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ABSTRACT OF THE DISSERTATION
Synthesis and Enhancement of Process Intensification Networks for Hydrogen Productions
by
John Edward Lowd
Doctor of Philosophy in Chemical Engineering
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Professor Vasilios Manousiouthakis, Chair

Over the course of the last forty years, process intensification (P1) has continued to develop
as an area of active chemical engineering research, incorporating numerous considerations,
including process safety and process systems engineering. Pl encompasses any process design
strategy that leads to a smaller, cleaner, safer and or more energy-efficient technology.
Additionally, PI also includes system designs which reduce the number of devices employed. To
this end, chemical reactor design incorporating separation technologies continues to be an active
area of PI research, with prominent examples membrane reactors (MR) carrying out steam
methane reforming (SMR) based hydrogen production at lower temperatures, dividing-wall
columns combining multiple distillation channels into a single unit, and compact catalytic plate
reactors for Fischer-Tropsch synthesis. As advances in computational software continue, there has
also been a substantial increase in the number of tools developed for identifying new PI
methodologies at the theoretical level. Advanced mathematical formulation, such as the Infinite
DimEnsionAl State-Space (IDEAS) framework and multi-objective optimization techniques, have
helped introduce systematic approaches for developing and identifying Pl pathways for various

chemical systems. These advances have naturally led to the development of software for the



generation of sustainable design alternatives to be used for Pl purposes, as well as for using
thermodynamic analysis to assess the viability of proposed technologies. The objective of this
work is to present novel process intensification methodologies for the creation of a potential
intensified reaction networks. In chapter 1, the Pl concept is reviewed. Then, the first PI
methodology developed in this work, the Storage Reactor (SR) concept, is formulated and
demonstrated in chapter 2. The SR process is shown to enhance methane conversion and hydrogen
yield over traditional steady state processes by combining multiple operations within a single unit,
a key component of process intensification methods. Then, the novel Lexicographic method for
network synthesis is first formulated in chapter 3 and its ability to synthesize reaction networks is
demonstrated in chapter 4. Discussion and Conclusions are presented in Chapter 5, the Appendix
containing mathematical formulations is presented in Chapter 6, and references are provided in

Chapter 7.



This dissertation of John Edward Lowd is approved.

Yunfeng Lu
Dante A. Simonetti
Robert Thomas M’Closkey

Vasilios Manousiouthakis, Committee Chair

University of California, Los Angeles

2022



Table of Contents

Chapter 1 - Introduction: Process intensification, reaction networks, reactor modeling ..........ccccceevevvevuenee. 1
Chapter 2 — Storage Reactor Steam Methane Reforming Case StUdIES.........ccovvvvvviveiiiiveiennn e 4
2.1, 0-dimMeNSIONAL STUAIES. ... .c.veviieiitiiiiite ittt bbbttt see st e 5
2.1.1 Mathematical FOrMUIALION ..........ooiiiiiiiiieee bbb 5
2.1.2 CASE STUAY ..ottt Rt e et r e 13

2 R B 0 o] 01 [0S 32
A NN o] =LA o |  FO OSSP PSP R PSPPI PPN 34

2.2. 1-dimensional 1SODAIIC STUTIES .........eiiiiiieieiee e 36
2.2.1 Mathematical FOrMUIALION ..........cviiiieiieie sttt ste e sreenes 37
A O 1T (U0 |V SRS 44
2.2.3 CONCIUSTONS ...ttt sttt sttt bt s e bbb sttt ne et et e e bt aseebesbenbennenteneeneas 68

pZ o o ] v LA o] o PSS 69

2.3 1-D non-isobaric NON-iSOtNEIMAL ............ccuiiiiiiiec et nre s 72
3.3.1 Mathematical FOrMUIATION ........ccoiiiiiieieisice s e 75
3.3.3 Problem Specification and Thermodynamic Data ............ccoceeveiiiiiieiesieeie s 83
TR G T o 2 Tod 111 [ ] o OSSPSR 112
KT I (o] =L o OSSPSR 114
Chapter 3 - Lexicographic approach network SYNtNESIS ..........ccovviiiiiieiiiecic e 118
3.1. LexicographiC INTrOGUCTION. ..........oiiiiieieietcei bbb 118
3.2. AlGOrTtNM AESCIIPLION ...ttt bbbt nn e 122
3.3 Algorithm Implementation and Database Creation/Maintenance..........ccccovvevveveevieseeieeseseeseeeneans 141
K20 o =LA o] 1 TSR 145
Chapter 4 - LexicographiC CaSe STUTIES: .......c..eiviieiriiiiiteit ettt 149
4.1 Water SPHLLING CYCIES ...oviiiiiie ettt be e st e s be et e sbeereesbesreeneesre e 150
4.2 Formic Acid, Acetic Acid, and Dimethyl Ether Production With Hydrogen Generation Cycles... 167
4.3 Code Augmentations and FULUIE WOTK ..........cccciiiiiiiiiieecse e 181
Chapter 5 - Discussion and CONCIUSIONS..........ccuiiiiiiiiii it 191
(O F=T o (T G N o 0T 0o [ PSS 194
Appendix A.1- Storage reactor fFOrMUIALION. ..o 194
A.L.1 Preliminary INTOrMELION. .........coiiiiii it 194
N Y oL L 4 AV 1 (oo TSR 196
A.L.3. MOMENTUM DEIIVALION ...ttt sttt et e este e seeenes 201
ALAENEBIGY BAIANCE ... e 204



F SIS Ta (114 o] TN o] o] o= o o LT 223

N O N[ LA o ST PR S PRPORTPRN 224
Appendix A.2 — Energy Balance Gradient............cccocviveiiiieiieie et 231
Appendix A.3 Thermodynamic definitions and CalCulations.............cccocviriieneneieic e 234
Appendix A.4 — Equilibrium Calculation Methodology Validation.............c.ccoceveveiiiiiiinneee 236
APPENIX A.5- TREOTEM L ottt et et et e e e e st e s teebesbeeseesresneeneenre e 240
APPENIX A8 —TREOTEM 2. .ottt ettt e s et e s e e e e s beesbesbesteenbesbeeseesresneeneenreans 246
APPENTIX A.7 — TREOTEIM 3.t r ettt n e nn e 250
APPENIX A.8- TNEOTEM 4 ..ottt sttt et e s be e s b e st e s teebesteereesresneeneenreans 252
Appendix A.9 Selected AGiO References COMPANISONS........coveveieiririesiesre st 254
Appendix A.10 Species ThermodynamicC Data..........ccccvevviiiiiieieiiecie e s 261

CRAPLET 7 - RETEIEINCES ...ttt bbbttt bbb nn s n e 272

Vi



List of Figures

Figure 2-1: Proposed PPSO 3 phase SR OPEIatioN ........c.cccvvveiieiieiiie i seesie e sie et sre et sre e 15
Figure 2-2: Dimensionless time evolution of species’ partial pressure in composite reactor system Phase

R0 eSS 23
Figure 2-3:Total exit flowrate of reactor during operation of Phase 1, ®=50. ..........ccccoevviivriniiiininens 24
Figure 2-4: Evolution of parameters @co, ; during operation of Phase 1, ©@=50. .....c..cooovriniininninninns, 24

Figure 2-5: Dimensionless time evolution of species’ partial pressure in composite reactor system Phase

2, =500, cueueteuiete ettt ettt R bR R AR AR AR e R e R e R e R e R R e R e R e b e R e R et bRt R et bt e ne st er e 24
Figure 2-6: Sum of carbon containing species mol fraction in reactor gas during phase 2 of operation,

LG e | PSP PP PP PP PPPPR 25
Figure 2-7: Total exit flowrate of reactor during operation of Phase 2, @=50. .........cccccecvvivriniiniirinenienns 25

Figure 2-8: Dimensionless time evolution of species’ partial pressure in composite reactor system Phase
R TR e RS 25
Figure 2-9: Total exit flowrate of reactor during operation of Phase 3, @=50. ..........ccccecvvvvrinivniniinenennns 26

Figure 2-10: Dimensionless time evolution of species’ partial pressure in composite reactor system Phase

LR LTSS P ST U ST PP PR T PTPPPP 26
Figure 2-11: Total exit flowrate of reactor during operation of Phase 1, ©@=1. .......cccccccevvriiiininininenenns 26
Figure 2-12: Evolution of parameters @co,, during operation of Phase 1, ©=1. ..., 27

Figure 2-13: Dimensionless time evolution of species’ partial pressure in composite reactor system Phase
B L PR O STTTTSO SO T TP TP RO PSR UR TP 27
Figure 2-14: Total exit flowrate of reactor during operation of Phase 2, ©@=1. ........ccccccecvvinininininenenns 27

Figure 2-15: Sum of carbon containing species mol fraction in reactor gas during phase 2 of operation,

s USSR 28
Figure 2-16: Dimensionless time evolution of species’ partial pressure in composite reactor system Phase

R TR L PSS 28
Figure 2-17: Total exit flowrate of reactor during operation of Phase 3, O=1. .......cccceccvivinininiininenenns 28
Figure 2-18: Proposed SMR-MSR process and its Operating MOGES. ..........ccccuuerererieieenisese e 48

~

Figure 2-19: Methane dimensionless partial pressure at reactor inlet for7, =7, =7, =5, a=1, ¢=8.5 55

Figure 2-20: Dimensionless time evolution of species’ dimensionless partial pressure at reactor inlet over
3 cycles of operation for Da =2, 0 = 10.......cccoiiiiiiiiii et 56
Figure 2-21: Dimensionless time evolution of species’ dimensionless partial pressure at reactor outlet

over 3 cycles of operation for Da =2, @ = 10. ......cccooiriiiiiiieeee e 57

vii



Figure 2-22: Dimensionless time evolution of H2 dimensionless partial pressure in void and storage
domains at four reactor lengths for the last cycle of Da =2, @ = 10. ....c.cccoooviriiiiiiiine e 58
Figure 2-23: Dimensionless time evolution of CH4 and CO2 dimensionless partial pressures in void
domain at four reactor lengths for the last cycle of Da=2, @ = 10........ccccosoiririiiieiiiise e 58
Figure 2-24: Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM1
oYl D I e TR 60
Figure 2-25: Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM2
oYl D I e TR 61
Figure 2-26: Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM3
L0 A D I I T PO 61
Figure 2-27: Dimensionless time evolution of dimensionless species’ partial pressure at reactor outlet
over 3 cycles of operation for Da =4, 0 = 50 .......ccccoiiiiiiiiiiee e 65
Figure 2-28: Dimensionless time evolution of H2 dimensionless partial pressure in void and storage
domains at four reactor lengths for the last cycle for Da=4, @ =50......cccccoiiiiiiiiieniinniinineeee e 65
Figure 2-29: Dimensionless time evolution of CH4 and CO2 dimensionless partial pressure in void
domain at four reactor lengths for the last cycle for Da=4, © = 50. ......ccooiriiiiiiiinie e 66
Figure 2-30: Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM1
FOr DA =4, O = 50, ...ueiiiiie ettt ettt e et e s te e e tt e e Ere e e teeeataeeanteearaeeanreeenreeans 66
Figure 2-31: Conceptual sketch of the SR-MSR MOdel............cccooiiiiiii 88

Figure 2-32 - Methane dimensionless partial pressure at reactor inlet for 7, =7, =7, =5,a=1,c=8.5

Figure 2-33 Dimensionless time evolution of species’ dimensionless partial pressure at reactor inlet over 3
cycles of operation for Da=1.33 , ©@ =5.39 ......ccoiiiiiiiie e 97
Figure 2-34 Dimensionless time evolution of species’ dimensionless partial pressure at reactor outlet over
3 cycles of operation for Da =1.33 , © =5.30.. ...ttt 97
Figure 2-35 Dimensionless time evolution of species during the last cycle at 25% reactor length for Da
S1.33 , 0 =5.39 1ottt ettt ettt et ettt ettt ettt et et et en et en e 98
Figure 2-36 Dimensionless time evolution of species during the last cycle at 50% reactor length for Da
S1.33 , 0 =5.39 1ottt ettt ettt ettt ettt ettt et r ettt ettt en e 98
Figure 2-37 Dimensionless time evolution of species during the last cycle at 75% reactor length for Da
S1.33 , 0 =5.39 1ottt ettt ettt ettt ettt ettt et r ettt ettt en e 99
Figure 2-38 Dimensionless time evolution of species during the last cycle at 100% reactor length for Da
Z1.33 , 0 =5.39 1ottt ettt ettt ettt et ettt ettt e ettt en e 99

viii



Figure 2-39 Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM 1
FOT DA =1.33 , B =5.30 . i e e et e e e et e e e e st b e e e e e bae e e e e taeeaesatreeaeabreeaaan 100
Figure 2-40 Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM 2
FOT Da =1.33 , B =5.30 . e e e e et e e e et e e e e sbr e e e e e bbe e e e e taeeaesatbeeaeabraeaaans 100
Figure 2-41 Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM 3
FOT DA =1.33 , 0 =5.39 ittt ettt bt E e bRttt et e r et e n e 101
Figure 2-42 Species’ dimensionless temperature profile in reactor at the end of OM1, OM2 and OM3 for
DA =1.33, 0 =5.39 ..ottt bbbt Rt be e Rt bRt nrenenrn 101
Figure 2-43 Dimensionless time evolution of species’ dimensionless partial pressure at reactor outlet over
3 cycles of operation for Da =15.42 , @ =48.70.......cccccesieeiieieiie it se s rte et sre et sre e sreens 105
Figure 2-44 Dimensionless time evolution of species during the last cycle at 25% reactor length for Da
SU5.42 , O =AB.T0. oot b bbb e et b et b et e e b re e e nnnree s 105
Figure 2-45 Dimensionless time evolution of species during the last cycle at 50% reactor length for Da
SU5.42 , O =A8.T0. oot b bbbttt e a b a e e r b e e e rree s 106
Figure 2-46 Dimensionless time evolution of species during the last cycle at 75% reactor length for Da
ST5.42 , O =48 70, .o ieeeee ittt a b aa e anarann 106
Figure 2-47 Dimensionless time evolution of species during the last cycle at 100% reactor length for Da
ST5.42 , O =48 70, oo cieiei ittt a——— e —t e ar e nnaran s 107
Figure 2-48 Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM 1
FOr Da =15.42 , O ZA8.70. ....oc ittt e et e et e e tae e e re e e araeenares 107
Figure 2-49 Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM 2
FOr Da =15.42 , O =48.70. ...oecictie ettt et e et e e e e e e e e e ta e e e e e ta e e tae e e re e e nraeeaares 108
Figure 2-50 Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM 3
TOr Da =15.42 , O =48.70. c..eee ittt sttt ettt et e e ettt e et et re e rae e are e e nnaeennren 108
Figure 2-51 Species’ dimensionless temperature profile in reactor at the end of OM1, OM2 and OM3 for
Da =15.42 , O =A8.T0. .ooiiitiiee ittt b e bree s 109
Figure 3-1 Size of HR, FR, Lexicon and NA as for increasing size of NS, max species per HR=2,

3 1= 10 T=T o ST 134
Figure 3-2 - Size of HR, FR, Lexicon and Naas for increasing size of Ns max species per HR=2,

) 1<) 10 T=T o P 135
Figure 3-3 Size of HR, FR, Lexicon and Naas for increasing size of Ns max species per HR=2,
1= T4 T=T o A TSP 135
Figure 3-4 Figure 3 3 Size of HR, FR, Lexicon and NA as for increasing size of NS, max species per
HR=2, EXPEIMENT 4.ttt ettt et e be e e e st e e teestesbe e st e besseeaesteeneeseeeseentenres 136



Figure 3-5 Size of HR, FR, Lexicon and Naas for increasing size of Ns max species per HR=3,
BXPEITIMENT L.ttt bbbt h b e bRt bbb e et et e bt Rt b e R b n e n e n e 136
Figure 3-6 Size of HR, FR, Lexicon and Naas for increasing size of Ns max species per HR=3,
BXPEITIMEIT 2.ttt h R b b e st e bt e b ARt R e e bbb e b e e e e bt Rt R R b n e n e n e 137
Figure 3-7 Size of HR, FR, Lexicon and Naas for increasing size of Ns max species per FR=5,
Ly 1= T4 T=T o A S PS 138

Figure 3-8 Size of HR, FR, Lexicon and Na as for increasing size of Ns max species per FR=5,

L 1= T4 T=T 0 SRS 138

Figure 3-9 Calculated values of thermodynamic properties for cobalt (11,111) oxide against values obtained

L0 00T AN 1S TSSO R TR 142

Figure 3-10 Calculated values of thermodynamic properties for cobalt chloride against values obtained

LL0T 00T AN 1S OSSOSO USRS 143

Figure 3-11 Calculated values of thermodynamic properties for cobalt (I1) oxide against values obtained

LL0T 00T AN 1S OSSOSO USRS 143

Figure 3-12 Calculated values of thermodynamic properties for potassium tetrafluroborate against values

(o] 1= V10T I 1 0] 0 0T AN USSR 144

Figure 3-13 Calculated values of thermodynamic properties for boron monofluoride monoxide against

values obtaiNed frOM NIST . ...cuiiie et besre e e e steeeesteereenbenneas 144

Figure 3-14 Calculated values of thermodynamic properties for copper(ll) hydroxide against values

(o] 1= V1L I 0] 0 0T 1N ST 145

Figure 4-1- US Natural gas production DY YEaI. ..o 149

Figure 4-2 AG° and Vs temperature for Water Splitting cycle 1 reaction 1...........c.cccocoviiiccicicicinnnns 155
RT

Figure 4-3 AG’ and ¢vs temperature for Water Splitting cycle 1 reaction 2.............c.cocovevveniiiieicncnnn, 155
RT

Figure 4-4 AG° and ¢vs temperature for Water Splitting cycle 1 reaction 3.............c.cccoovvvniiiinicncnnn, 156
RT

Figure 4-5 AG° and ¢vs temperature for Water Splitting cycle 2 reaction 1...........c.c.cocovvvvniininicncnnn, 156
RT

Figure 4-6 AG° and Vs temperature for Water Splitting cycle 2 reaction 2...............cccoeeeeccccncnne, 157
RT

Figure 4-7 AG° and Vs temperature for Water Splitting cycle 2 reaction 3.............c.ccccvvvccccicicnnnns 157
RT

Figure 4-8 AG° and Vs temperature for Water Splitting cycle 3/4 reaction 1............c.cccevviccccninnnn, 158
RT

Figure 4-9 AG° and Vs temperature for Water Splitting cycle 3 reaction 2.............c.ccccvvvccccicicinnnn, 158
RT



Figure 4-10 AG°®
RT

Figure 4-11 AG°®
RT

Figure 4-12 AG°®
RT

Figure 4-13 AG°®
RT

Figure 4-14 AG°®
RT

Figure 4-15 AG°®
RT

Figure 4-16 AG°®
RT

Figure 4-17 AG®
RT

Figure 4-18 AG°®
RT

Figure 4-19 AG°®
RT

Figure 4-20 AG®
RT

Figure 4-21 AG®
RT

Figure 4-22 AG°®
RT

Figure 4-23 AG°®
RT

Figure 4-24 AG°®
RT

Figure 4-25 AG®
RT

Figure 4-26 AG°®
RT

Figure 4-27 AG°
RT

Figure 4-28 AG°®
RT

Figure 4-29 AG°®
RT

Figure 4-30 AG®
RT

Figure 4-31 AG®
RT

and ¢vs temperature for Water Splitting cycle 3 reaction 3...............cccooiiiinininnnnne. 159
and ¢vs temperature for Water Splitting cycle 4 reaction 2..............cccoovvviinnininnnne. 159
and ¢vs temperature for Water Splitting cycle 5 reaction12.............c.cccoovvvviinnnnen. 160
and ¢vs temperature for Water Splitting cycle 5 reaction 2..........ccccocovvvvciinnnnnen, 160
and ¢vs temperature for Water Splitting cycle 5 reaction 3., 161
and ¢vs temperature for Water Splitting cycle 6 reaction 1..........ccccococovvviviniiiinnnen. 161
and ¢vs temperature for Water Splitting cycle 6 reaction 2...............ccocovvviinininininne. 162
and ¢vs temperature for Water Splitting cycle 6 reaction 3...............ccccoeviinnininnnne. 162
and ¢vs temperature for Water Splitting cycle 7 reaction 1.............ccocoovvivniinninininne. 163
and ¢vs temperature for Water Splitting cycle 7 reaction 2...............ccocovvviiinnininnnne. 163
and ¢vs temperature for Water Splitting cycle 7 reaction 3............cccccoovvvivcnniinnnnen. 164
and £vs temperature for Water Splitting cycle 8 reaction 1..........ccccocoovvviiiniiinnnnen. 164
and £vs temperature for Water Splitting cycle 8 reaction 2...........ccccocovvvivcnininnnnen. 165
and £vs temperature for Water Splitting cycle 9 reaction 1..........ccccocovvivicnniinnnne. 165
and ¢vs temperature for Water Splitting cycle 9 reaction 2..............ccocovvvivinnininnnen. 166
and ¢vs temperature for Water Splitting cycle 9 reaction 3...............cccooiiinninininnn. 166
and ¢vs temperature for Formic acid cycle 1 reaction 1. ..o, 170
and ¢vs temperature for Formic acid cycle 1 reaction 2. .............cccovvvincccicccnnne, 170
and ¢vs temperature for Formic acid cycle 1 reaction 3. .............ccocooiiiiiiccicinine 171
and ¢vs temperature for Formic acid cycle 2 reaction 1. ..o, 171
and ¢vs temperature for Formic acid cycle 2 reaction 2. .............ccccoooeiiiienicininee. 172
and ¢ vs temperature for Formic acid cycle 2 reaction 3. ............ccocoooiiiiiseicienne 172

Xi



Figure 4-32 AG®
RT

Figure 4-33 AG®
RT

Figure 4-34 AG°®
RT

Figure 4-35 AG°®
RT

Figure 4-36 AG®
RT

Figure 4-37 AG°®
RT

Figure 4-38 AG°®
RT

Figure 4-39 AG°®
RT

Figure 4-40 AG°®
RT

Figure 4-41 AG°®
RT

Figure 4-42 AG°®
RT

Figure 4-43 AG°®
RT

Figure 4-44 AG°
RT

Figure 4-45 AG®
RT

and ¢vs temperature for Acetic acid cycle 1 reaction 1. ..., 174
and ¢vs temperature for Acetic acid cycle 1 reaction 2. ..o, 174
and £vs temperature for Acetic acid cycle 1 reaction 3. ..o, 175
and ¢vs temperature for Acetic acid cycle 2 reaction 1. ..........ccoovvvniiiiccccnine, 175
and ¢vs temperature for Acetic acid cycle 2 reaction 2. ...........ccococvviiiicecnininne, 176
and ¢vs temperature for Acetic acid cycle 2 reaction 3. ..., 176
and ¢vs temperature for DME acid cycle 1 reaction 1., 177
and ¢vs temperature for DME acid cycle 1 reaction 2., 178
and ¢vs temperature for DME acid cycle 1 reaction 3., 178
and ¢vs temperature for DME acid cycle 2 reaction 1., 179
and ¢vs temperature for DME acid cycle 2 reaction 2.............cocoeovvviiiiccncnnnnne, 179
and ¢vs temperature for DME acid cycle 2 reaction 3.............cccocovvniiiiccnnninne, 180

and ¢vs temperature for augmented water splitting cycle 1 reaction 3, whole interval.186

and £vs temperature for augmented water splitting cycle 1 reaction 3, reduced interval 1.

xii



List of Tables

Table 2-1: SIMUIALION PAFGMELETS..........cviiiiiiiie ettt sttt e e enes 18
Table 2-2: Reactor Dimensionless INlet FIOW RatES.........cccveiiiiiieiriiee e 19
Table 2-3: Reaction Kinetic Parameters for P* = 26-10° Pa, T = 900K .........cccoovvirveerviereceeecsenerennens 19
Table 2-4: Reactor Initial Dimensionless Partial Pressure Conditions ............ccocvvevereienienicnienene s 20
Table 2-5: Comparison of performance metrics for SSR and SR..........ccccoveiiiiiiici i 29
Table 2-6: SR OPErating TIMES. .....civeiiiiiiie it st se et e re e s beete e besaeeseesbesseeseesreeseesbeeseeseenres 29
Table 2-7: Comparison of SR performance metrics for both phase 1 stopping criteria.........c..cccoceevvevenenn 31
Table 2-8: SR Phase Operating Times for both phase 1 stopping Criteria.........cccccocviviieiiiiiiie e 32
Table 2-9: Convergence of operating times for each phase. .........c.cccocveie i 32
Table 2-10: Rate coefficients and adsorption constants for use in Arrhenius or Van’t Hoff Equations..... 45
Table 2-11: SMR reaction equilibrium CONSTANES ........c.coiiiiiiiiiie e 46
Table 2-12: MSR design parameters and OM dimensionless duration timesS..........cccocvvvevvvvereseecienennnns 54

Table 2-13: Performance metric comparison for SMR-MSR and SMR-SSR for the sixteen considered

L1 = LSRR 63
Table 2-14: Dimensionless heat parameters and variablIes. ..o 79
Table 2-15: Dimensionless MOMENtUM PArAMETEIS. .......cuiiiirirerieieeeee et 80
Table 2-16: Dimensionless Stefan-Maxwell formulation. ..o 83
Table 2-17: Rate coefficients and adsorption constants for use in Arrhenius or Van’t Hoff Equations..... 84
Table 2-18: SMR Reaction EQUiliDrium CONSTANTS .........coooviiiiiiieiece s 85
Table 2-19 Parameters values used in SIMUIALIONS .........ccoocveiiiiiieie e 87
Table 2-20 Initial and boundary CONAITIONS .........c.c.coiiiiiiiiiccce e et sae s 87
Table 2-21 Reactor Concentration Boundary Conditions by Phase............ccccceviiiieiiiiiiicvccecce e 87
Table 2-22 Performance metric comparison for SMR-MSR and SMR-SSR for 32 trials. ...........c........... 102
Table 2-23: OM dimensionless duration times for 32 trialS. .........ccoceveieiiiiiii e 103
Table 2-24 Performance metric comparison for SMR-MSR and SMR-SSR, and OM dimensionless

Auration tIMES FOr 17 TrHAIS.......o ettt te e saesre e e seeenen 110
Table 2-25 Performance metric comparison for SMR-MSR and SMR-SSR, and OM dimensionless

Auration tiMeS FOr L3 TFHAIS......coei ettt sae e e naesee e e sreenen 111
Table 2-26 Performance metric comparison for SMR-MSR and SMR-SSR, and OM dimensionless

AUration tIMES FOr 7 tralS.........cvi it e e re e nreeres 111
Table 4-1: Problem ParamEters. ........cciiieiieiecieiie st e st ste e ste st ste e tesseestesteentesaeereestesneeseenreens 150
Table 4-2: Water SPITHING CYCIES ..ot 151



Table 4-3: FOrMIC aCIA CYCIES. .....cviiieeeieee ettt ettt ettt seeereeseesreeneesee e 169

Table 4-4:ACELIC ACIU CYCIES ..ottt n e 173
Table 4-5: DME @CIA CYCIES. ......oiiieiiieisee bbb 177
Table 4-6: Problem parameters for augmented COde trialS ..........ccoorverieiiiiiiiiii e 184

Table 4-7 Water cycles with implementation of inert ratio, non-irreducible reactions, and augmented

target into the AlgOTItNM ..o e te et sre e e e 184
Table 4-8 Memory size of for sequences w, ¢, p, and d as Nsand NainCrease. ..........cccccevvvevveveseernennnnn, 189
Table 6-1: Equilibrium mol fraction calculation for teSt Case L........cccoceviviveiiiiiiie i 237
Table 6-2: Equilibrium mol fraction calculation for teSt Case 2.........ccocevvviveiiiieiiie e 238
Table 6-3: Equilibrium mol fraction calculation for test Case 3.........cccccvviiiieiiiiiiiee i 238
Table 6-4: Equilibrium mol fraction calculation for test Case 4.........ccocevvviveiiiiiiic i 239
Table 6-5: Equilibrium mol fraction calculation for test Case 5........cccceviviveiiiiiiic i 239
Table 6-6: Equilibrium mol fraction calculation for test Case 6.........ccccevvvieeviiiiiic i 239

Xiv



Chapter 1 - Introduction: Process intensification, reaction networks, reactor

modeling

Over the course of the last four decades, process intensification (P1) has developed as an
area of chemical engineering research. Having first appeared in the literature in the early 1970’s,
PI has continued to grow incorporating a variety of aspects in chemical engineering, including
process safety [1] and process systems engineering [2]. While an exact definition has been
difficult to pin down, most seem to agree that Pl involves any strategy or chemical engineering
development that leads to a substantially smaller, cleaner, safer and more energy-efficient
technology or which combines multiple operations into fewer devices [3].

Historically, major advancements in Pl have been the result of improvements based on
iterative experimental design. Examples include membrane reactors for methane steam
reforming (MSR) for hydrogen generation at lower temperatures [4], the so-called dividing-wall
columns that combine multiple distillation columns into a single unit [5], and compact catalytic
plate reactors for use in Fischer-Tropsch synthesis [6]. However, in recent years there have also
been numerous advances in systematic approaches and analytical tools for identifying, at the
theoretical level, new Pl methodologies. Mathematical formulation advances, such as the IDEAS
framework [7], as well as multi-objective optimization techniques [8] have helped to introduce a
more systematic approach in developing and identifying Pl pathways for various chemical
systems. Additionally, software has been developed [9] based on the implementation of an
extended systematic methodology for sustainable process design for use in PI.

To this end, a novel process, termed the storage reactor (SR), is presented ), which aims

to intensify traditional, steady-state, reactor designs, by carrying-out simultaneously reaction,



separation, and storage in a single unit, while avoiding the reliability shortcomings associated
with high-temperature membrane tubes typically used in membrane reactors that also
simultaneously carry-out reaction and separation. A SR consists of two physically distinct
domains, designated as the reactor domain and the storage domain, which are allowed to
communicate with each other through a semipermeable boundary. It is envisioned that the SR is
operated in a dynamic (periodic) manner, that enables the loading and unloading of the storage
domain. The mathematical framework for the SR process is first constructed for the general case,
combining both reactor and pellet scale equations. After making some simplifying assumptions
a 0-D first principle SR model is presented that quantifies SR dynamic behavior. The resulting
governing equations are nondimensionalized, and two dimensionless groups are shown to
uniquely determine SR performance, which is quantified through the use of several proposed
metrics. An illustrative case study on Steam Methane Reforming (SMR) is then carried out,
involving parametric studies on the two aforementioned dimensionless groups. Next, a dynamic
1-dimensional isobaric and isothermal first principles-based model is presented. The resulting
governing equations are rendered dimensionless, and are again shown to feature two
dimensionless groups that can be used to affect process performance. A number of metrics are
then introduced and applied to a case study on Steam Methane Reforming, for which a
parametric study is carried out which establishes the superior performance of the MSR when
compared to a reactor operating at steady state (SSR). Following this analysis a more
comprehensive 1-dimensional non-isobaric non-isothermal model is presented and made
dimensionless. The model is then simulated and analyzed using the previously defined metrics.
While the increase in raw material consumption and in desirable product output our

demonstrated to be beneficial, they can also potential increase the production of undesirable



byproducts. For example, in the case studies on SMR it is shown that there is also a significant
increase the carbon dioxide production, a known pollutant and climate change bad boy. Even in
the general sense, as the SR process is intended to be implemented, many industrial relevant
reactions produce one or more undesirable species that must either be captured during the
reaction, or separated and sequestered further down in the production line. Therefore, a novel
methodology for the synthesis of closed reaction pathways (reaction clusters) with an emphasis
on hydrogen production is subsequently presented. Briefly, this so-called lexicographic approach
performs half reaction generation prior to the incorporation of thermodynamic feasibility and
other constraints into the synthesis process. A half reaction lexicon is created to identify
intermediate full reactions. Once the candidate intermediate reactions have been identified, their
thermodynamic properties can be assessed and their eligibility for reaction cluster membership
can be evaluated in detail. A cluster generation algorithm is finally devised, which employs
intermediate elimination as its basis. The power of the proposed method is illustrated on the

synthesis of a reaction cluster for five target reactions.



Chapter 2 — Storage Reactor Steam Methane Reforming Case Studies

In the following we go through several case studies. In these case studies, the derived SR
model is applied to the design of a novel process intensification reactor for SMR based hydrogen
production using a SR under PPSO. As mentioned earlier, it is envisioned that the proposed SR
process is operated in a dynamic (periodic) manner. A possible implementation of the proposed
“Partial Pressure Swing Operation” (PPSO) of the SR, which keeps the reactor pressure and

temperature constant, involves three operating phases. In the first phase, the SR operates in a

Loading-Reaction mode in the(g) domain (where the reactants are loaded into the SR and the
desired reactions are carried out in(g)), and in a Storage mode in the (s)domain (where one or
more desired species are preferentially transported from (g)to(s) , Where they are stored). In
the second phase, the SR operates in a Reactant-Flushing mode in the(g) domain (where the
reactants are removed from(g)), and in Storage-Maintenance mode in the (s) domain (where
the desired species are maintained in storage within (s)). Finally, in the third phase, the SR
operates in an Emptying mode in the (s) domain (where the desired chemicals are emptied from
storage within (s) and transported into(g)), and in Unloading-Production mode in the(g)

domain (where the desired species are removed from(g), to yield the main SR products).

It will be shown that the proposed 3 phase PPSO of the SMR SR outperforms a conventional
SMR reactor operating at steady state. Steam reforming of natural gas (and of other light
hydrocarbons) is a process that is used extensively in petroleum refineries today to generate the
hydrogen needed for their operation, for example, in the hydroprocessing of crude oil for the

production of gasoline and other fuels. Indeed, approximately 95% of the hydrogen produced in



the United States industrially was obtained via the SMR reaction[10]. These SMR reactors
typically operate near chemical reaction equilibrium, and represent a significant component of a
refinery’s capital and operating costs. Membrane separation has attracted attention over the past
three decades as a process intensification tool due to its low energy requirements compared to
more conventional separation technologies like distillation. Polymeric membranes have been the
most intensively investigated, and are now widely used commercially. Inorganic membranes on
the other hand, which include metallic, carbon, and ceramic membranes, have received relatively
less attention, despite the fact they also show good promise for broad applications[11]. There are
presently several commercial liquid-phase separations employing such membranes, but
commercial gas-phase applications are presently lacking. However, high-temperature and high-
pressure gas-phase reactive separations are an area where inorganic membranes have,
potentially, a distinct advantage over polymeric membranes, and thus such applications remain
today key drivers for the continued development of inorganic membranes. The equations found
in the following sections come from making simplifying assumptions to the general SR process

derivation found in Appendix A.1.

2.1. 0-dimensional studies

In this first section, a composite 0-dimensional model for the intensified SR process is
first derived that captures and highlights the basic characteristics of this novel reactor process.
Following non-dimensionalization, it is established that two dimensionless groups govern SR

behavior.

2.1.1 Mathematical Formulation

The SR is considered to be a composite thermodynamic system comprised of two simple
subsystems, the reactor gas domain (g) and the storage pellet domain(s), which communicate

5



with one another through a permselective layer, but are spatially exclusive. Considering that each
domain is spatially uniform, that the storage domain is uniformly dispersed within the gas
domain, that no reaction occurs within the storage domain, and that the composite system is

isothermal, gives rise to the following, species conservation based, 0-dimensional model for the

SR.
dnig (t) sin s out [¢] NC s 5Q g g0 H
L= (1) -1 (0)+n,({Re ()T Ve, ~n2 (1), nf(0)=n® ¥j=1..,NC
(2.1.1)
dn (t
né—t()zn?g(t), n:(0)=n5" vj=1..,NC (2.1.2)

where the first and second terms on the right-hand side of (1) are the inlet and outlet molar

flowrates respectively, the third term is the reaction based molar rate of generation of species |

(with r; the reaction based rate of generation of species j, V the total reactor volume, & the
volume fraction of the reactor occupied by the catalyst pellets, 7, the catalyst effectiveness factor

of species j, and p, the apparent mass density of the catalyst pellets, i.e. pellet mass over pellet
volume), and the fourth term is the molar flowrate of species j, leaving the reactor gas domain

through the permeable storage domain boundary and entering into the storage domain. The
storage domain is isolated from the inlet and outlet flows, and thus species j can only enter from
the reactor to the storage domain through its boundary. Thus, the right hand side of (2.1.2) only

contains the molar flow rate of species j, entering the storage domain through the permeable

storage domain boundary, having left the reactor gas domain (We assume here that the

permselective layer is ideal allowing only species j to permeate through. A practical example of



that would be a storage medium coated by a then Pd-alloy layer that allows only hydrogen to
permeate through during MSR).

Sieverts’ Law is typically employed in quantifying the molar flow rate of a species j
through a Pd membrane layer[11]. For such membranes, it has been shown, both
theoretically[12] and experimentally[15], that the molar flow rate is proportional to the
difference of the nth power of the partial pressures across the membrane, where 0.5<n<1. For
very thin Pd membranes n is near 1, and this is the form of Sieverts’ law that is employed in this
work. A similar transport equation has been shown to hold true for high-temperature carbon

molecular sieve (CMS) membranes[13]. The resulting equation is then:
09 = B,A® (PP —P) Vj=1..,NC (213)
where S is the j" species molar permeance through the permselective layer, A% is reactor gas-

storage medium interfacial area, and P, P’ are the j,, species partial pressures in the reactor gas

and storage mediums. Considering an ideal gas mixture, and the volume fractions of the catalyst
pellet solid, catalyst pellet gas, catalyst pellet, reactor void unoccupied by either catalyst or
storage pellets, reactor gas, storage pellet gas, storage pellet solid, and storage pellet to be

E.y &€ &
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st Egor . &, respectively, yields:
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where R is the universal gas constant, and T is the common temperature in all considered

domains. Incorporating (2.1.4) , into (2.1.1) and (2.1.2) then yields:
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Next, the above model is nondimensionalized, and dimensionless groups are identified

governing the SR’s behavior.

Introducingn”, P*,r",t" =

g -
as reference values of molar flowrate, pressure, reaction

rate, and time, allows the definition of the following dimensionless variables:
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with values for the reference parameters P, 1", and r” to be specified by the particulars of the

considered problem, since the choice of reference parameters can vary widely[14] and can

significantly affect the range of values of the resulting dimensionless groups[15], and therefore

must be chosen such that the resulting dimensionless problem’s solution is not adversely

influenced[16].

Equations (2.1.5), and (2.1.6) can then be written in dimensionless form as follow

*

n
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(2.1.7)

dt ¢, n B

gs
where the first species and its molar permeance through the permselective layer, f,is employed

AT) _ & ABP By (o0 () B9(0)= P vi=1..NC  (218)
in defining the dimensionless group that captures the effect of the storage domain on overall
process performance.

The operation of the proposed SR process must necessarily be dynamic (periodic) in
nature, since the species stored in the storage medium must at some point in time be removed,
otherwise the storage medium will “fill-up” and no longer allow species permeation though its
boundary. In this work, a “Partial Pressure Swing Operation” (PPSO) of the SR is envisioned,

which keeps reactor pressure and temperature constant. Such operation, aims to reduce reactor

heating/cooling and compression costs. To this end, and for the sequel of this work, it is thus

NC
considered that the reactor outlet flowrate is adjusted so thatz R’ (t) = constant . In turn, this
k=1

suggests that, the following must hold at all times
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(2.1.9
To further simplify the above derived dimensionless model, the following reference value

is selected, and dimensionless groups are introduced:

NC NC
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The resulting dimensionless model, and outlet flowrate non-negativity constraint are
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The above equations suggest that two dimensionless numbers determine the PPSO SR’s

dynamic behavior. The first, © = , provides a measure of how effectively the reference

Pe

mem

species is being extracted from the reaction domain into the storage domain, compared to the

employed molar flowrate reference value. Pe . is a Peclet number commonly employed by

other authors[17]-[20] for the analysis of membrane reactors. D, is the commonly employed

Damkohler number, which indicates the ratio of the reference reaction rate to the molar
flowrate’s reference value, and encapsulates the reactor’s residence time. The performance of
membrane reactor systems has been analyzed in terms of these dimensionless numbers[21], [22].
Comparing the performance of the PPSO SR, which is a periodic process, with that of a

traditional reactor, which is a steady-state process, requires that a number of process
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performance metrics be introduced. Since the PPSO SR is a periodic process that takes place
over several phases, it is appropriate to define metrics over each phase separately and over all
phases. When the inverse Peclet number ® is set to zero, the second and third operating phases
become obsolete, and as the duration of the first phase approaches infinity, its associated metrics
must approach their steady-state counterparts. Thus, the following metrics are considered.
Limiting Reactant Conversion

A limiting reactant K will be typically fed in the SR, and will be removed from the SR in
varying amounts during each phase. It is thus appropriate to define its conversion over all phases

as follows:

X, = (2.1.15)

Desired Product Ratio
Molar ratios of desired product over limiting reactant can also be introduced, for either a

single phase, or all phases. The molar ratio, of j produced during phasei, over limiting reactant

K fed over all phases, is:

j o (7 )T - j i (D)
;=5 Ne ] % °
Z{ [ne, (t‘)dt‘}
k=1| o

The molar ratio, of j produced during all phases, over limiting reactant K fed over all phases, is:

(2.1.16)
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A k=1| o
Q= . (2.1.17)
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This is often referred to as product yield. It then holds
NP
Q=Y o, (2.1.18)

Finally, the molar ratios defined below, can be considered as product recovery percentages over

each PPSO phase, and are thus referred to as the Product Recovery percentages.

R 22 Vi=LNP Vj=1.,NC (2.1.19)
The above system of non-linear first order differential equations (2.1.12),(2.1.13) can be

used to simulate all three PPSO SR phases, and can be solved using a standard implicit multistep

backward differentiation formulation (BDF) that can accurately capture the solution of stiff

initial value problems. Simultaneously with the time evolution of (2.1.12),(2.1.13), the algebraic

inequality(2.1.14) is monitored to ensure the positivity of the storage reactor’s outlet flow rate.

The above solution strategy was implemented within the COMSOL Multiphysics software
platform. The storage reactor concept is next illustrated on a steam methane reforming (SMR)
case study, in which the impact of both dimensionless parameters on the PPSO of an SMR SR is

quantified.

12



2.1.2 Case Study
In the analysis that follows, the molar flowrate ", and reaction generation rate r*

*A kl

Ol

reference values are selected as " 2" (0) T According to Xu and Froment[23],

SMR is carried out through the following three reversible reactions R1, R2, and R3, with

enthalpies of formation as shown below:

CH,+H,022 CO+3H, AH;:206.1K/ ~  (R1)
CO+H,022 CO,+H, AH;:-41.15K)/  (R2)

CH,+2H,022 CO, +4H, AH;1649K)/ = (R3)

Alternative SMR models employing only the first two of the above reactions have also been
developed[24], which argue that the above three reactions are linearly dependent. Although this
is true in a stoichiometric, and equilibrium sense, it is not true in a kinetic sense. Indeed, the
kinetic rate expressions provided in [25], can be brought in dimensionless form, as suggested in

[15]. The resulting dimensionless reaction rates for R1, R2, and R3 become:

Rl25 _CEL _Hgo_(ﬁ-?223 F_)Cgo
_ (Re) v .
_ (2.1.20)
i (DENf
A
= H 2
R, =1 . (2.1.21)
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R =t : (2.1.22)
(DEN)



— K, P
DEN=1+ K ,P% + Ky, PY + K, P, + % (2.1.23)
H2
where
*\1.5
_ _ _ K _ (P) k . — K
L= K*121 K2:K2! s = *32, 1:1’ 2:( ) 2:(P )15, kS:—S
(PY) (PY) K, k.t (21.24)

Koo =KeoP™, Ky, =Ky P7, Koy, =Ko P7 Ky o =Ky o
In the spirit of [26] considering the above reaction rate expressions as elements of the

linear space of real valued functions of the five species’ partial pressures, yields that the

reactions R1, R2, and R3 are linearly independent in a kinetic rate sense. Indeed, it can be readily

verified that the only real numbers 4, 4,, 4, for which the equation A7, + 4,1, + 4,; =0 is
satisfied for all possible partial pressures P, , P, P} P, RS, must satisfy
4 =0,4,=04=0.

The PPSO of the SMR SR is carried out in three phases, each of which is described by

the activity occuring in the(g)and (s) domains and is designated as follows:

Phase 1 (Loading-Reaction/Storage), Phase 2 (Decarbonization/Maintenance), and Phase 3

(Unloading-Production/Emptying). These three phases have a time duration designated asz,, 7, ,

and z,, as illustrated in the figure below, and are described next.
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Figure 2-1: Proposed PPSO 3 phase SR operation

Phase 1: SR Loading-Reaction/Storage Phase

At the beginning of this phase, (g) is largely composed of steam and some hydrogen,
while(s) only contains hydrogen at a pressure higher than the partial pressure of hydrogen in
(g). A mixture of methane and steam is then fed into the SR at a constant flow rate, the SMR
reactions are carried-out, and the generated hydrogen begins to permeate into (s) as its partial
pressure in (g) exceeds the total pressure of (s). The outlet flowrate varies, as described by

(2.1.9), so as to maintain constant pressure in (g).

Phase 2: SR Decarbonization/Maintenance Phase
Phase 2 begins at the final conditions of phase 1, and the feed is switched to a mixture of

steam and hydrogen, the composition of which is selected so that the partial pressure of hydrogen
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in (g)is above the hydrogen pressure in (s)so as to maintain the stored hydrogen in (s). Thus

(g) is decarbonized, until its contents essentially consist of steam and hydrogen.

Phase 3: SR Unloading-Production/Emptying Phase

Similarly, Phase 3 begins at the final conditions of phase 2, and (g)is fed pure steam.

This action empties the contents of (s) into(g), and unloads the contents of (g) generating a

mixture of hydrogen and steam as the MSR SR product, which is readily separable at high
pressure, thus avoiding compression related operating costs.

