Static entropy at mid-span for the baseline design (left), and the improved design
(right) of ORC1 RIT
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Figure 6-27: Meridional Mach number for the baseline design (left), and the improved design
(right) of ORC1 RIT
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Figure 6-28 shows the blade loading of the baseline and the improved designs of this turbine
and results showed that the improved design has lower blade loading compared to the baseline
design which is good to reduce the mechanical load applied to the rotor. Moreover, the
improved design has better pressure profile with considerably larger area and the total net

torque is larger because the improved design has a larger number of blades.
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Figure 6-28: Blade loading at rotor mid-span for the baseline, and the improved designs of
ORC1RIT

6.4.3 ORC2 turbine

This small-scale RIT is developed to work efficiently with scenarios 2 and 4 of the integrated
adsorption-ORC system for cooling and power discussed in Chapter 5 which has a relatively
high-pressure ratio. Figure 6-29 shows two-dimensional and three-dimensional views of this
turbine, while Figure 6-30 shows the three-dimensional mesh generation for the rotor and
stator passages of the ORC2 turbine. One million nodes are used in this design; 500,000 for
each of the stator and the rotor passages, while the mesh near the edges is refined to keep

reasonable solution accuracy and computational cost.
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Geometrically, ORC2 turbine differs from the ORC1 turbine in terms of many parameters like
reference radius, shroud/hub exit and inlet radii, stator/rotor blade angles and number of
blades. For example, ORC1 turbine has a reference radius of 33.3 cm with number of blades
for stator and rotor of 24 and 16 respectively (see Figure 6-18), while ORC2 turbine has a
reference radius of 34.3 cm with number of blades for stator and rotor of 26 and 30

respectively as shown in Figure 6-29.
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Figure 6-30: 3D mesh generation blade-to-blade passage for the ORC2 turbine
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The baseline design is improved by changing the blades number for the rotor and the stator,
also the shape of the blade (for both the stator and the rotor) is improved in order to enhance
the flow through the turbine. Figure 6-31 shows that the improved design of the ORC2 turbine
can outperform the baseline design with power and efficiency of 3556 W and 88%
respectively compare to those of 2802 W and 68% respectively achieved by the baseline
design. Figure 6-32 shows that ORC2 turbine can work efficiently through a mass flow rate
ranging from 0.1 to 0.2 kg/s, however the power is very sensitive to the mass flow rate, where

with 0.1 kg/s the turbine can generate 1331 W only, while with 0.2 kg/s the same turbine can

generate 5289 W.
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Figure 6-31: Power and efficiency of the baseline (initial design) and the improved design of
the ORC2 turbine
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Figure 6-32: Effect of mass flow rate on power and efficiency of the ORC2 turbine

Figure 6-33 also shows that the turbine can work efficiently through a rotational speed
ranging from 29000 to 39000 RPM. The power output ranges from 3448 W at 29000 RPM to
3584 W at 36000 RPM, while the efficiency ranges from 80.5% at 29000 RPM to about 88%

at 39000 RPM.
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Figure 6-33: Effect of rotational speed on power and efficiency of the ORC2 turbine
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Figure 6-34 shows that the velocity vectors (blade to blade view) at mid-span for the baseline,
and the improved designs of the ORC2 turbine. The improved design contour shows better
flow (homogeneous flow) and less flow reversal compared to the baseline design contour

which shows a vortex generation.
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Figure 6-34: Velocity at mid-span for the baseline design (left), and the improved design
(right) of ORC2 RIT

Figure 6-35 shows the pressure distribution (blade to blade view) at mid-span for the baseline
and the improved designs of the ORC2 turbine. The improved design shows better pressure
distribution than that of the baseline design where less pressure applied to the rotor blades,
which means low mechanical load is exerted on them. Figure 6-36 shows the static entropy
distribution at mid-span for the baseline and the improved designs of the ORC2 turbine. The
improved design has less entropy generation compared to that of the baseline one which
means fewer losses and higher isentropic efficiency. The baseline contour shows higher
entropy generation because of the viscous shear force that is dominant through the baseline

passage.
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Figure 6-35: Pressure distribution at mid-span for the baseline design (left), and the improved
design (right) of ORC2 RIT
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Figure 6-36: Static entropy at mid-span for the baseline design (left), and the improved design
(right) of ORC2 RIT
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Figure 6-37 shows the meridional Mach number for the baseline and the improved designs of
the ORC2 turbine. The two contours show that Mach numbers have values higher than one
with supersonic expansion at stator exit and rotor inlet and this is because of the high-pressure
ratio of the design point. The Mach number of the improved design is slightly higher than one
however, it has no important influence on the turbine performance as it still has high power
and efficiency of 3556 W and 87.86%. Organic fluids easily turn into supersonic with the
choked flow at stator throat, and this is because of the low sound speed associated with high

density and molecular mass organic fluids.

Figure 6-38 shows the blade loading at rotor mid-span for the baseline and the improved
designs of the ORC2 turbine. The improved design shows better pressure profile with lower
blade loading compared to the baseline design. Even though the improved design has smaller
enclosed area compared to the baseline one, the latter has larger total torque as it has a larger

number of blades of 30 blades compared to 13 for the baseline design.
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Figure 6-37: Meridional Mach number for the baseline design (left), and the improved design
(right) of ORC2 RIT
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Figure 6-38: Blade loading at rotor mid-span for the baseline, and the improved designs of
ORC2 RIT
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Table 6-2 summarises the performance results for Steam, ORC1, and ORC2 turbines

including input and output parameters.

Table 6-2: Summary of the performance results for Steam, ORC1, and ORC2 turbines

Steam turbine

Mass flow rate 0.0160 kg/s
Total pressure ratio 3.4156 -
Isentropic efficiency % 85.0311 -
Polytropic efficiency % 83.0821 -
Rotation speed 69000 RPM
Shaft power 2590.0000 w
Reference radius 0.0648 m
Nozzle efficiency % 83.4061 -
Number of blade (stator) 26 -
Number of blade (rotor) 18 -
ORC1 turbine

Mass flow rate 0.1600 kgls
Total pressure ratio 1.7753 -
Isentropic efficiency % 89.3192 -
Polytropic efficiency % 89.1759 -
Rotation speed 26000 RPM
Shaft power 1634.2300 wW
Reference radius 0.0333 m
Nozzle efficiency % 91.3061 -
Number of blade (stator) 24 -
Number of blade (rotor) 16 -
ORC2 turbine

Mass flow rate 0.1600 kgl/s
Total pressure ratio 2.9647 -
Isentropic efficiency % 87.8626 -
Polytropic efficiency % 87.3270 -
Rotation speed 39000 RPM
Shaft power 3556.4500 wW
Reference radius 0.0433 m
Nozzle efficiency % 82.2004 -
Number of blade (stator) 26 -
Number of blade (rotor) 30 -
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6.5 Summary

In this chapter detailed designs for three small-scale radial inflow turbines namely Steam,
ORC1 and ORC2 have been developed to work efficiently with the adsorption system for
cooling and electricity (ASCE) and the integrated adsorption-ORC system for cooling and
electricity (IAOSCE). The baseline design (for each turbine) is developed using VISTA RTD
ANSYS@%8 then this design is improved by using detailed 3D CFD simulation using
ANSYS@2%*8 Workbench BladeGen tool where different number of blades and different
blade profile for the stator and the rotor are used to improve the turbine performance (power

and efficiency).