Comparing the performance of the PPSO SMR SR, which is a periodic process, with that
of a traditional, SMR reactor, which is a steady-state process, requires that the above defined
process performance metrics be specialized to the SMR case study.

Designating methane as our limiting reactant, equation (2.1.15) becomes:

5 f. o - [ (|
CH, — =
NF[J'nCH A t)dt_}

Similarly, equations (2.1.16)-(2.1.19) can be expressed for all products, CO,CO,,H, ,

(2.1.25)

and are listed below for the species of interest.

g1 & (2.1.26)
{ [ 1, (t‘)dt‘}
k=1| o
NP | 7k L o
{J‘nﬁ‘z‘tk(t_)dt_—jn,gnz [ )dt}
y, &0 ° (2.1.27)




jn"“‘ (T)dT - jn (D)t

- (2.1.28)
jn°“‘ (T)dT - jn (D)t

Equation (2.1.26) captures the CO2 molar production ratio in phase 1 over the total amount of

H,,rec

CH, fed over all three phases. Equation (2.1.27) quantifies the molar ratio of total hydrogen

produced over natural gas raw material, and represents the hydrogen yield over all three phases
of operation Finally, of significance is the hydrogen recovery ratio quantified by equation
(2.1.28) during the 3" phase, i = 3, as it quantifies the molar ratio of readily purifiable (through
water separation) hydrogen to total hydrogen produced.

To determine the time duration z,, 7,, and z,0f the three PPSO phases, a stopping

criterion for each phase must be selected. Two different stopping criteria are considered for

phase 1, and the obtained results are compared in terms of the above listed performance metrics

in the discussion section. The first selection for the duration of the first phase z;"is the time at
which the function @, ,:7, = @0, (7, ) reaches its maximum value, i.e.

7, 2argmax w,,_, (7,). The rationale for this decision is that for small values of 7,, the value of
7, €[0,0)

o, 1(7,) is close to zero, while for large values of 7, the value of @, , (7, ) approaches the
corresponding product ratio of the steady-state, no storage, reactor. The above 7, selection
ensures that significant CO, product generation has occurred during the first phase, leading
inevitably to significant H,hydrogen generation and storage, and also leaving the SR gas phase
at the end of phase 1 in a CO, rich state, increasing the decarbonization efficiency of the second

phase.
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Our second selection for the duration of the first phase z; is the time at which the
hydrogen partial pressure inside the storage medium reaches 90% of the hydrogen partial
pressure attained in the reactor for operating times approaching infinity (which is equal to the
hydrogen partial pressure at the exit of the corresponding steady-state reactor). Mathematically,

7 P} (T;)zo.g-(ﬁng)séo.g- lim B; ().

S 7] —>+0

The duration of the second phase 7, is selected as the time at which the function

P (T) 2P, (T)+ P, (T)+ P%(T)is brought below a predefined decarbonization limit (e.g.

0.01). This selection determines the level of carbon impurities in the H, product generated

during phase 3. Similarly, the duration of the third phase z; is selected as the time at which the

()
5 (%)

determines the pressure fluctuation experienced by the storage medium over the SR PPSO.

o

function

is brought below a predefined depressurization limit (e.g. 0.05). This selection

nv)

Next, the time evolution of all SR state variables (species mole fractions in the gas and storage

phases) are shown for the SR model parameter values and the summarized in the Tables below.

Table 2-1: Simulation Parameters

Description Parameter Value
Species k effectiveness factor 7 1

Species j permeance ratio ﬂj /ﬂl Oforall j=1
Reactor gas void fraction to Storage gas £, / Eg 0.1

void fraction ratio

Membrane Permeation (Inverse Peclet) | ® 50

number
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reaction 1

Damkdhler number 7
Table 2-2: Reactor Dimensionless Inlet Flow Rates
Description Parameter Value
Inlet methane flow rate: phase 1 _(':'L . 0.25
Inlet water flow rate: phase 1 ﬁ:'no . 0.75
2Y,
Inlet flowrate of other species: phase 1 ﬁjif‘l j#H,0,CH, 0
Inlet water flow rate: phase 2 TIT o2 0.85
2V
Inlet hydrogen flow rate: phase 2 ﬁ;'" , 0.15
Inlet flow rate of other species: phase 2 ﬁji'jz j=HO,H, 0
Inlet water flowrate: phase 3 Qi 6
H,0,3
Inlet flow rate of other species: phase 3 ﬁji"ﬂs j=HO 0
Table 2-3: Reaction Kinetic Parameters for P~ = 26-10° Pa, T = 900K

Description Parameter Value
Dimensionless reaction rate constant 1 |Zl 1
Dimensionless reaction rate constant 2 |Z2 662.6
Dimensionless reaction rate constant 3 |23 0.143
Dimensionless equilibrium constant K 0.002
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Dimensionless equilibrium constant |Z2 2.35
reaction 2

Dimensionless equilibrium constant |Z3 0.005
reaction 2

Dimensionless adsorption coefficient CO KCO 26.97
Dimensionless adsorption coefficient H, | K|, 0.01
Dimensionless adsorption coefficient CH, | K, 2.88
Dimensionless adsorption coefficient H,0 | K|, , 1.26

Table 2-4: Reactor Initial Dimensionless Partial Pressure Conditions

Description Value

P, Phase 1 0.0002
P}, Phase 1 0.9992
P} Phase 1 0.0002
P< Phase 1 0.0002
P, Phase 1 0.0002
P;, Phase 1 0.019

In Figure 2-2, the phase-1 time evolution of all species mole fractions in the gas domain
is shown. It can be seen that the CO, mole fraction time function exhibits a maximum, while the
CH,,CO, and H,mole fractions increase with time, and the H,O mole fraction decreases with

time. This behavior is consistent with the reactor starting phase-1 in a completely decarbonized
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state, and largely full of H,O. Thus, despite the vigorous transformation of CH, into CO, and
CO,, the CH, mole fraction in the gas phase increases. Additionally, the phase-1 time evolution

of H,in the storage domain is also captured, in the form of the ratio of the hydrogen storage

pressure over the total reactor pressure, which is a monotonically increasing function of time

whose limit for long times becomes equal to the H, mole fraction in the gas domain. Figure 2-3

illustrates the positivity of the outlet molar flowrate throughout the phase-1 time evolution,

confirming the physical realizability of PPSO during phase 1. Figure 2-4 illustrates the time

averaged metric o, , as a function of the potential phase-1 operating time z,. Figure 2-4 also
exhibits a maximum at z; =3.89, similar to the CO, mole fraction behavior shown in Figure 2-2,

which according to the first stopping criterion z; = argmax w,_, (7, )is then chosen as the
7, €[0,%0)

operating time for phase-1, since it ensures significant CO, product generation that is higher than
that of an SSR. Figures 2-5 through 2-9, illustrate the performance of the SR PPSO operation
under the aforementioned stopping criterion z; = 3.89 for phase 1.

In Figure 2-5 the phase-2 time evolution of all species mole fractions in the gas domain is

shown. Since the SR feed during phase-2 consists of only H, and H,O the outlet mole

fractions of all other species decrease over time. In Figure 2-5 the phase-2 ratio of the hydrogen
storage pressure over the total reactor pressure, is also shown to be approximately constant,

except at small times as the hydrogen partial pressure in the gas equilibrates to the lower total
storage pressure. Figure 3-6 shows PY(T)£R%, (T)+ R, (T)+P%(T)as a function of time,

and illustrates that the sum of all carbon containing species mole fractions falls below 0.01 at
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7, = 3.13. As with phase 1, Figure 2-7 shows that the outlet molar flowrate positivity is

maintained throughout phase 2.

Finally, Figures 2-8 and 2-9 show the SR behavior during the Unloading Phase (phase 3)
of operation, depicting the partial pressure of each species in the gas and storage domains.
Choosing a depressurization limit of 0.05, the phase 3 operating time is then determined to be

7, =4.42. As with the other phases, Figure 2-9 shows the positivity of the outlet molar flow is

maintained throughout phase 3 reactor operation.

With the operational times calculated, it is now possible to calculate the metrics as
described in equations (2.1.25)-(2.1.28). Conversion of methane increased over 100% by
implementing the SR over a SSR, going from 0.32 to 0.68. The hydrogen recovery ratio is 0.81,
indicating a large amount of hydrogen is recovered in phase 3 of SR operation, exceeding values
of comparable metrics recently obtained by membrane reactors operating at steady state [27].

The SR hydrogen yield of Y, =1.92 is also significantly higher than its SSR counterpart of
Yy, =1.08. These high SR metric values suggest that the SR outperforms the SSR based on the

defined criteria, and that SR operation at the designated temperature T =900K (which is lower
than traditionally used SMR temperatures [25], may be economically viable and realizable using
alternative fuel sources that would reduce carbon dioxide emissions[28].

Next we investigate the effect of the inverse Peclet number on reactor performance.
Figures 2-2 thru 2-4 (Figures 2-10 thru 2-12) summarize the results for reactor designs with
® =50 (® =1), while keeping all other simulation parameters the same. In particular, Figure 2-

4 (Figure 2-12) illustrate that the magnitude of @, , has a peak value of 0.49 for ® =50 (0.31

for ®=1), indicating that less CO, is being generated and that less reaction is occurring in the
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gas domain as © decreases. They are also used to identify 7, =3.89for ® =50 (z; =8.01for

©® =1) according to the first stopping criterion z, = arg max a)COZ,l(Tl)' Figures 2-5 thru 2-9

7,€[0,0)
(Figures 2-13 thru 2-17) summarize the remaining results for reactor designs with ® =50 (
® =1), while keeping all other simulation parameters the same and using the first stopping

criterion. Methane conversion is reduced from 0.68 for ® =50 t00.43 for®=1.As O is

lowered, operational times increase in both phases one and three, from z; =3.89 and 7; =4.42

for® =50to 7, =8.01 and r; = 25.01for® =1. The above suggest that a number of potential
operational and energy savings can be attained by using storage medium material that can deliver
large inverse Peclet numbers. The inverse Peclet number ® has a minimal effect onz;,, as during
this phase there is minimal hydrogen permeation through the gas-storage domain boundary, since
the reactor is being flushed of reactants and undesirable products. The hydrogen yield and

hydrogen product recovery are also both reduced fromY,, =192 and R, . =0.81 at ®=50 to

Yy, =1.35and R =0.47 at ® =1, suggesting that the inverse Peclet number should be

H,,rec

increased as much as physically possible, to obtain the best reactor performance.
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Figure 2-2: Dimensionless time evolution of species’ partial pressure in composite reactor system Phase 1, ©=50.
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Figure 2-3:Total exit flowrate of reactor during operation of Phase 1, ®=50.
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Figure 2-4: Evolution of parameters C()CO2 1 during operation of Phase 1, ©=50.
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Figure 2-5: Dimensionless time evolution of species’ partial pressure in composite reactor system Phase 2, ©=50.
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Figure 2-6: Sum of carbon containing species mol fraction in reactor gas during phase 2 of operation, e=50.
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Figure 2-7: Total exit flowrate of reactor during operation of Phase 2, @=50.
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Figure 2-8: Dimensionless time evolution of species’ partial pressure in composite reactor system Phase 3, ©=50.
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Figure 2-9: Total exit flowrate of reactor during operation of Phase 3, ®=50.
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Figure 2-10: Dimensionless time evolution of species’ partial pressure in composite reactor system Phase 1, ©=1
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Figure 2-11: Total exit flowrate of reactor during operation of Phase 1, ®=1.
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Figure 2-12: Evolution of parameters a)co2 1 during operation of Phase 1, @=1.
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Figure 2-13: Dimensionless time evolution of species’ partial pressure in composite reactor system Phase 2, ©=1.
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Figure 2-14: Total exit flowrate of reactor during operation of Phase 2, @=1.
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Figure 2-15: Sum of carbon containing species mol fraction in reactor gas during phase 2 of operation, ®=1.
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Figure 2-16: Dimensionless time evolution of species’ partial pressure in composite reactor system Phase 3, ©=1.
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Figure 2-17: Total exit flowrate of reactor during operation of Phase 3, @=1.
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There are several process design and operational parameters that can be adjusted to
increase ®. First, the inlet flowrate can be reduced, thus increasing reactant residence time, and
allowing for additional reactant conversion to occur within the gas domain. Second, the gas-
storage domain interfacial area can be increased, allowing for increased transport between the
two domains. Third, increased preferential hydrogen permeance through the storage medium’s
permselective layer can be pursued, through appropriate selection of the layer’s pore structure

and material. Finally, high reactor operating pressure would also lead to higher © values.

Table 2-5: Comparison of performance metrics for SSR and SR.

Metric | SSR SR: ©=1, Da=7 | SR: ®=50, Da=7 | SR: ®=50, Da=0.1
X 0.32 0.43 0.68 0.36
CH,
Y 1.08 1.35 1.92 0.74
H
R N/A 0.47 0.81 0.80
H,,r¢c

Table 2-6: SR Operating Times.

Metric | ©=1, Da=7 | ©=50, Da=7 | ©=50, Da=0.1
* 8.01 3.89 4.624

h
* 3.19 3.13 3.053

7
* 25.01 4.42 3.488

T3

The above Tables 2-5 and 2-6 summarize the effects of varying ® on SR performance.
They also quantify the effect of varying Da on SR performance. As shown in Table 2-5, for

® =50, methane conversion, hydrogen production ratio and hydrogen product recovery are all
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reduced from X, =0.68, and R =0.8lat Da=7to X, =0.36Y, =0.74 and

H,,rec

R =0.80 at Da =0.1. These reductions are significant, suggesting that SR’s with high O,

H,,rec
and low Da values may not be efficient, and reaffirming that both the reaction and separation
characteristics of SR must be simultaneously considered to optimize SR performance. In regard
to operating times, Table 2-6 illustrates that varying Da has a relatively small effect on
operating times for each phase of the SR.

In comparing the proposed SR process to existing periodically-operated reforming
reactors (e.g., sorption-enhanced), it should be emphasized that the SR does not employ sorption
to enhance reactor performance. Rather, it employs a storage medium whose outer surface is
permselective to the desired species, which are thus preferentially transported from the reacting
phase into the storage medium. The transport across this permselective layer can be driven by a
variety of driving forces, depending on the nature of the particular storage medium chosen, that
affect the chemical potential difference of the preferentially-transported species across the
aforementioned surface. This suggests, that the SR process can be applied to reactors in which
the reaction and storage domains can be composed of any combination of gas-phase, liquid-
phase and/or solid-phase media.

In comparing the proposed SR process to existing membrane-assisted reactors (MR), it is
important to emphasize that the SR process does not suffer from any potentially severe
performance degradation induced by structural imperfections, as commonly encountered with
large-area membranes employed in such MR. Since the storage medium is likely to be in a pellet
form, it is expected that it will be a straightforward task to prepare defect-free permselective
coatings (e.g., via dip-coating of pre-ceramic precursors with subsequent pyrolysis to form

ceramic surface films, see [29]). Indeed, any pinhole and/or crack that may form during
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operation on a given pellet’s surface coating is likely to have less of a detrimental effect on
reactor performance than forming a similar size defect on a membrane tube. This means then that
any reactor performance degradation that may occur, due to the storage medium’s decline in
permselectivity is likely to be gradual and incremental, and performance recovery may be easier
to implement than in the MR case.

In comparing the effect of different stopping criteria for phase 1 on overall SR

performance, it was found that stopping criterion one (rl* = argmax Wco, ’l(Tl)J was superior to
‘[16[0,00)

£0.9- lim P} (z,)across all metrics. Indeed as

stopping criterion two 7, : Py (rl*) = 0.9~(E?2 )SS Jim
can be seen in Table 2-7, methane conversion, hyrogen yield, and hydrogen recovery are all
lower when the second phase 1 stopping criterion is employed. This is consistent with the
stopping criterion effect on the operational times of all three SR phases, summarized in Table 8.
In the limit of long SR operational times, the SR performance metric values approach those of
the SSR, thus negating the potential SR benefits. This further highlights the need for further

studies aiming at identifying the optimal SR phase operational times for the optimization of

various SR performance metrics.

Table 2-7: Comparison of SR performance metrics for both phase 1 stopping criteria.

Metric | CR1: ®=1, Da=7 CR2: ®=1, Da=7 | CRI1: ®=50,Da=7 | CR2: ®=1, Da=7
X 0.43 0.36 0.68 0.58
CH,
YH 1.35 1.23 1.92 1.69
2
R 0.47 0.26 0.81 0.69
Hy,r
2
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Table 2-8: SR Phase Operating Times for both phase 1 stopping criteria

Metric | CR1: ©=1, Da=7 CR2: =1, Da=7 CRI: ®=50, Da=7 | CR2: @=1, Da—7
* 8.01 27.2 3.89 5.91

2]
* 319 301 313 297

7
« 25.01 289 4.42 4.60

T3

The long-term periodic behavior of the SR process is attained within a few operating cycles.
Indeed, the reactor at the end of the regeneration phase is largely filled with water and low levels
of desired species (hydrogen) in the storage medium. Using initial conditions of ycn4=0.01,
YH20=0.96, yH2=0.01, yc0=0.01, yco02=0.01, yH25=0.02, the process converges to its long-term
behavior within 3 cycles. The associated evolution of stopping times for each phase for a reactor

with ®=50, Da=7 is shown in the table below.

Table 2-9: Convergence of operating times for each phase.

Metric | Cycle 1 Cycle 2 Cycle 3
* 3.76 3.88 3.89

O
* 3.09 3.13 3.13

(7
* 4.40 4.42 4.42

T3

This quick convergence can be readily explained by the dominant presence of water in the

reactor domain at the end of the regeneration phase.

2.1.3 Conclusions
A novel reactor process, termed the storage reactor (SR), was proposed, and a first

principle based model capturing its behavior was presented. The SR process combines reaction
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and separation, and can deliver high purity products, and potentially overcome equilibrium
limitations. It is envisioned that the SR will find applications in the energy and other sectors,
where there is a great demand for process intensification. To assess SR behavior, a 0-

dimensional dynamical model was developed, whose dimensionless form highlights that two

dimensionless parameters, Da (Damkohler number) and ® =1/Pe___(inverse Peclet number),

mem
determine SR behavior. A number of metrics were introduced for assessing SR behavior, which
were easily amenable to comparison with conventional metrics of steady-state reactor (SSR)
performance. A case study on hydrogen production through Steam Methane Reforming was
carried out, and SR Conversion, Yield, and Hydrogen Recovery were all shown to be greater

than their SSR counterparts. A parametric study was then carried out on the aforementioned ,
Daand® =1/Pe_,. dimensionless groups, and it was shown that maximizing both groups led to

improved SR performance. This work should be viewed as a proof of concept study, that
introduces the SR process, and will be followed by modeling and optimization studies of
increased complexity.

One of the many advantages of the SR process is its flexibility in accommodating any
desired production scale. For example, in the presented case study for steam methane reforming,
it is envisioned that the SR could be applied at the refinery level to meet hydrogen raw material
needs; but it is also quite feasible to apply the SR technology at the hydrogen-fueling station
level for decentralized hydrogen generation.

The SR is amenable to retrofit implementation in existing plants, since all it requires is
the loading of the reactor with the storage media in addition to the catalyst, so no reactor
rebuilding and/or replacement is required, as would be the case, for example, for industrial

implementation of MR. Further, additional feed and effluent lines may need to be constructed in
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order to appropriately direct material to and from the reactor at different times. Such construction
is expected to be minimal, however, as the SR process does not require chemical components
exogenous to the original process (e.g., extraction fluids). In addition, given the dynamic nature
of the SR process, and since most conventional reactors operate at steady state conditions, there
may be an increased need for additional dynamic control equipment. Thus, it appears that the SR
may be more easily incorporated into existing units than many of the currently investigated
process intensification technologies, such as those employing solid sorbents and/or membranes.
The presented SR dynamic model considers the reactor and storage domains to be spatially
uniform, and has been employed to demonstrate the novel SR concept. Future research will focus
on the development of an SR model that can capture both spatiotemporal and multi-scale effects.
Further, as the SR process is shown to offer significant advantages for equilibrium-limited
reactions, often carried-out at high pressures and/or temperatures, the incorporation of gas

compressibility factors and energy balance considerations in the SR model will also be pursued.

2.1.4 Notation

English Symbols
A% (mz): reactor gas-storage medium interfacial area

D, : Damkdhler number

0.5 0.5
k, M K, kmol K, kmol bar . Rate coefficients for SMR reaction
kg, hr kg, hr bar kg, hr

Kl(barz), K, K, (barz) : Equilibrium constants for SMR reaction

Ken, (bar'l), Ky, (bar'l), Keo (bar'1 ) Ky,0, : Species adsorption constants for SMR reaction
_j : Dimensionless rate coefficient for reaction j

KJ. Vvj =1,2,3: Dimensionless equilibrium constant for reaction j

KJ. vj=CH,,H,0,H,,CO,CO,: Dimensionless adsorption constant for species j
ng (mol),n: (mol): j,, species moles in reactor gas and in storage medium

ng®(mol),n:° (mol): J, species initial moles in reactor gas and in storage medium
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sin mOI - out mOI . ..
Nyl — !Ny | — |: )i, species inlet and outlet molar flowrates
S S

n": j, species dimensionless inlet molar flowrate

sin mOI s out mOI .
n T N T : total inlet and outlet molar flowrate

in =out ,

A" A : Total dimensionless inlet and outlet molar flowrates

mol) . :
nee (Tj Ji, Species molar flowrate from the reactor gas to the storage medium

«( mol
n T : Reference molar flowrate

NC : Number of species

NP : Number of reactor operational phases

P?(Pa), P’ (Pa): J; species partial pressure in gas and storage medium

P (Pa), P (Pa): J,, species initial partial pressure in gas and storage medium
|5J.g, |5J.S . ]y, species dimensionless partial pressure in gas and storage medium

P9, P, species dimensionless initial partial pressure in gas and storage medium

P"(Pa): Reference pressure

P€,., : Modified Peclet number for membranes

mol j . . . .
r, __Mmoly . Ji» SPecies reaction based generation rate
kg catalyst - s

T, . jnSpecies dimensionless reaction based generation rate

. mol . .

r | ——— |: Reference reaction generation rate
kg catalyst-s

R;;: Dimensionless Recovery Ratio of jth species in ith phase

R, : Dimensionless rate for J;, reaction

J A
R( ] =8.314462 : Universal Gas Constant
mol - K

t(S): Time

t : Dimensionless time

t(S): Reference time

T (K) : Temperature in all reactor domains
V (m?*): Total reactor volume

X, :Conversion of limiting reactant K
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Y;,: Desired product yield in reactor operation phase i
Y; : Desired product yield of species |

Greek Symbols

molj .. : . . .
ﬁj m V]=LNC: j. species permeance through storage medium permselective
layer
Er Egor E0r & €4y E4r £ &2 VOlUMe fractions of catalyst pellet solid, catalyst pellet gas,

catalyst pellet, reactor void unoccupied by catalyst, reactor void unoccupied by storage pellet,
reactor gas, storage pellet gas, storage pellet solid, and storage pellet.

1, JwSpecies catalyst effectiveness factor
® : dimensionless membrane permeation (inverse Peclet) number

kg catalyst i
A %—y . catalyst density

m* catalyst
®; - molar ratio of species j produced during phasel , over limiting reactant K
Q) : summation of molar production ratio over all phases of operation

7, - operational time for reactor operating phase k.

7, : selected operational time for reactor operating phase k

2.2. 1-dimensional isobaric studies

The focus of this section is the continued development of the novel Membrane Storage Reactor
(MSR) process, which aims to intensify traditional steady-state reactor designs. This work
expands on our previous studies on the subject by incorporating spatial variation into the
mathematical development of the MSR model, and demonstrating that the MSR process can
intensify high temperature/pressure processes subjected to limitations stemming from either
reaction equilibrium or kinetics [11]. In the current paper, the proposed process is shown to
incorporate several Pl features, such as simultaneously carrying out reaction, separation, and
storage in a single unit, in addition to driving force maximization through dynamic operation,

while avoiding reliability issues currently associated with high-temperature membranes.

36



2.2.1 Mathematical Formulation

In this study, a composite one-dimensional model for the intensified MSR process is
derived which captures and highlights several attractive MSR characteristics. Following non-
dimensionalization, dimensionless groups governing the MSR behavior are identified. The MSR

is considered to be a composite thermodynamic system (r)comprised of three domains that are
spatially distributed and exclusive of each other (reactor voids(v), catalyst pellet(c), and
storage pellet(s)), and a maximum of two phases (gas(g), and solid(so)). The volume fractions

of the voids (v), catalyst(c), and storage (s) domains are denoted as &,,¢,,&,, respectively,

while the volume fractions of the gas and solid phases in the storage domain are denoted as

£ respectively. In the context of this study, the following are then considered to hold:

gs!? Esos 1

e te te=le +e=¢ (2.1.29)

s
The communication between the catalyst and reactor voids (gas phase) domains is quantified
using an effectiveness factor approach, and the communication between the storage domain and
reactor gas phase domains through a permselective layer on the storage domain’s control surface
is quantified using species transport equations obeying Sieverts’ Law. The composite system
(r)is considered to be isothermal, whereas the reactor voids domain (v) is also considered to be
isobaric. The molar diffusion flux of gaseous species in the voids domain is considered to be
negligible compared to the species convective molar flux. No reaction occurs within the storage

domain. The reacting mixture is considered to be an ideal gas. The equation describing Mass

Conservation (molar form) of species i in phase g within domain v on a system I volumetric

basis is:
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NC

|:§(gvci,gv (t.2))+ %(gvvg (t.z)c 4 (t, z))} = [ecpcnri ({ck,gv (tz)} T ) +S; gugs (L z)] i =1,NC
(2.1.30)

Vef'f Lchar

The Peclet number, Pe’ = , Is typically used to determine whether a process is dominated

eff
by convective or diffusive mass transport processes, where v, is a gas velocity, L, isa
characteristic length, and D, is the effective diffusion coefficient of the transferrable species.

Although there is still considerable debate regarding the choice of these parameters, which
depend on the structure and geometry of the system at hand [30], it is generally agreed that
Pe’ > 1is sufficient to ignore diffusive effects. For example, the porosity of the system that is

available for diffusion is generally smaller than the total porosity itself [31]. The parameter D, is
evaluated as D =¢,D,; using the binary diffusion coefficient, D,g , of the transferrable

species, which in turn can be evaluated using the Chapman—Enskog solution to the Boltzmann

Equation along with a Lennard-Jones potential for estimating the effects of intermolecular

forces. Using the formulation established in our previous results [14], the values of D,; for the

species present in the considered case study fall in the range of 0.02<D,, <0.15 (Cm%) .

Values for the characteristic length can be obtained by considering L, to be equal either to the

length or the radius of the reactor, which in turn yield Pe’ values that satisfy P&’ >1x10° and
Pe'>100, respectively, and justify neglecting diffusion in the void domain.”

The equation describing Mass Conservation (molar form) of species i in phase g within domain

s on a system I volumetric basis is:

2 (5400 (62)) =8, (12) i =1NC 2131

— Yi,gs,gv
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where the temporal and spatial dependence of all volume fractions, the effectiveness factor, and
the catalyst pellet density are not shown, because they will next be considered constant.
Sieverts’ Law, as described in the previous section, is again employed to quantify the species’

molar flux through the storage:

S (1:2)==8; g ge (1.2) = B (Pg, (1.2) — P (1.2)) Vi=1,..,NC (2.1.32)

where £ is the i, species molar permeance through the permselective layer, «,, is the storage-

void interfacial area per unit reactor volume, and P, P .. are the i, species partial pressures in

i,gv? ' i,gs
the gas phase of the reactor void and storage domains. Considering an ideal gas mixture, the

following relations hold:

P

 w(62) =0 o (LZ)RT, P (t,2)=c 4 (t,2)RT Vi=1..,NC (2.1.33)

where R is the universal gas constant, and T is the reactor temperature that is considered to be

constant over both time and space. Combining the above equations yields:

0P, (t2) o RT | £ [{—P“’“ G Z)}NC T]—
20 L 2R, (2) - R fimane
ﬂias,v(Pi,gV (t’ Z) - Pi,gs (t’ Z))
(2.1.34)
P (t
0 IYQ;E 2) Zﬂas,v ' (Pg (t.2)-P 4 (t.z))i=1NC (2.1.39)
gs
Summing the gas phase species conservation equations in the void domain and utilizing the

P

i,gv

isobaric void domain assumption yields:

ov t,Z RT NC P ’ NC NC
ga(z )__R [ecpanﬁH FZTQ} ,T]—aSVZ[/ﬂ(R,gv—Rgs)]] (2.1.36)

&2 Poas -t =
k=1

Substitution of Equation (2.1.36) into Equations (2.1.34) and (2.1.35) then yields:
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ey -
Piygv(t,z)NZC:rl {Pkygv(ti)}Nc )
oP,, (t,2) P, (tz) RT fp = RT ]
ot 0

e = i
8P (t2) =R (t.2))-

P (1,2) 48

sy #Z[Q(R,QV(LZ)_PI,QS(t’Z))}

Pk,gv 1=1

L L k=1 ]

(2.1.37)
aPi,gs (t, Z) _ ﬂas,vﬂi (Pi,gv (t, Z)— Pi,gs (t, Z)) i=1NC (2.1.38)

ot

gs

6Vg(taz)= leT Scpcni"l{{PkygV(t,Z)} 'TJas,vNZC:[IBI(PIQV(t’Z)Plgs(t’z)ﬂ
oz SVZ Pk,gv - " . -

k=1

(2.1.39)
Next, dimensionless variables are introduced, and dimensionless groups are identified governing

MSR behavior:

Zéi_évg A L t—éiF—) épi,gv F—) él::gs ét*RTas,vﬂlzi
L v v e pr e pr g, Pe

NC

r[{ Pk'gv} T} (2.1.40)

— NC i ]

N P .pP* R RT |, _

D, 2 3L prtt | (e L T |2 —

P RT ] | r

where P is the operating pressure of the reactor, L is the length of the reactor, v* is the inlet

velocity to the reactor at time zero, and { = L / V' is the reactor’s residence time at time zero, and

r* is defined later in this paper. Given that Z is the reactor’s axial coordinate, L" is the length of
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the reactor, and Z = Z/ ., the reactor inlet and outlet can be designated asZ =0, Z =1,

L
respectively.

Given that the reactor voids domain (V) is considered isobaric, with operating pressure P*,

NC NC
then Y. P4 =P", which implies that Y P, , =1. Then, the resulting dimensionless equations
k=1 k=1

for the MSR model are:

_ —F F_)k‘gv(t_,i) pe NC Ay W _
.| RT ”
D, Zep _
P (T.2) &l _wx [[R_(T7)P"
T = P'gV(t’Z)'Z;riH (RT) } ’TJ i=1,NC
pfatal e
+Vg( ,Z) 7 £i(§§v(f:7)"ﬁﬁs(f:7))—
_e| ™
0% A, 000 (00)
B (2.1.41) _
P . (T.z B
# - @gg—gsﬁl(agv(t Z7)-P . (T,7))i=1NC (2.1.42)
g ¥ [[R,(T2)-P" |
avg(t_j): > & n;n[{ RT }kl’TJ (2.1.43)
24 NG o
0¥ A(e, (1.)-R,(t1)]

The above MSR dimensionless model suggests that two dimensionless numbers
determine the MSR’s dynamic behavior. The first dimensionless quantity, ® =1/Pe, provides a

measure of how effectively the desired product species is being extracted from the reactor void
domain into the gas storage domain, as compared to its axial convective transport in the reactor

void domain. In this context, the Peclet number, Pe, has a similar meaning as in the previous
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section, and is a dimensionless group commonly used in the analysis of membrane reactors. The

Damkohler number, Da, captures the importance of the rate of convection compared to the

reaction rate and can be thought as the ratio of the characteristic time for convective flow to the
characteristic time for reaction.

Comparing the performance of a periodic process with that of a traditionally steady-state
process necessitates the introduction of several performance metrics. These metrics can be

defined for each OM and for the process as a whole, namely for the duration of all three

aforementioned OMs. To this end, the axial molar flowrate of the ith species F o Is expressed

in terms of a reference molar flowrate F” and a dimensionless molar flowrate F as follows:

i,gv s

F*A VEVAr AFi,gv_ |gvgvAY PPIQVVV A_

RT Flo F F RTF”
Then, the following dimensionless metrics are defined and explained below:

o]
«

(2.1.44)

Limiting Reactant Conversion

An important metric for the assessment of MSR performance is the conversion of a limiting
reactant Ry, . Typically, this reactant will be fed in the MSR during one OM, but may be

removed from the MSR during multiple OMs. Thus, we define its conversion over all OM as

follows:
NOM NOMTk l\g\;?k ,\ch:’\;?k
j Fo o (t,0)dt — j Fepy o (T2 L [ Fewo (00D = [ R o (T.0)T
0 0
Rim = NOM = NOM
k=1‘rk é?k
j Fo. o (1,0) j Fe o (7,007
0 0

(2.1.45)
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Desired Product Ratio
Another important metric for the assessment of MSR performance is one that captures the extent

to which the desired product is formed as the limiting reactant is converted. Thus, the following
OM-dependent metric is introduced that is equal to the ratio of the ith species amount generated

during OM K over the limiting reactant’s R ,,, amount fed throughout all OMs.

kik % i kik Ty kZi:k %
_[ i,gv (t L )dt - I i, gv t O)dt’ _[ IEi,gv (t_"l)df' - I IEi,gv (F,O)df’
a)lké kork NOM k'ork, = kork NOM ko;k
] P (t.08 | P o (0)T
0 0

k=1,NOM,i=1NC
(2.1.46)
where 7 =0, Z_'o =0,

An overall OM-independent metric is also introduced that is equal to the ratio of the ith species

amount generated during all OMs over the limiting reactant’s R|_|M amount fed throughout all

OMs.
NOM o '\gf' . "g 7 Nko:rj .
j Fo (10 L)dt - j F.,, (t,0)dt’ | Fa(@ndt- [ F,(T.0)df
2 O i i=1
Ql = NOM = NOM
i 7 NC
I FRLIM Qv (t,’ O)dt, 7J‘ IERuM Qv (F’ O)df'
0 0
(2.1.47)

This is often referred to as product yield. It then holds:
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Q=> o, (2.1.48)
Desired Product Recovery Fraction

Finally, we define the fraction of product generated during a given OM over the total
product generated over the duration of all OMs as the Product Recovery fraction, defined as:

R, é% vk =1,NOM Vi=1,.,NC (2.1.49)

The system of non-linear first-order [I)artial differential equations described by Equations
(2.1.41), (2.1.42), and (2.1.43) are used to simulate all three OMs of the MSR PPSO, and is
solved using a direct finite element solver with implicit multistep free backward differentiation
(BDF) with total time discretization consisting of 1x10° time steps for each simulation. A
fractional initial step for backward Euler consistent initialization was used, and linear first-order
Lagrange shape functions were used for space discretization and consistent stabilization based on
full calculation of the residual was employed. Because of the changing boundary conditions, a
minimum non-linear damping factor of 1x10° was used during the Newton—Raphson iteration.
The above solution strategy was coded and implemented using the COMSOL Multiphysics
software platform. The MSR concept is next illustrated for the SMR process. We demonstrate,

through parametric analysis, the impact of the previously identified dimensionless parameters

D, , ® on the performance of an SMR-MSR process operating under PPSO.

2.2.2 Case Study
SMR is carried out through three reversible reactionsRX1, RX 2, and RX 3, with

enthalpies of formation and Kinetic rates as shown below:

CH,+H,0 <> CO+3H, AH;:206.1K)/ =~ (RX1)
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CO+H,0 > CO, +H, AH,:-4115K)/ ~ (Rx2)
CH,+2H,0¢> CO,+4H, AH; :164.9k~%n0| (RX3)
(o) P
kl 2.5 I:)CHA,gvPHZO,gv_ Ha g o L P P _m
(PHZ,gv) K1 PH w CO,gv’ H,0,gv K2
(DEN)’ ’ (DEN)’
{Ri’RZ’R3}: ( )4
k 2 (PR, o) Peogr
: 35 PCH4,gv(PHZO,gv) e
(PHz,gv) K,
’ (DEN)’
(2.1.50)
With
I:)H O,gv
DEN=1+ KcoPeo g + Kit, P o + Ko, Poyov + Kito PZ ' (2.1.51)
H,,gv

The kinetic and equilibrium constant values in the above expressions are listed in Tables 2-10

and 2-11.

Table 2-10: Rate coefficients and adsorption constants for use in Arrhenius or Van’t Hoff Equations

Rate Coefficient Pre- Unit Pre-Exponential | Activation
or Adsorption Exponential Factor Energy or
Constant Factor Adsorption
Enthalpy (kJ)
kl 4.225x10% (kmo] bar®® )/( kgcat hr 240.1
6
k2 1.955x10 (km0| )/(kgcat hr bar) 67.13
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Kk, 1.020x10" (kmol bar®® ) /( kg, hr) 243.9
K - 8.23x10°° bar™ —70.65
KHz 6.12x107° bar™ -82.90
K cH, 6.65x10™* bar™ -38.28
KH2 o 1.77x10™* dimensionless 88.68

Table 2-11: SMR reaction equilibrium constants

Equilibrium Constant Units
K, =exp(~26,830/T +30.114) bar?
K, = exp(4,400 /T - 40.63) dimensionless
K; =K+ K, bar?

The above kinetic rates can be brought in dimensionless form, as suggested in [17,32]. In the
definition of the Damkohler number, the reference reaction generation rate r* is selected as the

reaction rate for RX1 evaluated at the reactor entrance conditions during OM1.:

(R (0.0)) Pro g (0.0)

Ki| Pen, ov (0,0) Ph,o.ov (0,0)-

Kl
NC 25
o [0 ) (Pon00)
1 RT . 1+ KeoPeo,4 (0,0) + Ky, Py, (0,0) + 2
P, o (0,0)
+K., P 0,0)+K, oot/
CH, CHAng( ) H,0 PHz,gv(O'O)

(2.1.52)
The resulting dimensionless reaction rates become:
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kl = = (F)*)Z(ﬁHz,gv)3 I:_)(:O,gv

Py oo —
«\05 /= 25 CH,,gv" H,0,gv
(P ) (PHZ,gv) Kl
— 2
Py * =Y KHZOPHZO,gv
1+ KeoP Peo g + K, PPy o + Ken PPy, o +— 5
R = = oo (2.1.53)
kP (= = Py, ovPro, av
ﬁzg [PCO,QVPHZO,QV _HngCOg]
Hy.gv 2

— 2

5 - _ K, P
£1+ KCOP*PCO’QV + KHz I:)*PHzxgV + KCH4P*PCH419V + HZ_OHZO’QVJ

R, = = Ho o (2.1.54)

ks P (|5 )2 - (P*)Z(ISHMV )4 I:_)CO,gv
(P*)O.S(F—)szgv )3.5 CHy,gv H,0,gv K3

2,9V
_ I:’Hz,gv

R, = = (2.1.55)

— 2
5 _ _ KoP
(1+ KeoP Peo.gu + Kit, PRy, v + Ko, PP, o0 + WJ

The PPSO of the SMR-MSR is carried out in three distinct operating modes: OM 1

(Loading-Reaction/Storage), OM 2 (Decarbonization/Maintenance), and OM 3 (Unloading-

Production/Emptying) each of which is characterized by different processes occurring in the (V)

and (S) domains. These three OMs have a time duration designated as 7,7, , and 73, as

described next and shown in the Figure 3-18 below.
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Figure 2-18: Proposed SMR-MSR process and its operating modes.

OM 1: MSR Loading-Reaction/Storage Phase
At the beginning of this OM, phase (g) in domain (V) is largely composed of steam and
minute amounts of hydrogen, phase (g) in domain (S) only contains hydrogen at a pressure

slightly above the partial pressure of hydrogen in (V) and a mixture of methane and steam at a
constant flowrate is fed into the MSR. During this OM, the hydrogen that is produced from the

SMR reactions taking place begins to permeate into (S) as its partial pressure in (V) increases
above the total pressure of (S) . Under isobaric conditions in (V) the outlet flowrate varies, as

described in Equation (2.4.43). The duration 7; of OM 1 is chosen so that a desirable level of

limiting reactant conversion is attained. Reactant conversion, as defined by Equation (2.1.45), is
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defined over all three OMs. Typically, however, the limiting reactant is fed to the MSR only
during OM 1, whereas any unreacted limiting reactant exits the MSR during OM 1 and OM 2.

As discussed below, the duration of OM 2 is fixed and chosen to be equal to the reactor’s OM 2

residence time. Thus, the duration 7; of OM 1 is the only degree of freedom that can be chosen

so that the amount of unreacted limiting reactant that exits the MSR over 7; t 7, (i.e., over the

duration of OM 1 and OM 2) is acceptably low, compared to the amount of limiting reactant fed
to the MSR during OM 1, so that a desirable level of limiting reactant conversion can be
attained.
OM 2: MSR Decarbonization/Maintenance Phase

OM 2 begins at the final conditions of OM 1, and the reactor is then fed pure steam at a
constant flowrate. If the reactor is operating under plug flow conditions with no diffusional
effects, as is the case here, a sharp steam front is formed that propagates through the reactor and
reaches the reactor outlet in time equal to the reactor’s OM 2 residence time. In the reactor
section ahead of the steam front, the SMR reaction continues to occur in the void domain, and
hydrogen is transported from the void to the storage domain. Behind the steam front hydrogen is

transported from the storage to the void domain. Thus, under plug flow conditions, the duration
7, of OM 2 is chosen to be equal to the reactor’s OM 2 residence time, because at that time
complete reactor decarbonization has been attained. (If dispersion was to be present in the

reactor, the steam front would not be as sharp. In that case, the duration 7, of OM 2 may need to

be chosen to be greater than the reactor’s OM 2 residence time for the desired level of reactor
decarbonization to take place).

OM3 3: MSR Unloading-Production/Emptying Phase
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Similarly, OM 3 begins at the final conditions of OM 2, and the reactor is again fed pure steam at
a constant flowrate. This action empties the contents of (S) back into (V) generating a mixture
of readily separable, high-pressure hydrogen and steam as the SMR-MSR product. The duration
T3 of OM 3 is chosen so that the hydrogen in the domains (V) , (S) is below a desirable low

level.

To compare the performance of the SMR-MSR under PPSO with that of a traditional
SMR-SSR, we utilized the process performance metrics defined by Equations (2.1.45)—(2.1.49)
for the SMR case study. To this end, identifying methane as our limiting reactant, Equation

(2.1.45) becomes:

I _CH4,gv (P’O)df'_ j _CH4,gv (F’l)df'
0 0
XCH4 = NOM (2156)

T

[ Fon, o (T,0)T
0
Similarly, Equations (2.1.46)—(2.1.49) can be expressed for all products (carbon monoxide,

carbon dioxide, and hydrogen), and are listed below for hydrogen.

[Fy 0 (TG0~ [Fy . (7,0)0T
w25 = : (2.1.57)
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0 0
Q, = = (2.1.58)
[ P o (T.0)T
0
) 1 JZ‘ SIE"'z»gv(f"l)dt_’_ 1 J% 3IEH2,gv(t_"O)dt_'
Hp3 = QHZY3 - :?il;—?‘? ??;?? y (2.1.59)
" [ Foo(@ndt- [ F, . (7.0)d¥
0 0

Equation (2.1.57) captures_the H> molar production ratio in OM 1 over_the total amount
of methane fed. Equation (2.1.58) describes the hydrogen yield over all three OMs, i.e., the total
moles of hydrogen produced divided by the moles of methane fed to the reactor. Lastly, Equation
(2.1.59) is used to calculate the hydrogen recovery ratio during the 3rd OM, which is of

importance because it quantifies how much hydrogen is produced in readily purifiable form.

To determine the time duration 7, 7,, and 75 for the three OMs, a criterion for terminating

each OM must be selected. The reactor contents at the beginning of OM 1 consist largely of
steam, while the reactor feed at that time switches to an appropriately chosen methane steam
mixture, which in turn leads to a methane front propagating through the reactor. Thus, at each
fixed reactor location, methane partial pressure initially increases, reaches a maximum value, and
then decreases as the reactor feed is switched to steam at the beginning of OM2. The maximum

methane partial pressure attained becomes ever lower at downstream reactor length locations.

With this behavior in mind, our selection 1Tlfor the duration of OM 1 will be related to the

conversion (utilization) of the raw material (methane).
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The duration 7, of OM 2 is selected to be equal to the OM 2 residence time, ensuring
that the dimensionless pressure of all carbon-containing gas phase components in the domain
will be zero, as will be the level of carbon impurities in the hydrogen product generated during

OM 3. Similarly, the duration of OM 3 is selected as the time 75 at which the dimensionless

partial pressure of hydrogen in domain (v) at the reactor exit falls below a set value, e.g.,

P

o (B +7, +7,,1) <001, which ensures that most of the hydrogen in both domains (v) and

(s) has been removed and thus the reactor is largely filled with unreacting steam.

Simulation of the dimensionless set of Equations (2.1.41)-(2.1.43) of the MSR model
requires that a number of model parameters first be specified. It is considered that the reactor
pressure and temperature are P~ = 25bar and T =900K , respectively, and the MSR feed at the

beginning of OM 1 contains steam and methane at a molar ratio of 3, and minute amounts of all

other species. Knowledge of these parameters enables the computation of the reference reaction
generation rate r* using Equation (2.1.52), and expression of the dimensionless reaction rates
R,,R,, R, in terms of the dimensionless species pressures, using Equations (2.1.53)—(2.1.55).
Selection of the storage domain, catalyst domain, and gas phase in storage domain volume
fractionsas ¢, = 0.5, ¢, = 0.35, ¢, = 0.495, respectively, of the effectiveness factor as

n =0.5, and of the gas permeance ratios for all species (the first species being hydrogen) as

0 if j=1
B; /ﬂl = {l it j _1}, enables the simulation of dimensionless set of Equations (2.1.41)-

(2.1.43) of the MSR model as long as the values of the parameters D,,0,7,,7,,7, are known.
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In this work, assessment of SMR-MSR performance was performed by carrying out

sixteen combinations (trials) of the above five parameters, as listed in Table 2-12 below. The

values for D, and ® were chosen by selecting a range of reasonable values for the parameters

shown in Equations (2.1.34)-(2.1.36). Fixing the operating pressure P~ = 25(bar ), temperature

T =900(K), catalyst density p, = 2355.2(k%3) [14], and reference reaction rate

NC

(P4 (0,0)) _ _
*A oV - mol .
r=r { o } T _13.606( Ag _S), leaves residence time t(s)as the only free

i=1
parameter for calculation of D, . Because of the rapid rate at which the SMR reactions attain
equilibrium, the range of considered residence times was 0.01<t"(s)<0.5, so that the
concentration profiles along the reactor do not immediately reach equilibrium. The resulting D,
range is1< D, <6 . Given the above range of residence times 0.01<t"(s)<0.5, and pressure

P™ =25(bar), temperature T™ =900( K ) values, evaluation of a range for ® requires range

. . . mol i
information for the species membrane permeance £, — - and
Pa~(m void — storagelnterface)~s

m? storage — void interfaceJ

the storage-void interfacial area per unit volume of reactor o, 3
' m> systemr

The 3, range is 1.05-10° < 8 <1.21-10° for hydrogen [23,33,], and the o, range is selected

so that the resulting ® range is 1< ® <50.
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Table 2-12: MSR design parameters and OM dimensionless duration times

Trial Da 0 fl z_-z f3

1 1 1 0.717543 1.00 0.674081
2 1 10 0.755321 1.00 2.261037
3 1 30 0.752953 1.00 2.049624
4 1 40 0.762492 1.00 1.941365
5 1 50 0.742631 1.00 1.814203
6 2 1 0.545116 1.00 0.367633
7 2 10 0.565994 1.00 2.509012
8 2 30 0.587789 1.00 1.998005
9 2 40 0.588387 1.00 1.8797
10 2 50 0.597422 1.00 1.754175
11 4 1 0.405848 1.00 0.24924
12 4 10 0.428648 1.00 2.455872
13 4 50 0.466553 1.00 1.713176
14 6 1 0.363228 1.00 0.222919
15 6 10 0.389041 1.00 2.457342
16 6 50 0.388379 1.00 1.76623

Each trial was simulated in COMSOL for three cycles of operation in order to ensure that
dynamic operation had reached its long-term periodic behavior. COMSOL implementation of the

alternating feed compositions for each OM was carried out by approximating for each OM an
OM-specific Heaviside function h, with an OM-specific Verhulst function, W, , as shown in

Equation (2.1.60) below:
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f—l-l

k-1
0, if( - fk,<0]

k-

=
= o

=— 1 , k=1,NOM

h(F)=q[04], if | T- 2.7 =0] (=W, ()= —
1 if((tkzzrk,w]] 1+exp[_a'(t_érk']+a'c]

~ =

(2.1.60)
Figure 2 below illustrates the dynamic behavior of the methane inlet partial pressure at the reactor inlet as

a function of dimensionless time, considering 7, =7, =7, =5, a=1 and ¢=8.5.

CHy Inlet
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Figure 2-19: Methane dimensionless partial pressure at reactor inlet for Z_'l = 272 = ?3 =5a=1c=85

The resulting time evolution of SMR-MSR state variables for the seventh trial (
D, =2,0 =10) is displayed in the figures below. In Figure 3-20 the time evolution of all
species’ (except, of course, for the hydrogen in the storage domain) dimensionless partial
pressures at the reactor inlet is shown, over three operating cycles. It is assumed that the
conditions at the inlet of the reactor at the beginning of OML1 is the same as its condition at the

end of OM3. During OM1, the reactor’s feed consists mainly of steam and methane, at a 3:1
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steam/methane ratio, and trace amounts of carbon monoxide and carbon dioxide. During OM2
and OM3 the reactor’s feed consists only of steam. Similarly, Figure 2-21 shows the time
evolution of species dimensionless partial pressures at the outlet of the reactor through the same
three cycles of operation. Because the reactor’s condition at the beginning of OM1 is the same as
its condition at the end of OM3, at early operational times the reactor outlet consists mainly of
steam. As the reaction proceeds, a mixture of methane, carbon dioxide, and carbon monoxide
begins to exit the reactor. The hydrogen in the void domain continues to rise until it reaches its
peak, which coincides with the end of OM2.

Reactor Inlet Over 3 Cycles
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Figure 2-20: Dimensionless time evolution of species’ dimensionless partial pressure at reactor inlet over 3 cycles of operation
forDa=2,0=10.
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Reactor Exit Over 3 Cycles
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Figure 2-21: Dimensionless time evolution of species’ dimensionless partial pressure at reactor outlet over 3 cycles of operation
for Da=2,® = 10.

Figure 3-22 shows the time evolution of the dimensionless partial pressure of hydrogen in
the void and storage (represented by R H> and S Hz) domains, during the last cycle of operation,
at four different reactor locations (25%, 50%, 75%, and 100% of the total reactor length), and
Figure 2-23 shows the dimensionless partial pressures of methane and carbon dioxide in the void
domain, during the last cycle of operation, at the same four reactor locations. In Figure 2-22 it
can be seen that at the 25% length location the hydrogen concentration in the void domain is
initially practically zero; then, as methane reacts to generate hydrogen, it increases, first rapidly
and then less so as it begins to transport into the storage domain; finally, the concentration

decreases as steam is fed into the reactor. The same behavior is observed at larger lengths.
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H, in Storage and Reactor at Selected Points
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Figure 2-22: Dimensionless time evolution of H2 dimensionless partial pressure in void and storage domains at four reactor

lengths for the last cycle of Da=2, ® = 10.
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Figure 2-23: Dimensionless time evolution of CH4 and CO2 dimensionless partial pressures in void domain at four reactor

lengths for the last cycle of Da=2, ® = 10.
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In Figure 2-23, at the 25% reactor length location during the last cycle of operation, the
methane and carbon dioxide concentrations are shown to first increase, reach a maximum, and
then decrease, in correspondence with the composition changes at the inlet of the reactor shown
in Figure 2-23. The methane (carbon dioxide) maximum occurs at the latter (earlier) part of a
plateau-like region in time. At points further down the reactor (50%, 75%, and 100% of the
reactor length), the methane (carbon dioxide) pulse exhibits a progressively lower (higher)
maximum, which is indicative of its role as a reactant (product) in the reaction that takes place.
The magnitude of the methane pulse remains larger than that of the carbon dioxide pulse until it
reaches the end of the reactor.

Figures 2-24 thru 2-26 show the dimensionless partial pressure profiles for all species

along the length of the reactor at the end of OM1, OM2, and OM3, respectively, for the 7th trial

D, = 2,0 =10. In these simulations we selected the end of OM1 to be when F_)CH4,gv os 0.05

occurs for an operating time for the first OM of 7, =0.566. From Figure 3-24 one observes that
the contents of the reactor void domain up to point (z* = 0.3) contain a mixture of reforming

products, whereas at larger reactor lengths there exists only water, validating that the reactor is
operating in plug flow and that no species diffusion has occurred down the reactor. From the
reactor inlet (z* = 0) to (z* = 0.3) , the dimensionless partial pressure of the hydrogen in the
storage shows a marked difference from the dimensionless partial pressure of hydrogen in the
reactor void, which highlights the time-dependent nature of the process. As seen later in the

analysis of the influence of the parameter ®, reducing this difference during early operational

times correlates to higher conversion and better overall reactor performance. Figures 2-25 and 2-

26 show the corresponding profiles at the end of OM2 with 7, =1.00, and at the end of OM3
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with 7, =2.51, respectively. From Figure 2-25 one sees that at the end of OM2 the reactor void

contains a mixture of steam and hydrogen only, and that hydrogen has been successfully
transferred to and stored in the storage domain. From Figure 2-26 one sees that, at the end of a
cycle of operation, the reactor has returned to its initial state of operation, with the reactor void

being filled with only steam and the contents of the storage medium having been emptied.
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Figure 2-24: Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM1 for Da=2, ® = 10.
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Figure 2-25: Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM2 for Da=2, ® = 10.
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Figure 2-26: Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM3 for Da=2, ® = 10.
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With the operating times for each OM set, it is now possible to calculate the metrics as
described by Equations (2.1.56)—(2.1.59). These are shown for the different cases studied in
Table 2-13. The SMR-MSR shows higher overall conversion than the traditional SMR-SSR for
all cases studied. In addition, the SMR-MSR enables the in situ separation of the hydrogen
product, which is a distinct advantage over the traditional SMR-SSR that requires an additional
downstream separation step. For the design parameters employed in trial 7 (Da =2, ® = 10) for
which the SMR-MSR behavior has been described in detail above, the SMR-MSR exhibits a
116% increase in methane conversion over the SMR-SSR from 0.2564 to 0.5553. Additionally,
the hydrogen recovery is 83%, indicating that a significant portion of the total generated
hydrogen exits the reactor during OM3 in the form of ultra-high purity (UHP) hydrogen. For the
case studies conducted here (see Table 2-13), a maximum increase in methane conversion of
235% was observed, indicating the significant benefit that can be gained by appropriately
selecting design parameters. The substantial increases in conversion are accompanied by
simultaneous significant gains in hydrogen yield. The hydrogen recovery ratios reported in Table
4 are comparatively higher than those by similar membrane reactors operating at steady state
[27]. These high SMR-MSR metric values suggest that the SMR-MSR outperforms the SMR-

SSR, and that the SMR-MSR operating at the selected temperature T =900 K (which is lower

than the temperatures traditionally used in SMR [25]), may be economically viable and

realizable [28].
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Table 2-13: Performance metric comparison for SMR-MSR and SMR-SSR for the sixteen considered trials.

Trial | Da 1 © XCH4 MSR XCH4 SSR YH2 MSR YH2 SSR RHZ,reC

1 1 1 0.268297 0.2205 0.925244 0.8505 0.133693
2 1 10 0.486804 0.2205 2.06218 0.8505 0.851397
3 1 30 0.51877 0.2205 2.172158 0.8505 0.874449
4 1 40 0.527766 0.2205 2.211969 0.8505 0.883636
5 1 50 0.557738 0.2205 2.317619 0.8505 0.895902
6 2 1 0.332334 0.2564 1.027561 0.9858 0.114506
7 2 10 0.555291 0.2564 2.311048 0.9858 0.828753
8 2 30 0.657883 0.2564 2.710915 0.9858 0.90206

9 2 40 0.683793 0.2564 2.797332 0.9858 0.917312
10 2 50 0.696967 0.2564 2.856135 0.9858 0.923089
11 4 1 0.406878 0. 2866 1.140335 1.102 0.122357
12 4 10 0.719437 0. 2866 2.918608 1.102 0.868964
13 4 50 0.900393 0. 2866 3.638564 1.102 0.958944
14 6 1 0.430822 0.2913 1.165753 1.131 0.122353
15 6 10 0.795136 0.2913 3.205293 1.131 0.884476
16 6 50 0.974497 0.2913 3.931581 1.131 0.972301
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The effect of ® (the inverse Peclet number) on reactor performance is also shown in
Tables 2-12 (operational times) and 4 (performance metrics), with an increase in all metrics
shown for increasing ®. The cases with the lowest © value (® = 1) studied are characterized by
minimal increases in methane conversion and hydrogen yield over their traditional reactor
counterparts, and low recovery ratios, suggesting a lower limit threshold of ® > 1 for desirable

SMR-SSR performance. For a constant value of Da (and thus a constant value of the SMR-MSR

dimensionless residence time), as ® increases, the operating time Z_'l in OM1 can be increased,

because reactor conversion then increases as ® increases and it takes a longer time for the
unreacted methane to reach the outlet of the reactor in substantial amounts. In contrast,

operational times 7. 5 in OM3 decrease upon increase in © for each fixed Da. These beneficial

changes in OM duration times, coupled with the increase in the hydrogen recovery ratio as ®
increases (for fixed value of Da), suggest that ® should be increased as much as possible in order
to achieve desirable reactor performance.

Figures 2-27 thru 2-30 show corresponding results for the 13th trial (Da =4 and ® = 50).
Figure 2-27 shows the time evolution of the dimensionless partial pressure for the various
species at the outlet of the reactor through three cycles of operation. Figure 2-28 shows the time
evolution of the dimensionless hydrogen partial pressure in the void and storage domains during
the last cycle of operation at four locations in the reactor (25%, 50%, 75%, and 100% of the total
reactor length). Figure 2-29 shows the time evolution of dimensionless partial pressures for
methane and carbon dioxide in the void domain during the last cycle of operation at the same
four reactor locations. Figure 2-30 shows the dimensionless partial pressure profiles for all

species along the length of the reactor during cycle 3 at the end of OML.
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Figure 2-27: Dimensionless time evolution of dimensionless species’ partial pressure at reactor outlet over 3 cycles of operation

for Da=4,0 =50
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Figure 2-28: Dimensionless time evolution of H2 dimensionless partial pressure in void and storage domains at four reactor

lengths for the last cycle for Da =4, ® = 50.
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Figure 2-29: Dimensionless time evolution of CH4 and CO2 dimensionless partial pressure in void domain at four reactor lengths
for the last cycle for Da=4, ® = 50.
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Figure 2-30: Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM1 for Da =4, ® = 50.
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Comparing Figure 2-27 with Figure 2-21, we observe a large increase (decrease) in the
amount of carbon dioxide (methane) exiting the reactor. Figures 2-22 and 2-28 show similar
patterns of behavior for hydrogen in the reactor and storage void domains, with the hydrogen in
the storage medium exhibiting a noticeably shorter response time in Figure 2-28. This is
attributed to the higher ® value, which allows the hydrogen to be more easily transferred
between domains. Comparing Figures 2-23 and 2-29, we see a dramatic change in the behavior
for both methane and carbon dioxide. In Figure 2-23, the methane waveform retains its three
distinct phases through all measured points, and is also always greater in magnitude until the exit
of the reactor. This is not the case for Da =4 and ® = 50, where the magnitude of the carbon
dioxide pulse becomes greater than that of the methane pulse at the 50% location. This is
particularly highlighted in Figure 3-30, which shows the species profiles in the reactor at the end
of OM 1. When compared with Figure 2-24, it can also be seen in Figure 2-30 that the
dimensionless partial pressures of hydrogen in the storage and reactor void are much closer in
value, indicating a much higher rate of transfer of separated hydrogen.

From a process design and operational perspective, there are several parameters that can
be adjusted to alter Da and ©. For a fixed inlet composition at the beginning of OM1, the Da can
be increased (decreased) by increasing (decreasing) the reactor’s residence time, which in turn
can be achieved by increasing (decreasing) the reactor’s length and/or by decreasing (increasing)
the reactor’s residence time. The dimensionless parameter ® can be increased (decreased) by
increasing (decreasing) the residence time, storage-void domain interfacial area and hydrogen
permeance, and/or by decreasing (increasing) the void domain volume fraction. ® can be altered
even while keeping the Da fixed, by altering the last three aforementioned design parameters. In

particular, increasing the preferential hydrogen permeance through the storage medium’s
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permselective layer will increase ® and can be accomplished through appropriate selection of the

layer’s pore structure and material properties.

2.2.3 Conclusions

In this work, a novel, first principle-based, spatially dependent model capturing the
membrane storage reactor behavior was presented and simulated. This novel intensified process,
termed the MSR, is capable of overcoming operational limitations of traditional reactor design
by combining multiple mass transport processes into a single unit, and increases the production
rate through dynamic operation. The resulting desired products are delivered at high pressure and
in readily separable form, which leads to additional energetic and operational cost saving. The
assessment of MSR behavior was described by a one-dimensional dynamic model which, when

cast in dimensionless form, revealed two dimensionless parameters, Da (the Damkohler

number) and 0 :1/ Pemem (the inverse Peclet number), that capture MSR behavior. Performance
analysis of the MSR process was undertaken by introducing a number of metrics, and a case
study on Steam Methane Reforming for the production of hydrogen was subsequently carried
out. Numerous simulations of the developed spatially dependent dynamic model enabled
parametric studies of the effect of the aforementioned Da and 0 =1/Pemem dimensionless

groups, and established that maximizing both groups leads to improved MSR performance. A

comparative analysis between SMR-MSR and SSR showed that the SMR-MSR process obtained

a higher methane conversion, X, , and a greater yield of hydrogen, €2,, . It was also shown
that the SMR-MSR hydrogen recovery ratio, R, ,, was comparable to or above those obtained

by currently investigated membrane technologies.
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There are several notable advantages of the proposed MSR process, the first being its
ability to be modularized and to accommodate a variety of economic production scales. Although
the current case study emphasized application to hydrogen production for use at the level of a
refinery or a large plant, smaller scales of production are also quite feasible. The MSR process
can conceivably be applied to hydrogen-fueling stations so as to facilitate the creation of
sustainable decentralized hydrogen generation. Additionally, implementation of the MSR
process into existing plants would help reduce many of the economic barriers faced by industrial
operations when converting to new technology. Using SMR as an example, retrofitting of an
existing plant would consist mainly of reactor repacking with catalyst and storage media.
Because of the need for the MSR process to direct material flow, it is imagined that additional
fluid lines (for both feed and effluent) need to be constructed. This additional cost, however, is
not expected to be large, especially when considering that no additional exogenous chemical
components are required. Additional component cost from MSR implementation can also be
expected from the need to incorporate dynamic control equipment because, as noted earlier, most
industrial reactors operate at steady state. All of this suggests that the MSR process has the
potential to overcome many of the barriers that hinder many potential process intensification
technologies and be implemented at an industrial scale.

The presented one-dimensional dynamic model was used to demonstrate the novel MSR
concept. Because the MSR process is shown to offer significant performance advantages, future
work will attempt to rigorously quantify energetic savings by incorporating energy balances into
the MSR model. Additionally, development of a MSR model that can capture multi-scale effects

and help quantify storage media structural parameters will be investigated.

2.2.4 Notation
English Symbols
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Verhulst function parameter.

Reactor cross section area
Verhulst function parameter.

Ith species concentration in gas phase of void and
storage domains

effective diffusivity
binary diffusion coefficient

Reference Damkéhler number

Pellet diameter

Axial molar flowrate of Ith species

Reference axial molar flowrate

Dimensionless axial molar flowrate of Ith species

operating mode (OM) specific Heaviside function.

Rate coefficients for SMR reactions

Equilibrium constants for SMR reactions
Species adsorption constants for SMR reactions
Reactor Length

Characteristic length

Number of species
Number of reactor operating modes

Operating mode

Ith species partial pressure in gas phase of void

and storage domains

Ith species dimensionless partial pressure in gas

phase of void and storage domains

Ratio of inlet partial pressure for species i for
operating mode k-1, based on operating mode k =
1

Ratio of inlet partial pressure for species i for
operating mode k, based on operating mode k =1

Reference pressure

Peclet number for convective to diffusive mass
transport
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Peclet number for membrane to convective
transport

Ith species reaction-based generation rate

Ith species dimensionless reaction-based

generation rate
Reference reaction generation rate

Molar ratio of Ith species produced during OM

K over Ith species produced during all OM’s
Rate of Ith SMR reaction

Dimensionless rate of Ith SMR reaction

Universal Gas Constant

Limiting reactant used in performance metric
calculations

Molar generation rate of Ith species into the gas

phase of the voids domain due to transport from
the gas phase in the storage domain

Molar generation rate of Ith species into the gas

phase of the storage domain due to transport
from the gas phase in the voids domain
Time

Dimensionless time

Reference time, chosen as the residence time
Temperature in all reactor domains
Total reactor volume

effective velocity
gas velocity in reactor void domain

Reference velocity, chosen as gas inlet velocity
during OM 1

Dimensionless gas velocity in reactor void domain

Conversion of limiting reactant RLIM over all
OM’s

Verhulst function for switching between inlet
boundary conditions during OM change.
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2.3 1-D non-isobaric non-isothermal

gs? “sos

kg catalyst

m® catalyst pellet

J

Vi=LNC

Reactor axial coordinate

Reactor dimensionless axial coordinate

Storage-void domain interfacial area per unit
volume of reactor system

Ith species permeance through storage medium

permselective layer

Volume fractions of voids, catalyst, storage, gas
phase in storage domain, and solid phase in
storage domain

Catalyst effectiveness factor

Dimensionless number quantifying membrane
permeation to convection (inverse Peclet)
Catalyst pellet density

Molar ratio of Ith species produced during OM
K over limiting reactant fed throughout all OM’s

Overall molar ratio of Ith species produced during
all OMs over limiting reactant fed throughout all
OM’s

Desired product yield of species I

Duration of kth operating mode

Dimensionless duration of kth operating mode

In this section, the non-isobaric non-isothermal SR process is presented. The equations in

this section require the formulation and calculation of transport coefficients for multicomponent

systems. While under certain conditions these can be approximated as constant or nearly

constant, transport coefficients are very often functions of temperature, pressure, as well as other

atomic factors. In this section we will be using Elementary Kinetic theory and Chapman-

Enskog[32] theory of intermolecular force interactions and approximated solution to the

Boltzmann equation to estimate their values. For calculating the viscosity of a pure component

the following equation is used:
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26.69(M,T)"
OiZQV,i
where M and T are molecular weight(%ol) and Temperature(K), M is the molecular weight

/ui,gv = (2161)

in (kg mol) , 0, is a characteristic dimension of the molecule (m) and Q,; is a dimensionless

collision integral given by:

LA + LC + LE
(Tu)LB exp(LDT”) exp(LFT“)

Q= (2.1.62)

. KT . - . . .
with T# = 5 o, is the minimum of the pair potential curve, and k is Boltzmann’s constant. To

I
estimate the viscosity of a gas mixture we use the simplification method of developed by

Wilke[33], [34] of the rigorous kinetic theory model which neglects second-order effects :

i Xi v:ui \s
Hy, =le e (2.1.63)
i= M
D X0 @ g

j=1

. M Y2 2 M ya7?
Oy =1+t | 14| e | | D0 (2.1.64)
\/g Mj luj,gv I\/Ii

A polynomial approximation based on the group contribution method work of Roy and

where @ is given by:

Thodos[35] is used to estimate the pure component thermal conductivity:

A, =AE=(AE)_+(4E)_ (2.1.65)
Where E is the reduced thermal conductivity and is given by:
%
E:ZlO[TCI\:I‘] (2.1.66)

(/1E)tr is the contribution to thermal conductivity from translational energy only and is given by:
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(AE), =8.757(exp(0.0464T, ) —exp(—0.2412T, )) (2.1.67)

And (/IE) is the contribution from rotational energy and vibrational interchange and is given

int
by:

(AE). =Cf(T,) (2.1.68)
Where C is a material specific constant estimated by group contributions techniques and

int

the form of f (T, )is dependent on the classification of the material. A comprehensive list of other

group contribution methods and their comparative accuracy with experimental data can be found
in Su et al.[36]. In order to estimate the gas mixture thermal conductivity, the method of Mason
and Saxena[37] is employed which gives the same functional form as the multicomponent

viscosity.

Zj: Hohe (2.1.69)
- ZXJ gV 'J Qv

Pure component heat capacity is estimated usmg the Shomate Equation

2 3
E, —a+b— +c( T j+d( T j+ ° (2.1.70)
' 1000 1000 1000 ( T J

>

1000

Multi-component diffusion coefficients can often be estimated by knowledge of all the species

Fickian binary diffusion coefficients which are shown below:

3
0.00266T 2
= oot 2.1.71)
i Oij*<p
1 1 [
M, = 2{_+_} (2.1.72)
M, M,
0, +0,
0y == (2.1.73)
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D:(TD)LB exp(LoT®)  exp(L.T°) exp(L,T°) (21.74)
TD=k5—iTj (2.1.75)
5 =(56,)" (2.1.76)

Again, the results stem from Chapman-Enskgog theory as represented in Poling et al[38].

3.3.1 Mathematical Formulation
In this study, the composite 1-dimensional model for the intensified SR process is extended

to include contributions from axial pressure gradients and axial temperature variation, which
captures and highlights several attractive SR characteristics. The newly derived equations are then

non-dimensionalized, and the dimensionless groups governing the SR behavior are identified. The

SR is considered to be a composite thermodynamic system (r)comprised of three domains that
are spatially distributed and exclusive of each other (reactor voids(v), catalyst pellet(c), and
storage pellet(s)), and a maximum of two phases (gas(g ), and solid(s0)). The volume fractions

of the voids (V) , catalyst(c), and storage (s) domains are denoted as &,,&,,, respectively, while

the volume fractions of the gas and solid phases in the storage domain are denoted as &, &,
respectively. In the context of this study, the following are then considered to hold:
{{;‘V tE +E =1 gy TEy = 55} (2.1.77)

The communication between the catalyst and reactor voids (gas phase) domains is
quantified using an effectiveness factor approach, while the communication between the storage
domain and reactor gas phase domains through a permselective layer on the storage domain’s

control surface, is quantified using species transport equations obeying Sieverts’ Law. The
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composite system (r)is considered to be non-isothermal, while the reactor voids domain (v) is

also considered to be non-isobaric. No reaction occurs within the storage domain. The reacting
mixture is considered to be an ideal gas. The equation describing Mass Conservation (molar form)

of speciesi in phase g within domainv on a system r volumetric basis is:

2 6 (02)+ 2 200, (12)

z =160 ({6 (t2)) Ty (£2))+5, g, (t,2)) 1=1,NC
+§(gv]}TgV(t’z)) { ™ ( ) }

(2.1.78)
The equation describing Mass Conservation (molar form) of speciesi in phase g within

domain s on a system r volumetric basis is:

gs i, gs — Yi,gs,gv

%(5 C.pe (1.2)) = S o (t:2) I =LNC (2.1.79)

where the temporal and spatial dependence of all volume fractions, the effectiveness factor, and
the catalyst pellet density is not shown, as they will next be considered constant. Sieverts’ Law
has commonly been employed in quantifying species’ molar fluxes through Pd membrane layers

and again is used her to quantify the molar flux from the gas domain to the storage domain.
Sigor(12)==8 5o (t.2) =, B(Pg (1.2) P (t.2)) Vi=1..,NC  (2.1.80)

where g is the i, species molar permeance through the permselective layer, o, is the storage-

void interfacial area per unit reactor volume, and P, ,P, . are thei, species partial pressures in

the gas phase of the reactor void and storage domains. Considering an ideal gas mixture, the

following relations hold:
Pa(t.z)=c(t,2)RT,(t,2), P, (t.z)=c ,(t,Z)RT,(t,z) Vi=1..,NC (2.1.81)

Momentum balance is captured through the use of the Ergun equation:
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anVa(Zt, ). —\7"(5::)(1_? ]{1.75(\7g (t.2) oy, (1,2)) +150 (1_8V()jﬂgv (t Z)} (2.1.82)

2 eff

v
Because the Ergun equation uses average velocity in its formulation, and the velocities in the

species balance are mol average velocities, the previously derived expression equating which

maps between the two quantities is used.

v, (62) =V (t2) +- (1“)_2 S Y (i) (2.1.83)
g = Xk,gka

The temperature profile in the reactor is captured by assuming

_f(ﬁi,gvgcpcnri )
i=1
: NC

E _izl:(hivgvsiYQSVQV)

oP. oP.
+— v, —

(2.1.84)
Additionally, the following parameters are in introduced.
In order to cast equations (1)-(7) in dimensionless form we first define the following

dimensionless parameters,

-t _ z =
t:—*,Z:—*,V
z

t

7




*

Where t* ,z", v, P*, ¢", ] r", T" are the reference values of time, axial length, molar

velocity, pressure, concentration, species flux, reaction rate, and temperature. Substitution of the

above into the SR governing equations yields

_ _ =T =
T, =t O, Ny O & _
gV V2 1,gv ~ 9 1,gv 9 r 1
ot 9 o7 i,gv o7 o7 g, a'ivr ( ivr |,vs) ( )
ck, o e, P = — .
—* -2 (R, -P,) Vi=L...NC (2.1.86)
at ggs ﬂl
ﬂ C\Il_l + gsos\PZ %
ot |&t,Cd &c,C ) ot
| g,Dav, VY, (= =t
RLAR TR AR PR
v o7 L (—;gvcgv o i=1\ ev™p “gv vVgv P
- = S ENC) 5 5 2.1.87
+ lgr\]ll_PA + ‘c"c\P_S + 53 S _6 azTg — _Z _gvé \P7(Pi,gv - Pi,gs )] ( )
EngF?V gvggvclgv gv(_:gv ng 672 o i gV_ _
¥, OT, 04y +_‘§3 (aEVHZaPQV]
c,C¥ T a Pl Ot
P, (t,2) 1-¢ (1-¢,)
gv _ = = = v = v
T = —[1.75nggcngl[? +150Vg T ZD’Z (2188)

Equations (2.1.85)-(2.1.88) are considered the governing equations which describe the
SR reactor process for a transient, non-isothermal, 1 dimensional flow reactor. As noted in
earlier sections, the values of the reference parameters are specified by the particulars of the
considered problem, since the choice of reference parameters can vary widely[14], can
significantly affect the range of values of the resulting dimensionless groups[15], and must be

such that the resulting dimensionless problem’s solution is not adversely influenced[16].
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Defining t" = % L=V, G =C (T, )‘Eq, 2ot =2 (T )‘Eq and gives rise to the

i i i . ZRT pnr
following dimensionless parameters for the transport equations: D, = TM
v
ZRT a A R
@Z*—SﬁL’\PA:%,and lP9:~*\/'
Ve, C.%zv C.¢

Where the first parameter is the Damkohler number and the second is the inverse Peclet number.

The second two heat transfer parameters make use of C;% and /1;;“ , which are the molar heat

capacity and thermal conductivity at the equilibrium mixture values based on the inlet feed and
pressure conditions and the wall temperature. Both of these parameters are a function of the mol
fraction of the participating species and the methodology for calculating these values is outlined
in Appendix A.4. The SR dimensionless energy equation has 7 additional dimensionless

variables, and two dimensionless parameters in the momentum balance, shown in the tables

below.

Table 2-14: Dimensionless heat parameters and variables.

pCr - :
| T g Dimensionless heat variable 1.
C.%c
, = f*s V"* Dimensionless heat variable 2.
C.%c
c¥
P,i . . . .
Y, = é*—g'v Dimensionless heat variable 3 for species i.
P
A
v . .
4T T Dimensionless heat parameter 4.
C,%czv
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¥V, =—— Dimensionless heat variable 5.

¥V, =— Dimensionless heat variable 6.

Y, === Dimensionless heat variable 7 for species i.

Dimensionless heat variable 9.

Vo= v Dimensionless heat parameter 9.

Table 2-15: Dimensionless momentum parameters.

ZVV'M Dimensionless momentum variable 1.
U =—=
RT d
Vou 7t Dimensionless momentum variable 2.
_ V Hy,
Ty=—7
P™(dy)

Comparing the performance of the PPSO SR, which is a periodic process, with that of a
traditional reactor, which is a steady-state process, requires that a number of process performance
metrics be introduced. Since the PPSO SR is a periodic process that takes place over several
phases, it is appropriate to define metrics over each phase separately and over all phases. When
the inverse Peclet number © is set to zero, the second and third operating phases become obsolete,
and as the duration of the first phase approaches infinity, its associated metrics must approach their

steady-state counterparts. For reactor design it is preferable to use a metrics based on mols as this

gives a better notion of reaction specific quantities. To this end, the axial molar flowrate of the i,
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species F, ., is expressed in terms of a reference molar flowrate F"and a dimensionless molar

flowrate F _, as follows:

igv?

F* é P \ g\,A} lf é I:i,gv _ Ci,gvvt_;‘c"v'% _ P Pi,gvV vggvp‘r _

RT ' " F F*  RTF
Limiting Reactant Conversion

]
2

(2.1.89)

An important metric for the assessment of MSR performance is the conversion of a limiting

reactant RLIM . Typically, this reactant will be fed in the MSR during one OM, but may be removed

from the MSR during multiple OM. Thus, we define its conversion over all OM as follows:

NOM . NOM Ni,:w . NciM :
I FR'-'M gv t O)dt J FRLIM gv t L )dt I IERLIM Qv (F’O)dt_' - ,[ IERuM Qv (t_"l)dt_'
0 0 0
Ruim é NOM = Nowm
Riim » ,’ , : F v OV )
[ Frp o (1,0)t [ Fop o (T.00T
0 0
(2.1.90)

Desired Product Ratio

Another important metric for the assessment of MSR performance is one that captures the

extent to which the desired product is formed as the limiting reactant is converted. Thus, the

following OM-dependent metric is introduced, that is equal to the ratio of the i, species amount

generated during OM K over the limiting reactant’s R amount fed throughout all OM’s.
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T F, (t, L)t - j F, . (t,0)dt j £ (T)df— j F . (7,0)dT
) kk*iol o kk/z:]. . k:zlz(:;l ?k k:i;l 7k
@, = NOM ] = %A _
:_[ FRLIM ,gv (t" O)dt' :J. _RLIM gV (_" O)df'
0 0

k=1LNOM,i=1NC
(2.1.91)
where 7,=0,7,=0.

An overall OM-independent metric is also introduced, that is equal to the ratio of the i,

species amount generated during all OMs over the limiting reactant’s RLIM amount fed throughout

all OM’s.
j Fo (10 L) dt - j F.,.(t,0)dt j F, (f.1)dT - j F.,.(,0)dT
Q. é 0 0 ) 0 0 i :1’
1 NOMTk ,\%A?k NC
[ Fap o (t.0) [ Fap o (E.0)dT
0 0
(2.1.92)
This is often referred to as product yield. It then holds
NOM
Q=) o, (2.1.93)
k=1

Desired Product Recovery Fraction

Finally, we define the fraction of product generated during a given OM over the total

product generated over the duration of all OM’s, as the Product Recovery fraction, defined as:

R, 2 % vk =LNOM Vi=1,.,NC (2.1.94)
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The system of non-linear first order partial differential equations described above are used
to simulate all three OM’s of the MSR PPSO, and is solved using a direct finite element solver
with implicit multistep backward differentiation (BDF) time stepping. The above solution strategy
was coded and implemented using the COMSOL Multiphysics software platform. The MSR
concept is next illustrated for the case of the SMR reaction. We show, through a parametric
analysis, the impact that the previously identified dimensionless parameters have on the

performance of an SMR-MSR operating under PPSO.

3.3.3 Problem Specification and Thermodynamic Data
In the analysis that follows, the molar velocity v , and reaction generation rate r* reference

* A 1

P

K "T - .
values are selected as v évw(0,0) N g In order to account for diffusion, the molar

form of the Stefan Maxwell equation is used as shown in Table 2-16 along with its dimensionless

form.

Table 2-16: Dimensionless Stefan-Maxwell formulation.

-1

. NC X ox ., N jlox
jiTgv - Zﬂ —C,, 1oV +Z LoV ). Molar Steffan-Maxwell diffusion.
' e oz ‘o Dby
i#] 1#]
= _ ok, o ) . .
iy = Diydiff (Fl,i +F2’i) 67 Dimensionless Steffan-Maxwell difussion.
oc

— Variable 1 for dimensionless Steffan-Maxwell
r,.=|x —%Z _1
1i i,gv ac

gy difussion for species i.
0z
il
r. = 1 NZC:Jj,gvXj,gv Variable 2 for dimensionless Steffan-Maxwell
! 6Ci,gv =1 Dij . . ..
pe 2l difussion for species i.
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Dimensionelss diffusion coefficient.

)

diff —

According to Xu and Froment SMR s carried out through three reversible reactions RX1,

RX2,and RX 3, with enthalpies of formation and kinetic rates as shown below:

CH,+H,0 > CO+3H, AH;:206.1K)/ (RX1)
CO+H,0 > CO,+H, AH;:-41.15K)/ ~ (RX2)
CH,+2H,0<CO, +4H, AH;:1649K)/  (RX3)

3
k R 2,0V I:)CO, \
: 25 PCH4.gvPH20,gv_( " g'z : K, Py Pio V_M
(PHz,gV) ! I:>H2,gv ° = K2
(DEN)’ ’ (DEN)’
{Rv R,, R3} = 4
k3 P (P )2_<PH2,gv) PCO,gv
35 CH,,gv H,0,gv
(PHZ’QV) Ks
’ (DENY’
(2.1.95)
P
with DEN=1+KoPrg o, + Kiy Py o + Ko, Py g + Ko =22 (2.1.96)
H,,gv

The kinetic and equilibrium constant values in the above expressions are listed in the tables below.

Table 2-17: Rate coefficients and adsorption constants for use in Arrhenius or Van’t Hoff Equations

Rate Coefficient or Pre-exponential Unit Pre-exponential Activation energy or

Adsorption Constant | Factor Factor adsorption enthalpy
(k)

K, 4.225x10" (kmol barO-S) /( kg ) 240.1

K, 1.955x10° (kmol ) /(kgcat hr bar) 67.13
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K, 1.020x10% (kmol bar°'5) /( kg hr) | 243.9
Keo 8.23x10°° bar™ —70.65
Ky, 6.12x10°° bar™ -82.90
Ken, 6.65x10™* bar™ -38.28
Kio 1.77x10™* dimensionless 88.68

Table 2-18: SMR Reaction Equilibrium Constants

Equilibrium Constant Units

K, = exp(—26,830/T +30.114) | bar?

K, =exp(4,400/T —40.63) dimensionless

K, =K, K, bar?

The above kinetic rates can be brought in dimensionless form, as suggested in noted earlier.

In the definition of the Damkohler number the reference reaction generation rate r* is selected as

the reaction rate for RX1 evaluated at the reactor entrance conditions during OM1.:

(PHngV (0, 0))3 Peo.gv(0.0)

K| Pey, o0 (0,0)Py 6.4, (0,0) - <
1

{(mo,o»}“} _ (Pu.s (00)

1+ KeoPeo 0 (0,0) + K, P, o (0,0)+

(2.1.97)

2

+K., P (0,0)+ KHZOPHzOvGV(O’O)

CH, " CH,,gv P

H,,gv (0’0)
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k P oPioe — (P*)Z(ISHz’QV)S Poo.gs
(P*)O.S(ﬁszgv)Z.S CH,,gv" H,0,9v Kl

— Ky oP
* H,0" H,0,gv
+ Kew, PP, o0 + 2572

2
(1+ KCOP*F_)C + KHZP*F_)HZ'QV j
Hz,gv
= . (2.1.98)

r

k P* D D ISHz,gvls(:oz,gv
F_)Zg[Pco,gvPHZO,gv _T

O,gv

vl

H,,gv

5 = — K, P
[l+ KeoP Feo.pv * KHzP*PHz,gv + KCHAP*PCHAvQV + T 0

2
R, = e 8 (2.1.99)

*

r

0,gv

S Poss o0 (P )2 - (P*)z(ﬁHzlgv )4 Peo.an
(P*)O.S(F—) )3.5 CH,,gv H,0,gv K3

H,,qv

5 = - Ky.oP,
[l+ KeoP Feo.gv * KHz P*PHz,gv + KcH4 P*PCHAng + TS O

2
P . ]
R, = . M (2.1.100)
r

0,gv

=N VR ) VR =Y va = KHOl:)HOvr
DEN=1+ K., P\ + Ky Py o + Koy P +—= (2.1.101)

co,vr Hy ' Hy v CH, " CH,vr P
H,,vr

where

=<

(2.1.102)
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Table 2-19 Parameters values used in simulations

Parameter Value Dimension
Density of catalyst 2355.2 kg
3
Density of storage medium 1220.1 kg
m?
Thermal conductivity catalyst 25
mK
Thermal conductivity storage medium 25 w
mK
Heat capacity of catalyst 1050 J
kg K
Heat capacity of storage medium 1050 J
kg K
Table 2-20 Initial and boundary conditions
Initial Conditions Boundary Conditions
Ei,VI' = (Ei,vr )m Ei,VI' = (TI vr )in,k

N —
for z =0, OP=Kk, NT =0 forz=h
VT =0

Table 2-21 Reactor Concentration Boundary Conditions by Phase

Description Value

Description

Value

Description | Value

0.25

((_:CH4,vr )in,l

(ECHA,vr )in,z 0.0

(CCHA,vr )in,s 0.0
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(EHZ,vr )in,l

(EHz.vr )in,z

(EHz,vr )in,S

(ECO,vr )in,l 0.001 (ECO,vr )in,Z 0.0 (ECO,vr )in,3 0.0

(fcoz,vr)m 0.001 (Coope )M 0.0 (Coopur )in’s 0.0

(EHZO,vr )in,l 0.747 (EHZO,vr )in,Z 0.70 (EHZO,vr )in,3 1
0.001 0.30 0.0

The PPSO of the SMR-MSR s carried out in three distinct operating modes: OM 1

(Loading-Reaction/Storage), OM 2 (Decarbonization/Maintenance), and OM 3 (Unloading-

Production/Emptying) each of which is characterized by different processes occurring in the (V)

and (s) domains. These three OMs have a time duration designated as 7;, 7, , and 75, as

described next and shown in the Figure 1 below.

n
Rey,

mn
Py

Figure 2-31: Conceptual sketch of the SR-MSR model.

88




OM 1: MSR Loading-Reaction/Storage Phase

At the beginning of this OM, phase (g) in domain (v) is largely composed of steam and
minute amounts of hydrogen, phase (g) in domain () only contains hydrogen at a pressure

slightly above the partial pressure of hydrogen in (v) and a mixture of methane and steam at a
constant flowrate is fed into the MSR. During this OM, the hydrogen that is produced from the

SMR reactions taking place begins to permeate into () as its partial pressure in (v) increases

above the total pressure of (S).The duration 7, of OM 1 is chosen so that a desirable level of

limiting reactant conversion is attained. Reactant conversion, as defined by Equation , is defined
over all three OMs. Typically, however, the limiting reactant is fed to the MSR only during OM

1, whereas any unreacted limiting reactant exits the MSR during OM 1 and OM 2. Thus, the

duration 7; of OM 1 is the only degree of freedom that can be chosen so that the amount of

unreacted limiting reactant that exits the MSR over 7, + 7, (i.e., over the duration of OM 1 and

OM 2) is acceptably low, compared to the amount of limiting reactant fed to the MSR during
OM 1, so that a desirable level of limiting reactant conversion can be attained.
OM 2: MSR Decarbonization/Maintenance Phase

OM 2 begins at the final conditions of OM, and the feed is switched to a mixture of steam

and hydrogen, the composition of which is selected so that the partial pressure of hydrogen in

(g)is above the hydrogen pressure in (s)so as to maintain the stored hydrogen in (s). Thus

(g) is decarbonized, until its contents essentially consist of steam and hydrogen. When a reactor

is operating under packed bed flow conditions with diffusional effects, as is the case here, there
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will no longer a sharp steam front propagating through the reactor, and thus the duration 7, of

OM 2 is chosen to be the time at which the function:

P (1) 2 Poo, 0 (T) + Py, (1) + P () (2.1.103)
is brought below a predefined decarbonization limit (e.g. 0.01). This selection determines the

level of carbon impurities in the H, product generated during phase 3.

OM 3: MSR Unloading-Production/Emptying Phase

Similarly, OM 3 begins at the final conditions of OM 2, and the reactor is fed pure steam
at a constant flowrate. This action empties the contents of (S) back into (v), generating a
mixture of readily separable, high-pressure hydrogen and steam as the SMR-MSR product. the

duration of OM 3 is selected as the time 75 at which the dimensionless partial pressure of

hydrogen in domain (v) at the reactor exit falls below a set value, e.g.,

P o (fl +7, +7, ,1) <0.01, which ensures that most of the hydrogen in both domains (v) and

(s) has been removed and thus the reactor is largely filled with unreacted steam.

To compare the performance of the SMR-MSR under PPSO with that of a traditional SMR-
SSR, we utilized the process performance metrics defined above, for the SMR case study. To this

end, identifying methane as our limiting reactant, Equation (2.1.90) becomes:

NOM?k l\%ﬂ?k
,[ _CH4VQV(?*0)df’_ I _CH4VQV(F’1)dF
0 0
XCH4 = NOM (21104)
j Fon,.o0 (T,0)dT
0
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Similarly, the equations for the rest of the metrics can be expressed for all products

(carbon monoxide, carbon dioxide, and hydrogen), and are listed below for hydrogen.

Lo (BT~ [E, L (F,0)d7
0
j Fen, o0 (1,0)dT
0
[ R o (T2)dl- ! F o (0,0)dT

QHZ = NOM7
k=1 ‘
j Fen, o0 (7,0)dT
0
P, o (T,1)dT - Fy, o (T,0)dT
_Wy,5 | 74 747, i
Hz23 ™ N T+T, +T;
QHz 170+ . . 14ty . .
j F. o (T.2)dT - j F.. o (T,0)dt

(2.1.105)

(2.1.106)

(2.1.107)

Equation (2.1.105) captures the H2 molar production ratio in OM 1 over the total amount of

methane fed. Equation (2.1.106) describes the hydrogen yield over all three OM’s, i.e, the total

moles of hydrogen produced divided by the moles of methane fed to the reactor. Lastly, Equation

(2.1.107) is used to calculate the hydrogen recovery ratio during the 3 OM, which is of

importance as it quantifies how much hydrogen is produced in readily purifiable form.

Simulation of the dimensionless equations () of the MSR model requires that a number of

model parameters first be specified. It is considered that the inlet reactor temperature and wall

temperature are T, =800K and T, =950 respectively, and the MSR feed at the beginning of OM

1 contains steam and methane at a molar ratio of 3, and minute amounts of all other species.
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Knowledge of these parameters enables the computation of the reference reaction generation rate
r* and expression of the dimensionless reaction rates R , R, , R,in terms of the dimensionless

species pressures. We carry out a parametric study with three different selections of the storage
domain, catalyst domain, and gas phase in storage domain volume fractions as

{6,=035,5,=0.20,¢ =045} , {g,=027,¢ =04,¢ =033}, and
{e,=0.25, £ =0.30, & =0.45} , along with an effectiveness factor as 7 = 0.5, and a gas

0 ifj;tl}

permeance ratios for all species (the first species being hydrogen) as f; / B = {1 if =1

enables the simulation of dimensionless equations of the MSR model as long as the values of the

parameters D,,0,7,,7,,7,are known.