CFD results show that the three designed turbines have high performance in terms of power
and efficiency using a range of rotational speed and fluid mass flow rate. Modelling results
show that a steam radial inflow turbine can be designed to meet the requirements of the ASCE
with maximum power and efficiency of 2590W and 85% respectively. Also, additional two
ORC radial inflow turbines can be designed to meet the requirement of the different scenarios
of the IAOSCE. For the ORC1 turbine, results show that the CFD design has maximum
power and efficiency of 1634 W and 89% respectively so that this turbine can work efficiently
with scenarios land 3 (with low-pressure ratio). For the ORC2 turbine, results show that the
CFD design has maximum power and efficiency of 3556 W and 88% respectively and this

turbine work efficiently with scenarios 2 and 4 (with high-pressure ratio).
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CHAPTER SEVEN

EXPERIMENTAL FACILITY AND VALIDATION

7.1 Introduction

Adsorption cooling and Organic Rankine Cycle (ORC) systems are promising technologies
that can utilise the abundant low-grade heat sources such as solar thermal energy and
geothermal energy [98, 232]. This chapter experimentally investigates the feasibility of
integrating adsorption cooling system with an ORC to generate power and cooling at the same
time. Two different scenarios (scenario 1 and scenario 2) are investigated experimentally at
various heat source temperatures. In scenario 1, ORC can be powered using the waste heat of
the adsorption system (by using the return cooling line) and no additional heat is used, while
in scenario 2, ORC can be powered using the hot line leaving the adsorption system. The two

scenarios are compared to each other in terms of COP, SCP, SP. COPe, and SCPe.

7.2 Description of the test facility

The test facility consists of two systems namely; two-bed adsorption cooling system and
Organic Rankine Cycle (ORC) system. The adsorption system contains two adsorber beds,
condenser, and evaporator, while the ORC system contains condenser, evaporator, pump and
turbine. Figure 7-1 shows a pictorial diagram, while Figure 7-2 shows a schematic diagram

of the test facility including the connection between the adsorption system (topping system)
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and the ORC system (bottoming system). The hot fluid circulation system used in this test
facility consists of hot water tank with an electrical heater with a capacity of 18 kW, hot water
pump, valves and pipes, while, the cooling system consists of cold water tank fitted with a
heater capacity of 3 kW and connected directly to the mains and drain. The cooling system is
fitted with a controller to keep the water at a constant temperature ranging between 15 and 50
°C. Adsorption and ORC condensers are connected to another cold water tank as shown in
Figure 7-2. To keep the temperature of chilled water provided to the adsorption system

evaporator constant, the evaporator is connected to chiller/heater unit.
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Figure 7-1: Experimental facility of the integrated adsorption-ORC system for cooling and
power generation
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Figure 7-2: Schematic diagram of the experimental facility of the integrated adsorption-ORC
system

V3-5

Evaporator

7.2.1 Experimental procedure

Experimental work was carried out with the aim of validating the numerical model against the
experimental results utilising two different scenarios. Also, to study the effect of various heat
source temperatures on the system performance of the two scenarios adopted with the
integrated adsorption-ORC test facility. Three different heat source temperatures were applied
namely 75, 85 and 95 °C, while an average cooling water temperature of about 24 °C is
applied for the adsorber bed cooling. The cooling water temperature of 16 °C is applied at the
condenser, while the chilled water is kept at 8 °C. The experimental facility works
automatically using an electronic controller and LabVIEW software. The flow rate of the bed

heating water, bed cooling water, condenser cooling water and evaporator chilled water are
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controlled to be constant. Heating water is fed to the adsorber bed from the main hot tank as

shown in Figure 7-2. To start the test facility the following steps were carried out:

1. Checking the levels of water in the hot and cold tanks to ensure that the pumps can work
properly.

2. Setting the thermostats of the cold and hot water tanks.

3. Running the LabVIEW software and setting the adsorption time, switching time and the
number of required cycles as shown in Figure 7-3.

4. Setting the flow rates of the cold and hot water to the desired values.

5. Starting the heater/chiller circulating unit and open its valves.

6. Starting the experiment and then recording the data.

7.3 Adsorption cooling system

Adsorption system is the topping cycle in this experimental facility and it consists of the

following main components:

Bedl-Cooling Bed2-Heatin
JR— —
A Bedl-Heating Bed2-Cooling
Ads/Des time (sec.) o 700 _
Mass recovery time (sec.) E.) 0
Switching time (sec.) ;) 60 Bed1-Evap/ Bed2-cond Bedl-Cond/ Bed2-Evap
[E— [—
Exit on Cycle # 9 5 start STOP ‘
Mass Recovery Valve
Ja—
Status Elapsed time (sec.)
Drying (Heating) 0 Ads/Des Mass Rec. Switching
Running Cycle No.
1 Bedl Bed2

Figure 7-3: Operating interface in the LabVIEW software
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7.3.1 Adsorber bed

Adsorber bed is one of the key components of this experimental facility and it consists mainly
of three parts: heat exchangers, shell, and cover or lid. Two finned tube type heat exchangers
with a rectangular shape (manufactured by Weatherite Air conditioning Ltd) are packed with
granules of CPO-27(Ni) MOFs adsorbent material and they are fitted inside the bed cylinder
as shown in Figure 7-4 [70]. Each adsorbent bed consists of four modules and each module
has the dimensions of 0.45m x 0.172m with 6 copper tubes of 15.87mm diameter and it was
weighted before and after the packing process. A piece of metal mesh was cut with
appropriate size and stuck to one side of the module. After that, the adsorbent granules are
packed into the module and spread gently by patting them till filling the gap between the fins
of the heat exchanger. During packing process, shaking the module heat exchanger is used to
ensure that the adsorbent granules are filling all the gaps. After that, the other side of the
module heat exchanger can be covered with another metal mesh sheet as shown in Figure 7-5
to prevent the adsorbent material from falling out of the heat exchanger. In the end, each

adsorber bed contains an average value of 1.05 kg of CPO-27(Ni).
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Figure 7-4: components of the adsorber bed

To obtain the required vacuum seal, an O-ring of 3 mm diameter made from rubber is placed
in the groove on the frontal plate of the bed cylinder. The lid of the adsorption cylinder
contains 8 holes for the fitting of the module heat exchangers.

In this study each bed cylinder has four vacuum KF fittings, to be used for connecting
thermocouples, pressure transducers, vacuum pump, and refrigerant flow line. A thermal
insulation material with 20mm thickness is used to insulate the bed, the condenser and the

evaporator.
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Figure 7-5: Adsorption system packing

Each module heat exchanger is provided with supply and return water pipes to cool/heat the
adsorber bed through adsorption/desorption processes. Figure 7-6 shows how the

thermocouples are connected to each adsorber bed using vacuum KF clamp fitting for

thermocouples connection to prevent any leakage.
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Figure 7-6: KF clamp fitting vacuum thermocouples used with adsorber bed, condenser and
evaporator

7.3.2 Adsorption condenser

Adsorption condenser is one of the key parts of the adsorption system which consists of a
stainless steel cylinder with diameter and height of 320mm and 340mm respectively, a
transparent lid, sealing gasket, copper coil and inlet and outlet water tubes as shown in
Figure 7-7. The condenser is connected to the adsorber beds via a motorised valve and it is
connected to the evaporator using a throttling valve. The motorised valve is used to connect
the condenser to the adsorber bed operating in desorption mode, while the throttling valve
controls the flow from the condenser to the evaporator to generate continuous cooling. The
condenser copper coil is connected to the heater/chiller unit which supplies chilled water at
constant temperature. The condenser is also, linked to the drain line using a discharge hose to

enable cleaning the condenser or discharging any excess water.
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Figure 7-7: Adsorption condenser

7.3.3 Adsorption Evaporator

Similar to the condenser, adsorption evaporator is an important part where the cooling is
generated. It consists mainly of a stainless steel cylinder with diameter and height of 320mm
and 340mm respectively, a transparent lid, sealing gasket, and copper tube coil as shown in
Figure 7-8. The evaporator is connected to the adsorber beds using a motorised valve and to
the condenser via a throttling valve. The motorised valve controls the flow of water vapour
from the evaporator to the bed operating in adsorption process. The evaporator copper coil is
connected to the heater/chiller unit which supplies chilled water at controlled constant

temperature.
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Figure 7-8: Adsorption evaporator