In this work, assessment of SMR-MSR performance was performed by carrying out thirty
two combinations (trials) of the above five parameters, as listed in Table 3- below. The values

for D,and ® were chosen by selecting a range of reasonable values for the parameters shown
in above. Letting the operating pressure obtain values in the range P™ e [10(bar), 26(bar)],
inlet temperature T~ =800(K), catalyst density p, = 2355.2(k%3) , the resulting D, range is
1< D, <30 . Evaluation of a range for ® requires range information for the species membrane

mol i
Pa-(m’void - storageinterface)- s

permeance f, [ J and the storage-void interfacial area per

m? storage — void interface
m?® systemr

unit volume of reactor as,v[ j The g, range is
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1.05-10° < 3, <1.21-10° for hydrogen, and the a, , range is selected so that the resulting ©

range is 1<® <50.
Each trial was simulated in COMSOL for 3 cycles of operation, in order to ensure that
dynamic operation had reached its long term periodic behavior. COMSOL implementation of the

alternating feed compositions for each OM was carried out by approximating for each OM an OM-

specific Heaviside function h, with an OM-specific Verhulst function, W, ,: as shown in the

equation below:

h, (F)=1[0.], if[t_— —k,:oj ~W, () =— L  k=1,NOM

k-1
1+ exp[—a-(t_— kaj+ a-c}
k'=0

(2.1.108)
Fig. 1 below illustrates the dynamic behavior of the methane inlet partial pressure at the reactor

inlet as a function of dimensionless time, considering 7, =7, =7, =5, a=1and c=8.5.
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Figure 2-32 - Methane dimensionless partial pressure at reactor inlet for 2_'1 = 172 = z_'3 =5a=1c=85

Figure 2-33 shows the time evolution of all species’, aside from hydrogen, dimensionless
partial pressures at the reactor inlet over three operating cycles. It is assumed that the conditions
at the inlet of the reactor at the beginning of OM 1 is the same as its condition at the end of OM
3. During OM 1, the reactor’s feed consists mainly of steam and methane, at a 3:1
steam/methane ratio, and trace amounts of carbon monoxide and carbon dioxide. During OM 2
and OM 3 the reactor’s feed consists only of steam. Similarly, Figure 3-34 shows the time
evolution of species dimensionless partial pressures at the outlet of the reactor through the same
three cycles of operation. Because the reactor’s condition at the beginning of OM 1 is the same
as its condition at the end of OM 3, at early operational times the reactor outlet consists mainly
of steam. As the reaction proceeds, a mixture of methane, carbon dioxide, and carbon monoxide
begins to exit the reactor. The hydrogen in the void domain continues to rise until it reaches its
peak, which coincides with the end of OM 2.

Figures 2-35, 2-36, 2-37, and 2-38 show the time evolution of the dimensionless partial

pressure of methane, carbon dioxide, carbon monoxide, hydrogen, and hydrogen in the storage at
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three different reactor locations, 25%, 50%, 75%, and 100% respectively, during the last cycle
of operation. Analyzing the behavior of hydrogen from these figures it can be seen that at the
25% length the hydrogen concentration in the void domain is initially practically zero at early
cycle times. As methane reacts to generate hydrogen in the reactor domain it is transported into
the storage and this is shown by a marked increase in hydrogen storage concentration. At the
end of the reactor cycle when only steam is being fed, the hydrogen concentration in the storage
decreases as it is evacuated back into the reactor domain. The figures also elucidate the behavior
of methane and carbon dioxide, which are shown to first increase, reach a maximum, and then
decrease, in correspondence with the composition changes at the inlet of the reactor shown in
Figure 2-33. The methane (carbon dioxide) maximum occurs at the latter (earlier) part of a
plateau-like region in time. At points further down the reactor (50%, 75%, and 100% of the
reactor length), the methane (carbon dioxide) pulse exhibits a progressively lower (higher)
maximum, which is indicative of its role as a reactant (product) in the reaction that takes place.
The magnitude of the methane pulse remains larger than that of the carbon dioxide pulse until it
reaches the end of the reactor, where it can be seen that the dimensionless partial pressure of
carbon dioxide is slightly larger than that of methane.

Figures 2-39 , 2-40, and 2-41 show the dimensionless partial pressure profiles for all
species along the length of the reactor at the end of OM 1, OM 2, and OM 3, respectively, for the

nth trial D, =,® =. In these simulations we selected the end of OM 1 to be when
F_’C,%gV v ons 0.1 occurs for an operating time for the first OM of 7, =0.141. From Figure 2-39

one observes that the contents of the reactor void domain up to point (z* = 0.25) contain a

mixture of reforming products, whereas at larger reactor lengths there exists only water. From
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the reactor inlet (z* = 0) to (z* = 0.25) , the dimensionless partial pressure of the hydrogen in

the storage shows a marked difference from the dimensionless partial pressure of hydrogen in the
reactor void, which highlights the time-dependent nature of the process. As seen later in the
analysis of the influence of the parameter ©, reducing this difference during early operational

times correlates to higher conversion and better overall reactor performance. Figures 2-40 and 2-

41 show the corresponding profiles at the end of OM 2 with 7, =0.309, and at the end of OM 3

with 7, =1.758, respectively. From Figure 2-40 one sees that at the end of OM 2 the reactor

void contains a mixture of steam and hydrogen only, and that hydrogen has been successfully
transferred to and stored in the storage domain. From Figure 2-41 one sees that, at the end of a
cycle of operation, the reactor has returned to its initial state of operation, with the reactor void
being filled with only steam and the contents of the storage medium having been emptied.

Figure 2-42 similarly shows the dimensionless temperature profile along the length of the

reactor at the end of OM 1, OM 2, and OM 3, respectively, for the first trial D, =1.33, ® =5.39.

All three operating modes reach the same final temperature at the end of the reactor, but there
can be seen some small differences at shorter reactor lengths, with OM1 having the highest
temperature due to the endothermicity of the SMR reaction taking place. The temperature
profile at the end of OM3 shows the greatest difference between the other two operating modes,
with a noticeably lower temperature profile until about 70% down the reactor length. It is also

apparent that the reactor gas never reaches the wall temperature.
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Reactor Inlet Over 3 Cycles
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Figure 2-33 Dimensionless time evolution of species’ dimensionless partial pressure at reactor inlet over 3 cycles of operation for
Da=1.33,0®=5.39.
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Figure 2-34 Dimensionless time evolution of species’ dimensionless partial pressure at reactor outlet over 3 cycles of operation
for Da=1.33, 0 =5.39.
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Species at 25% Reactor Length
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Figure 2-35 Dimensionless time evolution of species during the last cycle at 25% reactor length for Da =1.33 , ® =5.39
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Figure 2-36 Dimensionless time evolution of species during the last cycle at 50% reactor length for Da=1.33 , ® =5.39
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Species at 75% Reactor Length
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Figure 2-37 Dimensionless time evolution of species during the last cycle at 75% reactor length for Da =1.33 , ® =5.39
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Figure 2-38 Dimensionless time evolution of species during the last cycle at 100% reactor length for Da =1.33 , ® =5.39
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Figure 2-39 Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM 1 for Da=1.33 , ® =5.39.
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Figure 2-40 Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM 2 for Da =1.33 , ® =5.39.
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Figure 2-41 Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM 3 for Da=1.33 , ® =5.39
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Figure 2-42 Species’ dimensionless temperature profile in reactor at the end of OM1, OM2 and OM3 for Da =1.33 , ® =5.39

With the operating times for each OM set, it is now possible to calculate the metrics as
described above. These are shown for the different cases studied in Table 2-22. The SMR-MSR
shows higher overall conversion than the traditional SMR-SSR for all cases studied. For the case
studies conducted here a maximum increase in methane conversion of 120.5% was observed,
indicating the significant benefit that can be gained by appropriately selecting design parameters.

The substantial increases in conversion are accompanied by simultaneous significant gains in
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hydrogen yield. In addition, the SMR-MSR enables the in situ separation of the hydrogen
product, which is a distinct advantage over the traditional SMR-SSR that requires an additional

downstream separation step.

Table 2-22 Performance metric comparison for SMR-MSR and SMR-SSR for 32 trials.

g,=035,¢=020,¢,=045,0<50
Trial D, ® W, |SRXch, | SSXey, | SRYy | SSY, | Ry e
1 1.330 | 5.392 0.640 0.387 2.513 1.450 0.646
2 1.333 | 49.405 | 0.355 0.752 0.397 2.893 1.483 0.701
3 1.476 | 16.057 | 0.382 0.754 0.407 2.904 1.519 0.669
4 1.541 | 39.963 | 0.413 0.769 0.407 2.964 1.519 0.719
5 1.552 | 44577 | 0.401 0.769 0.397 2.974 1.483 0.741
6 1.686 | 20.311 | 0.523 0.746 0.397 2.906 1.483 0.756
7 1.797 | 29.658 | 0.484 0.785 0.419 3.031 1.558 0.730
8 2.220 | 24.150 | 0.761 0.788 0.407 3.076 1.519 0.795
9 2437 | 9.935 | 1.065 0.714 0.387 2.828 1.450 0.794
10 5.236 | 29.779 | 1.869 0.896 0.478 3.503 1.764 0.841
11 5.314 | 35.258 | 2.212 0.901 0.460 3.537 1.704 0.862
12 5549 | 5392 | 1.232 0.852 0.550 3.245 2.008 0.624
13 5.617 | 14.984 | 3.057 0.840 0.431 3.301 1.602 0.849
14 5677 | 9.935 | 2.073 0.827 0.478 3.237 1.764 0.795
15 5939 | 24.212 | 5.315 0.853 0.387 3.366 1.450 0.893
16 6.002 | 20.088 | 4.374 0.853 0.407 3.358 1.519 0.877
17 6.153 | 49.880 | 1.901 0.924 0.498 3.608 1.834 0.851
18 9.333 | 49.880 | 3.087 0.929 0.550 3.596 2.008 0.838
19 9.841 | 20.088 | 6.546 0.904 0.460 3.553 1.704 0.881
20 10.153 | 30.467 | 10.517 0.912 0.419 3.601 1.558 0.910
21 10.166 | 14.984 | 5.077 0.898 0.498 3.510 1.834 0.850
22 10.224 | 9.935 | 3.945 0.873 0.550 3.372 2.008 0.777
23 10.314 | 24.212 | 8.311 0.912 0.445 3.590 1.650 0.896
24 14.759 | 25.826 | 11.437 0.929 0.478 3.646 1.764 0.894
25 14.925 | 30.467 | 15.405 0.935 0.460 3.679 1.704 0.907
26 | 15.420 | 14.984 | 10.905 | 0.869 0.550 3.339 2.008 0.800
27 15.420 | 48.697 | 9.724 0.932 0.550 3.629 2.008 0.870
28 17.664 | 17.164 | 14.327 0.876 0.550 3.368 2.008 0.812
29 19.943 | 24.212 | 18.941 0.917 0.522 3.569 1.914 0.870
30 22.051 | 21.427 | 19.270 0.889 0.550 3.430 2.008 0.832
31 24.917 | 24.212 | 27.430 0.900 0.550 3.473 2.008 0.844
32 26.578 | 25.826 | 27.206 0.903 0.550 3.491 2.008 0.850
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Table 2-23: OM dimensionless duration times for 32 trials.

g, =035,¢=0.20,¢6,=045,0<50
Trial | D, 0] Y, 7 7, 7
1 1.330 | 5.392 0.141 | 0.309 | 1.758
2 1.333 | 49.405 | 0.355 | 0.149 | 0.298 | 0.905
3 1.476 | 16.057 | 0.382 | 0.149 | 0.298 | 1.192
4 1541 | 39.963 | 0.413 | 0.148 | 0.302 | 0.961
5 1552 | 44577 | 0.401 | 0.141 | 0.297 | 0.936
6 1.686 | 20.311 | 0.523 | 0.137 | 0.317 | 1.194
7 1.797 | 29.658 | 0.484 | 0.146 | 0.305 | 1.042
8 2220 | 24150 | 0.761 | 0.131 | 0.320 | 1.164
9 2437 | 9.935 | 1.065 | 0.118 | 0.322 | 1.529
10 5.236 | 29.779 | 1.869 | 0.133 | 0.317 | 1.115
11 5.314 | 35.258 | 2.212 | 0.125 | 0.318 | 1.082
12 5549 | 5392 | 1.232 | 0.166 | 0.295 | 1.736
13 5.617 | 14984 | 3.057 | 0.110 | 0.316 | 1.354
14 5.677 | 9935 | 2073 | 0.126 | 0.317 | 1.524
15 5.939 | 24.212 | 5315 | 0.099 | 0.312 | 1.187
16 6.002 | 20.088 | 4.374 | 0.103 | 0.313 | 1.248
17 6.153 | 49.880 | 1.901 | 0.139 | 0.312 | 0.986
18 9.333 |49.880 | 3.087 | 0.167 | 0.309 | 0.983
19 9.841 | 20.088 | 6.546 | 0.108 | 0.312 | 1.248
20 | 10.153 | 30.467 | 10.517 | 0.100 | 0.309 | 1.121
21 | 10.166 | 14984 | 5.077 | 0.119 | 0.315 | 1.357
22 |110.224 | 9.935 | 3.945 | 0.153 | 0.315 | 1.528
23 |10.314 | 24212 | 8.311 | 0.104 | 0.311 | 1.188
24 | 14.759 | 25.826 | 11.437 | 0.116 | 0.309 | 1.168
25 | 14.925 | 30.467 | 15.405 | 0.110 | 0.309 | 1.122
26 | 15420 | 14984 | 10.905 | 0.189 | 0.312 | 1.362
27 | 15.420 | 48.697 | 9.724 | 0.170 | 0.312 | 1.018
28 | 17.664 | 17.164 | 14.327 | 0.190 | 0.311 | 1.310
29 | 19.943 | 24212 | 18.941 | 0.148 | 0.309 | 1.192
30 | 22.051|21.427|19.270 | 0.187 | 0.308 | 1.230
31 | 24917 | 24.212 | 27.430 | 0.183 | 0.309 | 1.193
32 | 26.578 | 25.826 | 27.206 | 0.182 | 0.307 | 1.172

In all experimental trials, only ¥, is varied as the temperature of the reactor wall is not

varied, and as such, we only report and comment on how its changing value affects reactor
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performance. It should also be noted that for the trials in this study, ¥, cannot be varied
independently from D,, and therefore its full impact is not quantified. The effect of ® (the

inverse Peclet number) on reactor performance can also be seen in the operational time and
performance metrics shown in Table 2-22, with an increase in all metrics shown for increasing
®. However, in contrast to our previous isobaric/isothermal model, it appears that conversion is

much more sensitive to both D, and ®. The magnitude of ® can be seen to have the largest

impact on reducing 7, and increasing R The cases with the lowest ® value studied are

H,,rec *
characterized by smaller increases in methane conversion and hydrogen yield over their
traditional reactor counterparts, and lower recovery ratios, suggesting a lower limit threshold of

® > 1 for desirable SMR-SSR performance. For a values of D, +0.1, as ® increases, operational
times f3 in OM 3 decrease. These beneficial changes in OM duration times, coupled with the

increase in the hydrogen recovery ratio as ® increases (for fixed value of D, ), suggest that @

should be increased as much as possible in order to achieve desirable reactor performance.
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Figure 2-43 Dimensionless time evolution of species’ dimensionless partial pressure at reactor outlet over 3 cycles of operation
for Da =15.42 , ® =48.70.
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Figure 2-44 Dimensionless time evolution of species during the last cycle at 25% reactor length for Da =15.42 , © =48.70.
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Figure 2-45 Dimensionless time evolution of species during the last cycle at 50% reactor length for Da =15.42 , © =48.70.
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Figure 2-46 Dimensionless time evolution of species during the last cycle at 75% reactor length for Da =15.42 , © =48.70.
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Figure 2-47 Dimensionless time evolution of species during the last cycle at 100% reactor length for Da =15.42 , ® =48.70.
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Figure 2-48 Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM 1 for Da =15.42 , ©®
=48.70.
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Figure 2-49 Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM 2 for Da =15.42 , ®

=48.70.
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Figure 2-50 Species’ dimensionless partial pressure axial length profile during cycle 3 at the end of OM 3 for Da =15.42 , ®

=48.70.
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Figure 2-51 Species’ dimensionless temperature profile in reactor at the end of OM1, OM2 and OM3 for Da =15.42 , ® =48.70.

Figures 2—43 thru 2-51 show corresponding results for the 27th trial (Da = 15.42 and © =

48.70). Figure 2-43 shows the time evolution of the dimensionless partial pressure for the various

species at the outlet of the reactor through three cycles of operation. Figures 2-44, 2-45, 2-46 ,

and 3-47 show the time evolution of the dimensionless partial pressure of methane, carbon

dioxide, carbon monoxide, hydrogen, and hydrogen in the storage at four different reactor

locations, 25%, 50%, 75% , and 100% respectively, during the last cycle of operation for the

27th trial (Da =15.42 and ©® =48.70 ). Figures 3-48, 3-49, and 3-50 show the dimensionless

partial pressure profiles for all species along the length of the reactor at the end of OM 1, OM 2,

and OM 3, respectively, for the 27th trial(Da =15.42 and ® =48.70 ). Figure 3-51 similarly

shows the dimensionless temperature profile along the length of the reactor at the end of OM 1,

OM 2, and OM 3, respectively, for the nth trial(Da =15.42 and ® =48.70 ).

Comparing Figures 2-35 thru 2-38 with Figures 2-44 thru 2-47, we observe a large

increase (decrease) in the amount of carbon dioxide (methane) exiting the reactor. These figures

also show similar patterns of behavior for hydrogen in the reactor and storage void domains, with
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the hydrogen in the storage medium exhibiting a noticeably shorter response time. This is
attributed to the higher ® value, which allows the hydrogen to be more easily transferred
between domains. The figures also highlight a dramatic change in the behavior for both methane
and carbon dioxide. The methane waveform retains its three distinct phases through all measured
points, and is also always greater in magnitude until the exit of the reactor. This is not the case
for Da = 1.33 and ® =5.39 , where the magnitude of the carbon dioxide pulse becomes greater
than that of the methane pulse at the 50% location. This is particularly highlighted in Figure 2-
48, which shows the species profiles in the reactor at the end of OM 1. When compared with
Figure 2-39, it can also be seen in Figure 2-48 that the dimensionless partial pressures of
hydrogen in the storage and reactor void are much closer in value, indicating a much higher rate
of transfer of separated hydrogen.

When comparing figures 2-42 with 2-51, it can be seen that the increase in ¥, and D,

reduces the variation in temperature profiles between end of phases as the fluid is able to reach
the wall temperature before exiting the reactor. Because they SMR reaction is endothermic and
the equilibrium concentration are strongly dependent on temperature, it is unsurprising to see
corresponding increases X, with increasesin ¥,.

In addition to the above experiments, we also investigated the effect when not restricting

® <50, as well as two other sets of values for ¢, , ., and &,. The result from these experiments

is shown in the tables below.

Table 2-24 Performance metric comparison for SMR-MSR and SMR-SSR, and OM dimensionless duration times for 17 trials

£,=035,6 =020, ¢ =045

) SR SS SR SS _ _ _
Trlal Da @ \PS X X Y Y RHZ ,rec z-1 TZ 2-3

CH, CH, H, H,

1] 1.323 5.392 | 0.377 | 0.642 | 0.387 | 2.522 | 1.450 0.645 | 0.141 | 0.309 | 1.757

2| 1.866 | 33906.78 | 0.399 | 0.833 | 0.419 | 3.186 | 1.558 0.714 | 0.144 | 0.267 | 0.592
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3| 3.439|95581.81 | 1.636| 0.891| 0.397 | 3550 | 1483 | 0.912 | 0.117 | 0.314 | 0.708
4] 3.439 | 67969.29 | 1.636 | 0.891 | 0.397 | 3.550 | 1.483 | 0.912 | 0.117 | 0.314 | 0.709
5| 5549 5.392 | 1232 | 0.852 | 0.550 | 3.246 | 2.008 | 0.623 | 0.166 | 0.295 | 1.736
6| 5.585]|170747.4 | 4.005| 0.935| 0.387 | 3.750 | 1.450 | 0.947 | 0.108 | 0.309 | 0.703
7| 5.762 | 33906.78 | 1.027 | 0.960 | 0.550 | 3.658 | 2.008 | 0.734 | 0.165 | 0.257 | 0.575
8| 5.782 | 67852.58 | 4.346 | 0.942 | 0.397 | 3.776 | 1.483 | 0.947 | 0.110 | 0.310 | 0.706
9| 6.570| 200879.3 | 3.958 | 0.944 | 0.387 | 3.683 | 1.450 | 1.100 | 0.107 | 0.305 | 0.696
10 | 10.041 | 200879.3 | 5.577 | 0.975 | 0.431 | 3.920 | 1.602 | 0.965| 0.111 | 0.306 | 0.698
11 | 10.497 | 67852.58 | 7.068 | 0.980 | 0.460 | 3.944 | 1.704 | 0.961 | 0.117 | 0.311 | 0.708
12 | 13.115 12.744 | 6.793 | 0.864 | 0.550 | 3.318 | 2.008 | 0.783 | 0.184 | 0.311 | 1.419
13 | 14.538 | 67852.58 | 9.280 | 0.987 | 0.498 | 3.971 | 1.834 | 0.963 | 0.122 | 0.311 | 0.709
14 | 22.051 | 67852.58 | 13.341 | 0.991 | 0.550 | 3.991 | 2.008 | 0.965 | 0.130 | 0.311 | 0.712
15 | 22.051 21.427 | 19.270 | 0.890 | 0.550 | 3.430 | 2.008 | 0.832 | 0.187 | 0.308 | 1.230
16 | 26.186 | 135705.1 | 13.102 | 0.991 | 0.550 | 3.990 | 2.008 | 0.968 | 0.127 | 0.307 | 0.706
17 | 27.564 | 200879.3 | 13.028 | 0.991 | 0.550 | 3.990 | 2.008 | 0.969 | 0.127 | 0.306 | 0.703

Table 2-25 Performance metric comparison for SMR-MSR and SMR-SSR, and OM dimensionless duration times for 13 trials

g, =027,5=04,¢ =033

) D ¥ SR SS SR SS R _ _ _
Trial a ® 5 XCH4 XCH4 YH2 YH2 H,,rec 2] 7 T3
1| 3.439|64612.782 | 1.348 | 0.853 | 0.397 | 3.389 | 1.483 0.879 | 0.097 | 0.232 | 0.515
2| 3.439 | 90861.725 | 1.348 | 0.853 | 0.397 | 3.389 | 1.483 0.879 | 0.097 | 0.232 | 0.515
3| 5.585|162315.48 | 3.215 | 0.910 | 0.387 | 3.645 | 1.450 0.933 | 0.087 | 0.235 | 0.526
4 | 5.617 | 96540.583 | 2.661 | 0.918 | 0.431 | 3.664 | 1.602 0.913 | 0.096 | 0.237 | 0.530
5| 5.782 | 64501.840 | 3.494 | 0.917 | 0.397 | 3.671 | 1.483 0.932 | 0.088 | 0.237 | 0.529
6| 5.969 | 128720.77 | 2.114 | 0.916 | 0.407 | 3.662 | 1.519 0.924 | 0.089 | 0.227 | 0.507
7| 6.570 | 190959.39 | 3.153 | 0.921 | 0.387 | 3.697 | 1.450 0.940 | 0.085 | 0.231 | 0.518
8| 7.919 | 230162.98 | 4.506 | 0.935 | 0.387 | 3.756 | 1.450 0.951| 0.084 | 0.232 | 0.522
9| 8.162 | 7.5389609 | 2.120 | 0.892 | 0.550 | 3.359 | 2.008 0.609 | 0.132 | 0.209 | 1.229
10 | 9.787 | 128720.77 | 3.139 | 0.963 | 0.460 | 3.857 | 1.704 0.939 | 0.093 | 0.225 | 0.507
11| 10.166 | 96540.583 | 4.303 | 0.968 | 0.498 | 3.874 | 1.834 0.930 | 0.102 | 0.236 | 0.530
12 | 10.497 | 64501.840 | 5.623 | 0.972 | 0.460 | 3.904 | 1.704 0.950 | 0.093 | 0.236 | 0.530
13 | 11.083 | 32419.674 | 2.150 | 0.968 | 0.550 | 3.755 | 2.008 0.793 | 0.117 | 0.183 | 0.418

Table 2-26 Performance metric comparison for SMR-MSR and SMR-SSR, and OM dimensionless duration times for 7 trials

& =025,¢,=030,¢& =045

Trial | D ® ¥ SR SS | SR | SS R _ _ _
ria rec T T T
: ° Xew, | Kewy | Yh, | Yo, i3 ! ? s

1 | 3.44 | 95157.01 1.32 096 | 040 | 385|148 | 0.92 0.09 | 0.21 | 0.56




3.44 | 13381454 | 1.32 096 | 040 |385]148| 0.92 0.09 | 0.21 | 0.56
5.62 | 142177.95 | 2.66 098 | 043 |3.96|1.60| 0.95 0.10 | 0.22 | 0.59
5.97 | 189570.60 | 2.12 098 | 041 | 396 |152| 0.96 0.09 | 0.21 | 0.56
10.17 | 142177.95 | 4.42 099 | 050 | 399|183 | 0.9 0.10 | 0.22 | 0.59
13.12 17.84 7.10 087 | 055 [328]201| 0.71 0.19 | 0.21 | 1.23
14.14 | 47027.01 3.46 1.00 | 0.55 [4.00 ] 2.01| 0.94 0.12 | 0.19 | 0.51

N[O wWw|N

Looking at things from the point of view of process design and systems operations, there
are several parameters that can be adjusted to alter Da and ©. For a fixed inlet composition at the
beginning of OM 1, Da can be increased (decreased) by increasing (decreasing) the reactor’s
residence time, which in turn can be achieved by increasing (decreasing) the reactor’s length
and/or by decreasing (increasing) the reactor’s residence time. The dimensionless parameter ®
can be increased (decreased) by increasing (decreasing) the residence time, storage-void domain
interfacial area and hydrogen permeance, and/or by decreasing (increasing) the void domain
volume fraction. ® can be altered even while keeping the Da fixed, by altering the last three
aforementioned design parameters. In particular, increasing the preferential hydrogen permeance
through the storage medium’s permselective layer will increase ® and can be accomplished

through appropriate selection of the layer’s pore structure and material properties.

3.3.3 Conclusion
In this work, a novel, first principle-based, spatially dependent model capturing the

membrane storage reactor behavior was presented and simulated. This novel intensified process,
termed the MSR, is capable of overcoming operational limitations of traditional reactor design
by combining multiple mass transport processes into a single unit, and increases the production
rate through dynamic operation. The resulting desired products are delivered at high pressure and

in readily separable form, which leads to additional energetic and operational cost saving. The
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assessment of MSR behavior was described by a one-dimensional non-isobaric non-isothermal

dynamic model which, when cast in dimensionless form, revealed two dimensionless parameters,
Da (the Damkohler number) and © :]/Pemem (the inverse Peclet number), that capture MSR

behavior. Performance analysis of the MSR process was undertaken by introducing a number of
metrics, and a case study on Steam Methane Reforming for the production of hydrogen was

subsequently carried out. Numerous simulations of the developed spatially dependent dynamic
model enabled parametric studies of the effect of the aforementioned Da and ® =1/Pe_,.

dimensionless groups, and established that maximizing both groups leads to improved MSR

performance. A comparative analysis between SMR-MSR and SSR showed that the SMR-MSR

process obtained a higher methane conversion, X, , and a greater yield of hydrogen, Q,, . It
was also shown that the SMR-MSR hydrogen recovery ratio, R, ;, was comparable to or above

those obtained by currently investigated membrane technologies.

There are several notable advantages of the proposed MSR process, the first being its
ability to be modularized and to accommodate a variety of economic production scales. Although
the current case study emphasized application to hydrogen production for use at the level of a
refinery or a large plant, smaller scales of production are also quite feasible. The MSR process
can conceivably be applied to hydrogen-fueling stations so as to facilitate the creation of
sustainable decentralized hydrogen generation. Additionally, implementation of the MSR
process into existing plants would help reduce many of the economic barriers faced by industrial
operations when converting to new technology. Using SMR as an example, retrofitting of an
existing plant would consist mainly of reactor repacking with catalyst and storage media.
Because of the need for the MSR process to direct material flow, it is imagined that additional

fluid lines (for both feed and effluent) need to be constructed. This additional cost, however, is
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not expected to be large, especially when considering that no additional exogenous chemical
components are required. Additional component cost from MSR implementation can also be
expected from the need to incorporate dynamic control equipment because, as noted earlier, most
industrial reactors operate at steady state. All of this suggests that the MSR process has the
potential to overcome many of the barriers that hinder many potential process intensification
technologies and be implemented at an industrial scale. The presented one-dimensional non-
isobaric/non-isothermal dynamic model was used to demonstrate the novel SR-MSR concept.
Because the SR-MSR process is shown to offer significant performance advantages, future work
will attempt to study in more detail the thermal behavior of the process by examining the space

of the ¥ parameters.

3.3.4 Notation

English Symbols
a : Verhulst function parameter.

A (mz) : Reactor cross section area
¢ : Verhulst function parameter.

c gv(mo' ing of VJ,Ca . (mo' ling of Sj i, species concentration in gas phase of void and storage

m?gof v m?gof s
domains
¢ [molingof v . total concentration
¥ mPgofv

A J
cJ,C:,Csp ((g . K) ] : mass heat capacity

= J
CJ:| ————— |: molar heat capcity
[ (mol-K)

D, : Reference Damkohler number
d. (m) :effective pellet diameter

mol i . : .
F gv(—j: Axial molar flowrate of 1, species
’ S
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«( mol .
F (—j Reference axial molar flowrate
S

F. o : Dimensionless axial molar flowrate of i, species
h, () : OM specific Heaviside function.

ﬁi o [J—] : molar enthalpy of species i.
=\ mol

J
f .
h" (mz ) heat transfer coefficient between reactor wall

Ji.qv (r:—gsj mass flux

-t mol
] —— |- molar flux
m<s

i,gv

05 05
k, kmolbar™ K, kmol K, kmolbar : Rate coefficients for SMR reactions
Kg . NI kg, hrbar Kg . NI

Kl(barz), K,,K, (barz) : Equilibrium constants for SMR reactions
Ken, (bar'l), Ky, (bar'l), Keo (bar'1 ) Ky,0. : Species adsorption constants for SMR reactions
L"(m): Reactor Length

M, (k_gj molar mass
mol

NC : Number of species

NOM : Number of reactor operating modes

OM : Operating mode

P (Pa), P (Pa):i, species partial pressure in gas phase of void and storage domains

P . P i, species dimensionless partial pressure in gas phase of void and storage domains

i,gv! "i,gs "

(|3 ) : Ratio of inlet partial pressure for species i for operating mode k-1, based on
in,k

i,gv

operating mode k=1

(ﬁygv) - Ratio of inlet partial pressure for species i for operating mode k, based on operating
out,k

mode k=1

P”(Pa): Reference pressure

Pe : Peclet number for membrane to convective transport

mol i : : : .
| ———— |1 l,,Species reaction based generation rate
kg catalyst- s

I : i, species dimensionless reaction based generation rate
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. mol . .
r | ———— |: Reference reaction generation rate
kg catalyst-s

R« : Molar ratio of i, species produced during OM K over i, species produced during all
OM’s

R, : Rate of i, SMR reaction

R.: Dimensionless rate of i,, SMR reaction

J A
R( j =8.314462 : Universal Gas Constant
mol - K

R.m © Limiting reactant used in performance metric calculations

mol of speciesiin phaseg fromstov . : _—
Si.gv.s { P P g : Molar generation rate of I, species into the

(m°systemr)-s

gas phase of the voids domain due to transport from the gas phase in the storage domain

mol of speciesiin phaseg fromvtos . : _—
Sigs.ov { P P g : Molar generation rate of I, species into the

(m° systemr)-s
gas phase of the storage domain due to transport from the gas phase in the voids domain
t(s): Time
t : Dimensionless time
t (S): Reference time, chosen as the residence time
T, (K): Temperature in all reactor domains

T ™ (K): furnace wall temp

V (m3): Total reactor volume

— |: gas mass velocity in reactor void domain

Al (m : gas molar velocity in reactor void domain
s
m : . : .
(— : Reference velocity, chosen as gas inlet velocity during OM 1

v, : Dimensionless gas velocity in reactor void domain
XRLIM

W, : Verhulst function for switching between inlet boundary conditions during OM change.
X, v - Mol fraction of gas in void

:Conversion of limiting reactant RLIM over all OM’s

z(m) : Reactor axial coordinate
Z : Reactor dimensionless axial coordinate
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Greek Symbols

o (mz storage —void interface
> m?® systemr

reactor system

] : Storage-void domain interfacial area per unit volume of

moli
Pa-(m’void - storageinterface) - s

Vi=LNC. I, species permeance through storage

medium permselective layer
E,18:1 8 €41 Eqs - VOIUMeE fractions of voids, catalyst, storage, gas phase in storage domain,

and solid phase in storage domain
ny . Catalyst effectiveness factor

® : Dimensionless number quantifying membrane permeation to convection (inverse Peclet)
kg catalyst
“{ m* catalyst pellet

] . Catalyst pellet density

Py (r%} : mass density of gas

k
ey (%) : viscosity of gas

@, , : Molar ratio of i, species produced during OM K over limiting reactant fed throughout all
OM’s
Q, : Overall molar ratio of i, species produced during all OM’s over limiting reactant fed

throughout all OM’s
Q. : Desired product yield of species |

7, : Duration of k, operating mode
7, : Dimensionless duration of k,, operating mode

A A0 Ay (LKJ  thermal conductivity
m-

@, : collision integral
W, : Dimensinless heat variable or parameter j.

o, : Dimensionless momentum variable j.
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Chapter 3 - Lexicographic approach network synthesis

3.1. Lexicographic Introduction

We begin by identifying the attributes of the aforementioned clusters that make them
feasible. First, every reaction within the reaction cluster must obey atom balance requirements
and the reactions must sum to the target reaction. If this primary requirement is not satisfied, the
group of reactions does not constitute a reaction cluster. Unfortunately, this is a necessary, but
not sufficient, condition on the reactions that comprise a cluster: Many reaction clusters that
satisfy this requirement are still unacceptable as a result of thermodynamic infeasibility.

We therefore consider a thermodynamically feasible reaction to be a reaction whose
equilibrium yield, as dictated by thermodynamic considerations, is sufficient to ensure economic
feasibility. In a reaction cluster, this implies that each reaction comprising the cluster must be
thermodynamically feasible at some operating temperature (although each reaction in the cluster
may occur at a different temperature). Thermodynamic yield of a reaction is related to the Gibbs
free energy of formation for that reaction. For the reaction of general form for a chemical

reaction amongst species of various phases:

Z(_Vi ) Si(ai) e Zvisi(aj)

ieR jeP

with NC participating species with stoichiometric coefficientsv; e {l NC} , Where

v;>0if jeP £{indexof product species}
,PUR={1---,NC} . The reaction’s extent

v, <0 if i e R 2 {indexof reactant species}

satisfies the relation;
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n=n,+vé Vie{l- NC}

Ee [o,min(hﬂ (3.11)
ieR _Vi

Let G, L,S be the index sets of the species that are in the ideal gas, ideal liquid, and ideal solid
states respectively, at the considered temperature and pressure conditions T,P. It then holds:
GuLuUS= {1 NC} . Using the above ideal assumptions the fugacities for gas, liquid, and

solid phase species are given by the following equations:

i _ fi(g) ) n P n,+vié P VieG 312
P — =\, — = —_—= . — S
Gas Fugacity: e Yi e S P St ES PP (3.1.2)

ieG ieG ieG

£ ()

Liquid E . i X ni ni0+Vi§ Yiel i1s
) —y — _ , .
R LD YR YN 7 @19
ieL ieL ’ ieL
f_(S) _
Solid Fugacity: f'o(s) =1 VieS$S (3.1.4)
It then holds:
BN o £ ) o £9) ~AG®(T)
:!;é[[ f'O(g)J EL[( f_O(l) :!;[ .I:_o(s) =€exp RT < (315)

MetuE Pl mrne | foaGt(T)
1;3[ Zni,o+§zvi P° E Zni,o +§Zvi .le—s[(l) _eXp{ }Q (3.1.6)

ieG ieG ielL ieL

Vi v,

Mo ¥ Y Notvie | _(P {27] ~AG°(T)
[snsis | Msnisss | () o 5 61

ieG ieG iel ieL
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Define

vi
N, +vé

Zni,o + gzvi

ieG ieG

f :{O,rpiRn[ni") H—)R, firé—f(£)2 VieG (3.1.8)

i
N, +vé

L . A i e
g; .[O,rpean[_Vi H—HR, g,:£—> 0 (&)= —zni,o'l_é:ZVi Viel (3.1.9)

ieL ieL

Then, the above equilibrium relation becomes:

4 Vi
ni,o + Vi‘f

e i o RO RS ] BT

ieG ieG ieL ieL

[T a(6)= (gj@l]exp{w} (3.1.11)

ieG ieL RT

where AG° is the standard Gibbs of formation for the reaction and can be calculated from:

AG® £ > vAG?(T) (3.1.12)

ieNC
where V; is the stoichiometric coefficient and AG;” is the standard Gibbs of formation for
species 1. Note that AG°(T) is only a function of temperature, and in many cases, it can be

reasonably assumed that AG® (T) varies linearly with temperature, a consequence of the

compensation effect. The compensation effect describes how the enthalpy change in a reaction

AH °is generally associated with a corresponding change in entropy AS°. Specifically, both
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AH°and AS° tend to react to temperature in a similar manner (i.e., they either both increase or

they both decrease with a change in temperature). Exothermic reactions AH° <0 generally

proceed through tighter transition states, so the products of the reaction possess less entropy than

do the reactants AS°<0. The fundamental thermodynamic relation AG® 2 AH° — T AS®shows
that these differences cancel to a large extent. As a result, AG® values have much smaller
variations with temperature than either AH® or AS°, which implies that good accuracy can be

obtained by a linear model[39]. Nevertheless, we will present in this work a way to determine the

temperature which maximizes (3.1.11) over a temperature range without assuming that
AG°(T) possesses a linear dependence upon temperature.

In order for a reaction to be physically meaningful, it must occur at a temperature below
the decomposition temperatures of the reaction products. A decomposition reaction (containing a
single reactant) can take place either above (thermal) or below (catalytic) the reactant's
decomposition temperature. Unlike single species decomposition reactions, general reactions
must occur at temperatures below the decomposition temperature of the reactants as well.
Another attribute of realizable reaction clusters is the minimization of side reactions. Potential
side reactions might occur between products and/or reactants. Consider the general reaction:

i) V8Bl E HeCre) TV0 D,

In order for this to proceed as written, the reaction must have higher yield (as determined
by thermodynamic considerations) than other reactions that could occur between the same
reactants and products. Although there exists a rigorous detailed framework to accurately assess
the impact of side reactions on the equilibrium conversion of a reaction, for the purposes of this

study we will simply require that the following side reactions should have significantly smaller
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value (perhaps by an order of magnitude or some other user defined amount) of the equilibrium

constant

(1.13)

ety

K (T)=
eq() eXp{ RT

than the desired reaction:
VaRAu) TVeB.,) & vzlz(%) +VY1Y(aV1) Va,Au) tV0,D) 22V, Z(azz) A

B

(o8

v ) Vo, D(“D) = VZ3Z( +VY3Y(O‘V3) 'Va, 'AiaA) tVe, C(“c) = Yz, Z(au) VY

Bs Y4 (aY4 )

9zg )

+=v, Z

ap) Zs (aZG )

Ve Aee) Ve Clae) T2 Ve () V0 V() Vo Cloe) + V0, By v

Ye (O’Ve )

where Z and Y are any combination of chemical species other than VeCia) VoD

However, with the widespread usage of catalysts in industry, even reactions that are not selective

(e.g. A(QA) + B(QB) = C(ac) + D(QD)competes with vAA(aA) +Vvy B( ) = sz(az) +va(ay)) should not

be immediately discarded. Certainly, some of these thermodynamically feasible reactions will
exhibit increased selectivity with the use of appropriate catalysts. As such, this criterion may or
may not be used in the initial screening.

The lexicographic technique presented here offers flexibility and superior computational
properties to these other search methods. A variety of considerations can be incorporated in the
methodology during intermediate stages, so as to accelerate and customize the overall search.
Consequently, this method has the advantage of finding all potential clusters in an efficient

manner.

3.2. Algorithm description
Before explaining the lexicographic approach, we briefly review some terminology that

will prove useful in this discussion. Algorithms can be characterized by their time complexity
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and/or their space complexity. Time complexity refers to the running time of an algorithm,
whereas space complexity denotes the memory requirements of an algorithm. Although exact
running times and memory requirements can sometimes be determined, complexity is typically
expressed as an order estimate that neglects lower-order and constant terms. This is referred to as
the asymptotic complexity of an algorithm, which is a bound as the input size grows large.
Asymptotic complexity is generally denoted by the ® -notation. This notation gives an order

estimate of either the running time or memory requirements of an algorithm as a function of the

input size. The definition of asymptotic complexity is as follows[40], where we say that f (x) IS
of the order g(x):

f(x)=0(g(x))=3c,6,%, 20 st. 0<c,-g(x)<f(x)<c,-g(x) Vx=x,  (3.1.14)
where f(x)and g(x)are functions, and c,,c,, X, are positive constants. For example, if the
running time of an algorithm is ®(x2) ,this statement implies that the running time increases as

the square of the input size X . In most cases, the input parameter X will be the number of
elements (i.e., the number of elements to be sorted in a sorting algorithm). Algorithms that
perform the same function can have different time and space complexities. Unless otherwise
stated, complexity refers to the worst case. For example, if X elements are to be sorted, two

simple sorting algorithms that are often employed are insertion sort and merge sort. The time

complexity of insertion sort is ®(x2) , Whereas the time complexity of merge sort is
®(x|og(x)) . For large values of X, the running time of merge sort is faster than insertion sort
because the function xlog(x) does not grow as quickly as x? with increasing X. Heapsort is

another sorting algorithm that has time complexity ©(xlog(x)) , which is optimal for a
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comparison based sort algorithm[40].

The proposed cluster synthesis formulation allows the user to define a number of
parameters that can help shape the attributes of the intermediate reactions and presupposes basic
knowledge of atoms, elements, molecules, and chemical reactions, and set theory. The user

designates the size of the species database which creates the set of Species n_ of useable

species. Once this is specified, the set N, is generated, which is defined as the set of distinct
atomic elements used to create n,. Informally, if the set N = {CH,,CO,CO,,H,, HZO,OZ}

then: N, £{C,H,0}. Whileitis true that {C,H,0}={H,0,C } ={O,H,C}, an ordering of
elements can be established by the creation of a function which maps the elements alphabetical
lettering to its position in the alphabet and arranging by ascending order. Similarly, the user
defines the characteristics of intermediate reactions: there are a maximum of S, species per half
reaction, and each species attains integer coefficients up to a maximum value of v™ . The user
also specifies the lower and upper limits of the temperature operating window, T, and T, , and
the operating window for pressure p_ and p, . The program sorts the input species list and then
creates an index mapping between the species and its numerical position in the sorted list defined
by the functionh: N, — E < V. During this sorting procedure the atoms used are collected into a

list, then converted into a set, and then a sorted list. This maintains the same order of species and
atoms when running the same input parameters multiple times for consistency and validation
checks as set operations do not preserve order.

The program then creates two sets of mapping pairs. The first is between a species at the

input temperatures and its standard Gibbs energy of formation, and the second is between a
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species at the input temperatures and its phase. The program then takes the input species list and

creates #( N, )x #( N )matrix $. Using the above example this would be:

CH, COCO, H,0 H, O,
cjl111000
H4 00220
0|01 2102

The maximum half reactions formula:

HR =§K'\:SJ(VW)J (1.15)

i=1
is then used to pre-allocate the size and create the set of Half Reactions, HR, which is a

sequence quintuple:

(w0, pu,d) = (W) a i)} o ()] fu()) A (D)) ). The first element,
W, is a sequence of #(N,)x#(N) matrices whose jth term corresponds to a half reaction
which satisfies stochiometric coefficient and the maximum number of species restraints. The
second element, , is a sequence of1x S, vectors whose jth term correspond to the stochiometric
coefficient of each species participating in the jth half reaction. The third element, p ,isa
sequence of 1. N, vectors whose jth term corresponds to the total number of each atom present
in the jth half reaction and is used to create the lexicon for matching half reactions. The fourth
element,l, is a sequence of integers whose jth term designates how many species are
participating in the jth half reaction. The fifth element, d , is a sequence of 1x #(NS) vectors

whose jth term has entries that are either 0 or 1, corresponding to whether a species from the

input list is present in the jth half reaction. To illustrate, we continue with the same example
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from above. Consider the half reaction cH, + co,, which would be represented by the tuple

101000
4000 0 0[[110][24,2],2[10,10,0,0]
002000

Similarly, the half reaction 2(CO)+2(H,)would be represented by:

020000
0 000 4 0[220]]2,4,2],2]01,0,01,0] | The creation of the entries for each
020000

tuple is done sequentially, with half reactions containing one species created first, followed by

half reactions containing two species, repeated up to Ssp. We also note that the set generated by

Z
the combinatorial function {(Z]; ne N} with cardinality #[{[n }] =m is a collection of
n

disjoint sets where each set within has cardinality #(x,)=nvx, e{ Zj }Vi =1...m . In general,

n

the enumeration of two and three combination of half reactions can be accomplished with the
following recursive formulas:

i=#(N, )-1

2 Combinations: {{h(Ns)i}i_1 S X{h(Ns)nj}j_#(NS)_i}

j=i+1

i=#(N, )-2 i=#(Ng)-i k=#(Ng )=i- ] }

3 combinations: {{h(NS)i}i—l X{h(NS)HJ’}j—M x{h(NS)i+i+k}k—i+j+1

and taking the n-cartesian product with the set(s) generated by incrementing from 1 to ™ :
ST 2 {x X< V™ VX e N\O}

to generate the stoichiometric vector for each half reaction.
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The information from this quintuple sequence is then used to generate a sequence sextuple

containing the information for the set of all Full Reactions (FR):
(w.a.0,p.0.)=({w(i)} " @)} o (DFS (p(DFL e () (@ ()
The tuple sequence is generated by matching half reactions with the same lexicon ( P vector),
and therefore the first element W is a sequence of #(N,)x#(N) matrices whose jth term
corresponds to the subtraction of two half reaction matrices, W(a)—w( ) that have the same p
, where W(a) is considered to be the products and w( ) is considered to be the reactants. The

second (third) element, @ (6) , is a sequence of1x Ssp vectors whose jth term correspond to the
stochiometric coefficients of each reactant (product) participating in the jth full reaction. The
fourth element is the P vector that identifies the matching between jth full reaction. The fifth
(sixth) element, U (oT) is a sequence of integers whose jth term denotes the minimum
(maximum) coefficient of the jth full reaction. Combining the two half reactions from above,
the reaction:

CH,+CO,=2(CO)+2(H,)

would then be represented by the tuple:

-1 2 -1 000
-4 0 0 0 4 0/,[110],[22,0],[2,4,2]12
0 22000

In the next step, the algorithm creates the set off Gibbs Feasible Reactions, GFR, which is
a sequence of sextuples that contains the full reaction sextuple along with relevant

thermodynamic information:
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CORT ke S X (DES

The first element, F., is the full reaction sextuple as mentioned above. The second element, T ,

(Fe T PG Ky, Xy ) =

is a sequence of real numbers whose jth term denotes the temperature that the jth Gibbs Full
Reaction occurs at. The third element, P, is a sequence of real numbers whose jth term denotes
the pressure that the jth Gibbs Full Reaction occurs at. The fourth element, G, is a sequence of

real numbers whose jth term denotes the standard Gibbs energy of formation for the jth Gibbs

Full Reaction. The fifth element, K, , is a sequence of real numbers whose jth term denotes

eq !

the equilibrium constant for the jth Gibbs Full Reaction. The sixth element, X, , is a sequence

eq !

of real numbers, X ;, < X,, <1, whose jthterm denotes the equilibrium conversion for the jth

eq —
Gibbs Feasible Reaction. Because the set FR is generated without knowledge of any

thermodynamic information and is based solely on atom balance, the program calculates
thermodynamic properties for the forward and reverse direction, and therefore 2 - #( FR) tuples

are generated.
Creating the set GFR necessitates solving equations (3.1.10)-(3.1.12) for each reaction.
the standard molar Gibbs of formation for each species, which is accomplished through the use

of the NASA Glenn coefficients[41]:
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2, (T)T 7y, (T) 2, (T) 4, (T) 5

R T? T3 T! bli(T)
+ag, (T)?+ a (T)TJF a, ; (T)?Jr‘?

-2

AGE(T) = (1) 4 (1T o, (T)n(T) + 2, (T)T (3.1.16)
T? T® T
+a5,i (T )7 + aG’i (T )? + a“ (T)T +b

_ Vi
P

2,i(T)

For more detailed information on the calculating of thermodynamic properties see Appendix A.3.
Theorem 1: For a stoichiometric feed containing only reactants, Equation 3.1.12 is
monotonically increasing in ¢.
Proof: See Appendix A.4

The results from Theorem 1 give a necessary and sufficient condition on the feasibility of
a reaction over the temperature range and show that for stoichiometric feed conditions that
maximizing extent of reaction correlates to maximizing the right-hand side of (3.1.12). The
advantage of this method is that the linearization of the Gibbs free energy data is not required to
estimate whether a reaction is feasible over a given temperature range. Additionally, this allows
for the use of the Brent-Dekker hybrid root finding algorithm when solving the rational function

obtained in (3.1.12). The thermodynamic criterion utilized in this lexicographic method is that ¢

must be greater than a value specified by the user (e.g., £ >0.2), and that this must occur within

the feasible range of operating temperatures and pressures, which is initially given as [TL,TU] and

[PL, P, ] respectively. For the pressure window, Theorem 1 allows the algorithm to pick either the
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minimum or maximum value of the pressure window depending on whether the products or
reactants side has a greater number of moles. -In our formulation temperature dependent phase or
other chemical change for many species is considered, and as such, the conclusions from
Theorem 1 do not apply to a reaction if one of the species involved undergoes a transition, which
changes the form of the left-hand side of (3.1.11). The algorithm therefore identifies the
temperatures at which these changes occur for all species in the initial input and creates a subset

of intervals to use as test points for every reaction that contains a species undergoing a phase

change within the original interval. Thus, the actual upper temperature T_U of the operating

window is defined for each individual reaction as, T, = min(TU ,T;C) where Tpc is the

temperature of a phase change for species i. The following theorem is then used to find the

-AG°(T)

minimum value of on each interval.

-AG(T

Theorem 2:For all reactions, the function is Lipschitz continuous on every interval in

which the polynomial coefficients of the species participating do not change.

Proof: See Appendix A.5

~AG°(T)

Since is Lipschitz continuous on each given domain, this allows for the use of

a larger class of covering methods for finding the minimizing temperature[42]. In this work a
simplicial partitioning algorithm is used in conjunction with Lipschitz optimization, a technique
that is based on making assumptions about the bounded of the slope of the objective function[43]

and is used to identify the optimum temperature which maximizes ¢. The so-called simplicial

homology global optimization (SHGO) algorithm has been shown to have promising
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performance properties[44], and in our experiments was comparable to or outperformed other
global optimization algorithms such as DIRECT-L1[45], basinhopping[46], and differential

evolution[47].

The general cluster synthesizing algorithm is as follows. The target reaction Ta,g* is
identified as: T, " =aA ;) +bB, +cC, =2dD,, +eE , +fF,

and the lexicon of feasible whole reactions GFR . Clearly, if the target reaction is to contain a
reactant, that reactant must be present as a reactant in at least one of the reactions comprising the
cluster. Likewise, if the target reaction is to contain a certain product, at least one of the reactions
comprising the cluster must contain that product. If the target reaction contains a single reactant
or a single product, there is no choice but to employ reactions containing that species, but there is

more freedom when the target reaction contains two (or more) Reactants and Products. Thus

n

from GFR set two sets are constructed, the first L, £{L,}  is a tuple whose ith element
contains a set of reactions in GFR that have the ith species of the target reaction Targ*on the
LHS. Similarly, the set R, #{R}" isatuple whose ith element contains a set of reactions in

GFR that have the ith species of the target reaction Targ*on the RHS. Specifically, L, is the set

of reactions whose left half reaction contains the first reactant of the target reaction (for the

reaction above, this is species A), whereas L, is the corresponding set for the second reactant
(if present) and so on. In order to ensure we capture all possible feasible reactions we take the
union of all setsin L, and Ry, .

The formal creation of the sets for searching requires some work to remain consistent

with established Set Theory, so we therefore start with the accepted notion of an ordered pair as:

131



(x,y)= {{x}{x y}} , and the cross product of two sets A and B as:

AxB= {(x y):xeAaye B}, noting that the set Ax B is different from the set Bx A,

AxB # Bx A. However, in the context of reaction clusters we wish to establish that the cluster

containing reactions (l,,1,) is equivalent to the cluster (r,,l,).We then define the transformation

on a set of ordered pairs, ¥, to a set of elements with cardinality 2,8 ,as g: ¥ > & ,

g:{{x} v - o)

. VaeycV¥ Xea
9(¥)={xy}: . . -
(Elael//g‘ll.yea)/\(Val,azet//g‘{’.al;taz:>(y¢a1v yéaz))
The union of the following three sets is then used for searching 2/3 clusters:

(LR, 2 {{|1,r1} 9((L\R)xR)¥I, e Lr e R}

(2)LR, £ {{Il,rl} 9((LNR)x(R\L))vh e L e R}

(3)LR, = {{Il, L} QH(LDRJHW eL,reR }

LR=LR ULR, ULR,
Theorem 3: The three sets LR, LR,, LR, are disjoint.
Proof: See Appendix A.6

For all reaction combinations of {I,r} eLR, IetTarg =Targ* —l-r.if Targ =0, thenland r forma

two-reaction cluster whose overall reaction is the target reaction Targ f Targ

e GFR then I, ,

and Targ form a three-reaction cluster. If Targ ¢ GFR | then recurse using Ta,g as the target instead

of Ta:g to find four- and five-reaction clusters. This recursive process can be repeated up to
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(N%) times to find clusters that contain up to N, reactions. The value (N%j is a result of

the fact that in each loop of the algorithm, the even clusters are found automatically when
searching for odd clusters. For example, when searching for 3-reaction clusters, all feasible 2-
reaction clusters are found. Similarly, when searching for 5-reaction clusters, 4- reaction clusters
are automatically found, and so on.

The number of elements in the set GFR depends the size of HR, depends on the size of
the species database, the number of species allowed for each half reaction, and the maximum

stoichiometric coefficient. The maximum half reaction formula can equivalently be recast as:

S,

HR.. :i (V“ ) -H[#(Ns)—k] (3.1.17)

i=1

SS
Theorem 4: The complexity of HR__ is of order @(#( NS) ”)

Proof: See Appendix A.7

max

Given HR . half reactions, there are at most G)((HRmax ) )whole reactions. However,

considering mass balances and employing thermodynamic feasibility constraints greatly reduces

this number. A closer inspection of the relationship between the size of the lexicon and the size

of the sets HR, FR, and N, reveal insight into the size of FR. For Si, =2, experiments

have shown that FR is bounded by the size of the lexicon, which is in turn bounded by the size

of HR. Designating the lexicon set as A, this observation suggests that
#(HR) >#(A_)>#(FR) and indicates that mass balance constraints alone yield a considerable

constraint on the size of FR . However, for Ssp =3 this is no longer the case. From
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experimental trials we see that size of the lexicon is still bounded by the size of HR, but that the

size of FR quickly outgrows them as N, increases. In the figures below the sizes of HR, FR,

and N, are plotted against the size of N, for Sy, =3 and v™ =8.
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Figure 3-1 Size of HR, FR, Lexicon and NA as for increasing size of NS, max species per HR=2, experiment 1.
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However, the overwhelming majority of industrial relevant reactions have at most one
half reaction with 3 species while the other half reaction will have at most 2 species. This
observation can easily be implemented into the algorithm to generate reactions that are more

feasible from that perspective. The results that indicate that in this scenario the inequality for

S,, = 2 still holds, namely that#( HR) > #(A_) > #(FR).
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For a set of feasible whole reactions, GFR , the worst-case time complexity of this

algorithm can be calculated in the following manner. Scan the set N, times and keep track of

how many times each species occurs on the left and right side of the feasible reactions and let

L. be the setcontaining the maximum number of occurrences (over all N, species) of any

ma’

species occurring on the left side of the reaction. Similarly, let r__ be the maximum number of

occurrences on the right side. That means that in the worst case, L =1L and rR=R_, for each

recurrence. Thus, for n_ = 2, there are at most #( L, ) - #( Ry, ) possible combinations of

clusters that must be considered. For N, = 3, the set GFR must be scanned for each
combination of L and R, so the complexity is ®(#(GFR)~#(LmaX)~#(Rmax)). If a cluster is
not found and the algorithm recurses, each combination leads to another set of L and R lists, and
there are again #( L, )-#(R,. ) combinations for each of the #(GFR)-#(L,, ) #(Ry )
potential clusters, yielding complexity (E)(#(GFR)-(#(LW))2 -(#(Rmax))z)for N, =5.

In general, the algorithm generates clusters in rounds: the first round searches for 2/3-

reaction clusters, the second call searches for 4/5-reaction clusters, the third call searches for 6/7-

reaction clusters, and so on. Therefore the complexity is @(#(GFR) . (#(Lmax)'#(Rmax))N;j'

The advantage of using the strategy above is that it can reduce the order of complexity by

several orders of magnitude over our previous formulation. In an experimental trial with a

database of N — 30 species that results in 7759 feasible whole reactions, where #( Ly, )= 275

and #(Rmax) = 744, the total number of possibilities for reaction clusters containing up to 5
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reactions per cluster (N, = 5), would be 3.248E* using the original formula. If every possible

combination of reactions were considered there would be approximately L 5 jz 2.35E" such

combinations to consider in this case. Using the sets defined about it was found that there were
7.969E °combinations, constituting a reduction of 5 orders of magnitude. Additionally, through
the use of indexing and combinatorial function set construction, the sequence for each cluster

search can be determined before sending to the cluster finding algorithm, which can allow for the

full use of multiprocessing capabilities. Create the setA,, £ {n eN\{0}:n< #(GFR)} of

natural numbers and define an indexing function f, =GFR — A, which maps each element in
GFR to a unique natural number. Thus £, is bijective and its forward image:
f,(S)2{f,(x):xeS cGFR|
and reverse image:
£ (U)&{x:f,*(x)eU =N VxeS < GFR|

are well defined. Applying this function to the creation of the previously defined disjoint sets by

first creating the two sets:
A = {x: f,'(x)eLvxe Adx}
A 2ly: 7 (y)eRVy €Ay}

(LR % {{los i} 0((A N A ¥ A VL, € AT € A

(2)LR, 4, 2 {{|n,l, ) 0 ((ANA )% (ANA ), e AL, e AR}
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(3) LRy = {{Inyl, r.}:g H[ALZHARJHVIM cA.T, e AR}

This saves memory during multithreaded function call because only the feasible set and the index
IS sent to each thread, as opposed to sending each thread the whole feasible set in addition to all
of sets L and R . This also allows the cluster finding algorithm to be split into separate

functions for each set of n/m-clusters.

3.3 Algorithm Implementation and Database Creation/Maintenance
The above algorithm is implemented in Python and utilizes just-in-time (JIT) parallel

processing functions for increase computational speed and features the use of the

multiprocessing module for certain operations during the process (such as calculating & for each

reaction). The information for calculating all the thermodynamic properties for the species in the
input data set is taken from the NASA Glenn coefficients, as noted above. However, for use in
our program it is advantageous to be able to augment or change the information contained within
the original file in order to better reflect and stay current with any experimental results, or to
compute other thermodynamic functions such as non-ideal gas equation of state properties.
Additionally, it is desirable to include species data not included in the original data set, whether
by data fitting known values from another database or validated experimental results. Therefore,
the original NASA Glenn file is converted to SQL database, which the algorithm initiates upon
execution. In this way information can be changed or added when needed.

To demonstrate, the species Co,0,, CoCl,,CoO, KBF,,BFO, and Cu(OH ), are not in

the original NASA Glenn file but thermodynamic properties are readily found on NIST or

JANAF. We therefore applied least squares minimization on heat capacity, entropy, enthalpy,
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and Gibbs of formation data over the set of 9 parameters for each species at the temperatures and
phases listed. The results of this process are shown in the figure below and show excellent
agreement against published data, with a maximum difference of 1.15% across all species’

thermodynamic properties.
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Figure 3-9 Calculated values of thermodynamic properties for cobalt (I1,111) oxide against values obtained from NIST.
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Figure 3-10 Calculated values of thermodynamic properties for cobalt chloride against values obtained from NIST.
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Figure 3-11 Calculated values of thermodynamic properties for cobalt (1) oxide against values obtained from NIST.
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Figure 3-12 Calculated values of thermodynamic properties for potassium tetrafluroborate against values obtained from NIST.
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Figure 3-13 Calculated values of thermodynamic properties for boron monofluoride monoxide against values obtained from
NIST.
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Figure 3-14 Calculated values of thermodynamic properties for copper(ll) hydroxide against values obtained from NIST.

3.4 Notation

English Symbols

AE : Set of atomic elements.

i,y a3,8y;,8;,d;,d;;, bl,i ; bz,i : Nasa Glenn thermodynamic coefficients for species I .

C°. J  standard molar heat capacity for species 1 in phase.
P\ mol K

d”: Target reaction for reaction cluster synthesis.

£(a)

- Species [ fugacity in solution in phase & .

fO(a)

: Pure species [ fugacity at standard conditions in phase .

FHR : full reaction sequence quintuple.
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G : Set of species that are gas.
of I
AG M : Standard Gibbs energy of formation for a chemical reaction.
GHR : Gibbs feasible reaction sequence sextuple.
of J
AH m . Standard Enthalpy of formation for a chemical reaction.

HR : half reaction sequence quintuple.

Keq : equilibrium constant.
L : set of species that are liquid.

LX - a tuple where each entry contains a set of reactions containing a species on the reactant

side found in the target reaction.

Nio (m0|): initial amount of species | present in a chemical reaction.
N : The number species present used in reaction cluster screening.
s p p g
NA : The number of different kind of atoms present in reaction cluster screening.

Ny : maximum number of reaction clusters.
NC : number of species participating in a chemical reaction.

P ( Pa) : Pressure
P (Pa): Lower pressure bound.

P, (Pa) : Upper pressure bound.

R J : Gas constant.
mol K
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RX - a tuple where each entry contains a set of reactions containing a species on the product

side found in the target reaction.

T, e ( K ) : fusion temperature

Tivap ( K) : vaporization temperature.

T(K): Temperature.

TFEC : phase change temperature of species .
T, ( K) : Lower temperature bound.

T, (K) : Upper temperature bound.

T, (K) : Augmented upper temperature bound.

T, - Target reaction for cluster synthesis.
P°(Pa): Reference pressure.

Ssp: maximum number of species present in each half reaction.

J
AS° (m_olj : standard Entropy of formation for a chemical reaction.

W : set of feasible reactions.

Greek Symbols

Q,; : flag variable for denoting phase of species I

V; : stochiometric coefficient of species 1.
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Vin: Stoichiometric coefficient quantifying number of atoms of element M in species i in the

most thermodynamically stable state (molecular form, and phase) of element M at 298.15 K
and 1 bar.
™ maximum allowable stochiometric coefficient.

¢: extent of reaction/ conversion.

fmin : minimum allowable extent of reaction.

® : complexity function.

y ;- Number of occurrences of atomic element j in a chemical species.

¥ i - Number of atoms of atomic element j that form a stable molecule at STP.

/11- : Atomic element | in a chemical species.
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Chapter 4 - Lexicographic case studies:

In this chapter we present some of the results of the Lexicographic approach to cluster
synthesis with five different target reactions. The first target reaction is water splitting, the
second target reaction is formic acid production with hydrogen generation from natural gas, the
third target reaction is acetic acid production with hydrogen generation from natural gas, the
fourth target reaction is dimethyl ether (DME) production with hydrogen generation from natural
gas, and the last target reaction is water splitting cycle that has imbedded in it steam methane
reforming (SMR). In the last section we present some potential features for further screening and
enhancement of found clusters. Importantly, none of the cycles release harmful carbon
containing byproducts and use natural gas as a raw material. As seen in the figure below[48],

U.S. natural gas production has been steadily increasing since 2010:

US Natural Gas Production
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Figure 4-1- US Natural gas production by year.
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4.1 Water Splitting Cycles

In this section we present clusters that sum to water splitting 2(H,0)«<0, + 2(H,). Direct

thermolysis of this reaction yields very poor conversion even at elevated temperatures, with an
estimated conversion of ~4% for temperatures at 2273K. Finding alternative pathways for
hydrogen generation using a variety of raw materials would have a major impact on
disadvantaged communities, enabling them to become energy self-sufficient, to minimize their
carbon footprint, and improve the air quality of their environment

The lexicographic algorithm was applied to a database with 120 species (see Appendix 3) and 20

atoms. A maximum of 3 reactants or 3 products were allowed for each candidate (Ssp = 3) , an

enforcement that was put in at the mass balance generated reaction step and reflects the
specialization capabilities of our proposed methodology. Clusters of up to three reactions were

generated (N, =3) at a temperature range between 298 K and 1500 K (T, =298, T, =1500)and
a pressure range of 1 and 25 bar (P_ =1, R, =25). The minimum extent of reaction was set to
0.6 (&, =0.6). The input parameters for the simulation are listed in Table 4-1 and the algorithm
generated clusters are listed in table 2.

Table 4-1: Problem Parameters

Parameter | T, T, P, P, #(Ng) | Ny S L £

sp

Value 298 1500 1 25 120 3 3 8 0.6

The results from the simulation are shown in table 4-2. Nine reaction clusters were
generated, with two 2-cluster cycles and seven 3-cluster cycles. The clusters generated occur at
temperatures that are generally attainable for industrial processes, which is an important

consideration in the automatic synthesis of reaction clusters. Additionally, the incorporation of
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the thermodynamic criterion improves the possibility of synthesizing reaction clusters that can be
successfully implemented on an industrial level. Examining the temperature and pressures
shows that every reaction cluster generated contains reactions that occur at two or more different
temperatures, and only 1 reaction cluster, cycle 2, contains reactions that occur all at the same

pressure.

Table 4-2: Water splitting cycles

Reactions T(K)| P(bar) AG"(k—Jj S
mol
4H,0,, + 6CO, < CH, +2H,  +5CO, 298 |1 -252.07 0.99
1 | 4GeQ, +6CO, , <> O, +4GeO, , +6CO, 298 |25 -284.81 0.99
CH,,,+4GeO,, <>CO, +2H,0, +4GeO, 1500 | 1 -252.67 0.99
2H,0,, +3Ga,l,, < Ga,l,, +2Ga,0, +2H, 373 |1 -25.17 0.98
2 | 2Ga,0p + 3, < Gayly ) + O, + 2Ga 298 |1 -114.55 0.99
2Ga,l () + 2Ga ) < 3Ga,l, ) + 3y, 1500 | 1 -23.25 0.88
3H,0,,, +5K,0, < O, +3K,0H, , +4K_, 1500 | 1 -19.73 0.90
3 | 4K,OH,,, + 6K = H,0, +3H, , +7KO,, 298 | 25 -36.13 0.99
H,, +2K,0, < KOH,,  +2K, 1500 |1 -138.82 0.99
8H,0,,, +5K,0,, < O,,, +3K,0,H,  + 4K, 1500 |1 -19.73 0.90
) 3K,0,H,,, + 4K, < H,0, +2H,  +5K0, 298 |25 -5.907 0.90
5 4K20(S) + 6HZO(g) = Oz(g) + 2H2(g) + 4K202H2(g) 1500 | 1 45.47 0.60
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2Cu(OH),, +2H,, 298 |25 -11.19 0.96
Cuz(g) + 4K202H2(g) &
+ 4K20(S)
2Cu(OH )Z(S) +2H, ) < Cuy, +4H,0,, 1500 | 1 -252.3 0.99
Cu,,, +4H,0, < 2Cu(OH),  +2H, 298 |1 -229.91 0.99
2Cl,,, + 2Cu(OH), | < Cu, + 20, + 4HC,, 1500 | 1 -10.14 0.92
4HCI ) + O, < 2Cl, ) + 2H,0, 298 | 25 -93.13 0.99
2Cl, gy +2H,0.) < Oy, + 4HCl 1500 |1 -86.53 0.81
2CaH,, + 4HCl ,, < Cl,,, + 2CaCl,, + 4H, [ 1500 | 1 -74.86 0.93
2CaCl,, + 2H,,, < Cl,, + 2CaH, 298 | 25 -15.94 0.99
5H,0,, + 780, < O, + 250, + 5H,S0, 298 |25 -266.7 0.99
250, +5H,S0,, < 2H, +3HO  + 7SO, 1500 | 1 -143.6 0.90
2H,0,, + 3Li,Clyg) < Oy, + 2Hyg) + BLICI) 298 | N/A -28.62 0.98
250,,, + BLICl,, < O, + 250, +3Li,Cl,, 1500 | 1 -7.56 0.90
298 | 25 -141.86 0.99

O,g) T250,,, < 250,

The first reaction cluster in Table 4-2 is a Germanium based cycle. Germanium has
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found recent attention in the context of forming reaction clusters for water splitting using

concentrated solar power [49], [50] and several proposed reaction clusters have been

based cycle. Application of these species has been found recently in a number of fields,

including hybrid car production, electrical components for power generating systems, and

investigated. It also features the use of methane which could be enhanced with natural gas

pipelines that are already in existence. The second reaction cluster is a Gallium oxide/iodide




ultraviolet radiation sensors[51]. Current limitations for widespread implementation into
industry stem from inadequate synthesis technology and poor scalability, however research into
these drawbacks is ongoing.

The third and fourth reaction clusters are Potassium oxide based clusters. Metal oxide
reaction clusters have been the subject of investigation for numerous years[52] and remain an
area of active research[53]. Cluster 3 is one of four clusters found that contains a reaction with a
target reaction product (hydrogen) used as reactant. The fifth reaction cluster is Potassium and
Copper based cycle, while the sixth is a Copper-Chlorine based cluster. Copper Chlorine based
cycles have also been extensively researched[54], [55], usually in combination with electrolysis.
Both of these clusters use target reaction products in one of their reactions, with cluster five
using Hydrogen in its third reaction, and cluster six using Oxygen in its third reaction as well.

The seventh reaction cluster is a Calcium based cluster. There has been recent interest in
Calcium based reaction clusters[56], albeit in the context of thermal reduction of Calcium oxide.
However, the use of Calcium chloride and Calcium hydride in thermochemical energy storage
has been investigated and research continues into these promising materials[57], [58]. The eighth
reaction cluster is a Sulfuric acid based cluster. There has been extensive investigation into these
types of clusters [59], [60]. The last reaction cluster is a Lithium based cluster that used Sulfur
trioxide. It also uses Oxygen as a reactant in the third reaction.

Several of these reactions may not be feasible as written due to the presence of side
reactions or other chemical mechanistic interferences, however this does not necessarily preclude

their feasibility. For the second reaction cluster, in the last reaction, the synthesis of dinuclear

Gallium (I1) iodide has been reported to come from treating Tetragallium (1) (Ga4(C(SiI\/Ie3)3)4)
with Aluminum iodide ( All,)and lodine monochloride (1CI)[61]-[63]. Additionally, it’s
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reactivity with water to produce Gallium (I) oxide in the first reaction is unclear as conventional

synthesis routes for this product is to react Gallium with Silicon dioxide (SiO,) and either
Lanthanum (I11) oxide (La,O,)or Strontium peroxide (SrO, ) [64]. The first reaction in cluster

five would also not be likely to occur due to competing side reactions. Indeed, at a 2:3 feed ratio

of K,0:H,O ata temperature of 1500(K) the production of potassium hydroxide with

hydrogen and oxygen is more likely to occur:

2K20(S) +3H20(g) = 5KOH(|) + 2H2(g) + 20

2(9)

This reaction has an equilibrium constant of K, =4.014E* and a calculated equilibrium

conversion of 0.99. Had reactions been eliminated from consideration in the case when any of
the competing reactions possessed an equilibrium constant of the same order as the original
reaction, then reaction cluster five would not be found due to the elimination of the first reaction
from the feasible set. The hydrolyzation of chlorine gas in water from cluster 7 is also unlikely

to proceed as listed as more realistic reaction products are hypochlorous acid with various

amounts of H"and CI- or CLO™ [65], [66]. However, as noted when we first discussed side
reactions, catalysts can be utilized to increase the selectivity of reactions. As such, we find it
more useful to generate reaction clusters without regard to potential side reactions. At that point,
the behavior of each reaction with respect to side reactions can be further analyzed.

Also of note, although almost the operating temperature of all identified cluster reactions
occurs at the boundary of the original temperature window, reaction 1 in the second cluster
occurs at 373(K), indicating that the cluster algorithm is able to identify maximum extent of
reaction conditions whose temperature component lies inside the temperature window. The
figures below show the standard Gibbs energy and extent of reaction at different points within

the original temperature window for every reaction found in a cluster.
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Figure 4-9 AG’ and £vs temperature for Water Splitting cycle 3 reaction 2.
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Figure 4-11 AG’ and £vs temperature for Water Splitting cycle 4 reaction 2.
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Figure 4-13 AG’ and £vs temperature for Water Splitting cycle 5 reaction 2.
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Figure 4-15 AG’ and &£vs temperature for Water Splitting cycle 6 reaction 1.
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Figure 4-21 AG’ and £vs temperature for Water Splitting cycle 8 reaction 1.
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Figure 4-23 AG’ and &£vs temperature for Water Splitting cycle 9 reaction 1.
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Figure 4-25 AG’ and £vs temperature for Water Splitting cycle 9 reaction 3.
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0

As can be seen, is clearly non-linear over this temperature range and appears to hit a

minimum at a temperature of 373. This point also corresponds to the maximum ¢&_. . The

min *

temperature of 373(K) is the upper bound for liquid water in the database before changing phases

to gas, and so it appears that while a reaction may not have its maximum ¢& . at the original

boundary, it is likely to occur at one of the boundaries of a species involved in the reaction.

4.2 Formic Acid, Acetic Acid, and Dimethyl Ether Production With Hydrogen
Generation Cycles

In this section we present clusters that amount to formic acid production:

CH, + 2H,0 < HCOOH + 3H,

acetic acid production:

2CH, + 2H,0 < CH,COOH + 4H,

or DME production:

2CH, + H,0 < CH,OCH, + 2H,

with hydrogen generation using methane and water as feed.

Formic acid can substitute some inorganic acids in chemical processes and it is less
corrosive than many of them. It also does not result in loading of nitrate, phosphate, or sulfate
into wastewater. According to the data of the European Chemical Agency, formic acid and the
formate ion are readily biodegradable. Furthermore, formic acid and the formate ion are readily
biodegradable in seawater. The worldwide production capacity of formic acid was estimated to

be up to 950 thousand tons per year. The demand for formic acid is growing because of its
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relatively nontoxic and non corrosive properties and this allows easy handling. It has been
estimated that the market for this chemical will increase to 5.6% per year through.

The uses of acetic acid are numerous. It can be used as a chemical intermediate for the
synthesis of many other desirable chemicals, such as vinyl acetate, acetic anhydride, or cellulose
acetate. These chemicals are used as the raw materials for the manufacturing of a variety of
productions such as of adhesives, coatings, textile finishes, cement additives, coatings, cellulose
plastics, aspirin, and acetaminophen. Additionally, acetic acid can directly be used when
producing terephthalic acid. Because of its wide range of applications, the global demand of
acetic acid was valued at 12.1 million metric tons in 2014 and it is expected to reach 16.2 million
metric tons/year by 2020 with a compound annual growth rate of 4.9%[67]. The global market is

also expected to reach USD 12.2 billion per year by 2020[68].

In 2020, the global DME market size was estimated to lie between $4 — $7.72 billion, and
is expected to grow with a Compound Annual Growth Rate (CAGR) of between 9.6% and
16.8% from 2021 to 2031[68]-[70]. While DME is a carbon containing chemical, it also has a
number of attractive qualities from a manufacturing and production perspective because it is
nontoxic, noncarcinogenic, and environmentally friendly[71]. It has many potential uses, such as
a replacement fuel for diesel engines. There are a number of qualities that make DME a strong
candidate for use as a fuel replacement, such a relatively short ignition delay time for complete
combustion. It is safe to handle as a liquid, and it also burns clean, as there are very low
particulate, carbon dioxide, or other toxic gas emissions[72]. Another attractive quality is that the
existing liquid petroleum gas infrastructure can be used because DME share similar chemical
and physical properties, reducing cost for wide-spread implementation[73]. DME can also be

used as a raw material in the synthesis of a number of useful chemicals, such as dimethyl sulfate,

168



and can be used as a pesticide or antitrust agent[74]. Research has also shown DME could be
used for enhanced petroleum production when used as an oil recovery agent in specialized
procedures, such as water flood techniques[75], [76]. Given all that, it is not surprising that DME

production demand has be increasing in the past 10 years.

Table 4-3: Formic acid cycles.

Reactions T(K)| P(bar) | | o k_Jj S
mol
2CH, ) + 4CO,, < CH,OH  +2H,0,, +5CO | 1500 | 1 -85.75 0.81
1 | 2CH,0H,, < CH,, + H,,, + HCOOH 298 |1 -77.01 0.99
4H,0,, +5CO,, < CH,OH ) + 2H,, + 4CO,, | 298 |1 -105.45 0.99
2CaH,, + 2H,0,, < 2CaOH  + 3H,, 1500 | 1 -156.41 | 0.99
CH3COOH(9) + H2(g) 298 | 25 -145.45 0.99
2 | 2CH,, +2Ca0H , <
0 9 7|+ 2CaH
CH,COOH, ) + H, ) <> CH,, + HCOOH , 298 |N/A | -27.28 0.99
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Figure 4-27 AG® and £vs temperature for Formic acid cycle 1 reaction 2.
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Figure 4-28 AG’ and £vs temperature for Formic acid cycle 1 reaction 3.
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Figure 4-29 AG’ and &£vs temperature for Formic acid cycle 2 reaction 1.
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Figure 4-30 AG’ and &£vs temperature for Formic acid cycle 2 reaction 2.
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Figure 4-31 AG°® and &£vs temperature for Formic acid cycle 2 reaction 3.
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Table 4-4:Acetic acid cycles

Reactions T(K)| P(bar) AG"(k—‘]j S
mol
3CH,,, + H,0y < CH,COOH , + CO) + 7H, ) | 1500 | 1 -848.6 0.77
1 [ €O, + NaOH,, &= H,, + Na,CO,, 298 |N/A [-151.6 | 0.99
Na,CO,, + 4H,, < CH, + H,0, + 2NaOH , [ 298 |25 1.082 0.97
2H,0,, + 4CQ,,, < CH,COOH  +2CO,,  |298 |25 14032 | 0.99
2 | CaCO,, + 2CH,, & CaH,, +3CO, +3H,, |1500 |1 -30.04 0.91

CaH, +2CO, , < CO +CaCO, + H, 298 | N/A -338.11 0.99

2(g)
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Figure 4-33 AG’ and &£vs temperature for Acetic acid cycle 1 reaction 2.
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Figure 4-34 AG’ and &£vs temperature for Acetic acid cycle 1 reaction 3.
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Figure 4-35 AG’ and £vs temperature for Acetic acid cycle 2 reaction 1.
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Figure 4-37 AG’ and &£vs temperature for Acetic acid cycle 2 reaction 3.
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Table 4-5: DME acid cycles.

Reactions T(K)| P(bar) |\ ~of kI )¢
moI
2CH )+ SCO )< H O )+ 3H )+ 5CO 1500 | 1 -342.71 0.99
1 | CH,OCH,, +3H,0,, < 2C0,,, +6H,, 1500 | 1 51556 | 0.99
5CO,, + 7H,,) < CO,, +H,0,, + 2CH,0CH, | 298 | 25 -171.44 [ 0.99
2H O(I) 2K = H )+ K,O, H 298 1 -139.92 0.99
2 [ 2CO, +4H,, < CH,OCH,, +H,0,, 208 | 25 75.04 0.99
K,O,H )+ 2CH Bas 2CO )+ 2K )+ 5H2(g 1500 |1 -304.64 0.99
2CH,+3C0O, = H,O0+ 3H, +5C0O
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Figure 4-38 AG’ and £vs temperature for DME acid cycle 1 reaction 1.
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Figure 4-39 AG’ and &£vs temperature for DME acid cycle 1 reaction 2.
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Figure 4-40 AG’ and £vs temperature for DME acid cycle 1 reaction 3.
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Figure 4-41 AG’ and £vs temperature for DME acid cycle 2 reaction 1.
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Figure 4-42 AG® and &£vs temperature for DME acid cycle 2 reaction 2.
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Figure 4-43 AG°® and &£vs temperature for DME acid cycle 2 reaction 3.
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The reactions in Tables 4-3 thru 4-5 are all feasible within the original operating window

and have an extent & >0.70. Similar to the clusters found using water splitting as the target, the
highest &is found at one of the edges of a temperature interval, and in fact for these cases were

found on the boundary of the original temperature window. The first reaction cluster in the
formic acid cycles in Table4-3 is an all low pressure cycle while the second cycle features a
reaction that favors low pressure, a reaction that favors high pressure, and one that where

pressure effects are negligible on the value for & under the current assumptions. It should be

noted however that in the first reaction of cycle 1, methanol is likely to decompose at this
temperature[77] and thus reaction would not proceed as written, even though there is
thermodynamic data readily available for methanol up to 1500 K. This highlights the need for
additional scrutiny when analyzing presented clusters, but also demonstrates the benefit of being

able to amend the database as discussed in the previous section. Additionally, in reaction 1 of the
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second cluster, the more stable from of calcium hydroxide is Ca(OH ), and would likely be

formed over CaOH even if there is thermodynamic data supporting the molar Gibbs energy of
formation at that temperature[78]. For the acetic acid cycles in Table 4-4, both clusters shown
feature a reaction that favors high pressure, one that favors low pressure, and one where pressure
effects are negligible. Both the formic and acetic acid cycles have 2 low temperature reactions
and 1 high temperature reaction, in contrast to the DME cycles shown in Table 4-5, in which the
first cycle features 2 high temperature reactions and 1 low temperature reaction. All cycles found
follow the trend of high temperature reactions be more favorable at low pressures, while low

temperature reactions can be favored at low, high pressures, or have no pressure dependence.

4.3 Code Augmentations and Future Work
Having presented the results of lexicographic approach to network synthesis, we briefly

discuss some possible further advancements that could be implemented within the algorithm to
enhance its search process and refine search results. Some of these additions have already been
incorporated, but there remains to perform rigorous validation testing against the previous stable
version of the code.
Firstly, if it is desirable that an industrial prevalent reaction be included in the cluster, this
can easily be formulated into the target reaction as described below.
CH,+H,0 &CO+3H,

CO+H,0 < CO,+H,
CH,+2H,0< CO, +4H,

Which overall sum to:

2CH, +4H,0 <2C0O, +8H,
When subtracted from water splitting and used as the target reaction:

181



2C0, + 6H, < 2CH, + 2H,0 + O,

the same cluster generating algorithm can then be used to generate clusters, with each search
yielding (n)/(n+1) results.

Additionally, we discuss is the ability to find clusters with non-irreducible reactions that
is both computationally efficient and does not significantly increase the algorithms time
complexity. Reaction clusters containing non-irreducible reactions have been presented
numerous times in the literature[79] and can be thought of as approximate reactor sizing or
relative flowrate ratios that need to occur in order the cycle to be a closed loop. As an example, a
simple computationally effective way to include these reactions in the cluster search is iterate

through the GFR list and use the information in the embedded FR’s q Vvector to create
incremented copies which are then added to the GFR until max(q) >v™ . This approach

however significantly raises the time complexity of the algorithm by greatly increasing the
number of elements in GFR, L, and R that have to be searched. In an experimental trial, a
preliminary implementation of the above procedure was applied with ™ =7 and the size of

GFR increased by %, while the sets L, and R both increased by % and % respectively. If it was

desired to search for 5-clusters the increase in G)(#(GFR)-(#(LW))2 -(#(Rmax))z) would be .

In a separate experiment with v™ =12 the increase in time complexity was
For certain reactions the extent of reaction can cancel out on the LHS side of (2.1.13). To
preserve extent, it suffices to add an inert gas to the reactant side of the equation (2.1.13).

Consider the two reactions shown below:
{Rxl: 2Na,CO,, <> 4Na, +2CO,, + Oz(g)}

Rx2: 4Na +2C0O, ,+0,, < 2Na,CO,,
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Using the formulation in the last chapter to find the extent of reaction:

~ 47 A 2 A
( fh(l(g ))) ( fc(?) féfg)) VP Y[ Yeo,P Y [ Yo,P
e | o | e ) R )T ) e
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fl\gla)zCO3 ]2 (XNa2C03 )2

2
£ (1)
fNaZCO3
o(l) 2
fNaZCO3 (XNaZCO3
4

o[ i yNa yco

foa? ) | fs
GGG [Zﬂ( J

K, (T) =P P P 78 )78 ) (74

ou )= 4-4g,) 2—125 (1-¢ (;jq: 41-£)) 2: [ 1- (FF;T
) )R )

Which both lead to obvious cancellations of the extent of reaction. In order to remedy this, an

inert gas species is added to the reactant side and prescribed ratio relative to the species with the

smallest coefficient. For the example reactions at hand this would yield:

| |
Opy = n|(g)/ng£12)co3 } - {nm(g) = aRlnﬁg)CO + 751 }

/noz RZ) 7+aR2 —1¢

4 2
KR 1(T ) — 451 251 61 (£j7
X ol ol ol ?
alnNg)CO3 +7¢ alnNEalz)CO3 +7¢ alnNgz)cos +75 \P
1
Ksz (T ) =

&)
-4 o 25 I 5 i
7+ g0 =78 | | 74 0ggnd® —7& | | 7+ ag,nl® —7¢
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which allows for the calculation of &. These augmentations were incorporated into the code and

in an experimental trial generated the clusters shown in the table below:

Table 4-6: Problem parameters for augmented code trials

Parameter | T, T, P, P, #(N ) N, S e £

Sp

Value 298 1500 1 50 70 5 3 8 0.5

Table 4-7 Water cycles with implementation of inert ratio, non-irreducible reactions, and augmented target into the algorithm

Reactions T(K) | P(bar) 0( kJ j < Dilut
AG”| —
mol ion
Hzo(g) + 803(9) & HzSO4(|) 374 50 -68.92 099 |15
CQ) +3GeQ,, = CO,, + O, +3Ge 300 50 -62.75 099 |-

1 H,04) + Oy + 3G, & Hyqy+3GeQ 141557 |1 -284.92 099 |-
H,S0, ) + 450, < Hy) + 30,4, +550, 1500 |1 -152.97 095 |-
CO,(q, + 20, + 580, < CO + 580, 300 50 -96.76 099 |-
Oz(g) + 2H20(g) + 2|\/|g(s) < 2Mg(OH )Z(S) 374 50 -117.0 099 |0.01
O, + BHBI, < 2H,0, + 2H,, + 4Br,, 300 50 -45.94 099 |-

2 4Br2(g) +8Fe(OH )2(5) + 8H20(g) < 8Fe(OH )3(5) + 8HBr(g) 374 50 -64.8 0.99 -
Oyg) +2Mg(OH ), + 4H, ) < 2Mg, +6H,0, | 1500 1 -64.03 075 |-
8Fe(OH), < 4H,, + 40, +4Fe(OH), 1500 1 48.92 059 |15
3CO,, +3Fe, +3H,0,) < 3COy, +3Fe(OH), =~ | 374 50 4.499 072 |-

4 | Hyq +3Fe(OH), < Oy +3Fg, +4H,0, | 1500 1 -117.8 099 |-
3CO(9) + 5H2(g) = COz(g) + HZO(,) + 2CH4(g) 300 50 -319.9 099 |-
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2CH4 +4H20 <:>2C02 +8H2 N/A N/A N/A N/A | N/A

The first reaction cluster in table 4-6 is a Germanium and Sulfuric acid combined cycle,
each of which was discussed in the previous section on water splitting cycles. The cycle features
to reactions which utilize the presence of an inert, and is the only cycle discovered thus far to
feature a reaction whose maximum & occurs at a temperature that is not at one of the endpoints

[¢]

of the temperature intervals. Figures 4-44, 4-45, 4-46 below show the AG and & vs

temperature the reaction on the whole temperature window, on the discretized interval
[1300,1500] in steps of 5(K), and on the discretized interval [1415,1416]in steps of 0.01 (K)
respectively. It can be seen from Figure 4-46 that the temperature identified by the algorithm,

T =1415.57(K), is at least within +0.10f the true optimum, and that the difference in values for
the objective function is at the 10" significant digit. It should also be noted that while the
difference in the calculated value for £is less than 0.0000001 for all values within the

temperature range of Figure 4-46, this example is used to illustrate the algorithms effectiveness

at finding interior points within the original temperature window, even when their affect on £is

negligible from an industrial perspective. The second reaction cluster in table 4-6 is an Iron,
Magnesium, and Bromine cycle that features two non-irreducible reactions, reactions 3 and 5,

and two reactions that feature the use of an inert gas, reactions 1 and 5. The 5" reactions of the

second cycle features a reaction who’s equilibrium can be shifted above & .. by adjusting the
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0

. The last reaction cluster features the use of the

pressure, as can be seen by the positive

supplemental target which is listed as the fourth reaction.
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Figure 4-44 AG’ and £vs temperature for augmented water splitting cycle 1 reaction 3, whole interval.
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Improvements to memory management and efficiency could also facilitate and expand

the number of reaction clusters that can be found. For example, the information stored in the set

HR , defined in the previous chapter as the sequence quintuple:
(w.a.pu.d)=({w(i)} T i) (D) fu(i)) e {d (D)

can be reformulated, with proper augmentation to the FR generating function, as a sequence

triplet:
(0.p0)=({ali)" (o) 0 ()

where the sequence of #(N,)x#(N;) matrices representing the half reaction and sequence of

integers designating the number of species participating in the reaction have been removed, and

the sequence of 1x #( Ny ) vectors has been replaced by the sequence d' of 1x S, Vectors

whose entries consist of the species present from the input list that are present or -1. Since the

number of half reactions is significantly larger (by several orders of magnitude) than the number
of full reactions, the delaying the construction of the sequence of #(N,)x#(Ns) matrices until
the full reaction step saves a considerable amount of memory and greatly expands that search
capabilities of the algorithm to include larger sets of NS. For the FR generating function, each
full reaction is made by creating linear combinations of the original #(N,)x#(Ng)matrix $
from the input data and subtracting them. This eliminates the need for both the sequence wand

U during set generation and reduces the size of the last sequence as #( NS) IS going to be much

larger than S, for any trial of interest. Since at this time the size of the FR cannot be

calculated from knowledge of the input data and thus cannot be pre-allocated, the advantage to
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the described method is the reduction in memory cost during set creation. The table below

shows the size (in gigabytes) for the sequences W, q, p, and d 'for increasing species

database.

Table 4-8 Memory size of for sequences w, g, p, and d as Nsand Na increase.