7.3.4 Chiller/heater unit

To keep the chilled water temperature entering the evaporator constant, chiller/heater unit is
used (see Figure 7-9). This unit is developed by Betta-Tech Company (model number of CU
700 LT) for laboratory-based applications, where the cooling/heating liquid can be cooled or
heated to temperatures ranging from -35°C to +70°C. In this study, the chiller/heater unit is

set at 8 °C, while the mass flow rate is set at 5 liter/min.
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Figure 7-9: Chiller/heater unit

7.3.5 Vacuum pump unit

A vacuum pump unit as shown in Figure 7-10 is used in this experimental facility to maintain
the pressure inside the adsorption system at the required level. The oil lubricated pump unit is
manufactured by DVP vacuum technology (Type LC106) and has an electrical motor with a
capacity of 2.2 kW installed within the unit and connected via a flexible drive coupling. The
oil system is easy to check and refill with a sealing device to prevent the oil from depletion.
The unit is suitable for continuous operation pressure ranging from 400 to 0.1 mbar. The
vacuum pump is connected to all components of the adsorption system including adsorber
beds, condenser, and evaporator via a vacuum manifold using separate valves which enables

vacuuming each component independently.
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Figure 7-10: Vacuum pump unit

7.3.6 Vacuum manifold

A vacuum manifold is used to connect each component of the adsorption system to the
vacuum pump and to the atmosphere or to the drain. The manifold has 8 different valves and
connects the adsorption system to the vacuum unit using 1/6” plastic hoses. Figure 7-11
shows the manifold used in this test facility, where valve VV3-5 connects the system to the
vacuum pump. Valves V3-1, V3-2, V3-3 and V3-4 are connected to the evaporator, bed 1,
bed 2 and the condenser respectively, while VV3-6 and V3-7 are connected to the drain and the

atmosphere pressure respectively. This manifold unit is used to vacuum the system
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components to the required vacuum pressure (in the range of 5-10 kPa) and dry the system

from any previous refrigerant before starting any experiment.

‘
To vacuum pump

To condenser

- g
\ To bed 2

To water drain
container

Figure 7-11: Vacuum manifold of the adsorption system

To atmosphere

7.4 ORC system

Figure 7-12 shows a pictorial diagram of the ORC system developed to produce power output
with the adsorption system as a bottoming cycle. The ORC system consists of an evaporator,
condenser, radial inflow turbine, and circulating pump. It utilises refrigerant R245fa as a
working fluid and is fitted with power, pressure, temperature, and flow measuring devices to
enable evaluating its performance. A detailed description of all its components are given in

the following section
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Figure 7-12: ORC radial turbine location and valves

7.4.1 Radial inflow turbine

A radial inflow ORC turbine with output of 900 W was manufactured using 3D printing
technology. Figure 7-13 shows the main components of the turbine, where the rotor was made
of steel while the nozzles were made of aluminum. More details about the turbine drawings
can be found in Appendix B. The turbine is coupled with a torque meter mechanism and to
prevent leakage a shaft seal ring is used after the bearing. In this experimental facility, the
radial turbine is incorporated between the ORC evaporator and the ORC condenser, while
RTD sensors and pressure traducers are installed at the inlet and outlet of the turbine to
monitor and record the refrigerant properties (R245fa). Valves V4-1 and V4-3 (see
Figure 7-12) can be used to isolate the turbine during starting up of the system. In the begging

of the operation process both valves V4-1 and V4-3 are closed, while the flow passes through
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valve V4-2 to ensure that the refrigerant leaving the ORC evaporator has the necessary

pressure and temperature with the required degree of superheat.

o Shaft seal

Figure 7-13: ORC radial inflow turbine used in the experimental facility

7.4.2 ORC evaporator

The evaporator is the ORC system component where the heat of adsorption or low-grade heat
return from adsorption system can be used to produce high-pressure superheated refrigerant
that can expand in the turbine producing power. In this experimental facility, a brazed plate
heat exchanger from Kelvion Company is used with a maximum pressure of 31 bar and
maximum temperature of 200°C respectively. This type of heat exchanger is compact and has
50 plates with cross-section area of 52x12cm. Figure 7-14 shows the brazed plate heat
exchanger used in this experimental facility as an ORC evaporator. The evaporator is
connected to the turbine using valve V4-1 and to the refrigerant pump via a flow meter and

valve V4-4.
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Figure 7-14: ORC evaporator (plate heat exchanger type)

The evaporator is heated using either the return cooling water from the bed after absorbing
heat through the adsorption process or the return heating water from the adsorber bed after

losing heat during the desorption process.

7.4.3 ORC condenser

The condenser used in the ORC system is similar to the ORC evaporator, but with smaller
size. A brazed plate heat exchanger from Kelvion Company is used as an ORC condenser
with 50 plates and cross-section area of 33x12cm. Figure 7-15 shows the ORC condenser
used in this experimental facility. The condenser is provided with two gate valves at the inlet
and the outlet to isolate the condenser for maintenance purpose. The condenser is cooled

using water which is circulated from a cold water tank using a water pump.
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Figure 7-15: ORC condenser (plate heat exchanger type)

7.4.4 ORC pump

A three-phase 380V pump with power consumption of 0.37 kW from the WEG Company as
shown in Figure 7-16 is used in this experimental facility. The pump is connected between the
condenser outlet and the evaporator inlet. As the capacity of the pump is relatively high, a
bypass pipe with a gate valve is connected between the inlet and the outlet to adjust the flow
of R245fa as required. In addition, a sight glass is incorporated to the refrigerant line entering
the ORC pump to ensure that the refrigerant passing through the pump is in a liquid phase to

prevent damaging the pump.
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Figure 7-16: Three phase ORC pump used in the experimental facility

7.4.5 ORC system charging

Charging the system with the appropriate amount of refrigerant (R245fa) is essential to make
sure effective operation of the system as in the case of under charging, it reduces the mass
flow rate passing through the turbine thus reducing the power generated. On the other hand,
overcharging can cause flooding of the evaporator leading to potential liquid flow to the
turbine. The following steps were carried out to charge the system with R245fa as shown in
Figure 7-17 and Figure 7-18. Although process of commission was used to ensure the ORC

system has no leakage as follows:

1. During the installation of the ORC system, care was taken to ensure all fittings are
appropriately tightened or welded to ensure that the system can achieve the required
operating conditions and enable achieving vacuum condition before charging with the
refrigerant.

2. Open all valves V4-1, V4-2, V4-3, V4-4, and V4-5 and connect the charging valve V4-6
to the charging manifold.

3. Switch the vacuum pump on with the valve V4-8 closed, and then open the valve V4-7 to

connect the vacuum pump to the ORC system.
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The system will be vacuumed for about one hour time, till it reaches a minimum vacuum
pressure of about 5kPa which can be monitored either directly from the manifold pressure
gage or from the computer screen.

The vacuum pump is then turned off and the ORC is left under vacuum for about 5 hours
and if any change noticed in the system pressure, the system should be checked again for
leakage by charging the system with air and using the soap and water method or any other

method to find the leakage.

After ensuring the ORC system is well installed with no leakage the refrigerant is charged

throughout the following steps:

10.

11.

12.

After the ORC system is vacuumed, manifold valve V4-8 should be opened to the
nitrogen cylinder to charge the system with nitrogen to dry the system from any moisture
content.

Adjusting the nitrogen cylinder valves carefully, and setting the maximum pressure at 30
bars, and the low-pressure valve to 6 bar to charge the system with nitrogen by opening
the valve V4-8.

The system should be left charged with nitrogen for few hours to ensure absorbing all the
moisture inside the system.

Repeating the vacuum process (step 4 and 5) to evacuate the system from the nitrogen.
Reading the initial weight of refrigerant cylinder using an appropriate balance.

Vent the hoses and the manifold with the refrigerant (R245fa) to avoid the introduction of
air into the ORC system.

Charging the ORC system with the appropriate amount of refrigerant of about 1.5 kg of

R245fa.
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Figure 7-17: Schematic diagram of an ORC system charging equipment
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Figure 7-18: Charging the ORC system of the experimental facility with the refrigerant

7.5 Integration of adsorption and ORC systems

In this experimental study, the adsorption and ORC systems are integrated to produce both
cooling and power output (IAOSCE). The adsorption system is set up as the topping system
(powered using an external heat source), while the ORC served as the bottoming system
(powered by the adsorption system). Two different scenarios are used to connect the two
systems. The first scenario (scenario 1) is carried out by connecting the return cooling water
of the adsorption system to power the ORC system, while in the second scenario (scenario 2),
the ORC is powered by the return heating water of the adsorption system. Figure 7-19 shows

a schematic diagram of the integrated adsorption and ORC systems illustrating the
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piping/valves used to operate the two scenarios where in the first scenario V6 is open and V5

is closed while in the second scenario V6 is closed and V5 is open.
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Figure 7-19: Connections between adsorption and ORC systems

7.6 Measuring instruments

Many measuring devices were used in this experimental facility including thermocouples,
pressure transducers, flow meters, and torque meter. These devices were used to evaluate the
cooling produced by the adsorption evaporator, the power generated by the turbine and the
heat consumed in both adsorption and ORC systems in order to calculate COP, SCP, SP and

ORC power efficiency in addition to the COPe and SCPe.
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7.6.1 Thermocouples

Two type K thermocouples from Omega Engineering Ltd similar to that shown in Figure 7-20
(left) were installed in each module heat exchanger of adsorber bed 1 and adsorber bed 2, the
first one was in the middle, while the other one was in the bottom and they were stuck to the
metal mesh to keep contact with the adsorbent material for monitoring the adsorber bed
temperature. In addition, two thermocouples (type K) were installed in the adsorption system
evaporator to monitor the temperatures of the liquid/vapour refrigerant (water), also two
thermocouples were installed in the condenser to monitor the liquid and vapour temperatures
of the refrigerant. Eight RTD sensors similar to that shown in Figure 7-20 (right) were fitted
at the inlet and outlet of heating/cooling water pipes of each adsorber bed, cooling water to

the condenser, and chilled water to the evaporator to monitor the inlet and outlet temperatures.

Type K thermocouple

Figure 7-20: Thermocouples type K and RTD sensors used in the test facility
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On the ORC system, RTD sensors were fitted at inlet and outlet of evaporator, condenser and
turbine to measure the temperature of the refrigerant. Also, four RTD sensors were installed at

the heating and cooling water pipes entering and leaving the evaporator and the condenser.

7.6.2 Pressure transducers

Four vacuum pressure transducers (0-350 mbar) were fitted at the two adsorber beds,
adsorption condenser, and adsorption evaporator. This group of pressure transducers have an
accuracy of +0.087 % according to the manufacturing company giving an output current of 4-
20 mA. Also, three pressure transducers type UNIK 5000 series with a range of 1 - 10 bars
(absolute pressure) were installed, at the radial turbine inlet and outlet of and in the ORC
bypass pipe. These pressure transducers have an accuracy of +0.04% according to the
manufacturing company giving an output current of 4-20 mA. To convert the current signal
into a voltage signal, 100 Q resistances were connected to the data logger. The pressure
transducers were powered with a voltage of 24V and 0.005A using a DC power supply (ISO-
TECH IPS4303 laboratory DC) and the electronic circuit of connecting the power supply and
the data logger to the pressure transducers is shown in Figure 7-21.

Resistance (100 Q)

N

N

Data logger

- Power + -_
supply

Pressure
transducer

Figure 7-21: Pressure transducer connection
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7.6.3 Power supply

The test facility included a number of power supply units from ISO-TECH Company. Each
power supply unit as shown in Figure 7-22 has the range of DC tracking series voltage output
between 0 and 60V, while it is set at 24V to power the pressure transducers. Each power
supply can power only two pressure transducers, so a humber of power supply units were

needed to power all the pressure transducers used in the adsorption and the ORC systems.

R

On/off switch Adjustable selectors

“TECHM |PS 4303

CURRENT VOBTAGE

Figure 7-22: DC power supply

7.6.4 Torque meter

A torque meter from Datum Electronics Company was used to measure the rotational speed,
torque, and power produced from the ORC turbine as shown in Figure 7-23. One side of the
torque meter was connected to the turbine shaft through coupling while its other side was
connected the DC generator. The torque meter can read the rotational speed, and torque of up
to 20,000 rpm, and 10Nm respectively with an accuracy of 0.1%. The data from torque meter

was transferred to PC for monitoring and recording.
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Figure 7-23: Torque meter unit

7.6.5 Flow meters

A number of flow meters were fitted in the test facility as shown in Figure 7-24. For R245fa
refrigerant, PLATON GMTB flow meter from the RM&C Company with a range of 50 - 500
L/HR liquid R245fa at 20 °C was used. To prevent the continuous fluctuating of the float
during the system operation the range of the flow meter is chosen to be slightly higher than

the required range and the flow meter was provided with a plastic tube instead of glass.
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Figure 7-24: Flow meters used (left) water flow meter (right) R24fa flow meter

Two water flow meters from Omega UK were used to measure the water flow rate from the
heating and cooling water of the adsorber beds with a range of 0-55 LPM. For the adsorption
condenser, a flow meter with a flow capacity of 0 to 25 LPM was used while for the

chiller/heater a water flow meter with a flow capacity of 0 to 25 LPM was used.

7.6.6 Data acquisition System

Most of the measuring instruments used in this experimental facility were connected to a data
logger as shown in Figure 7-25 to read and monitor the data. For adsorption system, all the
thermocouples were connected to the data logger model DT85 from dataTaker with 16
channels, while the pressure transducers (bed 1, bed 2, condenser, and evaporator) were
connected to a data logger model Pico Logger 1012 from Pico technology with voltage rate of
0-2.5 V. For the ORC system, all pressure transducers and RTD sensors were connected to

another data taker model DT85-3 with 16 channels.
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Figure 7-25: Data taker

7.7 System performance analysis

The overall performance of the integrated adsorption-ORC system for cooling and electricity
used in this experimental work is evaluated using the terms coefficient of performance COP,
specific cooling power SCP, equivalent coefficient of performance COPe, equivalent specific
cooling power SCPe, specific power SP, and ORC efficiency norc using equations 5-5 to 5-

10.

7.8 Measurement calibration and uncertainty propagation

For accurate results, the measuring instruments for pressure and temperature were calibrated
against standard instruments. In order to calibrate pressure transducers used in this work, each
instrument was connected to a calibration kit to compare the pressure measured by the
pressure transducer to that measured by a standard gage pressure instrument. The pressure of
the calibration kit (see Figure 7-26) was increased gradually to the required pressure. Type K
thermocouples and RTD sensors were used in the test facility and were calibrated. All
thermocouples were immersed in a water bath, while the reading was compared to the
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standard RTD sensor. During the calibration process, heat was added gradually and different
readings at various temperatures ranging from 15 °C to 100 °C were recorded. All the
calibrated thermocouples or RTD sensors were connected to the data logger and their readings

displayed on the PC as shown in Figure 7-26.