#(Ng) | #(NA) | wep) 1(Gb) PGb) | d'(ah)
6 3|1 0.000404928 3.37E-05 | 6.75E-05 3.37E-05
7 3| 0.00081144 5.80E-05 | 0.000116 5.80E-05
9 4 | 0.003267648 0.00018154 | 0.000272 0.000136

10 4 0.005152 0.0002576 | 0.000386 0.000193
11 4 | 0.007751744 0.00035235 | 0.000529 0.000264
13 51 0.01969864 0.00075764 | 0.000909 0.000455
14 5 0.02692256 0.00096152 | 0.001154 0.000577
16 6 | 0.056549376 0.00176717 | 0.001767 0.000884
17 6 0.072828 0.002142 | 0.002142 0.001071
18 6 | 0.092389248 0.00256637 | 0.002566 0.001283
21 8 | 0.233374848 0.00555654 | 0.004167 0.002084
22 8| 0.28281088 0.00642752 | 0.004821 0.00241
23 8 | 0.339711104 0.00738502 | 0.005539 0.002769
24 8 | 0.404791296 0.00843315 | 0.006325 0.003162
25 8 0.4788 0.009576 | 0.007182 0.003591
26 8 | 0.562518528 0.01081766 | 0.008113 0.004057
28 9 | 0.857670912 0.01531555 0.01021 0.005105
30 10 1.26408 0.021068 | 0.012641 0.00632
31 10 1.44549776 0.02331448 | 0.013989 0.006994
33 11 | 2.052785328 0.03110281 | 0.016965 0.008483
34 11 | 2.318788032 0.03409982 0.0186 0.0093
35 11 2.609838 0.0372834 | 0.020336 0.010168
37 12 | 3.57079008 0.04825392 | 0.024127 0.012063
38 12 | 3.980449536 0.05237434 | 0.026187 0.013094
39 12 | 4.424382144 0.05672285 | 0.028361 0.014181
40 12 4.904448 0.0613056 | 0.030653 0.015326
41 12 | 5.422556352 0.06612874 | 0.033064 0.016532
43 13 | 7.129181904 0.08289746 0.03826 0.01913
44 13 | 7.827046656 0.08894371 | 0.041051 0.020525
45 13 8.57493 0.095277 | 0.043974 0.021987
46 13 | 9.375166528 0.10190398 | 0.047033 0.023516
47 13 | 10.23014408 0.10883132 0.05023 0.025115
49 14 | 13.04599677 0.13312242 | 0.057052 0.028526
50 14 14.1596 0.141596 | 0.060684 0.030342
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51 14 | 15.34301462 0.15042171 | 0.064466 0.032233
52 14 | 16.59909888 0.15960672 | 0.068403 0.034201
53 14 | 17.93076835 0.16915819 | 0.072496 0.036248
54 14 | 19.34099597 0.1790833 | 0.07675 0.038375
55 14 20.832812 0.1893892 | 0.081167 0.040583
56 14 | 22.40930406 0.20008307 | 0.08575 0.042875
57 14 | 24.07361712 0.21117208 | 0.090502 0.045251

It can clearly be seen that the size of W is two to three orders of magnitude larger than the other

sequences and its removal from the set creation process greatly improves memory efficiency and

output performance.
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Chapter 5 - Discussion and Conclusions

In this document we have presented the SR process for enhanced hydrogen production
and raw material conversion. After defining several metrics with which to quantify reactor
performance, 3 different dimensional case studies on SMR were carried out and the SR process
was shown to be superior than conventional reactors by combining multiple processes within a
single unit and operating in a dynamic manner. In the 0-dimensional isothermal CSTR case it
was shown that conversion of methane increased by upwards of 100% through appropriate
selection of Daand ©, and that the use of hydrogen during the second mode of operation could
increase the recovery during the final operation. While it is unlikely that SMR reaction to operate
in CSTR fashion, the methodology demonstrated in the SR process is envisioned to be applicable
in a general to enhance any reactive process. The 1-dimensional isobaric/isothermal studies
revealed similar insights with methane conversion increased to over 200% for higher values Da
and ©. Reactors operating in this manner do not need to use hydrogen to increase recovery as
the reactor is operating in plug flow. It is conceivable to operate SMR in isobaric plug flow
through the use of microreactors or monolith reactor with catalyst support, as both of the reactors
by design feature very low pressure drops. The 1-dimensional non-isobaric/non-isothermal

study revealed two new dimensionless parameters associated with energy transfer. The parameter
space of ¥y was not investigated and ¥, as not varied independently in the current studies,
but the experimental trials show methane conversion increased to over 120% for higher values
Daand O . Future studies on heat and momentum affects on conversion and hydrogen

separation and recovery should be undertaken in the future to fully appreciate their impact on

reactor design and performance.
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During the course of the SR studies, it becomes apparent that the increase in conversion
and hydrogen production comes at the cost of higher production of carbon dioxide as well. To
reduce the negative environmental impact associated with increasing greenhouse gas emissions,
the lexicographic approach to network synthesis was developed and applied to creating closed
pathways of hydrogen production with no harmful emissions. The algorithm developed is an
efficient and flexible tool that can tremendously impact the early process development stages by
generating alternative reaction pathways. One of the novel aspects of the approach concerns the
free energy data. Whereas this has typically been assumed to have a strictly linear dependence
upon temperature, the new model showed that this assumption need not be invoked to take
advantage of computational savings. It is important to note that kinetics have not yet been
considered. Thus, although the resulting reactions are thermodynamically feasible, they may not
be kinetically favorable. Moreover, although heat capacity data exists for each of the species at
these temperatures, the pressure dependence is unclear. Consequently, some of these species may
actually decompose at the given temperature and pressure, or they may react violently upon
heating. In light of these points, a more detailed investigation of the clusters synthesized by the
lexicographic method is should be undertaken. The above limitations notwithstanding, this
lexicographic approach is useful in generating alternative cluster candidates. It identifies all
potential clusters obtainable from a given set of chemical species, ensuring that the reactions are
thermodynamically feasible and satisfy mass balance considerations. At that point, the list of
clusters can be more thoroughly evaluated for things such as potential side reactions and
competing byproducts, Kinetics and potential catalyst cost, hazards like toxicity, flammability or
corrosiveness, and reliability of reactions. Moreover, process synthesis considerations can then

be addressed such cost of separations, energy requirements, process flexibility, and capital
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investment. It is hoped that this methodology will eventually lead to clusters that can be

implemented in an economically viable manner.
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Chapter 6 - Appendix

Appendix A.1- Storage reactor formulation

Having briefly described the storage reactor concept in the introduction, we now formalize the
process mathematically by explicitly deriving the governing equations. The first section goes
through Reynolds transport theorem, then mass momentum and energy equations are derived for
the reactor, the catalyst pellet, and storage pellet domains. Some underlying assumptions: solid

phase is stationary, ideal gas law, etc.

A.1.1 Preliminary Information

The following terms are defined:

L m?of phase «
“{ m®of domain g

), Be{c,s,v,w,r},aefs, f}:control volume fraction of phase « in
domain £, where « € {s, f } with s, f denoting the solid and gas phases respectively;

pe {c, S,V,W, r}with c,s,v,w, r denoting the catalyst pellet, storage pellet, reactor void

unoccupied by either catalyst or storage pellets, reactor wall, and total reactor domains.

A m?of phase o
“| 'm?of domain S

],ﬂ e{c,s,v,w,r},a e{s, f}: control surface fraction of phase & in domain
B, where a e{s, f} with s, f denoting the solid and gas phases respectively; 8 € {c,s,v,w,r}

with c,s,v,w, r denoting the catalyst pellet, storage pellet, reactor void unoccupied by either

catalyst or storage pellets, reactor wall, and total reactor domains.
It has been established[80], [81] that for a multi-component, multi-phase system, repeated

application and summation of the Reynolds Transport Theorem (RTT):
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Mess (1) zg[ jcjvjl\/lpdvt]+ [[ - (A1)

to each sub system will yield the total rate of change for an extensive property. Additionally,
assuming certain structural and geometric parameters can be established, an extensive properties
rate of change can be expressed as the summation of contributions from various volumes

elements within its phase and or domain:

dMaﬁCSyS {”J‘gﬂfg MpdV] .”gﬂrg |\/|pV .ndA (A.1.2)

Applying Gauss Dlvergence theorem on the control surface and Leibniz’s Theorem for a fixed

control volume yields:

“ﬂ CSVS j ﬂ (epelMpdV ) + j j [V-(eheiMpv)av, (A.1.3)
with the total system given by:

NP, NP5 M

CSys Z Z Jk CSys ) (A.1.49)

i=ak=p
Therefore, in order to establish governing equations and gain insight into reactor performance it

dM

remains to apply this methodology to the extensive properties of choice and establish
connections between different zones through physical/mathematical descriptions.
First, some assumptions are presented and assumed to hold true. The first being that the quasi-

equilibrium postulate holds:

. R R el
— i,ap
duaﬂ _Taﬂdsaﬁ' - Paﬂdvaﬂ + Zl M. dWi,aﬁ' (A15)
Using the assumptions above, the Iinearity postulate is assumed to be valid:
= c ,RT
Qs =854,V (INT, ;) - de Vi=1,...,NC (A.1.6)
i=1 Pi.ap
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a'kl af aﬁ ﬂ

kaﬁJ Vi=1..,NC  (AL7)

Ni,aﬁ: Q0,08 (InT ) p|aﬂ2(

k=1

pl a/jpk aff

Which give rise to the Stefan Maxwel diffusional driving force relation

[oN]

1 - _ NS _ .
iaf = in,aﬂ R — (Ci,aﬁvi,aﬁ laﬁ)vp ~ Piap9i T \Ni,aﬁzpk,aﬂgk vi=1..,NC
caﬂRTaﬂ o1

(A.1.8)
Which will be used as a basis to model mass flux in the SR.

A.1.2. Mass Derivation

For an arbitrary system in one domain, selecting total mass

{M =1Admm<t>=d<m>m<t>=o}

A.1.9
dt dt ( )
yields total the total mass conservation equation
0 =
a(p)+v-(pv):0 (A.1.10)
Using the summability property therefore gives:
M —1 dMZS:S (t)_d (mzjctsys () .
. P, = (A.1.11)
dMCSys Z Z dM jk, CSys )
j=ak=p

=i 0
Which when generally applied to phase « within domain £ on a domain r volumetric basis gives

{st(p)+v } {%E (8¥€Ykpaﬁ)+§'(€k¢€ﬁﬁjk)=O} (A.1.12)

general mass balance equation:

a(s}’,,e}jﬂpﬂﬁ)+§-(5§r€:ﬂﬁap) =0 (A.1.13)
Similarly, selecting component mass
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{M —w, Ade—t(t)szi av, - [[ j; - dA } (A.1.14)

yields component conservation equation. Utilizing summability property

MAM w2 {2(a)+9 ()R}

dt
= (A.1.15)
d CSys ¥ & dMJk CSys )
EPPR
0 = . < = (A AN vV V5
{a(ﬂi )-I—V-(Pi Vi ) } {Z;( (‘91« kP, Jk)+v'(‘9krgjkNivjk):gkrgiji,jkj}
j=ak=p
(A.1.16)

Which when generally applied to phase « within domain £ on a domain r volumetric basis gives

general species mass balance equation:

aat(gﬁr Eaphi, aﬂ)+v (‘92r :ﬁmlaﬂ) 5Zr5;/ﬂéi,aﬁ (A.1.17)

With the following defined as:

Mass fraction - density of species i relations:

Piap =W 05P0p Vi=1...,NC
Total Mass Flux of species q relations:
Niop = PiapViap Vi=1,...,NC Mass average velocity
definition
_ NC _ NC pi -
af = Z\Ni,aﬂvi,aﬂ = Z ’ Vi,aﬂ
i=1 i=1 Paﬁ

Total Mass Flux relations:

. NC _ | NC
Naﬂ :ZNi,aﬂ :Zpi,aﬁvi,aﬂ :paﬂvaﬂ
i=1 i=1

Diffusive Mass Flux of species i definitions:
Jiwp=Niap = py 50,5 Vi=1..,NC
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Diffusive Mass Flux relation:

NC NC NC
Do dias = 2 Nias =2 P1pVs = PupVip = PugVy =0
i=1 i=1 i=1

Because chemical engineering typically deals with mols, the above total and component mass

balances can be converted to mols.

0 R
at( ErEup aﬂ)+v ( pré aﬁN“ﬂ) ;rg;/ﬁ(ZRi'aﬁj

0 el el VA
at( pr aﬁ |aﬁ)+v ( ,BI’ aﬂNlaﬁ) ﬂrgaﬂRi,aﬁ'

With similarly defined relations:

Mol fraction - molar density of species i relations:

¢ =X .. Vi=1..,NC

i,ap i,afaf
Total Mol Flux of species i relations:
—t _ .
Ny =CiopViap Vi=1,...,NC
Mol average velocity definition
: NC NC CI -
o = [27
Vaﬁ' = in,aﬁvi,aﬂ z C V| ap
i=1 i=1

Total Mol Flux relations:

—i
N“ﬂ_ZN'“ﬁ—chaﬁ vap = CapVap
i=1

Diffusive Molar Flux of species i definitions:

Jtas=Nias =€V}, Vi=1..,NC

Diffusive Mol Flux relation:

f . .
Z Jiap Z Nias — ch oVap = CupVap = CupVap = 0
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Because mixed mass and mol velocities a relation is derived to convert between mass averaged

and mol averaged velocities:

Vos Zwlaﬂ('aﬂ aﬂ) . X _ N
- %)

N x . M.C

o _ gt iap' v ivap T

{Vaﬁ Vﬂz 5 (V. op Vaﬂ)]}:
i=1 off

i=1 paﬂ

{ - +.Z££paﬂ( Vi C.,aﬁViﬁ)J}:

{v“ﬁ =V + NZC: LE (Vi =Yy )J} N

.1 & M. -+
Vap =Vap + Ei_l, NC—( Ji aﬂ) (A.1.18)
i ij,aﬂM

In this work it is considered that mass flow only occurs in the reactor void, catalyst void, and
storage void, while other solid phases are stagnant. Using these assumptions and the relations

amongst mass fluxes leads to the following component equations:
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%(gvrgwpfv)—l—ﬁ(gﬁggpwvw)=0 on €y,

NC NC cs
coV __ coHV c—oV c
Nf f _ZNi,f—f _ZNi,f—f on an,cv
i=1 i=1
- NC NC cs
SV __ SV _ SV s
Nf—f _ZNi,f—f _ZNi,f—f on an,sv
i=1 i=1

Total Reactor Mass

a VvV .V o A_A Vi
a(gcrgfcpfc)+ A (gcrgfcpfcvfc) =0on ch
. . NC . NC . cs
V— V— V—
Nf—f :ZNi,f—f :ZNi,f—f
i=1 i=1

Total Catalyst Mass

" on oQ

f,ve

a vV VvV - A _A =
a(gsrgfspfs ) +V- (gsrgfspfsvfs) =0on Qfs
N NC NC cs
V—>C V—>S V—>S
Nf—f =2Ni,f—f :ZNi,f—f
i=1 i=1

Total Storage Mass

" on oQ

f,vs

(A.1.19)

(A.1.20)

(A.1.21)

Where boundary conditions have been listed in order to emphasize that in R",n> 2, species

source terms for multi domain systems appear as flux boundary conditions between domains.

Upon reduction of problem dimensionality, these will be represented by source terms in the

governing PDE. For the subsequent derivations of Momentum and Energy conservation, the

above general balance form will be used. The species mol balances for the domains of interest

are presented below.

Species Reactor Mol
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O (atete, o)+ V- (etet (g ot + i )) = £6LR, , 0N Q2
(A.1.23)

Cs,

N/v2e=N7=8 " on o0

Species Catalyst

f,ve

%((‘E‘glré‘\f/sci’fs)-i—6 ( rEts (C| stfs + ITfs)) = gglr‘c"\f/sﬁi,fs on Qfs (A124)

NTV—)S NTv—>s cs, on GQ

i,f—f i, f—f f,vs

Species Storage

A.1.3. Momentum Derivation

Selecting momentum

- t d{omv
M =vAa am CSys ( ) = ( ) Z F external
" dt ) (A.1.25)
CSys Jksys
Leads to:
a ~ . o _ - =
{a(pv)+v-(pw):pg +V-T} (1.1.26)

Using summability

- 0 _ = - _
%(pV)+V-(p\7\7) - %% a(g;/rg\j/kpjkvjk)-’_v'(glfrngl\(pjkvjijk)_pjkg 6

—pg—ﬁ'%zo Jzak=p _6 (gkr jkT )

(A.1.27)

Generalizing for phase « within domain £ on a domainr volumetric basis, mass and momentum

balances are given by:

201



—

5 ] o
{a(g;rgxﬁpaﬁvaﬁ)-'—v ( & pe g PapVap aﬂ)_paﬁg_v'( Epe O/jﬁTaﬂ) 0}

Expanding terms in momentum balance gives:

VR, L C
gﬂrgaﬁvaﬁ ot +E4E Lo (gﬂr aﬁ‘paﬂ of aﬂ)_paﬂg_v'(‘gﬂr aﬂTaﬂ) 0

Using:

3

3 3
V- (gﬂr EapPapVap aﬂ) gﬁrg V- (paﬁ ap aﬂ) gﬁr aﬂ Z 18x : /’aﬂz @ wZ,aﬁZ 3 Vary

3 3 3 0 0 \Vi \Y;
A A — R aff “@,,apf “@3,0f
8ﬁ"’ 7 Z Z Z eml ) emz e’”s OX

Kl
'L
S
1]
IR
3
IR
S

3 3 3 op ov ov
A A = = = aff @,,af @3,af _
gﬂrgaﬁ Z Z z eff’l emz ews ax sz aﬁvw3 7 p ap 6 sz ap p 0!,5 @y.0f ax -

3 3 3 op ov ov
A LA oy ap @, ,.0f @3.af _
gﬂ rgaﬂ Z z Z é‘171’”2 ew3 aX sz aﬂvm3 ap '0 af 6 sz 7 p !1/3 @y.0f ax -

s 8 (o ov ov
A A = af @y, af @3,af _
Epug| D, D Co, Vor.apVos.ap T Pap ox, waﬂ F PopVo, ap =

3 3 3 3
Sy Pay D) Noyap,
@3 6le @y, a/i @3, 0f ~ p af aX @3, 0f

A A | @Flag=

Eplap| 4 o, .,
~ @3,

+2 2 Ce PupVer o o

@y

@y =lwy=1

3 3 op 3 3 ov
= af - @y, aff
Z Z ew3 8X le a,B @3, 0f Z:: z e ,0 a/)’ @3,0f axw1

A A oy =loz=1 @ 3=1 B
Eprlap 3 3 ov N
— @3, 0f
+ Z Z ew3 p aﬂvw1 af ax
@ =lwy=1 @
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gA gA o =lwz=1 @ B
prap -
@5 P, aff V@, ,af 6X aX @y ,af " @3,0f
@ =loz=1 @, @,

A _A
Eprlap

A A 3 3 3 a(PaﬁVm aﬂ) A A 3 3 3 5
— 21 - w3,
gﬁl’gaﬂ Z Z z @@, ews @3.af OX + gﬂl’gaﬁ Z Z Z 5172@1ew3p a,b’vwz,aﬂ OX o
o =lo,=1lw;=1 @ o =lo,=lw;=1 @

A _A ek a(paﬂVWz aﬁ) A _A SR SRS avw ap
5 .8 & ! 5 .8 @& 3 —
gﬂrgaﬂ Z Z Z eﬂ1 ewz em3vm3,aﬂ + gﬂrg‘lﬁ Z Z Z ewl ewz ews paﬂvwz,aﬂ -

o =lw,=1lmy=1 axwl o =lo,=1lmy=1 axzal

T A A o A A o V]
Vap (V (&pe Vs )) + EpelapPapVap” (V"aﬁ)

Vector product with mass balance:

Vap (%(g;rgxﬁpaﬁ ) +V- (ggrg:ﬂpaﬁvaﬁ) =0 j

. O/ vy y - A A o
Vs a(gﬁrgaﬂpaﬂ ) + Vaﬁv : (gﬂrgaﬂpaﬂvaﬂ) =0

op ~
A B G T oA LA o)
EpupVop p +V,,V (gﬂrsaﬁpaﬁvaﬁ)—o
op ov
vV V o aff v .V ap
EpilapVop o T EpEapPap o (AT
=P8+ V- gﬁ,gaﬂTaﬂ
— — A A — A A — =
+V,p (V : (gﬂrgaﬂpaﬂvaﬁ )) + €585 PupVup ~(Vvaﬂ)

Subtracting equations
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ov — -
& gV ap A A = =\ ~ A A
EprlapPap ot +5ﬂr‘9aﬁpaﬁvaﬁ'(Waﬂ)_paﬂg+V'( Epré aﬂTaﬁ)

In this work, gravity is not considered to impact momentum, and:
zEexternal — A A - o
LT G (gﬂr AT, ) V(e elyPoy )= enely (Kol + Ko,

Where K, and K, are constants for the viscous and kinetic pressure drop. Neglecting the

gravitational forces, the pressure drop constants are given as:

K :150(1 Zr Zﬂ) Hop K 175(1 ‘C’%r Zﬂ)paﬁ
D

3 1YV 3
2 vV Vv vV Vv
dpellet( ﬁr aﬁ) dpellet (gﬂr aﬂ)

Incorporating in momentum balance gives:

150 (-2 Zﬂ) l‘o;ﬂ .,
R A A dpz)ellet(gﬁrgaﬁ)
&V gV “ap o\ L “Eprup v v
ﬂl’ aﬂpaﬂ at +8ﬁr aﬂpaﬂ af (VVaﬁ)— +1 75(1 gﬁl’ aﬁ)paﬂ o on va
VR, 3 af " af
dpellet( ﬁr aﬂ)
~V(neiPu)

(A.1.28)
Velocity not considered in the pellet, therfore above equation applies only to reactor and there is

no corresponding equations for the storage or catalyst. It is assumed the ergun equation captures
the momentum transferred due to fluid storage or fluid pellet interactions, and therefore general

boundary conditions are not given between phases.

A.1.4 Energy Balance
M(t:Sys - Et Et 1 th(t) dEt( ) dQ
=>M =—=U +-v -v —g-r =
dMCSyS ZZ JksyS { 2 g-ra dt dt dt dt }
j=ak=p

(A.1.29)
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Energy Balance:

E, Lo~ .odM(t) dEL(t) d dw
M, =—2% :Uaﬂ+1vaﬂ-vaﬁ—g-r/\ “/’(): “ﬁ(): QaﬂJ, o
m,, 2 dt dt dt dt

(A.1.30)
Heat:

{d% E > aveon- [[Qu et 0h ~ [[S 03 e dAﬂ

cv al—lﬂl 1 cs i 1

Work:

H[ ( ) }gﬂr‘c" dA,, ” W,&,,dV"

Vector/Tensor Relations for fluid stress, work on the control surface of a fluid:

(:aﬂ):(T:aﬂ)T Q[%(ﬁ)'% ] EnapWhyp &
([0 (7)) cheton,
oy =g (90 (V0 ) | 2 (90 )T = 00 T, |-l 0B, 5
zafg('faﬁ—uaﬂ) H[ ” aﬁ} i-ehel A, <
O (N) Vs =V -0, (N) mv [ J oV

Using the following thermodynamic relations,
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U m _ hm Paﬁ hm
af af paﬁ af

a

= Xi 17 hi a A hima =2
— B .af af M

- . v, on,zh,
[ . (m o]
' P.T.n;

T oV.?
_ ha a, i,af
h hl a(}f + J‘TO CPI‘i | af I i aﬁ aﬁ dPi,aﬂ
T,

NC
a
=2 Kiaphas
i=1
hld _hm a
And assuming ideal solution model "I’f L= h:ﬁ:m;ﬂ &
h,s =N,
2 XM
j=1
a m
hi,aﬂ = Mihi ap
NC
m
Z |aﬁM|hlaﬂ NC | x. ﬂM hmﬁ NC
m _ =1 m i, i,q m _ m
haﬁ_ NC < haﬂ 21: NC Q{haﬂ _ZI:W aﬂhl aﬁ}
1= 1=
Z;Xj,aﬁ'v'j Z;Xj,aﬁMj
i= i=

General multi-component energy balance.

206



—

2"

V-5

a vV VvV m
a{gﬁrgaﬂpaﬂ (Uaﬂ +

m
+V- { EuE s PupVap (Uaﬁ T

r

5 Vo V9

)

NP, NP, .1 o

A A = =
» +V. [“’"kr EikPikVik (U kT 5 Vi Vik =9 rﬂ
i=akop 2

Oy o =) ol ol il o
U +=v-v=qa-r +V-pviU +=v-v—g-r||=
8t[( 2 | jp {p( 2 ’ ﬂ
=
o _. (Nc . - =\
Qext (Q)—V( hi.ij_wext—i_v'[(v'-r)
i=1 -
0 O OO
a{gﬁg\j’kpm[Ujk+EV,k v,k—g-rﬂ (gk, ijJk)

-(fﬁ- Lh
i=1

A AT
Vi i ik i i ik
1

|
ﬂ

T

-W,, +V [gkr Eix (ij

jk

-(she
_(i”zlv 1

Q.

a

No work or gravity effects, no external/shaft work, v

0 m
a[nggZﬁpaﬁ (U ‘Vaﬂ‘ ﬂ

M- |aﬂ ﬂr aﬁjlaﬁj
Wextg +V- |:€ﬂr aﬂ(” f )}
. -2
afp .Va,B :‘Vaﬁ"

\v4 A A~ &= 1 ha A AT
. 1 B , .(gﬂrgaﬂQaﬁ)_ -_1V'W i,aﬁgﬁl’gaﬁji,aﬂ
+v ﬁr aﬂpaﬂ aﬂ(uaﬂ-i_avaﬂ j = B = i
v A_A [ =
+V 'Iigﬁrgafﬂ (Vaﬂ 'Ta/i' ):l

. - . - 3 0 3 3 3
= _ — _ - - = s - _
V ’ (Vaﬁ Taﬂ) - V ’ (Taﬂ Vaﬁ) - @y ) Z z ewz oy @yw3.0f ) z eﬂAVWAxaﬁ -
@y =1 8Xml w,=1lm,y=1 @, =1
3 a 3 3 3 3 3 3 3 a
2 = B = s _ = = = = s
Z @y X ) Z Z Z e’?fz ews € wyw3,.0f " @y, 0f - z Z Z Z ewl ewz ews ewa &(Twzwsxaﬂ @y.0f
@y =1 @y @, =loz=1lw,=1 o =lo,=lo;=1w,=1 i
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3 3 3 3 oTs s 3 3 3 3 5
= @,m3,0 = - = = s @4,
Z Z Z Z ew1 @, @y oy o @y.ap + Z Z Z Z ew1 wy @y Ty | wy@3,0f 0
o =lw,=loz=1m,=1 le oy =lw,=loz=1w,=1 le
Term 1

oT?

3 3 3 3 - o ~ aTwzw3,aﬁ 3 3 3 3 R
Z Z Z z ew1 .ewzews .em4 8X—V54:0‘ﬂ Z Z Z z 5071“25‘73134 TV@;,(Zﬁ =

@

8
1]
IR
3
I
IR
3
|
IR
8
S
|
IR
8
8
1}
IR
J
S
1}
IR
5‘
IR
8
3
IR

S S

3 3 6T 3 3 6T 3 3 3 aT
Z Z ourof Vfﬂa’aﬂ = Z Z Vw3xfl/3 ;;(w3'aﬁ Z Z Z T3y “73 ap g;(LUA 2 =

oy =lo;=1 axwl wy=1lo; =1 @ o3=lo,=1o, =1

@3=1 o =lw,=1lw,=1 @ @3=1 o =lw,=1lm,=1 @
3 3 0 3 3 =
. - - = s G
Z em3 V’F 3.0 Z eW1 aX z Z ewz @, @wyaf | T Vaﬂ (V Tflﬂ )
@y=1 @ =1 @ @,=1lw,=1

I T I . 6Vw4,aﬂ 3. 3.3 3 T avm’aﬂ
Z z Z Z ewl ' emz ew3 ’ eﬂA Tw2w3,aﬂ ax Z Z Z Z 5’”1”2 W3y ”72073 af aX =
o =lw,=1lw;=1w,=1 @ o =lo,=1lw;=1w,=1 @

3 3 3 s avws op
Z Z Z @@, w3w4 W3W1 aff ax

3 3 3 3 N,
= = Ts . = = @3.0f | _ i
z Z ew3 ew1T073@1:0‘ﬂ ' Z Z ewz ewa OX - Taﬁ ' vvflﬂ

wy=la; =1 @,=1my=1 @,

Therefore:
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V(T T ) =V (VT )+ T 299,

Incorporate into energy balance

0 m
a(glvsré‘xﬂpaﬂu aﬂ)

v2{etetor il 3 : ]
. ( /5"’ aﬂQaﬂ) {Z [ _ laa,b’gﬂl’ aﬂjl aﬁ]}

+V. [gﬂr aﬁpaﬁv u’ ] = =t

— 1 2 +eh el (\7 ) I Vv )
A A = = preap af
+V.[8ﬁr6‘aﬁpaﬁvaﬁ —Z‘Vaﬁ‘ i|

(A.1.31)
An expression for v, (? T;ﬂ) can be obtained from momentum and continuity, re-printed and

arranged below:
%(nggxﬂpaﬂ) + g/fArgo/;\ﬁ (ﬁpaﬁ) ’ Vaﬂ + g;\rgo/jﬂpaﬁ (6 ' Vaﬁ) =0

. 0 .

A A vV Vv =
v ( Epré aﬂTaﬂ) at(gﬁrgaﬂpaﬂvaﬁ’)+v ( Epe€ aﬂpaﬂ( aﬂvaﬂ))
Taking dot product of V,, with re-arranged momentum balance:

= - O(v v = A _A Y
Vaﬂ'(v (gﬂr a/i'T )) Vag (at(gﬂrgaﬁpaﬁvaﬂ)"'v'(gﬁrgaﬂpaﬂ( aﬂvaﬂ))
Momentum time differential:

ﬁpaﬂ Pap i AR 8\7aﬂ J

Vog * [gﬂrgaﬂ ot op T Epr€apPap ot

. 0
First term: v, (g}’,re;’ﬂ g;‘ﬂ Vaﬂj:
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3 op,, & 3 3 op 2 0p
~ vV oV aff = \ARY o _ |V V i af
[zewlvwl aﬂj [gﬂrga/? ot Ze Vy aﬂj Z Z ﬂrgaﬂawlwszl Vo, ap ot =1€4€0p Vap ot
@ =1 @,=1 oy =lo,=1
ov
v of | _
Second Term: v, -[gﬁr i Pop p
3 av 3 3 av 8\7
~ @,,af @0 |V Vg af
[Zewlvwl,aﬂ] (‘%r aﬁpaﬁzewz ot J D 2 EpnEusOn Vo apPap a EpcEapVapPap ot
@y =1 @,=1 @y =lw,=1
Combining first and second term:
. v Vvl |2 v Vv ls |2 v oV = |2
|v | Paﬁ R N, _gﬁrgaﬁ|vaﬂ| 0Py +gﬂr8aﬂ|vaﬂ| WPap +‘9ﬁr‘9aﬁpaﬂ a|Vaﬂ|
ﬂr Eop|\Vap P Er€0VopPup a 5 ot 5 at 5 ot
YR 6}/ Pap ‘Vaﬁ‘ eV g Vop apaﬁ
Eprlap Eprlap 5 ot

Where: (V,, -V, )= ‘vaﬂ‘

Incorporated into momentum balance:

vva}/paﬂ +vv aﬂ aﬁapaﬂ
Epbop Eplop— o
2 ot =0

- - o (A A
+Vaﬁ'v ( Epy aﬁpaﬁ ap aﬂ) Vaﬁ'v ( €. aﬁTaﬂ)

From continuity equation:
va .\70: a Va Va o —
% ( Epr, aﬁpaﬂ) %(_v'(ggfg:ﬁpaﬁvaﬂ))

v v a}/paﬂ‘vaﬂ‘

Eprug 2V ( 6'(‘9,//§\r‘got\ﬂ/%ﬁvozﬂ)) ~0

G T (ALA GG DO AT
+Vaﬂ-V-(gﬁrgaﬁpaﬂvaﬂvaﬁ)—vaﬂ A (gﬁr aﬁTaﬁ,)

VoV, - _
Termd: %(—V-(sﬁrgﬁﬁpaﬁvaﬁ))
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Term2: V., -V (& &0 PupVisVig )

Expansion of Term1.:

vV .-V _ V -V /-
aff af A A = _ aff af . A A = _
2 (_v'(gﬂrgaﬂpaﬁvaﬂ))‘ 2 (V (gﬂrgaﬁpaﬁvaﬁ))_

3 Vw aﬂvw af 2 a A A S
1 1
-1 2 Z ﬂrgaﬂpaﬂz w; Vs, ap
= 2 =S =,
_ 23: le,aﬂvml,aﬂ Z Z 8 apaﬂ @y,aff | _ _ ZS: 23: £ 8 ml,aﬁvml,aﬂ apaﬁvwz,a/? _
w5 pr zxﬂ ax - preap 2 8X -
@ = @,=lw;=1 @, o =lw,=1 @,

Z z c ?‘71 aﬂ @y ,aff apaﬂ + Z Z £ ml,aﬁvml,aﬂpaﬂ avmz,aﬂ
Br aﬁ 2 072 af pr aﬂ 2 OX

oy =lo,=1 sz oy =1a,=1 @

Expansion of Term2

A A =
(vgﬂr aﬁpaﬁ) w

+Pup (V gﬁrgaﬂv )

Vo (Vo (et PupVis aﬂ))

A-» —

(6 ( EnEapPagV ﬁ))_ Vop

<l

V
ap off ap

(Vgpr aﬂpaﬂ) VoV T Vs " Pup (V gﬂrgaﬂvaﬂvaﬂ)
Term3: v, (Vgﬂr aﬂpaﬂ) VoV

Term4: v, - paﬁ(V gﬁrgaﬂvaﬂvaﬁ)

Expansion on Term3:

3 3 a( p ) 3 3
_ ~ O\ EprapPup
(Vgﬂr aﬂpaﬂ) VosVis =| D €V || 2o = 2 D 608 Vo Vo | =

@y =1 @y = @y=1w,=1

3 3 3 3
Zémvmyaﬂ ’ Z Z z 5?'721736’7’4 va3,aﬁvw4,aﬂ
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3 3 3 a(gA ehp ) 3 3 6(8 P )
- . préaplFap . Br aﬁ afp _
Z eW1VW1v0‘5] Z ew4 Z X sz,aﬁvw4,aﬂ - Z Z 51”1174\/171106,5 z OX sz,aﬂvw4,aﬂ -
@ =1 @,=1 @, = @, oy =lw,=1 @y = @,

a(gﬂr aﬂpaﬂ)

Z Z @, Otﬂ @, aﬁ @y.0ff ax

o =lw,=1

@

Expansion on Term4:

3 3 0 3 3
Vap paﬂ(v gﬂrgaﬂvaﬂvaﬂ) DB Vo s Z D 2 EnEupCa, oV apVoy ap
@ =1 =1 a @, w3=lo,=1
3 3 3 3 s & 6(gmgaﬂvw3 apVao,, aﬂ) ~
Zewlvw1vaﬂ ) Z Z Z wzw3e134paﬁ OX -
oy =1 wy=lmy=1lw,=1 @,
3 3 3 8(5A elv v ) 3.3 3 6(8 et )
. . preap @, af “w,,af _ pr aﬂ @,, aﬁ @, ,af
Sen || S Sp Mt | S 55 L3, A
@ =1 @,=1 @, =1 @, @ =lo,=1 @,=1 @,
3 3 a(gﬂrgaﬁvmz aﬁvml aﬂ)
2 2 Voy apPas
o =lw,=1 axwz
Re-write, and incorporate previous expansions:
vV Qv 8}/'0‘4’ aﬂ‘
Epréap
3 3
z ZgA gA vaaﬂvwlyaﬂ apaﬂv
pr<ap @, ,af
o =lw,=1 2 axwz ’
3 3 \Y} p av
A wl,aﬂ @y, af I~ af @,,af =
+ & =V A
Z‘l; Br aﬁ 2 ox, —[Vaﬂ V- (gﬂrgaﬂTﬂ)}
A A
3 3 a(gﬂrgaﬁpaﬂ)
+Z ZVW aﬂ @y, llﬂ @;.0f
o =lw,=1 axwz
8(gﬂ,8aﬂvwz Vo, aﬁ,)
+Z Z o1,apPap X
L @y =lw,=1 @, |
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VARY, a%paﬂ‘vaﬂ‘
gﬂrgaﬂ —81: +
3 3
S DI Vor.asVoy.cp Pey v
prap 2 ax @y.0f
@ =lw,=1 @,
3 3 -
_ Z Z gA gA le,aﬂvwl,aﬁpaﬁ avwzvaﬂ =|v 6 g Af
preap 2 ox | Yap Br a/i’ af
@ =lm,=1 @,
A A
3 3 a(gﬂrgaﬁpaﬁ)
+ Z Z le Ulﬂ @y, aﬁ @, ,of ax
o =lw,=1 @,
SR 8(‘9ﬁr‘9aﬂvwz apVo,, aﬂ)
S DIDN AT ox
oy =1lw,=1 @,

The LHS spatial derivative terms in the equation above is equivalent to RHS:
~ A A Pap 2
v ( Eprlop ‘ aﬂ‘ Vaﬁj

Proof: See Appendix A.3

B Y
0| PuplV B, =
v v Y| Fap| ap = A _A
gﬁrga’ﬂ 8t 2 + Vaﬁ : V ’ (8,BrgaﬁTaﬂ )
= NP, NPﬁ
2, i AN b-B

ﬁ Vaﬂ +Vaﬂ ’ Eﬁr‘c"aﬂ 1 . Fm o —-a

’ 8ﬁr8aﬂ 2 Zi;agw

used to cancel kinetic energy terms in energy balance.

0 m
ot ( ‘C"Zr‘g;/ﬂpaﬂu af )

—V-(eheQus ) - (ZV { Watheciyl, ﬂD

+V - [gﬂr aﬂpaﬂv ur } =
+‘9ﬁr aﬂ(T Vv )
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a v Vv m
a(gﬂrgaﬁpaﬁuaﬁ) _ ( " ) (%ﬁ ( 1 b AT D
-V-l¢ r€, Qa - V. ie,la Epr€y, ji,a

el g M R L Recalling total

A_A (= .o A A VARY:
+E45Eop (raﬂ : Vvaﬂ) — &5 E,5P 5V Vo

v A LA Yi m
+V- [gﬂrgaﬁpaﬂvaﬂU aﬁ} =

balance.

Il
o

%(Elrelﬂpaﬂ ) +V- (g;\fgéﬁp"ﬁvaﬂ)

vV vV
- = r¢q a r¢q . =
(g;rg:ﬂ)(v V)= _gﬂp;ﬁ E("’aﬁ) - 8[;; (Vpaﬁ)-(vaﬁ)

< o rq 0 r¢aq o =
(5;r55ﬁ) Pos (V'Vaﬁ) =Py %g(paﬂ)_ Pos g;;ﬁ (v/’aﬂ)'(\’aﬁ)

Using following relationships:

P,y () Pl g [Pae, 1, (9P g
i) o

af af

ol P oP
\VARY; af A ap
8ﬁr8aﬁpaﬁ a(_J - gﬁrgaﬁ 81:
. A A paﬂ
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<}i

'Vaﬁ)=

_P.) . _
schetin] 5 (0,)-chet () )
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A A < o _
+E5,E,5P 5V Vg =
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O (A AA o L aaz
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Incorporate to make enthalpies:
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ety L ehelV (Py)-(0,)

m O
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From component mass balance:
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D
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Using total balance:
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+Z(5ﬂr5 Iaﬂpaﬂv( 'aﬂ) vaﬂ)

/’;rgAV(Paﬂ)-(Vaﬁ)

0 s _
a(g}’}rgxﬂpaﬂﬁ V. (g;\rga’fﬂpaﬂvaﬂ) =0 to cancel out terms.

oh”
8tﬂ + %r aﬁpaﬁ (Vh;“ﬂ ) Vop

o7 (shat @) B[Rt 1

i=1

VoV
TEprEapPap

Recalling:

T

oh" (Taﬂ Paﬂ) CdT, +{v,";ﬂ

Expansion 3/4:

ohy, oh”

219

6 m i “iap awa/i’
Pop A ot ﬁa Zwlaﬂhlaﬂ lepaﬂwiaﬁ ot +paﬂhlaﬂ ot

NC

+EpE aﬁ(” VYV, ) Z(ﬁ,

i=1

h’ oW,

i,a rapa i,
+Z( ﬂﬂ pI~ap pr

.aﬁJ

a\Ni,azﬂ
ot

vV Vv
af ,BrgaﬁRl af

+Z(5ﬂr‘9 i aﬂpaﬂﬁ(wivaﬂ) ' aaﬂ)

oP
\" V T ap A _A
+EpEp P + &8, V(

v,
Laf | |dP
“ﬂ[aTa JP] hh

Ps

) (%)

)




NC

~af _ ~aff

Ce _zwi,aﬁCP,i
i=1

NG o s [ .oaT v ) Yo
i,af af i,af m i,ap Lhaf | _
P, \Ni,a - pi,a C i + i,o _Ta -
; B af ot Z ﬂ[ P ot [ 7 ﬁ(a‘r Jp} ot J

i=1

1 . I 8T

& oT o oP NC Piap Ci 8:ﬂ
A p d
. Caﬂ_aﬂ+ 1_ y T i,af i,af —
; pl,zxﬁ’ P ot p|,a/3 i,ap aTaﬂ ot ; s Taﬂ (8,@%3]
p Piap aTaﬂ

NC nep s 0 In( i'aﬁ) s | =

;[’) WG {“[;(In(iaﬁ)))]p]azt } +f{{“[a(ln(m,aﬁ))] ]ap
. NC In( o, ) o5

i a;:ﬂ + ;[[h Lﬁa(('”((Taﬁ ))))}p]a; J

N o(In(p,4s) || 2(n(p0) \ap b
;[{“[ a((ln(Taﬂ)))lJaZt ].Z{[ 6((In(Taﬁ))>laZt J+88Pt

oh”, ., 0T, 0P, X ow, el |(o(n(p.,))) |om
—a = Caﬁ_@!ﬂ _aﬁ h_m 'vaﬁ I,aﬁ
paﬂ ot paﬁ P ot + ot + ;[paﬂ i,af ot ] + Z{[[ ot

p

Similarly:

i=1

. . ~ NC ~ NC olIn( g, -
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And using Fourier’s law from conduction: V - (5}5&,@) =V. (538&1&6“043 ))
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Incorporating expansions, cancelling terms on each side, gives general thermal equation for

phase « within domain £ on a domain r volumetric.

+ep ety (2,51 VV,,)
£y P Ce’ a;:ﬁ INZCl:(h'maﬂ iuRian)
+g;‘rg;jﬂpaﬂ(éaﬂvTﬂ).vaﬂ B (ln(p.aﬁ)) P,
e S i) | | L))
+V - (epely 2l V(T,) hh Ncl (('n(p. ﬁ)))) 9r., |-(7,)
.

As before with the mass balance, it is considered that energy flow occurs in the reactor void,
catalyst void, storage void, and from the reactor vessel wall to the reactor void. Due to the

proximity of phases within each domain the following assumptions are made.

Ty =Ty, =T,
ch = Tsc = Tc
Tfs = Tss = Ts

Leading to a composite temperature equation in each domain. The thermal energy balance then
yields for the reactor void, catalyst, and storage domains. Using these assumptions and the

relations amongst mass fluxes leads to the following component equations:
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Total Reactor Thermal Energy
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Total Catalyst Thermal Energy
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(A.1.34)

Total Storage Thermal Energy

V—>S§

Qs+ = gclr (gséhgfv (Ts =T on an Vs

The equations derived in this chapter will be applied to the SR process.

A.1.5 Solution Approach

In the next chapter, the above equations will be simplified using various assumptions. In
all but the first section the resultant set of equations comprise a set of non-linear partial
differential equations (PDE) or partial differential algebraic equation (PDAE), where in the first
section the equations are reduced to a set of non-linear ordinary differential equations (ODE).
Numerical solution methods for systems of ODE’s are quite plentiful and robust and an implicit
backward differentiation method is used in this work. A more detailed description is given in the
relevant chapter section. Numerical solutions to PDE’s and PDAE’s remains an area of active
research and there are several approaches that can be taken[]. In this work we choose the Finite
Element Method (FEM) which is based on recasting the system of PDE’s in their so-called weak

form and discretizing.
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A.1.6 Notation

i,ap

é\fﬁ

2 ap
CP,i

~ap
CP,i

English Symbols

Q90,0 Ao, aOi,aﬂ( ) : phenomenological transport coefficient.

A, (m* domain $3): area

mol of species iin phase « within domain g
m?® of phase o within domain g

J :Concentration species i

mol of phase « within domain g

3 - - : Total concentration
m° of phase « within domain g

Jof phase « within domain g

— - : Constant pressure heat capacity moles.
(mol - K)of phase o within domain S

J of phase « within domain g

— - : Constant pressure heat capacity mass.
(g-K)of phase o within domain £

Jof phase « within domain g

— - : Constant volume heat capacity moles.
(mol - K)of phase o within domain S

J of phase « within domain g

— - : Constant volume heat capacity mass.
(g-K)of phase o within domain £

J of species i in phase « within domain g

mass.

mol.

— - Constant pressure heat capacity species i
(kg - K)of phase & within domain /3

J of species i in phase « within domain S
(mol - K)of phase o within domain S

J . Constant pressure heat capacity species i

CS“(mzof domain a): control surface
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CcVv“ (m3 of domain a): control volume

d; s (): diffusional driving force

d, (mz) : Effective pore diameter

d et (m): diameter of catalyst/storage pellet.

& ( ): unit vector in idirection

Fexernal () : external forces acting in momentum balance

F/2 () momentum force between domains and phases

m,on —a

éi]aﬂ( ) : mass gibbs species i

G, s ( ): molar gibbs species i

6( ) : gravity force

J -
h"" (Z—K] : heat transfer coefficient between reactor wall
m- -

>

aff

=

aff

A (J of species i in phase & within domain 2
,af

i,af

J in phase « within domain g

— - : total enthalpy mass
kg of phase « within domain g

J in phase « within domain g

(J of species i in phase a within domain g

— - : total enthalpy moles
mol of phase « within domain g

— - : partial mass enthalpy species i
kg of phase « within domain g

— - : partial mol enthalpy species i
mol of phase « within domain g
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h' J of species i in phase. a.wnhm ‘?'O”‘a'” £ . species ideal gas partial mass enthalpy.
vah kg of phase o within domain g

h® J Of species i in phase' a.wnhm ‘?'O”‘a'” g : species partial residual mass enthalpy.
vah kg of phase o within domain g

ﬁi(’aﬂ J of species i in phase _a Y\”thm d_omaln s : reference species enthalpy moles
' mol of phase o within domain g

ﬁipaﬂ Jof species i in phase -a thhln d_omaln p . species enthalpy of formation
' mol of phase o within domain g

1: Identity matrix

J ap [kg of species | In phase & within domain / - diffusive mass flux of species i in phase

(m2 of phase « within domain ﬂ)-s
a within domain g
Ko ( ): ergun equation

K, ( ): ergun equation

M, (k—gj:Molar mass species i
mol

N ( kg of phase « within domain g

> — - : total mass flux of phase « within domain S
m? of phase & within domain /3)-s

N ( mol of phase « within domain g

% 5 — - : total molar flux of phase « within domain g
(m? of phase  within domain $)-s

N s, (): boundary flux between domains mass

N5 (): boundary flux between domains mol
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N [kg of species i in phase o within domain g
i,af

- — - : total mass flux of species i in phase «
(m® of phase o within domain j)-s

within domain S

— [mol of species i in phase « within domain g

Ni,ap > — - : total molar flux of species i in phase
(m? of phase o within domain S)-s

a within domain g

Na,i
m?-s

—p-At( mol .
’ [ J : molar flux between domains

Q,

n,s( ): moles
A( ): normal vector
P, (Pain phase o within domain f3): Pressure

Pi‘aﬁ(Pa of species i in phase o within domain £): partial pressure species i

mol i : : : .
P em| =——— | Ix Species permeance through storage medium permselective layer
' Pa-m”-s

—{ J in phase a within domain g

B 3 — - : heat conduction
m® of phase o within domain j)-s

J
qfljf ( 3 j: heat transfer between phases
' m>-s

N [ J in phase « within domain g

p 3 — - - heat transfer modes
m” of phase o within domain ﬁ)'s

c

r,(m): catalyst radius

r,(m): storage radius

S
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R( J ): Gas Constant
mol - K

kg of species i in phase « within domain S
(m3 of phase a within domain ﬁ)os

20>

ia ]: species i generation rate by mass

R mol of species i in phase « within domain g
(m3 of phase o within domain ,B)'s

}: species i generation rate by mol

S5 ( ): mass entropy

7 N of phase « within domain g
“\ m? of phase o within domain 2

j: Fluid momentum stress tensor
T ™ (K): Wall temperature

Taﬂ(K of phase o within domain ﬂ) : Temperature

t(s):time

- ( J in phase & within domain 3
o

B - : total internal energy mass
mol of phase « within domain g

- [ J in phase a within domain g
o

— :  total internal energy mol.
kg of phase « within domain g

_ (m of species i in phase « within domain S

iaf S J - velocity of species i in phase « within

domain S

. (m of phase o within domain g
%

j : mass average velocity of phase « within domain S
S

. (m of phase a within domain g

Vap ] : molar average velocity of phase « within domain g
S
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A

V

s () mass volume

V., ( ): molar volume

V,(m® domain 3): volume
W, (): work done on

W

ext

kg of species i in phase « within domain g
hob kg of phase o within domain g

J mass fraction of species i in phase «

within domain g

(mol of species i in phase « within domain g
i,af

— : mol fraction of species i in phase «
mol of phase « within domain g

within domain g

X;, 1=1,2,3: cartesian component for vector operations

z(m): axial length of reactor

Greek Symbols

a s, f}:phase a, where {s, f}denote the solid and fluid phases respectively;

pe {c,s,v,w, r} : domain g3, Where{c,s,v,w, r} denote the catalyst pellet, storage pellet,

reactor void unoccupied by either catalyst or storage pellets, reactor wall, and total reactor

domains.

A ( m? of phase «

o - : control surface fraction of phase « in domain S
m* of domain g
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v [ m® of phase & within domain g
m® of domain S

j: control volume fraction of phase « in domain S

2 -
A [ m® of domain g
m? of domain r

j : control surface fraction of domain £ in domainr

3 -
v [ m® of domain g
m® of domain r

}: control volume fraction of domain £ in domainr

. Interfacial area

[kg of species i in phase « within domain g
i,apf

Tof on g y ]mass density of species iin phase «
m* of phase « within domain

within domain S

(kg of phase « within domain g
s

- — - mass density of phase « within domain S
m° of phase « within domain g

( kg of phase « within domain g
(

— - : Dilatational viscosity
m of phase  within domain f3)-s

(kg species i in phase « within domain g
i,af

— - s viscosity of
(m of phase & within domain £)-s

( kg of phase « within domain g
(

— : s viscosity
m of phase & within domain £)-s J

A (L]  thermal conductivity
m-K

J .
A [—KJ : thermal conductivity between reactor and wall
m-

[ (N-m)of phase & within domain g

:fluid viscous stress tensor
m of phase « within domain g

230




Zas () :combined viscosity and dilatational viscosity
@,,( ): normal stress on surface of fluid
Q,;( ): domain

0Q, ,, () :boundary for phase o between domains 4, and s,

Appendix A.2 — Energy Balance Gradient

Expand Kkinetic energy gradient term:

A = A Pap ‘ ‘2 _
[%rgaﬂ 5 ‘aﬂ‘ ] v (gﬂrgaﬂ > Vop|Vas| | =

3 8 o) 3 3 3
= A A aff —
Z e"’l ax ) gﬁ "805/3 Z eﬂ3 Vm3,aﬂ Z Z emz ) e?‘74 V’”z ,aﬁ'vmztva/}

w,=lw,=1

<¢

S
I
FA
S
N
S
I
N

Y S(e e ), 8 ) enet, B, v
@ w3 @y Oy X Breap 2 @3,af @y ,0f " w40

@

@y, 0ff @3,af

paﬂ @3, aﬂvwz af a + paﬂ @y, a/a’vmz af 8X

3 3 3 3
af
2 Z Z Z Z 551”35072@4 8V 8
@ =lmy =Lyl =1 N @ Pop
IO aﬁ' @y, aﬂ @3,0f 8X @5, aﬁ' @,, a,b’ @, ,af 8X

ov,

@y.0f @.aff

A A paﬁ @y, 0:,/)’Vw2 aff 6 +paﬂ @,, a/}vwz af a

ﬁrz ap 23: 23: > (A.2.1)

P 8v op
=lw,=1
nm +p aff “@,, aﬂvw1 af aZ)U(Z = + le,aﬂvmz,aﬁvwz,aﬂ axaﬂ

Therefore, need to show that:
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A A
3 3 a(gﬂrgaﬂpaﬂ)
Z Z le,aﬁvwl,aﬁvwz,aﬁ

o =lw,=1 axmz
3 3 a(gﬂrgaﬁvwz aﬂvwl aﬁ)
D ID I
oy =lw,=1 6Xw2
3 3
_ Z Z A VW1 a/i’vwl af 6'00!,3
8ﬁ'r a/)’ @, ,q,
o =lw,=1
3 3
Wy Voy,apVor,apPap
prap 2
oy =lo,=1

)
o aﬂJ
]

_ pilap
2

3 3

22

@ =lw,=1

SR A& aﬁpaﬁ
Z Z VW aﬁ' @y, aﬂvmz af
o =lw,=1
3 3 a(
ﬁr aﬂ @, aﬁ
+ z val,aﬂvwl,aﬂpaﬂ
o =lw,=1 axwz
3.3 8(5 ghv ) Agh
preop @ ,af
+ z val,aﬂvwz,aﬂpaﬂ 6
o =1lw,=1 sz

3 3
A A le,aﬂvwl,aﬁ apaﬂ
| 2 2 ey > v
@y =1lw,=1 axwz

@y.aff

wl,aﬁpaﬁ avwz af

Vv
- Z Zgﬂr Eap LT 2

@ =lw,=1

OX

@
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@, ,af

Ioaﬁ @y, aﬂ @,,af 8X

8v

@y, 0f

ax

+pa,5‘ @,, aﬁvwz af

@, ,af

+p off @y, aﬂvwl af ax

apa
7
+Vw1v0‘ﬁvwz ,aﬂvwz ap OX

ov

@,,of

paﬂ @y, aﬁvwz af 8X

@y, of

8x

+paﬂ @,, aﬁvwz aff

@,,aff

+pa,b’ @,, aﬁ @y, of ax

ap aff

Vv @y, aﬁ @,, aﬂ @,,af ax




3 3 op
A af
z gﬂrgaﬂvml aﬁvﬂfi ‘lﬂvmz 7 ax
o =lw,=1
D Vv avwz aff
3 3 A A le,aﬂvml,aﬂvwz,aﬂ apa/i’ Olﬂ o ap oz of 8X
-1 > ene
prea 2 X
oy =lw,=1 @, o
S A A N, op 6‘;3\ €Aﬂ S TPanlonap Vo ax
@, ,q _ r¢q
+ 2 2 Vo Vo apPap 5 -5 DI
o =lw,=1 X oy =lo,=1 +p v @,,0p
5 5 . ] aff “@,,af "o ,af 8X
@y,
+ Z Z gﬂr aﬂvml 0‘/3 @2, zz/i’pa/)’ ax ap
@, =1m,=1 +V Vv \Y o
@y, of "y ,0f  @,,0f 6X
av (2
_ Z z £ wl,aﬁ’vwl,aﬂpaﬂ @, ,af
e 2 X
o =lw,=1 @,
3 3
Z Z 8A EA le,aﬁvwl,aﬁvwz,aﬂ apa/;’ + v v v 6:0045
Brap
@ =lw,=1 2 anz @y,0f '@,.0f  @,.af 8X
33 ov sheh 3, 3 ov
A A @y, of _ Cpr©ap @,,of
2 2 Loy apVoy apPop ox, T3 2 2| 2PupVer Vo x
o =la,=1 o =1lw,=1 @
ov
: - A A le,aﬁvaq,aﬁp aff avwz,aﬁ D v @y, af
ELE aﬁ @,,af " @,,af
Z Z proop 2 Oy
oy =la,=1 axwz
0 0
VARRVERAY, Pop | VARSI VERNY) Pop
@y, of "oy ,af  @,,0f 8X @y, of @y ,0f @, ,0f 6X
A A 3 3 av A A 3 3 av
Es & Eq &
preap @y, of _CprCap @,,af
2 Z Z zpaﬁvmvaﬁvwzﬂﬂ a = 2 Z z zpaﬁvaxaﬁvw1vaﬂ a +
oy =la,= sz o =la,=1 Xml
@,,0f @y,0f
p aﬁ’ @y, aﬂvwl af 5X p aﬁ @,, aﬂvwz af 6X
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Appendix A.3 Thermodynamic definitions and calculations

Using the following definitions:

AG® 2 > vAGY(T) (A3.1)
2 VAGY(T) =2 v;(AG] (T))+ X v, (AG)(T)) (A3.2)
AG? = AH? —~TAS’ (A.3.3)

It is assumed that knowledge of AG/can be obtained from the following:

0 Vie A
AHY(T) = Hf’(T)—_ AEZ()WW, HO(T) VieN, (A.3.4)
0 Vie A
ASY(T)= $T)- Y Yisr) vien, (A.3.5)
jere nZ() ¥im

Where A denotes the set of Atomic Elements, the function Z(i) maps elements of Ngand
creates the set of constituent atomic elements, y; is the amount of atoms j in species i, and

¥, is the amount of atoms present for this element in its standard state. Enthalpy and entropy

are calculated using:

HO(T j C°,(T)dT VieN,
(A.3.6)

SO(T)=S(T,) = jCOT(T)dT vieN,

To

where C;(T) is defined as:

culr) La )T +a, (T)T " +a,,(T) ] VieN, (A37)

(T +a,, (T)T?+a,, (T)T? +a,,(T)T¢
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And carrying out integration

In
0 0 —a,;(T)T 2 +a,, (T +a; (T)+a,;(T)5 +
HY(T) H(T,) _ () M eall) e (A3.8)
RT  RT e (1) 2, (1), (1) 2 :
+2, (T) 5+ 8, (T) -+ 2, (T) -+
T2 =]
SP(T) S(T,) _ (1) + 2 (1T 2 (T)In(T) 2., (T)T (A3.9)
R R +%KTﬂé+%ﬂTﬂé+%ﬂTﬂi+@W)

Where integration constants b, (T) and b, (T ) have been added for increased accuracy over a

range of temperatures. Embedded in these formulations on the heats of vaporization and fusion.

The equation for calculating AG. for each species is then:

o, (T)T 2y (T) o+, (T) a2, (T) S+
< T? T® T by
+a5‘i(T)?+a6’i(T)T+a”(T)?Jr’T
T72
—a,,(T)—=+2,,(T)T*+a,(T)In(T)+a,,(T)T
()= o] e T e T a7 ||
T? T3 T4
+a5’i(T)?+a6’i(T)?+a7yi(T)T+b2'i(T)
_ Vi 1.
(je%ﬂil//jm J]

(A.3.10)
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I . InT T ]
—a,;(T)T 2+az,j(T)T+a3,j(T)+a4,j(T)E+
RT
T2 T3 T4 bl,j(T)
+a5’j(T)?+a6’j(T)7+a7’j(T)?+T
A= ) VjeZ(i), VieNS
T _
—alj(T)7+azyj(T)T “+a,  (T)In(T)+a,,(T)T
—-RT
T2 T3 T4
+a5’j(T)?+a6'j(T)?+a7’j(T)T+b2’jm

(A.3.11)
Appendix A.4 — Equilibrium Calculation Methodology Validation

For a fixed temperature and pressure, the total Gibbs Free energy, G' ({n,}l'f) , at equilibrium
—JT,P

takes on its minimum value. To calculate conversion and by proxy the mol fraction of each
species in the mixture, the Gibbs/Duhem relation is used, along with the definition of partial

molar property and extent of reaction:

d(nG')= (nV)dP—(nT)ds + Nzc:yidni

i=1

AF(nGt)} (A4.1)

where NC is the number of chemical species and . is the chemical potential of species i. The

total moles may not be conserved in a chemical reaction, but total number of atoms always are,
thus the atomic mass balance constraint based on initial conditions can be formulated as:
NC
D(na)-A, =0 Vk=1..#(A) (A.4.2)
i=1
Where Ac denotes the set of atomic elements that make up all species present, Ag is the kth
element of the set A, n; is the amount of moles present for species i, and &, is the amount of k
atoms present in species i. As an illustrative example, for a mixture containing CO, CO, , H,

and H,O, where initially 1 mol of H,O and 1 mol of CO are present: A. ={C,H,0}
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Neo +Neo, -1=0

2n, +2n,,-2=

Neo +2No, +Nyy o —2=0

carbon balance

hydrogen balance

oxygen balance

The minimization problem is then formulated as:

min
N

St.
NC

i=1
n =

Sy

0

o )

D(na,)-A, =0 Vk=1.. #(A)
Vi=1,..,NC

(A.4.3)

The non-linear program (NLP) is set up and solved using Interior Point OPTimizer

(IPOPT) minimization algorithm. Three test cases are presented below and taken from[82]. In

the tables, “J” refers to the results generated by a python code.
Test Case 1:

A bed of coal (pure carbon) is fed a steam and air, with a water, oxygen, and nitrogen at a molar

ratio of 1:0.5:1.88. Calculate the equilibrium composition of the gas at a pressure of 20 bar and
for feed temperatures of 1000,1100,1200,1300,1400, and 1500 (K).

Table 6-1: Equilibrium mol fraction calculation for test case 1

Temperature
(K)
1000

1100
1200
1300
1400
1500

Test Case 2:

Xeo, [1]

0.143
0.090
0.040
0.015
0.005
0.002

Xco,

0.142
0.090
0.040
0.015
0.005
0.002

Xeo [1]

0.112
0.226
0.327
0.378
0.398
0.405

Xeo J

0.112
0.226
0.327
0.378
0.398
0.405

X0 [1]

0.121
0.068
0.032
0.014
0.006
0.003

0.122
0.068
0.032
0.014
0.006
0.003

Xy, [1]

0.138
0.169
0.188
0.197
0.201
0.203

0.137
0.169
0.188
0.197
0.201
0.203

Xy, [1]

0.486
0.447
0.413
0.396
0.390
0.387

Calculate the equilibrium compositions at 1000K and 1 bar of a gas-phase system containing

CH,,H,0,CO,CO,,and H, if initially in the unreacted state 2 mol CH, of and 3 mol of H,O

are present.
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Table 6-2: Equilibrium mol fraction calculation for test case 2

Temperature Xco, Xeo,d Xeo Xco X0 Xi1.0 Xy, Xy, d  Xew,  Xen,

(K)

[1] [1] J [1] J [1] [1] J

1000 0.037 | 0.0369 0.1743 0.174 0.0980 0.0989 @ 0.6710 0.6699 0.0196 0.020

Test Case 3: Water gas shift at the following 7 trials CO(g) + HZO(g) = COZ(g) + H

2(g) :

Reactants 1 mol of H,Oand 1 mol of CO at a temperature of 1100 (K) and pressure of 1

bar.

Reactants 1 mol of H,Oand 1 mol of CO at a temperature of 1100 (K) and pressure of

10 bar.
Reactants 1 mol of H,0, 1 mol of CO, and 1 mol of N, at a temperature of 1100 (K)

and pressure of 1 bar.

Reactants 2 mol of H,0and 1 mol of CO at a temperature of 1100 (K) and pressure of 1

bar.

Reactants 1 mol of H,Oand 2 mol of CO at a temperature of 1100 (K) and pressure of 1

bar.
Reactants 1 mol of H,0, 1 mol of CO, and 1 mol of CO, at a temperature of 1100 (K)

and pressure of 1 bar.

Reactants 1 mol of H,0Oand 1 mol of CO at a temperature of 1650 (K) and pressure of 1

bar.

Table 6-3: Equilibrium mol fraction calculation for test case 3

Trial

o o B~ W N

>

Xco, [ Xco,d Xolll X0 J Xy [1] Ho Xy, [1] Xy, J

0.250 0.249 0.250 0.251 0.250 0.251 0.250 0.249
0.250 0.249 0.250 0.251 0.250 0.251 0.250 0.249
0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125
0.222 0.222 0.111 0.112 0.444 0.445 0.222 0.222
0.222 0.222 0.444 0.445 0.111 0.112 0.222 0.222
0.444 0.444 0.222 0.223 0.222 0.223 0.111 0.110
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7 0.180 0.179 0.320 0.321 0.320 0.321 0.180 0.179

Test Case 4: Gas phase oxidation of SO, to SO, is carried out at a Pressure of 1 bar and
temperature of 855.7 [K] with 20% excess air. Determine equilibrium concentration based
on 1 mol of SO, .

Table 6-4: Equilibrium mol fraction calculation for test case 4
Temperature
P Xo,[11 X0, Xso,  Kso, 1 Xy, [11 Xy, 3 Xo, X,

(K)
[1] [1]
855.7 0.066 00675 0222 0220 0650  0.650 0062  0.063

Test Case 5: In a laboratory acetylene is hydrogenated to ethylene at 1393.15 K and 1 bar. If the
feed is equimolar mixture of acetylene and hydrogen, what is the final product stream at
equilibrium?

Table 6-5: Equilibrium mol fraction calculation for test case 5

Temperature Xem, [ Xem, 3 X 111 Xy 30 Xeu, [ X,

(K) ]

1393.15 0.414 0.420 0.414 0.420 0.172 0.160

It should be noted that in [1] values for In(K) for each species formation reactions were
approximated from reading off a graph and assumed to be equal and opposite in sign, giving
K_eqg=1 for the overall reaction.

Test Case 6: Calculate the equilibrium mol fractions for the reaction of Iz(g) = I(g) if initial 1 mol of

|,(q)is present at 1 bar and 1073.15 K.

Table 6-6: Equilibrium mol fraction calculation for test case 6

T

emperature X|2 [2] X|2J XI [2] XI J
(K)

1393.15 0.9029  0.9009  0.0971  0.0991
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Appendix A.5- Theorem 1

Consider a reaction with NC participating species with stoichiometric coefficients

R={L---,NC}. The

v. >0if i e P 2 {indexof product species
v, ie{l,---,NC},where{' { i P }},Pu

v; <0if i e R = {indexof reactant species}

reaction’s extent satisfies the relations:

n=n,+v¢ Vie{l- NC}

£ {0 mln[n H (ASD)
ieR __Vi

Let G, L,S be the index sets of the species that are in the ideal gas, ideal liquid, and ideal solid

states respectively, at the considered temperature and pressure conditions T,P. It then holds:
GuLuUS :{1,---,NC}.

Fugacity for Gas:

f.<9) P P n,+vé P
' VieG A5.2
Zn P Zn,0+52v P (A52)
ieG ieG ieG
Fugacity for Liquid:
f<'> notvE 3
=X = : IS A.5.
Zn XD (A-53)
ieL ieL ieL
Fugacity for Solid:
£ .
flo(s) =1 ViesS (A.5.4)

It then holds:
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n|o+V|§ E nilo+v|§ _ _AGO(T)

I G[ n'°+§zv' POJ 1_'—[[ nio+§zviJ i s(l) _exp{ RT }Q (A5.6)
N, +vé N, +vé I_ PY AG®(T)

=6 n'°+§ZV'J 'LL nlo+§zvi\] _us(Poj exp{ RT }Q (AS7)

N, +vi& N 2 p _[;Vi] _AG(T)
ie G{ n| +§ZVJ ic L[ano-l-le/l} _(Fj exp{ RT (A58)

Define

. i,0 ] A r]i,o-i_vié: | H
f. {O rlnean[_Vi J_ —>R, &> f,(g)_[ . +§ZV.] VieG (A5.9)
g; :{O,min[hj —>R, g:&> gi(f)é{%} Viel (A.5.10)
RV )] 2o +§Z‘/i

Then, the above equilibrium relation becomes:

gt Mgt 7

(A5.11)

{1;[ f (é)g 9(¢)= (%j[év]exp{%}(n}} (A.5.12)

Further, it also holds:
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v (ZG:” +§;Vij_(;@(nm ) VieG=

(A5.13)

¢ ;ni,ﬁg;vi (;nm%;‘/ij

() e

(Mo +vi§)[2ni,o + %wj

dfi(ét) _ Mo +Vie i_
d§ =V, Zni,0+§zvi

VieG=> (A.5.14)

VieG (A.5.15)

ieG

v (Z&n i ggvij{;%](ni’o +V§)} Viel=

Tn. 3]

(A.5.16)E

QRPN RYIS
)

VieL  (A5.17)

Viel (A5.18)

It then holds:
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. 0< & <min
n,>0ViePUR={1---,NC} = iR

i,o =

v, <0 VieR,v,>0 VieP (nio)

n. .
Y VYieR

o<n,+vé Vie{l-,NCl=GuULUS

0<&<

-V

n
0£§£mm£'”]
ieR _Vi

0<n,+vé VieG;=,
0<n +vé Viel

| { nl O j
0<& <min| —
(ni,oJ ieR _Vi

0<&<min _
iR\ v, 0<n,+vé VieG
0<n, +vé VieG v
A r]io—i—vié .
0D neteQ v 1=10=<f(5)%| <~ VieG
; | ge: ) Zni,o+§zvi
0<n,+v& Viel i<G i<G

0<n,+v¢ Viel

0<D> N, +E> v, ! .

ieL ieL
A n,+vé .
Oggi(g): o ! Viel
N+ Vi
Given that
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]
0<n,+vé VieG, 0<n, & Viel

0 f(é)i{zsiggvl VieG

0 9(5):[22:;§V] viel

a o AZ e |

gz 1) (ni]0+vi§)(§ni‘o+§;vij e

d%‘—g’g) 9:(€) (:(ing)%;?:l;jj Viel (A.5.19)

it then holds

{osdz—(;) vg{o,rirliRnC‘—'Vf’iﬂ ieG}@{O<v,[v,(;n,Oj—[év,j(n,’o)j ieG}@
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2V (o)
s oo e LEL )

jeL jeL Vi jeL

Consider that the feed is stoichiometric for the reactants and contains no products.

(Z‘/i](ni,o)
Then the relation ’EG—<(anyoj i €G } becomes:

Vi jeG

%S(Z(_”)] et {—Zij—Zvj ieGmR}

jeG jeGNR

\% =

{os- v, ieGmP}

jeGNR

\4 which is always true.

{ > v, <0 ieGmP}

jeGNR

5
Similarly, the relation{ ~*—~——< [Z nj’oj ieL becomes:
V.

i jeL
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{os > v, ieLmR}

jeLnP

% which is always true.

{Z v;<0 ieLmP}

jeLNR

Appendix A.6 —Theorem 2
A function f (X) that is Lipschitz continuous satisfies the following inequality[83]:

[ (%)= f ()| < Lix %] ¥, %, e R, LeR <o (A6.1)
A function is said to be Lipschitz continuous on a domain T < R" if[84]:

VT, T,eT3LeR, L<oo st |f(T,)-f(T,)|<L|T,-T,] (A.6.2)

AG°(T)

The equation for can be reduced to general form of:

4 3 2
AG® (T) X T+ X, T+ X,T7+ X, T _
— = InT . > vx eR,1=1..9 (A.6.3)
RT +x5ln(T)+x6T+x7T +XgT 7+ X
where the coefficients X, X,, X3, X, X5, X5, X, X5, X3 € R represent appropriate addition/subtraction

of the original formulation in A.1.10 for all species present in a reaction. Additionally,

d(AG(’(T)J
RT -
— Z jisgiven by:

dT
AG°(T
d( R'I{ )j ﬁT3+§T2+§T+x4
- 3 vx e R,VT e R*\{0},i=1,...9} =
dT X, %IN(T) (G+%) 2x
T+ T2 - TZ _F
(A.6.4)
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which implies that:

AG*(T) AG(T,) (AG? (Tc)]
RT
T, e [T11T2] st RT, RT, = < vx, e R,VT e ]R*\{O}, i=1...9
T-T, aT
(A.6.5)

by the Mean Value Theorem. In order to prove that AG®(T) is Lipschitz continuous on the

dAG®(T)
aT

interval T &[T, T | Toin > Je T <o, itis sufficient to show that can bounded

in?

by a real number L for all values T, T,€T:

AG°(T,) AG°(T,) d(AGi" (Tc)}
RT
LR st —h RT, © <L VX eR VT, T, T, €T Ton]si =19
T,-T, dT
(A.6.6)

We begin by noting that if each of the individual terms on the RHS of A.2.21 can be bounded,
then the whole function is bounded by the summation of each component:

sun( 33 || Sosup( ()|

i=1

(A
inf(_Nzl{A}HiNzlinf({A})}

(A6.7)

The first three terms are continuous and monotonic on the given interval as their derivative with
respect to T have no real roots. They are therefore bounded and achieve their
maximum/minimum at one of the endpoints, depending on the sign and magnitude of the
coefficient. The fourth term is a constant real number and obviously bounded. The fifth,
seventh, and last term can all be shown to be monotonic on the given interval as well, with their

derivatives with respect to T also having no real roots implying their maximum/minimum value

247



is achieved at the end points. The sixth term can be shown to be monotonic for all values of

T> \/E , with its derivative with respect to T have one real root.

o o
T €[Toin Tk | sup [ﬁTS] — ﬁTn::’m , X, <0 v ﬁTnS]ax , % >0
(X Tl 4 ) 4
nt (51 N (A6.8)
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X1 3 X]_ ) €[ min » ' max
S Atz A
(dT ( 4 D 12
sup (%sz
inf ﬁTZ = T €[ Trin Tmax | (A69)
T e[Tmin ’Tmax] 3 X X
|nf T2 =272 0% >0 v =2T2 | x <0
T3 ) 6
(o0
inf (ﬁ_l_ j — T E[Tmin 'Tmax] (A.6. 10)
T el Toin Twax |\ 2 ) X X
d T [TlnfT (?31-) B ?Tmax ’ X3 <0 V_3Tmin ’ X3 >0
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dT ( 2 j 2
sup X4)
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ol X, (A6.12)
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inf | = = (A.6.12)
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; T[lnf ]?5: X% >0v ==, % <0
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e
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It then follows that for any fixed values of x;,X,,X;, X,, Xs, X5, X;, X5, Xg , €aCh term on the RHS of

A.2.23 achieves a finite real value for its minimum or maximum, and therefore from the property

of real numbers their summation does as well.
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(A.6.16)

From this it can be concluded that:

LeR, —o<L<oo stL2|L|+|L|
Appendix A.7 — Theorem 3

Define the following 3 sets:

(LR 2 {{ll,rl} 1g((L\R)xR)¥, e L e R}

(2)LR, 2 {{Il,rl} 19((LOR)*(R\L)) ¥ e Lr e R}

(3)LR, 2 {{Il,rl} : QH(LDR]HVH el R}

Then LR, LR,, and LR, are disjoint.
Proof by contradiction:

Assume: (Ix st xe LR, Axe LR, )=
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(XELRlc:E{ai,az}staie{a:aeL/\agR}vaie{a:aeR} J
XeLR2<:>EI{a1,a2}Stale{ﬂ:ﬂe LApe R}va,le{ﬂ:ﬂg LABe R}

(if3{a,a,je LR sta e{a:aclragR})=
(Ja,sta,eRAa, ¢R)v(Ja, sta, el na ¢L)
(if 3{a,a,}e LR sta e{a:aeR})=
(Ja,sta,eRAa,¢R)v(Ja, sta,eL ra, ¢ L)
(if 3{a,a,}e LR,sta, e {f:BcL A feR})=

(Ela sta, e L\R)Aa e(R\ ))

(if 3{a,a,}eLR,sta, e{B:B¢ LA BeR})=
(Ja,sta,eRna, ¢R)v(Ja,sta, el rg, ¢ L)
Assume (3xstxe LR AxelLR;)=
(XELR1<:>E|{al,az}Stale{aZQELAaﬁR}valE{aiaER}]
xelR, < 3(a,a,)sta,ac{f:feLrBfeR}
(if 3{a,a,je LR sta e{a:aelragR})=
(Ja, sta, e R ra, ¢ R)

(if3{a,a,}elR sta e{a:aeR})=

(Ja, sta,eR na, ¢R)
(if I(a,8,)elR;sta,a, e{f:BeLafe R}):>

(Ja, sta, e R ra, ¢ R)

Assume Jxstxe LR, AXe LR,
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XeLR2<:>EI{a1,a2}Staie{ﬂ:ﬁeL/\ﬂeR}vaie{ﬂ:ﬂgL/\,BeR}
xelR, < 3(a,a,)sta,a,e{Bf:fecLrBfeR}

(if 3{a,a,}eLR,sta, e{f:fcLrBeR})=
(Ja,sta,eL ra, 2L)

(if 3{a,a,}eLR,sta, e {B:¢ LA BeR})=
(Ja,sta, el na, ¢L)

(if3(a,a,)e LR, sta,a, e{f:feLAfeR})=
(Fa,sta,eL rg, L)

Since all possible cases lead to contradictions the three defined sets are disjoint and share no

members.

Appendix A.8- Theorem4

Theorem 3: The complexity of HR__ is of order @(#(NS )SS" )

i=1

c, <Z[# (Vn:x) -ﬁ[#(NS)—k] <c,

Sufficient to show that the limit of:

252



()
5.)

is bounded and in fact equal to for there to exists positive constants c,and c,.

Inducton S, base case Sy, =1:

N o () #Ng) | ()
#(Li?lw{z{ i '#(Ns)lg[#(NS)k]ﬂ_“‘lslm"{ u #(Ns)l} 1

i=1

Assume S =2, prove S, =3

. 3 (Vmax)i 1 it
#(hlllsr)rioo IZ;‘[ il .#(NS)E’H[#(NS)_@H

(F s
! 2 H[#(NS)_k] o \3
#('!‘isr)le ﬁ (l.max;(N ) k=0 (V3|> #(; )3 ﬁ[#(Ns)_k]
20 #(N )Z.k o[#(NS)_k]




Appendix A.9 Selected AG References Comparisons

Table A.1 — Selected AGiO compared against values obtained by Refs [85],[86],[87],[88], or [89] . Units for AGiO are

(k%ml)

Species: CO, Species: CO Species: H,O
Tem;()}ir)ature Ref Our Work % Difference Tem[()le<r)ature Ref Our Work Di fsz/:ence Tem[()}e(r)ature Ref Our Work Di ff;/:ence
300 -394.394 -394.357 0.00938532 300 -137.328 -137.332 0.0030082 300 -236.839 -236.822 | 0.00731895
400 -394.675 -394.637 0.00955062 400 -146.338 -146.342 0.0026322 400 -223.937 -223.837 | 0.04466349
500 -394.939 -394.901 | 0.009614319 500 -155.414 -155.418 0.0027589 500 -219.069 -218.984 | 0.03894987
600 -395.182 -395.143 | 0.009805164 600 -164.486 -164.49 0.002599 600 -214.018 -213.938 | 0.03740534
700 -395.398 -395.359 | 0.009844139 700 -173.518 -173.523 0.00294 700 -208.819 -208.741 | 0.03733483
800 -395.586 -395.547 0.0098367 800 -182.497 -182.502 0.0025162 800 -203.501 -203.423 | 0.03818979
900 -395.748 -395.708 | 0.009996066 900 -191.416 -191.42 0.0023253 900 -198.086 -198.008 | 0.03928007
1000 -395.886 -395.845 | 0.010236137 1000 -200.275 -200.279 0.0020425 1000 -192.593 -192.515 | 0.04073405
1100 -396.001 -395.961 | 0.010190718 1100 -209.075 -209.079 0.0019293 1100 -187.035 -186.957 | 0.04154914
1200 -396.098 -396.056 0.01055574 1200 -217.819 -217.823 0.0016723 1200 -181.426 -181.349 | 0.04271663
1300 -396.177 -396.134 | 0.010824214 1300 -226.509 -226.513 0.0015835 1300 -175.775 -175.698 | 0.04375549
1400 -396.24 -396.196 | 0.011089553 1400 -235.149 -235.151 0.0010615 1400 -170.09 -170.014 | 0.04462692
1500 -396.288 -396.243 | 0.011292179 1500 -243.74 -243.742 0.0007392 1500 -164.376 -164.303 | 0.04438972
Species: CH, Species: CaCl Species: HCI
Tem?}ir)ature Ref Our Work % Difference Tem;()}e(r)ature Ref Our Work Di ff:/:ence Tem;()}e(r)ature Ref Our Work Di ffz/:ence
300 -50.618 -50.3792 | 0.471674327 300 -131.129 -131.248 0.0907312 300 -95.318 -95.31073 0.0076321
400 -42.054 -41.8285 | 0.536221219 400 -139.856 -139.934 0.0559348 400 -96.28 -96.27247 0.00781975
500 -32.741 -32.5322 0.63782769 500 -148.379 -148.405 0.0174101 500 -97.166 -97.15827 0.0079567
600 -22.887 -22.7003 | 0.815779194 600 -156.709 -156.666 0.0272274 600 -97.985 -97.97709 | 0.00807648
700 -12.643 -12.4853 1.246962372 700 -164.847 -164.721 0.0767264 700 -98.747 -98.73994 0.00714526
800 -2.115 -1.99834 | 5.515714429 800 -172.689 -172.475 0.1241626 800 -99.465 -99.4574 | 0.00764504
900 8.616 8.67878 | 0.728638881 900 -180.324 -180.053 0.1500685 900 -100.146 -100.1388 0.0071663

254




1000 19.492 19.48508 | 0.035492859 1000 -187.761 -187.486 0.1462049 1000 -100.799 -100.7921 | 0.00682871

1100 30.472 30.37567 | 0.316138139 1100 -194.992 -194.774 0.1115604 1100 -101.43 -101.4236 0.0063419

1200 41.524 41.31724 0.49793662 1200 -201.384 -201.254 0.0643126 1200 -102.044 -102.0382 0.00570573

1300 52.626 52.28517 | 0.647654298 1300 -207.526 -207.456 0.0336258 1300 -102.644 -102.6395 | 0.00436353

1400 63.761 63.26124 | 0.783800414 1400 -213.546 -213.508 0.0178552 1400 -103.234 -103.2302 | 0.00366765

1500 74918 7423192 | 0.915774586 1500 -219.452 -219.421 0.0141056 1500 -103.815 -103.8123 | 0.00263757
Species: SO, Species: SO; Species: H,SO,

Tem?}e(r)ature Ref Our Work % Difference Tem?}ir)ature Ref Our Work Di ff:/:ence Tem?}ir)ature Ref Our Work Di ffz/:ence
300 -300.145 -300.145 5.84E-05 300 -370.862 -370.903 0.0110391 300 -689.149 -689.16 | 0.00157765
400 -300.971 -300.967 | 0.001312479 400 -362.242 -362.258 0.0044506 400 -647.968 -648.007 | 0.00598189
500 -300.871 -300.86 | 0.003695039 500 -352.668 -352.658 0.0028659 500 -607.248 -607.341 | 0.01532612
600 -300.305 -300.285 | 0.006815823 600 -342.647 -342.609 0.0111447 600 -567.476 -567.677 | 0.03537004
700 -299.444 -299.411 | 0.011134497 700 -332.365 -332.299 0.0199185 700 -537.062 -537.047 | 0.00286914
800 -298.37 -298.323 | 0.015848407 800 -321.912 -321.819 0.0288128 800 -507.364 -507.344 | 0.00402658
900 -296.051 -296.007 | 0.015029043 900 -310.258 -310.158 0.0322372 900 -476.548 -476.541 | 0.00139189

1000 -288.725 -288.661 | 0.022300024 1000 -293.639 -293.513 0.0427901 1000 -440.854 -440.843 | 0.00239071

1100 -281.409 -281.32 0.03176417 1100 -277.069 -276.919 0.0542755 1100 -405.301 -405.285 | 0.00393601

1200 -274.102 -274.098 0.00132269 1200 -260.548 -260.372 0.0676004 1200 -369.888 -369.864 | 0.00636355

1300 -266.806 -266.803 | 0.001105217 1300 -244.073 -243.871 0.0829486 1300 -334.61 -334.578 | 0.00948587

1400 -259.518 -259.517 | 0.000471656 1400 -227.64 -227.412 0.1002719 1400 -299.464 -299.422 | 0.01410489

1500 -252.239 -252.239 | 0.000123338 1500 -211.247 -210.992 0.1205399 1500 -264.444 -264.389 | 0.02061948
Species: LiCl Species: Li,Cl, Species: Cu(OH),

Tem?}ir)ature Ref Our Work % Difference Tem;()f(r)ature Ref Our Work Di ff:/:')ence Tem;():ir)ature Ref Our Work Di ff;/:ence
300 -383.869 -384.099 | 0.059969311 300 -600.802 -600.803 0.0001093 300 -372.178 -372.213 | 0.00936159
400 -375.837 -376.062 | 0.059916906 400 -601.374 -601.379 0.0008536 400 -346.323 -346.339 | 0.00476286
500 -367.643 -367.874 0.06278974 500 -600.983 -600.992 0.0014615 500 -320.841 -320.838 | 0.00096728
600 -359.202 -359.453 | 0.069922927 600 -599.538 -599.553 0.0024656 600 -295.709 -295.682 | 0.00898269
700 -350.891 -351.174 | 0.080554378 700 -597.832 -597.853 0.0034341 700 -270.913 -270.861 0.0192911
800 -342.726 -343.049 | 0.094162953 800 -595.923 -595.946 0.0038288 800 -246.442 -246.36 0.0330783

255




900 -335.098 -335.467 | 0.110089959 900 -593.844 -593.869 0.004138 900 -222.279 -222.165 | 0.05123423
1000 -329.511 -329.91 | 0.121116077 1000 -591.617 -591.646 0.0048354 1000 -198.401 -198.254 0.07433411
1100 -324.088 -324.51 | 0.130337525 1100 -589.258 -589.295 0.0062698 1100 -174.782 -174.601 0.10370323
1200 -318.806 -319.253 | 0.140286078 1200 -586.782 -586.83 0.0082616 1200 -151.395 -151.18 | 0.14215484
1300 -313.644 -314.126 | 0.153579578 1300 -584.199 -584.263 0.0109726 1300 -128.209 -127.963 | 0.19189354
1400 -308.586 -309.116 | 0.171873818 1400 -581.519 -581.603 0.0144057 1400 -104.79 -104.517 | 0.26090574
1500 -303.618 -304.215 | 0.196697516 1500 -578.748 -578.86 0.0193735 1500 -80.96 -80.6646 0.36487177

Species: Cu, Species: K,O,H, Species: K,0O
Tem?}ir)ature Ref Our Work % Difference Tem?}e(r)ature Ref Our Work Di ff:/?ence Tem?}ir)ature Ref Our Work Di ffz/:ence

300 432.726 432.6863 | 0.009183933 300 -613.644 -613.635 0.001524 300 -321.839 -321.837 | 0.00054568

400 415.387 415.3449 | 0.010129902 400 -598.462 -598.458 0.0007088 400 -307.331 -307.326 | 0.00156893

500 398.39 398.345 | 0.011285458 500 -581.907 -581.91 0.0005579 500 -292.638 -292.634 | 0.00131035

600 381.683 381.6371 | 0.012024205 600 -564.786 -564.799 0.0022994 600 -278.292 -278.288 | 0.00147128

700 365.233 365.1862 | 0.012821557 700 -547.275 -547.298 0.004137 700 -264.299 -264.293 | 0.00220549

800 349.016 348.967 | 0.014041539 800 -529.481 -529.511 0.0055733 800 -250.665 -250.655 | 0.00394903

900 333.014 332.9615 | 0.015771707 900 -511.469 -511.502 0.0063907 900 -237.394 -237.375 0.007968
1000 317.214 317.1573 | 0.017875328 1000 -493.279 -493.31 0.0062727 1000 -224.482 -224.449 0.01470269
1100 301.607 301.5471 | 0.019872442 1100 -465.717 -465.724 0.0015362 1100 -202.704 -202.635 0.03420352
1200 286.19 286.1278 | 0.021724053 1200 -432.135 -432.14 0.0010944 1200 -175.39 -175.304 | 0.04908504
1300 270.963 270.9007 | 0.022985382 1300 -398.606 -398.605 0.0002291 1300 -148.594 -148.487 | 0.07215214
1400 256.749 256.6831 | 0.025683526 1400 -365.13 -365.124 0.0017028 1400 -122.306 -122.173 | 0.10912533
1500 243.852 243.7817 | 0.028847127 1500 -331.711 -331.698 0.0039784 1500 -96.519 -96.352 | 0.17299035

Species: GeO, Species: CH;OH Species: CH;COOH
Tem?ir)ature Ref Our Work % Difference Tem?}ir)ature Ref Our Work Di ﬁz)ence Tem;()}e(r)ature Ref Our Work Di f‘f;/?ence

300 -521.242 | 5212091673 | 0.006298932 300 -162.057 | -161.97166 | 0.052658893 300 -373.893 [ 3738738752 | 0.005115033

400 50161 | .501578371 | 0.006305501 400 -148.509 -148.42006 | 0.059887628 400 -353.84 -353.8264166 | 0.003838854

500 .482.134 | -482.1034358 | 0.006339359 500 -134.109 -134.01693 | 0.068651408 500 -332.95 -332.9485462 | 0.000436634

600 .462.859 | -462.8295192 | 0.006369273 600 -119.125 -119.02692 | 0.082325666 600 -311.554 -311.5628624 | 0.002844574

700 .443.77¢6 | -443.7475037 | 0.006421325 700 -103.737 -103.62696 | 0.106068701 700 289.856 -289.8682631 | 0.004230753

256




800 _424.866 | -424.8387751 | 0.006407871 800 -88.063 -87.937666 | 0.142322604 800 267.985 -267.9943413 | 0.00348576
900 406.113 | -406.0861624 | 0.006608413 900 -72.188 |  -72.043839 | 0.199701485 900 246026 | -246.0285886 | 0.001052179
1000 387.502 | -387.4761862 | 0.006661595 1000 -56.17 -56.00648 | 0.291207139 1000 224034 | -224.0304552 | 0.001582272
1100 -369.024 | -368.9988306 | 0.006820537 1100 -40.05 | -39.8689276 | 0.452115694 1100 -202.046 -202.0388783 | 0.003524815
1200 -350.671 | -350.6470754 [ 0.006822516 1200 -23.861 | -23.6627225 | 0.830968604 1200 -180.086 -180.0787936 | 0.00400163
1300 329.732 | -329.708724 | 0.007059058 1300 -7.624 | -7.41055262 | 2.799677011 1300 158.167 -158.1648839 | 0.001337864
1400 310228 | -310.205498 | 0.007253363 1400 8.644 | 8871206394 | 2628486741 1400 136299 | -136.3048782 | 0.004312753
1500 292057 | 292.0353433 | 0.007415226 1500 24.93 | 251707862 | 0.965849502 1500 114.486 | -1145019971 | 0.013972977
Species: HCOOH Species: Na2CO3 Species: Na202