T —
P —

Pressure transducer

Figure 7-26: Calibration of the thermocouples and the pressure transducers

More details about the calibration results and uncertainty propagation are given in Appendix
C. Table 7-1 and Table 7-2 list the uncertainties of thermocouples and RTD sensors and,
pressure transducers used in the test facility respectively. Table 7-3 lists the propagated

uncertainties of measuring devices into the cooling and power generation.
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Table 7-1: Uncertainties of thermocouples and RTD sensors used in the experimental facility

Item Location Curve fitting Uncertainty
T1 Bedl/middle 0.9992x + 0.0755 +0.26°C
T2 Bedl/bottom 0.9984x +0.3155 +0.49°C

3 Bed2/middle 0.9955x + 0.3134 +0.36°C
T4 Bed2/bottom 1.0002x + 0.1028 +0.33°C
RTD1 Bed1l/inlet water 1.0004x - 0.1798 +0.33°C
RTD2 Bed1/outlet water 0.9986x + 0.0484 +0.18°C
RTD3 Bed2/inlet water 0.9966x + 0.1038 +0.29°C
RTDA4 Bed2/outlet water 1.0005x + 0.0127 +0.18°C
RTD5 Evaporator/inlet water 0.9988x + 0.0537 +0.10°C
RTD6 Evaporator/outlet water 1.0008x - 0.0665 +0.11°C
RTD7 Condenser/inlet water 0.9995x + 0.0437 +0.12°C
RTD8 Condenser/outlet water 0.9979x + 0.0589 +0.23°C
RTD9 ORC evap. outlet water 1.0028x - 0.0385 +0.26 °C
RTD10 ORC evap. inlet water 0.999x + 0.1931 +0.25°C
RTD11 ORC turbine inlet 1.0008x + 0.0408 +0.18°C
RTD12 ORC turbine outlet 1.0012x + 0.0372 +0.19 °C
RTD13 Bypass line 1.0017x + 0.0114 +0.21 °C
RTD14 ORC cond. inlet water 0.999x + 0.1593 +0.18 °C
RTD15 ORC cond. outlet water 0.9997x + 0.0554 +0.10 °C
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Table 7-2: Uncertainties of the pressure transducers used in the experimental facility

Item Location Curve fitting Uncertainty
P1 Turbine inlet 1.0039x + 0.0148 +0.0462 bar
P2 Turbine outlet 1.001x + 0.0367 +0.0668 bar
P3 By-pass line 0.9995x + 0.0487 +0.0737 bar
P4 Bedl 0.9902x+ 1.714 +1.95 mbar
P5 Bed?2 0.999x+ 1.027 +1.18 mbar
P6 Condenser 0.9997x+ 0.144 +0.5 mbar
P7 Evaporator 1.0036x+ 0.5134 +1.5 mbar

Table 7-3: Uncertainty propagation of cooling and power

Parameter Net output Uncertainty
Cooling 78-529 W +8.47%
Power 96-341W +2.11%

7.9 Experimental results, modelling validation and discussions

In this research, an integrated two-bed adsorption-ORC system utilising CPO-27(Ni) /water as
an adsorption pair and R245fa as an ORC fluid to generate cooling and electricity
simultaneously was experimentally tested and the results were discussed. Two different
scenarios of integrating the adsorption system with the ORC were described in section 7.5 and
Figure 7-19. In scenario 1, the heat of adsorption can be recovered from the adsorption
process as the cold water passes through the adsorber beds (with cooling water temperature of
46-48 °C) was used to power the ORC system. In scenario 2, the same heat source used in the

adsorption systems for desorption process was used to power the ORC system.

Figure 7-27 compares the experimentally measured temperatures of adsorber beds, condenser
and evaporator to those predicted by the modelling of the two-bed CPO-27(Ni)/water
adsorption system. The predicted temperature profiles show good agreements with the
experimental results with a maximum deviation of less than 10% highlighting the validity of

the developed adsorption system model. Figure 7-28 shows the experimental temperature

247



Chapter 7 Experimental Facility and Validation

values of each adsorber beds during cycles 2 to 4 showing steady state operation of the
adsorption system. Also, the two beds show similar operating temperature values where in the
desorption mode, the average bed temperature is 81 °C and in the adsorption mode, the

average bed temperature is 32 °C.

Bed2 exp. Bed1 exp. Condenser exp. Evaporator exp.
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Figure 7-27: Simulated and experimental temperatures of adsorber beds condenser and
evaporator for the two-bed CPO-27(Ni) /water adsorption system utilizing heat source
temperature of 85 °C

248



Chapter 7 Experimental Facility and Validation

Cycle 2 Cycle 3 Cycle 4
100 y y y
_ 80 | S et A ——
O
<
© 60
=
©
5 40
o
E 20
O
(0]
m 0
0 200 400 600 800 1000 1200 1400 1600
(a) bed 1 Cycle time (s)
Cycle 2 Cycle 3 Cycle 4
100 y y y
—~ 80
O
<
o 60
=]
IS
5 40
o L'
5 20
O
(O]
m 0
0 200 400 600 800 1000 1200 1400 1600
(b) bed 2 Cycle time (s)

Figure 7-28: adsorber bed temperature through cycle 2-4 utilizing CPO-27(Ni) /water at heat
source temperature of 85 °C, (a) bedl, and (b) bed2

Figure 7-29 shows the effect of heat source temperature on the cooling and power generated
simultaneously from the integrated adsorption-ORC system. Results showed that, as the
heating fluid temperature increases the cooling and the power generated increase [22]. For
scenario 1, the power generated did not increase significantly by increasing the main heat
source temperature, because the ORC system is powered by the cooling water returned from

the adsorption system in this scenario.
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Figure 7-29: Cooling and power generated from the integrated two-bed CPO-27(Ni) /water
adsorption-ORC system (a) scenario 1 (b) scenario 2

Figure 7-30 and Figure 7-31 compare the experimental power and efficiency of the ORC
system using R245fa as a refrigerant. The predicted power and efficiency show good
agreements with the experimental results with maximum deviations of 16% and 17%

respectively showing the validity of the developed ORC system model.
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Figure 7-30: Simulated and experimental values of power generated of the ORC system
utilizing R245fa as a working fluid
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Figure 7-31: Simulated and experimental values of efficiency of the ORC system utilizing
R245fa as a working fluid
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Figure 7-32 and Figure 7-33 compare the CFD simulation with the experimental results for
the power and efficiency of the ORC turbine using R245fa as a refrigerant. For both power
and efficiency, the CFD simulation data show good agreements with the experimental results
with maximum deviations of 15% and 16% respectively. The maximum power generated
from the turbine was about 415 W and about 18% of this power is used for the pump. The
radial inflow turbine achieved an isentropic efficiency ranging between 35% and 50% which
are relatively low and this is due to using off-design conditions such as the low mass flow rate

of about 0.06 -0.1 kg/s compared to the design mass flow rate of 0.19 kg/s.
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Figure 7-32: Comparison of power generated from CFD simulations with experimental data
of the ORC turbine utilizing R245fa as a working fluid
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Figure 7-33: Comparison of efficiency from CFD simulations with experimental data of the
ORC turbine utilizing R245fa as a working fluid

Figure 7-34 shows the experimental and numerical values of COP of the integrated two-bed
adsorption-ORC system (IAOSCE) using CPO-27(Ni) and R245fa for scenario 1 and scenario
2. Results show that scenario 2 has higher values of COP with a maximum value of 0.35
compared to 0.23 that achieved by scenario 1 and this is because of the relatively high cooling
water temperature (46-48 °C) used in scenario 1, which affected the cooling capacity obtained
from the adsorption system. Results also show that, for both scenarios, as the heating fluid
temperature increases, COP increases and the predicted values show good agreements with
the experimental results with a maximum deviation of about 10.5%. Figure 7-35 and
Figure 7-36 show the values of the specific cooling power SCP and specific power SP

generated from the integrated adsorption-ORC system for scenarios 1 and 2.
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Figure 7-34: Experimental and numerical values of COP for the IAOSCE utilizing CPO-
27(Ni) /water and R245fa with half cycle time, condenser temperature and adsorption
evaporator temperature of 700 s, 16 °C and 8 °C respectively
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Figure 7-35: Experimental and numerical values of SCP for the IAOSCE utilizing CPO-
27(Ni) /water and R245fa with half cycle time, condenser temperature and adsorption
evaporator temperature of 700 s, 16 °C and 8 °C respectively
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Figure 7-36: Experimental and numerical values of SP for the IAOSCE utilizing CPO-27(Ni)
/water and R245fa with half cycle time, condenser temperature and adsorption evaporator
temperature of 700 s, 16 °C and 8 °C respectively

Scenario 2 shows higher SCP and SP than those of scenario 1 with maximum values of 252
W/kgadss and 162 W/Kgads respectively and this is because of using lower cooling water
temperature than that used in scenario 2. Results show that for scenario 1 and scenario 2 as
the heating fluid temperature increases SCP increases, and for scenario 2 as the heating fluid
temperature increases SP increases, while SP of scenario 1 is not affected by the main heat
source temperature. Experimental and simulation values show a good agreement with a
maximum deviation of about 10.3% for SCP and 15.8% for SP.

Figure 7-37 shows the experimental and numerical values of ORC efficiency for the
integrated two-bed adsorption-ORC system. A maximum ORC efficiency of 3.3% is achieved
using scenario 2 with heating temperature of 85 °C and this is due to less heat is absorbed in
the ORC evaporator than that at 95 °C. Results again show good agreements between the

experimental and the simulation results with a maximum deviation of about 14.1%.
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Figure 7-37: Experimental and numerical values of ORC efficiency for the IAOSCE utilizing

CPO-27(Ni) /water and R245fa with half cycle time, condenser temperature and adsorption
evaporator temperature of 700 s, 16 °C and 8 °C respectively

Figure 7-38 shows the experimental and numerical values of COPe (equivalent COP) for the
integrated two-bed adsorption-ORC system. Scenario 1 shows higher COPe values than those
of scenario 2 with maximum value of 0.79 achieved at heat source temperature of 75 ° C and
this is due to the ORC being powered by the heat of adsorption without consuming additional
external heat and as the power has a higher grade than that of cooling, higher COPe is
achieved. Scenario 2 shows relatively low COPe due to the additional heat consumed by the
ORC evaporator during this scenario. Figure 7-39 shows the experimental values of SCPe of
the integrated adsorption-ORC system for a range of heat source temperature. Scenario 2
shows higher SCPe values (with a maximum value of 739 W/kgads) compared to those of
scenario 1, and this is due to more cooling and power are generated during this scenario as
discussed above. Results show acceptable agreements between the experimental and the
simulation data for the COPe and SCPe with maximum deviations of about 13.6% and 14.1%

respectively.
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Figure 7-38: Experimental and numerical values of COPe for the IAOSCE utilizing CPO-
27(Ni) /water and R245fa with half cycle time, condenser temperature and adsorption
evaporator temperature of 700 s, 16 °C and 8 °C respectively
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Figure 7-39: Experimental and numerical values of SCPe for the IAOSCE utilizing CPO-
27(Ni) /water and R245fa with half cycle time, condenser temperature and adsorption
evaporator temperature of 700 s, 16 °C and 8 °C respectively

Currently, the ORC turbine used in this experimental study has low efficiency ranging from
35% to 50%, however using efficient turbine in the ORC system is essential as its
performance can affect directly the overall performance of the IAOSCE. Two efficient radial

inflow turbines namely ORC1 and ORC2 have been designed in Chapter 6 using 3D CFD
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modelling to work efficiently with scenarios 1 and 2 of the IAOSCE with maximum
efficiency of 89% and 88% respectively. As a result, using these turbines with the design
conditions can be reflected significantly on the amount of power generated by the ORC
system which enhances the overall performance of the IAOSCE in terms of COPe, SCPe and

SP.

Figure 7-40 shows the effect of inlet chilled water temperature on the COP and SCP for the
CPO-27(Ni)/water adsorption cooling system only. Results show that as the chilled water

temperature increases COP increases, while SCP decreases.
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Figure 7-40: Experimental values of COP and SCP for the two-bed water adsorption system
using CPO-27(Ni) with a range of chilled water temperatures at half cycle time, heat source
temperature, and condenser temperature of 700 s, 85 °C and 16 °C respectively

Figure 7-41 illustrates the effect of the condenser cooling water temperature on the COP and
SCP for the CPO-27(Ni)/water adsorption cooling system only. It was found that as the
condenser inlet water temperature increases, the COP and SCP decrease. Figure 7-42

illustrates the effect of half cycle time on the COP and SCP for the adsorption cooling system

258



Chapter 7 Experimental Facility and Validation

only utilising CPO-27(Ni)/water. Also, as the half cycle time increases, COP increases, while

SCP decreases.
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Figure 7-41: Experimental values of COP and SCP for the two-bed water adsorption system
using CPO-27(Ni) with a range of condenser cooling water temperatures at half cycle time,
heat source temperature, and evaporator temperature of 700 s, 85 °C and 8 °C respectively
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Figure 7-42: Experimental values of COP and SCP for the two-bed water adsorption system
using CPO-27(Ni) with a range of half-cycle time, at heat source temperature, condenser
temperature and evaporator temperature of 85 °C 16 °C and 8 °C respectively

This work highlights the feasibility of generating cooling and electricity simultaneously from

an integrated adsorption-ORC system utilising CPO-27(Ni)/water and R245fa. None of the
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previous work studied the integrated adsorption-ORC system for cooling and electricity using
the proposed two scenarios, where the adsorption system is set as a topping system, while
ORC cycle as a bottoming system. Compared to [117], [118], and [119], this study has the
advantage of recovering the heat of adsorption and generating higher COPe. In addition, the
two integrating scenarios investigated in this study can offer good options for energy
designers and consumers to use the appropriate scenario of integration for different
applications. Even though scenario 2 can generate relatively higher SCP, SP and SCPe than
scenario 1, the COPe of this scenario is relatively low compared to that of scenario 1.
However, if the heat source used is infinite or semi-infinite like solar energy this scenario can

be more advantageous.

7.10 Summary

In this chapter, each component of the experimental facility namely the integrated adsorption-
ORC system for cooling and power generation has been described. The test facility consists
mainly of two adsorber beds, adsorption condenser, and adsorption evaporator in the
adsorption system, while in the ORC system, it has ORC evaporator, ORC condenser, ORC
pump and radial inflow turbine. Two scenarios of integrating adsorption system with ORC
cycle utilising CPO-27(Ni) as an adsorbent material and R245fa as an ORC working fluid
have been investigated experimentally. The experimental study validated the numerical
models of the two-bed adsorption system and the ORC cycle individually, also, it validated
the integrated adsorption-ORC system as one system where good agreements were obtained
with a maximum deviation of less than 17%. Experimental results also showed that maximum
COPe of 0.79 can be achieved using scenario 1 at heat source temperature of 75 °C, while
maximum SCPe of 739 W/kgass can be achieved using scenario 2 with heat source

temperature of 95 °C.
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CHAPTER EIGHT
CoNcLUSIONS AND RECOMMENDATIONS

8.1 Introduction

For decades, fossil fuels are still one of the most important energy sources, however, this
leads to rapid depletion of such important resources and production of global warming gases
like CO2. Worldwide, one of the main energy consumption sectors is air conditioning of
buildings, especially in hot countries. Low-grade heat driven cooling and electricity systems
like adsorption and Organic Rankine Cycle (ORC) offer environmentally friendly technology

that can reduce dependence on traditional systems [20, 28, 64].

This thesis investigated numerically and experimentally, the feasibility of producing
electricity and cooling at the same time using adsorption and ORC systems driven by low-
grade heat sources. Two novel configurations of adsorption system are developed to improve
the overall system performance and upgrade the adsorption cooling system to produce cooling
and electricity simultaneously using one unit. Also, several novel scenarios of integrating
adsorption cooling system with Organic Rankine Cycle have been investigated. This helps to
build localised cogeneration units that can meet the cooling and electricity requirements of

houses and offices and improve the overall heat utilization performance. Such systems can
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help to find affordable, reliable and clean power systems especially in developing countries

and remote areas, where millions of people lack access to secure electrical grids.

Advanced physical adsorbent materials with superior water adsorption characteristics like
CPO-27(Ni), MIL101(Cr), and Al-Fumarate MOFs and AQSOA-Z02 zeolite have been used
in this investigation for the first time to produce cooling and power at the same time [20, 28,
64]. The water adsorption characteristics of MIL101(Cr) and AQSOA-ZO2 are
experimentally tested using a DVS analyser to be used in the numerical investigation.
Numerical models of different operating scenarios for the two configurations are developed
using MATLAB Simulink software. Also, in this thesis 3D CFD modelling designs of small-
scale radial inflow turbines are developed to work efficiently with the different configurations
and scenarios. Finally, based on the numerical investigation, an experimental facility is built
to study the performance of the integrated adsorption system for cooling and electricity and

validate the numerical results.

8.2 Conclusions
8.2.1 Conclusions of the first configuration (ASCE)

In this configuration, the basic two-bed adsorption cooling system (BACS) is improved by
including an expander (turbine) between the hot adsorber bed and the condenser to produce
cooling and electricity (ASCE) simultaneously [20]. This configuration can also utilise
multiple bed arrangements namely; two-bed, three-bed, four-bed, five-bed and six-bed and
employ different adsorption/desorption time allocations corresponding to each case. The

following points summarize the main conclusions of this configuration:

1. The adsorption system for cooling and electricity ASCE is feasible and can generate
cooling and power of up to 800 W/kgads and 80 W/kgads respectively utilising CPO-27(Ni)
MOFs. Moreover, incorporating the expander with the basic adsorption cooling system
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(BACS) has improved the overall system coefficient of performance (COP) from 0.7 to
0.8 for heat source temperature ranging from 100 and 160 °C. Also, the equivalent
specific cooling power is increased from 892 W/kgads using BACS to 1040 W/Kgags using
ASCE. Results also showed that, as the heat source temperature increases, the cooling and
the electricity generated increase for all adsorbent pairs used in this work.

2. For different adsorbent pairs and heat source temperatures used with ASCE, the exergy
efficiency of ASCE is greater than that of BACS (except for CPO-27(Ni)/water at 100
°C).

3. For the multi-bed utilisation in ASCE, results show that, the two-bed system with R=1 (R
is ratio of the total adsorption time to the total desorption time) has the highest coefficient
of performance (COP) values for all adsorbent materials and heat source temperatures
used with maximum value of 0.7. For the specific cooling power (SCP) and specific
power (SP), three-bed arrangement with R=% shows the highest values using Silica-gel
and Al-Fumarate. For AQSOA-Z02 the three-bed arrangement with R=% shows the
maximum SCP of 678 W/kgass and SP of 67 W/kgads at heat source temperature of 160 °C,
while for CPO-27(Ni) the two-bed arrangement with R=1 shows the maximum SCP of
800 W/kgags and SP of 80 W/kgads at heat source temperature of 160 °C. Also results show
that, as the number of bed increases, more stability in cooling and power can be obtained.

4. Hybrid adsorption system for cooling and electricity (HASCE) is another form of the first
configuration (ASCE) with four beds and two evaporators. HASCE shows higher
equivalent coefficient of performance (COPe) with maximum value of 0.97 compared to
maximum COPe of 0.8 achieved by ASCE, but with relatively lower cooling and

electricity outputs.
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8.2.2 Conclusions of the second configuration (IAOSCE)

In this configuration, the basic adsorption cooling system (BACS) is combined with a basic
ORC cycle to form an integrated adsorption-ORC system for cooling and electricity
(IAOSCE). Four innovative scenarios based on the way of integration and the method of
powering the adsorption and the ORC systems were investigated. For the first three scenarios,
the adsorption system is set up as a topping system, and ORC is set up as a bottoming system,
while for the last scenario, ORC is considered to be as a topping cycle, and the adsorption
system as bottoming cycle. In scenario 1, the adsorption system is powered by an external
heat source, while the ORC is powered by cooling line leaving the adsorption side after
recovering the heat of adsorption. Scenario 2 is similar to scenario 1, but ORC is powered by
the heating source after leaving the adsorption system. In scenario 3, the cooling and heating
lines of the adsorption system are mixed to power the ORC, while in scenario 4 ORC is
powered by an external source and the adsorption system is powered by the heating source
after leaving the ORC. The second configuration is also investigated with two expanders one
in the adsorption system and the other in the ORC to increase the power generated with

similar four integration scenarios.

1. Results show that the integrated adsorption-ORC systems for cooling and electricity with
one expander (IAOSCE-1EXP) and two expanders (IAOSCE-2EXP) are feasible and can
generate cooling and power simultaneously.

2. In terms of using different integration scenarios, scenario 1 of the IAOSCE-1EXP and the
IAOSCE-2EXP produce the maximum equivalent coefficient of performance of 1.14 and
1.27 respectively using Silica-gel and R141b at heating temperature of 80 °C. On the other
hand, scenario 2 achieves the maximum equivalent specific cooling power of about 2311
W/kgags With IAOSCE-1EXP and 2460 W/kgags IAOSCE-2EXP using CPO-27(Ni) and

R141b at heat source temperature of 160 °C. Also, scenario 4 shows relatively high SP
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and SCP with COPe approaching 0.6, so it can be considered as a good scenario when
compromising between the amount of cooling, power and the equivalent coefficient of
performance (COPe).

3. The proposed scenarios can offer more options for designers and consumers to choose the
suitable system for the different applications. For instance, if the available heat source is
infinite as solar energy, scenarios 2 and 4 are more practical, because they generate more
amounts of cooling and power and this leads to cheap and compact systems as they have a
smaller size. In contrast, if the heat source is limited, scenario 1 may be preferable
because of its high equivalent coefficient of performance (COPe).

4. The IAOSCE shows maximum exergy efficiency of 54.5 and 57.6 % for the cases of one
expander and two expanders respectively utilising CPO-27(Ni) and R141b at heat source

temperature of 120 °C.

8.2.3 General conclusions

1. This study showed that adsorption technology can generate cooling and electricity
simultaneously by integrating the adsorption cooling system with an expander or by using
an adsorption-ORC combination [20, 28, 64] .

2. Compared to previous work, the advanced physical adsorbent materials utilised in this
work like CPO-27(Ni) and ZQSOA-Z02 show higher coefficient of performance (COP),
specific cooling power (SCP) and specific power (SP) than these of the cogeneration
chemisorption systems reported in the literature.

3. Generating cooling and electricity simultaneously is more effective at heat source
temperature higher than 120 °C and generally as the heat source temperature increases, the

specific cooling power (SCP) and specific power (SP) increase [20].
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4. In terms of equivalent coefficient of performance (COPe), scenario 1 of configuration 2
(IAOSCE-2EXP) shows a maximum value of 1.27 utilising Silica-gel and R141b at heat
source temperature of 80 °C, however, this case shows low SCPe compared to the other
cases.

5. In terms of equivalent specific cooling power (SCPe) and specific power (SP), scenario 2
of configuration 2 (IAOSCE-2EXP) shows a maximum value of 2460 W/Kgass and
553W/Kkgags respectively utilising CPO-27(Ni) and R141b with heat source temperature of
160 °C.

6. Interms of compromising between the coefficient of performance (COPe) and the specific
cooling power (SCPe), scenario 4 shows relatively high SCPe of 2242 W/Kgads With a
COPe value approaching 0.6, so this scenario can also be considered a good option.

7. In terms of exergy efficiency, scenario 2 of the IAOSCE-2EXP has the maximum exergy
efficiency of about 57.6% utilising CPO-27(Ni) and R141b at 120 °C for a heat source
temperature ranging between 120 and 160 °C.

8. CFD results show that a steam radial inflow turbine can be designed to meet the
requirements of the ASCE with maximum efficiency of 85%, also additional two ORC
radial inflow turbines can be designed to meet the requirement of the IAOSCE with
maximum efficiency of 89% and 88% respectively.

9. Experimental results show that combing an adsorption cooling system with an ORC
system (IAOSCE) is feasible and the integrated system can generate cooling and power
simultaneously with maximum COPe of 0.79 using scenario 1 at heating temperature of
75 °C, while maximum SCPe of 739 W/kgags can be achieved using scenario 2 with heat
source temperature of 95 °C. Also satisfactory agreements between the experimental and

numerical results was obtained with a maximum deviation of less than 17%.
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8.3 Recommendations and future work

In order to further enhance the performance of the adsorption systems for cooling and
electricity investigated in this thesis, a number of recommendations for future work are

listed below:

1. This project covers the integration of the basic adsorption cooling system with the basic
ORC system. It is suggested that advanced adsorption cooling systems such as multi-
bed, multi-stage and heat recovery systems to be investigated. Also, advanced ORC
cycles like supercritical ORC and pumpless ORC are suggested to improve the
integrated system performance.

2. This thesis presents the construction of an experimental facility for the integrated
adsorption-ORC system for cooling and electricity with one expander. It is suggested to
use additional steam expander in the adsorption side to improve the overall performance
of the integration system.

3. As the adsorbent materials are the main drive of the adsorption system for cooling and
electricity, more investigations of new adsorption pairs with better adsorption
characteristics are suggested. Also for the ORC side, further ORC fluids are suggested to
be investigated to increase efficiency and power generation from the ORC system.

4. More experimental and numerical studies including the CFD modelling for the adsorbent
bed heat exchanger are recommended to improve its performance as it is a key
component of any adsorption system.

5. It is recommended to develop a two-stage small-scale turbine for the adsorption system
for cooling and electricity including the steam and ORC turbines in order to exploit the

high-pressure ratio that usually available and prevent the supersonic flow.
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6. For large scale adsorption systems generating cooling and electricity, axial turbines can
be a more effective option for the steam or the ORC turbines. It is recommended to carry
out a detailed CFD design of this turbine type to be integrated within such adsorption

systems for cooling and electricity generation.
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APPENDIX A
VISTA RTD DESIGN

Vista RTD is a software for the mean-line design of radial inflow turbine and it can be run
directly from the ANSYS Workbench as shown in Figure A-1. The 1D design geometry

generated by VISTA RTD can be passed to the BladeGen tool.
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Figure A-1: Project schematic of an ANSY'S Workbench

Figure A-2 Figure A-3 Figure A-4 and Figure A-5 show the main four windows of the Vista
RTD software. The operating conditions and the fluid properties can be defined using the
Aerodynamics window as shown in Figure A-2. The impeller diameters, the number of
blades, and the tip clearance can be defined using the Geometry window as shown in
Figure A-3. The design results and the velocity triangles are presented in the Results and

velocity windows as shown in Figure A-4 and Figure A-5.

269



Appendix A

Vista RTD Design

¥ A2 PCA Engineers Ltd
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Figure A-2: Aerodynamic window in Vista RTD which defines the operating conditions, the

fluid properties, and the flow angles
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Figure A-3: Geometry window in Vista RTD which defines the impeller diameters, the

number of blades, and the tip clearance
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Figure A-4: Results window in Vista RTD which provides information about the turbine
performance, and the rotor/stator geometries
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Figure A-5: Velocity triangles window in Vista RTD
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APPENDIX B

TURBINE CAD DRAWINGS

Figure B-1 shows the 3D assembly of the radial inflow turbine used in the experimental
facility. Figure B-2 and Figure B-3 show the three and two dimensional of the rotor and the

stator respectively.

Figure B-1: Three-dimensional assembly of radial inflow turbine
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T T T T T

Figure B-3: Two and three-dimensional stator drawing

273



Appendix C

Instruments Calibration and Uncertainties

APPENDIX C

INSTRUMENTS CALIBRATION AND
UNCERTAINTIES

C.1 Instruments calibration and curve fitting

The type K thermocouples, the RTD temperature sensors and the pressure transducers used in

the experimental facility are calibrated and their uncertainties are calculated using the root

square summation method and they are listed in Chapter 7 section 7.9.

C.2.1 Thermocouples curve fitting

The curve fittings of the thermocouples type K are listed in Figure C-1, while the curve

fittings of the RTD sensors are listed in Figure C-2, Figure C-3, Figure C-4, and Figure C-5.
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Figure C-1: Curve fitting of the thermocouples type K (T1, T2, T3, and T4)
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Figure C-2: Curve fitting of the RTD sensors (RTD 1, RTD 2, RTD 3, and RTD 4)
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Figure C-3: Curve fitting of the RTD sensors (RTD 5, RTD 6, RTD 7, and RTD 8)
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Figure C-4: Curve fitting of the RTD sensors (RTD 9, RTD 10, RTD 11, and RTD 12)
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Figure C-5: Curve fitting of the RTD sensors (RTD 13, RTD 14, and RTD 15)
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C.2.2 Pressure transducers curve fitting

The curve fittings of the pressure transducers are listed in Figure C-6.
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Figure C-6: Curve fitting of the pressure transducer (P1, P2, and P3)

C.3 Uncertainty propagation
Root Square Sum method is used to calculate the overall uncertainty for any parameter [233]

as:

— 2 2
UOverall - i\/USys + Ucurve—fitting C-1

Where Uoveran is the overall uncertainty, Us: is the standard uncertainty, and Ucurve-fitting IS CUrve

fitting uncertainty.
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Standard mean deviation method is used to calculate U,,,q0m. @S below:

Ucurve—fitting = th-1,95%9x C-2

Where, t,_1 959, IS the student distribution coefficient with 95% confidence level, and S, is

the mean deviation which can be determined using:

_9 -
Sy = W C-3
o is the standard deviation which can be determined [234] as:
S, CemD)?) /2
o= (HE) C-4

Where x; is the experimental instrument reading (such as thermocouple), x is the cure fitting
value, (x; —X)? is the deviation squared. A detailed calculation sample of an RTD sensor

(RTD1) is listed in Table C-1.

Table C-1: Uncertainty detailed calculation sample of an RTD sensor (RTD1)

No Standard Measured Fitting Deviation
reading reading (y=1.0004x-0.1798) (x; — x)%

1 15.2 15.1531 14.97886 0.048902
2 20.5 20.2041 20.03188 0.219135
3 35.1 34.9612 34.79488 0.093095
4 60.5 60.3147 60.15853 0.116605
5 75.4 75.1699 75.01967 0.144652
6 90.2 90.0652 89.92093 0.077882
7 100.6 100.5139 100.3738 0.051164

T (X — X)%=0.751435843
o =0.35389166
Sx=0.133758475
t(n-1,95%) = 2.447
U_curve _fitting = 0.327306988
U_standard =0.03
U_overall = 0.328678969 °C
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The main output parameters like cooling capacity and electricity are assumed to be a function

of n measurements variables [233].

Y = f(xq,X3,X3, v, Xp) C-5

The uncertainty in the output parameters can be calculated using the flowing equation as:

1
oy 2 ay 2 ay 2 oy 2172

Uy = [(a—)(lle) + (B_XZUXZ) + (6_)(3UX3) + -+ (EUXn) ] C-6

The cooling capacity is calculated using the following equation:

Jcooling = m Cp(Tch,in - Tch,out) C-7

Therefore the uncertainty Uqo1ing in determining the cooling capacity can be calculated as:

aqcoolmg 2 QCoolmg 2 99cooling 2
Ucooting = |20 u)2 4 (s, g2 g (Sletimey, oX:

Un, Urg,sn @nd U, o @re the uncertainties of the adsorption evaporator flow meter, inlet

and exit chilled water temperatures respectively.

The power (in Watt) is calculated depending on the following equation:

__ 2mNT
T 60

C-9

N, and T are the revolution velocity (rpm) and the torque (Nm) respectively. The power

uncertainty Up can be calculated as:
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JaP JaP
Up = U2 + & Up? c10

Uy, and U are the uncertainties in the measured rotational speed and torque respectively.

The propagated uncertainties of the cooling and electricity are listed Chapter 7 section 7.9.
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