Tem?}ir)ature Ref Our Work % Difference Tem;()}e(r)ature Ref Our Work Di ff:/:ence Tem;()}ir)ature Ref Our Work Di ffz/:ence
300 -350.83 | -350.7759463 | 0.015407386 300 -1047.496 | -1047.49416 | 0.000175644 300 -449.233 -449.2253069 | 0.001712489
400 34116 | -341.2102008 | 0.014714731 400 -1019.37 | -1019.358297 | 0.001148015 400 -427.56 -427.5589815 | 0.000238214
500 -331.29 | -331.2198227 | 0.021183042 500 -990.4 | -990.3771602 | 0.002306122 500 -405.02 -405.0253733 | 0.00132668
600 -321.05 | -320.9777692 | 0.022498314 600 -961.826 | -961.7883688 | 0.003912477 600 -382.706 -382.7145683 | 0.002238879
700 -310.66 | -310.5923414 | 0.021778977 700 -933.897 | -933.8395425 | 0.006152447 700 -360.668 -360.6780199 | 0.002778161
800 -300.21 | -300.1346158 | 0.025110494 800 -906.701 | -906.6960055 | 0.000550845 800 -339.036 -338.9930233 | 0.012676135
900 -289.73 | -289.6522598 0.02683194 900 -879.857 | -879.852989 | 0.000455866 900 -318.303 -318.2798918 | 0.007259806

1000 -279.24 | -279.1768355 | 0.022620133 1000 -853.412 | -853.4129479 | 0.00011107 1000 -297.81 -297.8080278 | 0.000662231

1100 -268.85 | -268.7279652 | 0.045391402 1100 -827.441 | -827.4490577 | 0.000973812 1100 -277.525 -277.5481447 | 0.00833968

1200 258.41 | -258.3170989 | 0.035951059 1200 -799.127 | -799.1386571 | 0.001458731 1200 -252.54 -252.5659214 | 0.010264264

1300 248.05 | -247.9496181 | 0.040468411 1300 -760.294 | -760.302277 | 0.001088662 1300 -216.13 -216.149757 | 0.009141268

1400 -237.69 | -237.6269575 | 0.026523006 1400 -722.007 | -722.0111105 | 0.000569316 1400 -179.997 -180.0118085 | 0.008227083

1500 227.43 | -227.3481544 | 0.035987175 1500 -684.221 | -684.2201665 | 0.000121817 1500 -144.121 -144.1300459 | 0.006276577
Species: NaOH Species: CuCl, Species: CusCls;

Tem;()f(r)ature Ref Our Work % Difference Tem;()}e(r)ature Ref Our Work Di ffz/ll’)ence Tem;()}e(r)ature Ref Our Work Di ff:/:ence
300 379454 | -379.341171 | 0.029734562 300 -161.405 | -161.4057932 | 0.000491456 300 -257.196 -257.1923308 | 0.001426636
400 363.802 | -363.7042385 | 0.026872182 400 146.806 | -146.8054883 | 0.000348579 400 -256.737 -256.7381197 | 0.000436141
500 347.767 | -347.6775208 | 0.025729647 500 132.569 | -132.5690055 | 4.16948E-06 500 -256.257 -256.2634321 | 0.002510009
600 332417 | -332.3689146 | 0.014465373 600 -118.638 | -118.6378128 | 0.000157786 600 -255.737 -255.7461315 | 0.003570668

257




700 319.446 | -319.2268292 0.06860965 700 104971 | -104.9701208 | 0.000837611 700 -255.159 -255.1713607 | 0.004844327
800 -306.834 | -306.4419204 | 0.12778232 800 91535 | -91.5334423 | 0.001701758 800 -254511 | -254.5281088 | 0.006722205
900 204526 | -293.9607013 | 0.191935064 900 .78.302 | -78.30115716 | 0.001076396 900 -253.783 |  -253.8065545 | 0.009281356
1000 282.478 | -281.7399424 | 0.261279685 1000 65.251 | -65.25068883 | 0.000476876 1000 -252.965 -252.996308 | 0.012376401
1100 270653 | -269.7441683 | 0.335792203 1100 52362 | -52.3624882 | 0.00093235 1100 -252.048 -252.0855546 | 0.01489978
1200 256579 | 255492633 | 0.423404476 1200 39619 | -39.61912304 | 0.000310565 1200 -251.018 -251.0602563 | 0.016833988
1300 236877 | -235.6189713 | 0.531089438 1300 227004 | -27.0037096 | 0.001075401 1300 -249.857 | -249.9024795 | 0.018202211
1400 217387 | -215.9700418 | 0.651721666 1400 14,093 | -14.09346174 | 0.003276407 1400 -247.32 | -247.3722458 | 0.021124789
1500 -198.087 | -196.5276546 | 0.787202285 1500 .0.721 | -0.722461112 | 0.202650817 1500 -242.937 -242.9974784 | 0.024894694
Species: C,H; Species: CoHy Species: C;Hg
Tem?}ir)ature Ref? Our Work % Difference Tem;()}e(r)ature Ref2 Our Work Di ff:/:ence Tem;()}ir)ature Ref2 Our Work Di ff;/:ence
300 209.092 | 2105568929 | 0.700597318 300 68.457 68.5482562 | 0.133304411 300 -31.692 -31.56233585 | 0.409138435
400 203.242 | 204.7118298 | 0.723191966 400 74.302 | 74.38721691 | 0.114689927 400 -13.473 -13.35519925 | 0.874346834
500 197.452 | 198.9304687 | 0.748773723 500 80.887 | 80.96081291 | 0.091254352 500 5.912 6.012045449 | 1.692243729
600 191.735 | 193.2242867 | 0.776742233 600 87.982 | 88.04593608 | 0.072669495 600 26.086 26.17078956 | 0.325038572
700 186.097 187.599521 | 0.807385923 700 95.434 95.4952585 | 0.064189392 700 46.8 46.87657544 | 0.163622741
800 180534 | 182.0544313 | 0.842185564 800 103.142 | 103.2073446 | 0.063354012 800 67.887 67.96170019 | 0.110036071
900 175.041 | 176.5821558 | 0.880454192 900 111.036 | 111.1093272 | 0.06603912 900 89.231 89.30736207 | 0.085577964
1000 169.607 | 171.1737934 | 0.923778751 1000 119.067 | 119.1476844 | 0.06776385 1000 110.75 110.8280058 | 0.07043417
1100 164.226 | 165.8206647 | 0.971018412 1100 127.198 | 127.2837554 | 0.067418854 1100 132.385 132.4627973 | 0.05876592
1200 158.888 | 160.5149107 | 1023935521 1200 135.402 | 135.4893376 | 0.064502475 1200 154.096 154.1681913 | 0.046848253
1300 153588 | 155.2498225 | 1.082000193 1300 143.66 | 143.7439488 | 0.058435767 1300 175.85 175.9132999 | 0.035996552
1400 148319 | 150.0198919 | 1.146779494 1400 151.955 | 152.0328462 | 0.051229802 1400 197.625 197.6764214 | 0.02601969
1500 143.078 | 144.8206557 | 1.217975988 1500 160.275 | 160.3454309 | 0.043943782 1500 219.404 219.4423764 | 0.017491202
Species: C3HsO Species: C,HsOH Species: CgHsOH
Tem;()f(r)ature Ref Our Work % Difference Tem;()}e(r)ature Ref Our Work Di ffz/ll’)ence Tem;()}e(r)ature Ref Our Work Di ff:/:ence
300 152.339 | -152.2919002 | 0.030917782 300 -167.458 | -167.2915368 | 0.099405926 300 3223 -32.26228163 | 0.100160188
400 129913 | -129.8781748 | 0.026806528 400 -144.216 | -143.9491956 | 0.185003352 400 11018 -10.17403733 | 0.058572397
500 -106.315 | -106.2833177 | 0.029800439 500 -119.82 | -119.4616026 | 0.299113196 500 12.97 12.88364522 | 0.665803974
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600 81.923 | -81.88948737 0.04090747 600 -94.672 | -94.22771646 | 0.469287162 600 36.65 36.53481619 | 0.314280519
700 56.986 | -56.94703454 | 0.068377248 700 -69.023 | -68.49732029 | 0.761600784 700 60.75 60.56663592 | 0.301833882
800 31673 | -31.62653502 | 0.146701551 800 -43.038 | -42.43369969 | 1.404108721 800 85.02 84.84694985 | 0.20354052
900 6.109 | -6.048330581 | 0993115394 900 -16.825 | -16.14883455 | 4.018813945 900 109.59 109.2866307 | 0.276822088
1000 19.707 | 19.70116864 0.02959031 1000 9.539 10.2781378 | 7.748587939 1000 134.28 133.8226723 | 0.340577677
1100 45396 | 4556081547 | 0-363061651 1100 36 | 36.79205312 | 2.200147568 1100 158.62 158.4116787 | 0.13133359
1200 71.463 | 71.48709782 | 0.033720696 1200 62.52 | 63.35401031 | 1.333989618 1200 183.35 183.0234346 | 0.178110403
1300 97362 | 97.44930509 | 0.089670803 1300 89.07 | 89.93663137 | 0.972977854 1300 208.07 207.6370755 | 0.208066735
1400 123.47 | 123.4260558 | 0.035590969 1400 115.63 116.520946 | 0.77051461 1400 233.05 232.2387161 | 0.348115792
1500 149369 | 149.4026153 | 0.022504873 1500 142.185 | 143.0939657 | 0.639283819 1500 257.54 256.8194605 | 0.27977772
Species: HI Species: CaOH Species: CaO
Tem?}ir)ature Ref Our Work % Difference Temze(r)ature Ref Our Work Di ff:/:ence Temzir)ature Ref Our Work Di ffz/?ence
300 1.406 | 1.404361679 | 0.116523564 300 201668 | -201.7788992 | 0.054990998 300 -603.305 -602.7796765 | 0.087074285
400 6.428 | -6.430649995 | 0.041225817 400 -204.115 | -204.1875278 | 0.035532811 400 -592.755 -592.1285513 | 0.105684258
500 -10.088 | -10.08703458 | 0.009570025 500 -206.345 | -206.3669398 | 0.010632603 500 -582.316 -581.5952206 | 0.123778044
600 -10.948 | -10.94755665 | 0.004049569 600 208.4 | -208.3564618 | 0.020891632 600 -571.975 -571.1580064 | 0.142837292
700 11.756 | -11.75572223 | 0.002362801 700 210291 | -210.1669215 | 0.059003231 700 -561.701 -560.7784707 | 0.164238493
800 12528 | -12.52746696 | 0.004254806 800 211.914 | -211.7067092 | 0.097818371 800 -551.362 -550.3278968 | 0.187554305
900 13275 | -13.27469923 | 0.002265673 900 213.359 | -213.0996518 | 0.121554831 900 -541.024 -539.9016145 | 0.20745577
1000 -14.006 | -14.00503941 | 0.000432565 1000 214.633 | -214.3738674 | 0.12073286 1000 -530.677 -529.5054388 | 0.22076728
1100 14727 | -14.72698155 | 0.000125258 1100 215.727 | -215.5284251 | 0.092049147 1100 -520.297 -519.1208398 | 0.226055548
1200 15441 | -15.44167205 | 0.004352393 1200 -216.008 | -215.8991387 | 0.050396861 1200 -509.239 -508.0695613 | 0.229644371
1300 16.151 | -16.15253741 | 0.009518953 1300 -216.065 | -216.0149992 | 0.023141559 1300 -498.082 -496.8693627 | 0.243461371
1400 -16.858 | -16.86103952 | 0.018030138 1400 -216.024 | -216.0038087 | 0.009346767 1400 -486.943 -485.6390961 | 0.267773424
1500 17562 | -17.56784483 | 0.033281103 1500 215.891 | -215.8768185 | 0.006568836 1500 -475.823 -474.3829201 | 0.302650333
Species: FeCl, Species: FeCls Species: Fe30,
Tem;()ir)ature Ref Our Work % Difference Tem?}e(r)ature Ref Our Work Di ff:/:')ence Tem?}ir)ature Ref Our Work Di f'f;/:ence
300 302.097 | -302.0778339 | 0.006344365 300 333524 | -333.5229724 | 0.000308092 300 -1016.797 -1014.486567 | 0.227226555
400 289125 | -289.1071611 | 0.006169948 400 311,913 | -311.911914 | 0.000348176 400 -982.386 -980.2374793 | 0.218704324
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500 276581 | -276.5654509 | 0.005621185 500 200964 | ~290.9661058 | 0.000723743 500 948681 | -946.7992767 | 0.198351528
600 264.358 | -264.3435076 | 0.005482093 600 272.414 | -272.3866005 | 0.010058025 600 915794 | -914.1893068 | 0.175224252
700 252378 | -252.3649009 | 0.005190276 700 26033 | ~260.3164865 | 0.005190905 700 883776 | -882.3835927 | 0.157552056
800 240583 | -2405708851 | 0.005035659 800 48877 | -248.8778058 | 0.000323787 800 852657 | -851.4417959 | 0.142519685
900 228919 | -228.905329 | 0.005971987 900 237,929 | ~237.9422906 | 0.005585962 900 820428 |  -821.5547851 | 0.106175234
1000 219603 | -219.5944105 | 0.003911393 1000 227367 | ~227.3994554 | 0.014274476 1000 792602 | -792.0587633 | 0.068538402
1100 212637 | -212.6100625 | 0.012668309 1100 217,041 | -217.0714641 | 0.014036107 1100 762463 | -762.2503632 | 0.02788814
1200 205802 | -205.7342608 | 0.032910356 1200 206,965 | ~206.9707788 | 0.002792178 1200 732139 |  -732.1810487 | 0.005743266
1300 19913 | -199.034605 | 0.047905879 1300 197159 | -197.1541304 | 0.002469872 1300 701771 | -702.0663258 | 0.042082932
1400 192686 | -192.5637564 | 0.063441875 1400 187679 | -187.6652294 | 0.007337309 1400 67159 -672.094894 | 0.07517891
1500 186.447 | -186.2978351 | 0.080003937 1500 178.496 | -178.4727585 | 0.013020729 1500 641562 | -642.2343068 | 0.104792185
Species: Fe(CO)s Species: Fe(OH), Species: KyCl,

Tem?}ir)ature Ref Our Work % Difference Tem?}e(r)ature Ref Our Work Di ff:/?ence Tem?}ir)ature Ref Our Work Di ffz/:ence
300 696547 | -696.5122033 0.0049956 300 491 46 | -491.4286895 | 0.006370921 300 | 617775 -617.7653206 | 0.001566814
400 674716 | -674.6839369 | 0.004752081 400 _464.155 | -464.1253666 | 0.006384386 400 | _616.696 -616.6954682 | 8.62368E-05
500 654729 | -654.6085004 | 0.00465836 500 437238 | -437.2087089 | 0.006699115 500 | _614.699 -614.7029679 | 0.000645499
600 635831 | -635.8026305 0.0044618 600 410656 | ~410.6280815 | 0.006798521 600 | 612395 -612.4031335 | 0.001328142
700 617569 | -617.5425366 | 0.004285099 700 384373 | -384.3451748 | 0.007239104 700 | _609.851 -609.8635506 | 0.002057983
800 631.034 | -631.0126822 | 0.003378233 800 _358.353 | -358.3249866 | 0.007817262 800 | _607.109 -607.1251717 | 0.002663727
900 -619.996 | -619.9743707 | 0.003488624 900 332557 | -332.5221763 | 0.008968143 900 | _604.194 -604.211664 | 0.002923558

1000 608.9 | -608.8842556 | 0.002585718 1000 -306.906 | ~306.8803603 | 0.008354245 1000 | _g01.119 -601.1348629 | 0.002638895

1100 597633 | 5975994523 | 0.005613424 1100 281301 | ~281.2567844 | 0.015718256 1100 | _5gg 672 -588.6657695 | 0.001058398

1200 586239 | -586.1634249 | 0.012891511 1200 255773 | -255.6862999 | 0.033897302 1200 | _570.192 -570.1877659 | 0.000742568

1300 574766 | -574.6610783 | 0.018254678 1300 230357 | -230.2408744 | 0.050411137 1300 | 551745 -551.7403805 | 0.000837252

1400 563.293 | -563.1604838 | 0.023525275 1400 205.119 | -204.974514 | 0.070440066 1400 | 533325 -533.3208305 | 0.000781798

1500 551811 | -551.6509019 | 0.029013215 1500 180,036 | ~179.8632972 | 0.095926827 1500 | _514.931 -514.9268216 | 0.000811453
Species: GeO, Species: GeCl, Species: Fe(OH)3

Tem;()ir)ature Ref Our Work % Difference Tem?}e(r)ature Ref Our Work Di ff:/:')ence Tem?}ir)ature Ref Our Work Di f‘f;/:ence
300 521242 [ o1 5og73 | 0.006298932 300 461343 4613165 0.0057 300 | 704678 -704.6327 0.0064

260




400 -501.610 5015371 | 0.006305501 400 -448.540 -448.5144 0.0057 400 | 66193 -661.8865 0.0066
500 482134 | -a82.10358 | 0.006339359 500 -435.882 -435.8579 0.0055 500 | _619.202 -619.1593 0.0069
600 462859 | -a62.82992 | 0.006369273 600 -423.347 -423.3240 0.0054 600 | 576 661 -576.6229 0.0066
700 443776 | -a43.74757 | 0.006421325 700 -410.914 -410.8917 0.0054 700 | 534385 -534.3480 0.0069
800 -424.866 4248381 | 0.006407871 800 -398.565 -398.5439 0.0053 800 | _492 303 -492.3556 0.0076
900 -406.113 -406.0864 | 0.006608413 900 -386.287 -386.2667 0.0052 900 | _s50 671 -450.6330 0.0084
1000 -387.502 3874761 | 0.006661595 1000 374,068 -374.0489 0.0051 1000 | _a09.177 -409.1452 0.0078
1100 -369.024 .368.9988 | 0.006820537 1100 -361.899 -361.8814 0.0049 1100 | 367813 -367.7637 0.0134
1200 -350.671 -350.6470 | 0.006822516 1200 349.772 -349.7572 0.0042 1200 | .306.624 -326.5338 0.0276
1300 -329.732 329708 | 0.007059058 1300 334.973 -334.9612 0.0035 1300 | _og5.654 -285.5342 0.0419
1400 -310.228 310205 | 0.007253363 1400 -319.857 -319.8486 0.0026 1400 | 244,97 -244.8223 0.0603
1500 292057 | -202.03534 | 0.007415226 1500 304771 -304.7645 0.0021 1500 | 204549 -204.3741 0.0855
Appendix A.10 Species Thermodynamic Data
Species Phase | T, Ty al a2 a3 ad a5 ab a7 bl b2
B b 200 600 259825.934 -4770.7730 34.6412448 -0.1287342 0.00028978 -3.31E-07 1.50E-10 21469.4684 -183.082472
B b 600 2350 -869.770022 -805.040596 4.07971288 -0.00064233 4.85E-07 -1.25E-10 1.34E-14 3397.91993 -25.05906587
B(OH)2 g 200 1000 1491.659222 364.818484 -2.90600638 0.04136834 -5.78E-05 4.07E-08 | -1.13E-11 -53754.8366 38.8853518
B(OH)2 g 1O(OJ 6000 1557023.406 -5784.71076 14.87391235 -0.0001821 -3.80E-08 1.03E-11 | -6.69E-16 | -18068.10301 -65.902689
B2(OH)4 g 200 1000 | -17287.17249 849.591348 -8.71595957 0.093623626 -0.00012787 8.81E-08 | -2.40E-11 | -156433.7133 71.2016931
B2(OH)4 g 1O(OJ 6000 2983925.656 | -12074.69577 31.6261057 | -0.000516368 -4.23E-08 1.67E-11 | -1.16E-15 -82809.7697 | -165.3010498
B2F4 g 200 1000 -59716.9564 818.942544 | -0.643767129 0.038589661 -4.31E-05 2.40E-08 | -5.39E-12 | -179004.1225 35.5217997
B2F4 g 108 6000 38558.6589 | -2928.842655 17.92063736 -0.0009524 1.61E-07 -1.43E-11 5.22E-16 | -161305.1924 -71.8480325
BF(OH)2 g 200 1000 13818.00676 252.9637004 -3.84455204 0.052551409 -7.19E-05 4.95E-08 | -1.35E-11 | -128312.3258 42.9365937
BF(OH)2 g 108 6000 1422037.64 -6257.29757 18.22460686 -0.00032214 -7.13E-09 6.76E-12 | -5.04E-16 -91862.5419 -85.2789505
BHF g 200 1000 -49083.6226 961.076021 | -2.919850316 0.021491566 -2.60E-05 1.69E-08 | -4.55E-12 | -14669.25195 41.6070931
BHF g 108 6000 1184821.3 -4677.43518 10.67328148 | -0.001606367 3.70E-07 -3.80E-11 1.43E-15 18026.40937 -42.8593117
Br2 cr 200 265 -5550117.11 161095.3162 -1913.542203 12.01711944 -0.041706215 7.62E-05 | -5.69E-08 -656541.592 9135.571
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Br2 L 265 332 5661619.72 -60027.8872 39.635728 2.194289283 | -0.012096161 2.61E-05 | -2.07E-08 316720.453 -683.259616

Br2 g 332 1000 7497.04754 | -235.0884557 5.49193432 | -0.002227573 2.93E-06 -1.95E-09 5.31E-13 3521.47505 -1.96415157
100

Br2 g 0 6000 -4311698.57 11112.68634 -5.55577561 0.003630517 -2.75E-07 -6.22E-11 7.38E-15 -70365.8416 78.7847802

C cr 200 600 113285.676 | -1980.421677 13.65384188 | -0.046360964 0.000102133 -1.08E-07 4.47E-11 8943.85976 -72.9582474

C cr 600 2000 335600.441 | -2596.528368 6.94884191 | -0.003484836 1.84E-06 -5.06E-10 5.75E-14 13984.12456 -44.7718304

CH3I g 200 1000 -45164.6274 1086.208429 -5.66317627 0.036831717 -4.32E-05 2.83E-08 | -7.68E-12 -4303.83065 56.8856269
100

CH3lI g 0 6000 2511915.982 -9960.28999 18.56907132 | -0.001768191 3.24E-07 -3.19E-11 1.31E-15 60669.2995 -95.9077704

CH4 g 200 1000 | -176685.0998 2786.18102 -12.0257785 0.039176193 -3.62E-05 2.03E-08 | -4.98E-12 -23313.1436 89.0432275
100

CH4 g 0 6000 3730042.76 | -13835.01485 20.49107091 | -0.001961975 4.73E-07 -3.73E-11 1.62E-15 75320.6691 | -121.9124889

co g 200 1000 14890.45326 | -292.2285939 5.72452717 | -0.008176235 1.46E-05 -1.09E-08 3.03E-12 | -13031.31878 -7.85924135
100

co g 0 6000 461919.725 | -1944.704863 5.91671418 | -0.000566428 1.40E-07 -1.79E-11 9.62E-16 | -2466.261084 | -13.87413108

Co2 g 200 1000 49436.5054 -626.411601 5.30172524 0.002503814 -2.13E-07 -7.69E-10 2.85E-13 -45281.9846 -7.04827944
100

Co2 g 0 6000 117696.2419 | -1788.791477 8.29152319 -9.22E-05 4.86E-09 -1.89E-12 6.33E-16 -39083.5059 | -26.52669281

Ca a 200 298 22092.14594 0 | -2.387095323 0.046748334 | -0.000148169 1.69E-07 0 | -316.0902334 9.9989079

Ca a 298 716 8959.6321 0 2.440591375 0.001722094 4.74E-07 0 0 -778.344084 -9.27370805

Ca b 716 1115 0 0 5.701117685 | -0.005810565 4.02E-06 0 0 | -1516.788311 -26.0758823
111

Ca L 5 1774 0 0 4.570323447 0 0 0 0 -982.26801 | -21.19893317

Ca(OH)2 cr 100 500 | -205883.8935 6172.55449 -74.9975099 0.50121824 | -0.001423349 1.99E-06 | -1.10E-09 | -145202.6205 355.244504

Ca(OH)2 cr 500 1023 | -124541.3139 0 10.73593032 0.003982436 0 0 0 | -122370.7243 -53.0239539
102

Ca(OH)2 L 3 6000 0 0 18.40156546 0 0 0 0 | -124519.1822 | -98.60760364

CaBr g 200 2500 | -13553.62502 | -49.30397672 5.156710478 | -0.002208523 2.43E-06 -1.04E-09 1.55E-13 | -7187.773462 1.435444732

CaBr2 cr 298 1014 | -1012936.884 11490.40613 | -47.07122446 0.146424105 | -0.000206225 1.50E-07 | -4.25E-11 | -141981.4494 281.0096843
101

CaBr2 L 5 2500 | -11298862.48 63782.20868 | -116.6376357 0.129938863 -6.85E-05 1.84E-08 | -1.97E-12 | -453582.6744 793.165632

CaCo3 cr 200 500 | -13298624.25 250051.7168 | -1907.177167 7.61666627 | -0.016558709 1.88E-05 | -8.72E-09 | -1271058.215 9957.49756

CaCOo3 cr 500 1603 | -258355.5736 0 11.97256363 0.003263812 0 0 0 | -149700.9803 | -59.61133653

CaCl g 200 1000 6395.33526 | -224.9042269 5.28327839 | -0.001447983 1.64E-06 -9.43E-10 2.24E-13 -12701.69 | -1.391964289
100

CaCl g 0 6000 1629182.545 -4766.22302 9.65892977 | -0.002523044 5.83E-07 -4.10E-11 8.81E-17 16625.99241 | -33.98731174

CaCl2 cr 100 500 6000.20601 -446.615217 8.1999886 0.023749176 | -0.000100234 1.78E-07 | -1.14E-10 -96060.5778 -39.1215957
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CaCl2 cr 500 1048 | -30188.18908 0 8.644766799 0.001529735 0 0 0 -98458.8075 | -36.84266549
CaCl2 L 10: 6000 2661491.778 0 10.7835579 0 0 0 0 -93918.1861 | -45.66953897
CaH g 200 1000 -45137.8223 762.942921 | -1.280874223 0.013187747 -1.48E-05 8.54E-09 | -1.99E-12 23003.78814 30.53421525
CaH g 108 6000 | -2696952.529 8607.05975 -7.02745482 0.007467916 -2.32E-06 3.42E-10 | -1.89E-14 | -27738.19107 78.4582201
CaH2 a 298 1053 0 0 3.599731073 0.004465567 0 0 0 | -22559.82511 | -16.86197756
105
CaH2 b 3 1273 0 0 8.298745206 0 0 0 0 | -24226.33646 | -44.09678633
127
CaH2 L 3 6000 0 0 9.020375224 0 0 0 0 | -22498.99474 | -47.17727797
Cal g 200 1000 -826.179018 -85.089759 4.86417169 | -0.000786317 1.10E-06 -7.35E-10 2.01E-13 523.675344 3.58539168
Cal g 108 6000 1771071.309 -5683.64373 11.53857476 -0.00419402 1.29E-06 -1.73E-10 8.38E-15 35832.932 -44.0591757
Cal2 cr 200 500 | -1811328.452 31274.51814 | -213.6599007 0.832870588 | -0.001721726 1.88E-06 | -8.44E-10 | -210197.7983 1142.802698
Cal2 cr 500 1056 | -6638.996165 0 8.652825001 0.00228456 0 0 0 -67217.3678 | -32.54333551
Cal2 L 10: 6000 0 0 12.38798197 0 0 0 0 -64854.2531 | -51.37218163
Ca0 cr 200 500 -4775526.94 90377.1142 -694.432081 2.802477174 | -0.006129403 6.98E-06 | -3.25E-09 -482941.143 3619.04632
Ca0 cr 500 3172 -145937.644 0 7.174205094 | -0.001959947 1.29E-06 -2.08E-10 0 -78915.2508 | -36.58562837
CaOH g 200 2500 75345.78889 | -1397.889335 11.11701186 -0.00836637 7.35E-06 -2.76E-09 3.79E-13 | -18131.24685 | -37.02370714
CaSO4 1l 200 500 | -13619774.72 258492.9291 | -1984.800641 7.96944817 | -0.017368052 1.97E-05 | -9.17E-09 | -1334631.522 10351.3935
CaSO4 1l 500 1473 | -298394.0124 0 13.59671225 0.00585723 0 0 0 | -177784.6313 | -68.02481458
147
CaSO4 | 3 1733 0 0 19.84482549 0 0 0 0 | -179829.8668 | -104.5004358
Cl2 g 200 1000 34628.1517 -554.712652 6.20758937 | -0.002989632 3.17E-06 -1.79E-09 4.26E-13 1534.069331 | -9.438331107
Cl2 g 108 6000 6092569.42 | -19496.27662 28.54535795 | -0.014499688 4.46E-06 -6.36E-10 3.33E-14 121211.7724 | -169.0778824
Co a 200 500 -865183.451 14621.35206 -99.7108911 0.37943386 | -0.000780011 8.55E-07 | -3.89E-10 -67959.6346 530.655021
Co a 500 700 -987756.074 6820.6022 | -15.21637485 0.022345417 -9.02E-06 0 0 -38528.3904 101.4399403
Co b 700 800 0 0 2.125113886 0.002218475 0 0 0 -619.770942 -8.94454699
Co b 800 1394 -1576349295 9154318.17 | -21979.67504 27.93356668 | -0.019803104 7.43E-06 | -1.15E-09 -51821984.1 139984.6247
Co b 13491 1400 0 0 307.0872109 -0.21554872 0 0 0 -213929.295 | -1913.104819
Co b 14(0:' 1768 1648338062 -4036220.19 3722.6857 | -1.526326566 0.000235467 0 0 26490102.62 | -27514.66647
Co304 cr 200 2100 972093.0163 | -15760.93361 90.65286147 | -0.162664385 0.000192275 -1.01E-07 2.06E-11 | -37700.47851 | -509.3409508
CoCl2 cr 200 1012 404311.9402 | -6537.016008 45.71206789 | -0.097141518 0.000141083 -1.02E-07 2.91E-11 | -9362.336283 | -243.4272624

263




101

CoCl2 L 3 2100 | -2161578.149 8948.72024 | -3.332283263 0.013708026 -6.84E-06 1.80E-09 | -1.95E-13 | -90694.20645 50.69765536
CoO cr 200 3000 -444739.341 3603.547425 | -3.700662352 0.01281295 -7.87E-06 2.72E-09 | -3.48E-13 | -50036.48773 33.4989814
Cu cr 200 1358 | -24557.75109 164.8069205 2.080947143 0.002639078 -2.71E-06 1.40E-09 | -9.72E-14 | -1737.850969 -8.1331668
135
Cu L 8 6000 0 0 3.944910764 0 0 0 0 | -211.1013775 | -18.36065775
Cu(OH)2 cr 298 2000 | -890385.4622 8861.152448 | -23.68682569 0.066000625 -5.39E-05 2.13E-08 | -3.29E-12 | -103089.9726 155.21307
Cu2 g 200 1000 -852.918348 -97.2004493 4.8822337 | -0.000737137 1.00E-06 -6.39E-10 1.67E-13 57493.0702 1.105391325
Cu2 g 108 6000 -86993.995 320.910387 3.97380288 0.000508081 -1.71E-07 3.22E-11 | -1.96E-15 55060.9019 6.91450217
Cu20 cr 200 600 694309.394 | -11072.06812 70.0760082 | -0.169301074 0.000229694 -1.19E-07 0 29719.95795 -380.060357
Cu20 cr 600 1516 4899293.25 -32267.6771 92.4291324 | -0.113305351 8.89E-05 -3.91E-08 8.17E-12 156236.4374 -566.828545
Cu2s a 298 376 121994.4245 0 2.442685885 0.018229333 0 0 0 | -10237.57104 -4.69653316
Cu2s b 376 720 | -1211638.496 12562.3353 -36.8330481 0.095472441 -9.86E-05 3.95E-08 0 -76980.513 235.2740334
Cu2s c 720 1400 15859834.58 -94202.4229 239.8981626 | -0.294386539 0.000208437 -7.76E-08 1.18E-11 520307.464 | -1502.163502
Cu2s L 148 6000 0 0 10.78393315 0 0 0 0 | -10752.59326 | -45.51698813
Cu3CI3 g 200 1000 4487.88532 -873.664444 19.36189091 | -0.007137448 8.56E-06 -5.42E-09 1.41E-12 -31626.8996 | -59.76797945
Cu3Ci3 g 108 6000 -91885.5968 -15.7193643 16.0129417 -5.57E-06 1.30E-09 -1.56E-13 7.48E-18 -36087.6074 | -40.13211395
CuBr a 298 657 92829739.4 -1403844.53 8783.22347 | -29.05323712 0.053733934 -5.27E-05 2.14E-08 6589039.38 -47521.1549
CuBr b 657 741 20301.34717 0 8.68089931 0.00011927 0 0 0 | -14948.45171 -37.8492054
CuBr c 741 759 0 0 6.99654999 -2.48E-06 0 0 0 | -13437.68009 | -26.30094995
CuBr L 759 1500 5249558.1 -27570.8129 71.0303666 | -0.073683899 4.26E-05 -1.22E-08 1.49E-12 144286.3364 -436.636559
CuBr2 cr 298 800 | -23147.96663 0 9.183704151 0.000623989 0 0 0 | -19499.96594 | -37.14221219
CuCl a 298 685 -36581260.5 462246.075 | -2297.616527 5.65646511 | -0.006837763 3.26E-06 0 | -2287516.266 13034.69843
Cucl b 685 696 0 0 9.57358974 -1.82E-05 0 0 0 | -21770.33413 -45.0341269
Cucl L 696 1700 21363699.78 | -112384.2012 257.6303311 | -0.296752137 0.000193714 -6.60E-08 9.22E-12 626396.047 | -1640.361694
CuCl2 cr 298 675 | -21194.56576 -799.603725 12.93400534 | -0.006531312 7.39E-06 -2.98E-09 0 | -25358.22405 -61.850525
CuCl2 L 675 6000 0 0 9.913368316 0 0 0 0 | -29297.00009 | -43.86870689
CuF cr 298 1300 89701.9163 -850.746108 7.49788956 0.00274156 -2.99E-06 1.37E-09 | -2.45E-13 | -22346.32002 -37.9652378
CuF g 138 6000 509415.483 -1415.00987 5.63234938 | -0.000162913 -1.16E-07 5.07E-11 | -4.15E-15 6305.5066 -7.40777361
CuF2 cr 298 1109 21737.03718 -493.71803 7.14031488 0.009517087 -7.46E-06 1.90E-09 4.47E-13 -64529.0647 -35.3550107
CuF2 L 118 6000 0 0 12.07719998 0 0 0 0 -63511.335 | -56.54007188
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F2 g 200 1000 10181.76308 22.74241183 1.97135304 0.008151604 -1.15E-05 7.96E-09 | -2.17E-12 -958.6943 11.30600296
F2 g 108 6000 -2941167.79 9456.5977 -7.73861615 0.007644713 -2.24E-06 2.92E-10 | -1.43E-14 -60710.0561 84.2383508
FCO g 200 1000 11326.62744 -53.979185 2.966927601 0.007559959 -6.21E-06 2.40E-09 | -3.37E-13 | -22403.69579 10.92652142
FCO g 108 6000 -60858.5158 | -1022.397533 7.52732256 | -0.000105794 -1.37E-09 2.48E-12 | -1.00E-16 | -18050.98416 | -16.30331278
Fe a 200 500 13504.90931 -780.380625 9.44017147 | -0.025217677 5.35E-05 -5.10E-08 1.99E-11 2416.521408 -47.4900285
Fe a 500 800 3543032.74 | -24471.50531 65.6102093 | -0.070439297 3.18E-05 0 0 134505.9978 -413.378869
Fe a 800 1042 2661026334 -7846827.97 -728.921228 26.13888297 | -0.034947421 1.76E-05 | -2.91E-09 52348684.7 -15290.522
Fe a 10‘21 1184 248192305.2 0 -559.434909 0.327170494 0 0 0 646750.343 3669.16872
Fe c 11481 1665 1442428576 -5335491.34 8052.828 -6.30308963 0.002677273 -5.75E-07 4.72E-11 32642642.5 -55088.5217
Fe(CO)5 L 253 6000 0 0 28.11771229 0 0 0 0 | -100522.2674 | -119.6624513
Fe(OH)2 cr 298 800 424092.604 -5246.0135 35.6407814 | -0.057772854 8.33E-05 -5.35E-08 1.18E-11 -46423.859 | -193.7387923
Fe(OH)2 cr 800 1500 8260012.74 -35848.4862 66.3148213 | -0.029478932 4.57E-06 1.32E-09 | -2.98E-13 142965.2898 -436.461628
Fe(OH)2 g 158 6000 1612519.19 -6533.24199 18.42922816 -0.00207325 4.27E-07 -4.56E-11 1.99E-15 | -2992.568633 -84.4594059
Fe(OH)3 cr 298 1500 -74182.8469 49.1536151 6.3516127 0.027302991 -2.01E-05 7.51E-09 | -1.26E-12 | -103613.2609 | -31.17351481
Fe2(S04)3 | cr 298 700 -3987499.8 44715.8441 | -187.1627045 0.520384327 | -0.000525517 2.05E-07 0 -541897.628 1097.303717
Fe2(S04)3 | cr 700 2000 | -17494751.74 73083.2078 -93.9295136 0.146805141 -7.96E-05 2.31E-08 | -2.74E-12 -760714.651 686.533029
Fe304 cr 200 298 -51826712.3 1293463.453 | -13411.21962 74.0184244 | -0.228572589 0.000375288 | -2.56E-07 -5570751.24 65756.8971
Fe304 cr 298 800 -4407671.38 53517.6027 | -261.3667759 0.743193149 | -0.000976784 5.86E-07 | -8.78E-11 -401807.545 1478.276107
Fe304 cr 800 850 0 0 | -107.0116148 0.173843671 0 0 0 -92310.226 616.926572
Fe304 cr 850 1870 57316919.8 | -181610.5186 277.7813396 | -0.184983032 6.15E-05 -3.66E-09 | -1.38E-12 990699.285 | -1868.855147
FeBr2 cr 298 649 1826952.838 2755.331947 | -206.8271955 1.383719184 | -0.003764823 4.81E-06 | -2.36E-09 | -14474.61311 931.8244065
FeBr2 cr 650 963 -18458659.3 38136.67353 | -130.9064775 0.721938501 | -0.001442692 1.20E-06 | -3.58E-10 | -282430.4623 650.9898947
FeBr2 L 964 2001 | -68745.23512 | -14700.47148 65.86368475 | -0.074810008 5.19E-05 -1.77E-08 2.38E-12 43342.7883 | -379.5780748
FeCl2 cr 200 950 -37575.2724 5.93207022 8.82276028 0.003742344 -4.62E-06 4.04E-09 | -1.45E-12 -44035.9579 -37.2174735
FeCl2 L 950 6000 0 0 12.2885173 0 0 0 0 -41108.4253 | -53.19067642
FeCl3 cr 200 576 1083084.258 | -24100.75519 226.7237836 | -1.029271661 0.002750292 -3.82E-06 2.18E-09 53283.02815 -1135.31735
FeCl3 L 577 1500 | -12211213.72 79334.95983 | -193.9681791 0.290116223 | -0.000220418 8.74E-08 | -1.42E-11 | -489197.6449 1251.246286
Ga cr 100 302 1665.524651 | -166.7535996 3.86087638 | -0.001325442 2.41E-06 0 0 | -157.7791876 -17.3017803
Ga L 302 6000 28468.30421 0 3.135362156 -3.62E-05 2.90E-08 0 0 | -171.6496723 -10.5371728
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Ga2Br2 g 200 1000 | -11171.83241 -74.7147162 10.30246084 | -0.000665793 8.20E-07 -5.30E-10 1.39E-13 | -19132.97856 | -13.17110316
100

Ga2Br2 g 0 6000 | -18853.73131 | -1.263621802 10.00108034 -4.77E-07 1.14E-10 -1.38E-14 6.69E-19 | -19510.53843 | -11.41667594

Ga2Br4 g 200 1000 | -13155.45939 -413.655302 17.62849229 | -0.003514652 4.27E-06 -2.73E-09 7.12E-13 -52831.0181 -44.2752069
100

Ga2Br4 g 0 6000 -57421.6721 -7.16013737 16.00598947 -2.61E-06 6.15E-10 -7.41E-14 3.57E-18 -54933.8976 -34.7927166

Ga2Br6 g 200 1000 -6725.11689 -806.752655 25.11671424 | -0.006636515 7.98E-06 -5.06E-09 1.31E-12 -83706.352 -75.8527872
100

Ga2Br6 g 0 6000 -95261.73 -14.4468188 22.01192546 -5.15E-06 1.20E-09 -1.44E-13 6.93E-18 -87822.233 -57.6589512

Ga2Cl2 g 200 1000 -9246.1337 | -259.2159934 11.02847129 | -0.002231984 2.72E-06 -1.74E-09 4.56E-13 | -28340.59821 | -20.67773272
100

Ga2Cl2 g 0 6000 -36689.542 -4.43458068 10.00373051 -1.63E-06 3.85E-10 -4.65E-14 2.24E-18 | -29656.33085 | -14.69535817

Ga2Cl4 g 200 1000 16373.43702 | -1140.637354 20.30139827 | -0.008997746 1.07E-05 -6.70E-09 1.73E-12 -71623.8501 -66.663619
100

Ga2Cl4 g 0 6000 | -112711.0409 | -21.38517542 16.01738077 -7.42E-06 1.72E-09 -2.05E-13 9.80E-18 -77468.5338 -41.4728087

Ga2Cl6 g 200 1000 60894.6984 | -2104.456302 29.59653878 | -0.015378098 1.78E-05 -1.10E-08 2.78E-12 | -111840.0535 | -112.1945814
100

Ga2(Cl6 g 0 6000 | -189844.5426 -44.1365524 22.03505047 -1.47E-05 3.37E-09 -3.98E-13 1.88E-17 | -122696.9998 | -67.45332883

Ga2F2 g 200 1000 29781.3065 -1013.97552 13.74933053 | -0.007728051 9.06E-06 -5.64E-09 1.44E-12 -70860.8337 -41.0983395
100

Ga2F2 g 0 6000 -87732.3493 -19.8377587 10.0159403 -6.74E-06 1.56E-09 -1.85E-13 8.78E-18 -76073.6863 | -19.08325521

Ga2F4 g 200 1000 142207.9998 | -2798.829941 23.95904235 | -0.012939048 1.22E-05 -6.25E-09 1.33E-12 -149601.371 -97.3415364
100

Ga2F4 g 0 6000 -270436.609 | -104.9957196 16.07903965 -3.18E-05 7.05E-09 -8.10E-13 3.76E-17 | -164416.9589 -48.9659173

Ga2F6 g 200 1000 240904.5572 -4142.3798 31.9577372 | -0.012979143 8.96E-06 -2.73E-09 1.55E-13 -227278.524 | -139.8403732
100

Ga2F6 g 0 6000 -436866.48 | -212.8208368 22.15886373 -6.35E-05 1.40E-08 -1.60E-12 7.41E-17 | -249429.8707 -77.8763583

Ga2l2 g 200 1000 -8960.25267 -31.7205721 10.12930491 | -0.000286019 3.54E-07 -2.29E-10 6.04E-14 | -1233.174068 -9.80196838
100

Ga2l2 g 0 6000 | -12190.56501 | -0.528755447 10.00045392 -2.01E-07 4.80E-11 -5.83E-15 2.83E-19 | -1393.258606 -9.05261491

Ga2l4 g 200 1000 | -17694.95991 | -135.4871509 16.54625333 | -0.001199015 1.47E-06 -9.50E-10 2.50E-13 | -23334.05795 -33.2571289
100

Ga2l4 g 0 6000 -31712.9976 | -2.287068836 16.00194812 -8.59E-07 2.04E-10 -2.48E-14 1.20E-18 | -24019.40505 | -30.08672521

Ga2lé g 200 1000 | -21108.91458 -369.540416 23.46811836 | -0.003189178 3.89E-06 -2.49E-09 6.53E-13 -43011.8809 -60.148115
100

Ga2l6 g 0 6000 -60156.9815 -6.32920923 22.0053304 -2.33E-06 5.51E-10 -6.66E-14 3.21E-18 -44886.9938 -51.6100875

Ga20 g 200 1000 56971.9718 -807.408599 7.73306154 0.001478451 -4.10E-06 3.58E-09 | -1.11E-12 -9512.21682 | -12.56149299
100

Ga20 g 0 6000 | -119387.4986 -87.1934161 7.0646782 -2.57E-05 5.65E-09 -6.45E-13 2.98E-17 | -13936.94796 -6.9428013

Ge cr 200 400 | -239650.6145 3150.57215 | -13.33941357 0.036479978 -2.94E-05 0 0 | -16138.82957 79.392116
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Ge cr 400 1211 | -18882.41797 0 2.89817307 0.000359166 0 0 0 -943.386408 | -12.98669726
121

Ge L 1 6000 0 0 3.319498082 0 0 0 0 3278.99664 | -11.85992953

GeO g 200 1000 -6781.22563 279.1946972 0.619895286 0.01111378 -1.50E-05 1.01E-08 | -2.69E-12 -6711.84743 21.56441027
100

GeO g 0 6000 | -1044508.485 2734.866048 1.298071298 0.001832639 -5.06E-07 6.37E-11 | -2.17E-15 | -23621.04658 23.50906051

Ge02 1l 100 298 -13620.6101 0 1.390091028 0.016088149 0 0 0 -70956.8274 -8.0174837

Ge02 I 298 1308 | -276312.1338 0 9.404643208 | -0.001212218 1.11E-06 0 0 -73468.3007 | -50.04997052
130

Ge02 | 8 1388 | -153526.7863 0 7.481860025 0.001711466 0 0 0 -69946.5297 -37.1133196
138

Ge02 L 8 6000 0 0 9.441326067 0 0 0 0 -68838.3787 | -47.38551165

H2 g 200 1000 40783.2321 -800.918604 8.21470201 | -0.012697145 1.75E-05 -1.20E-08 3.37E-12 2682.484665 | -30.43788844
100

H2 g 0 6000 560812.801 -837.150474 2.975364532 0.001252249 -3.74E-07 5.94E-11 | -3.61E-15 5339.82441 | -2.202774769

H20 cr 200 273 -402677.748 2747.887946 57.3833663 | -0.826791524 0.004413088 -1.05E-05 9.69E-09 -55303.1499 | -190.2572063

H20 L 273 373 1326371304 | -24482953.88 187942.8776 -767.899505 1.761556813 | -0.002151167 1.09E-06 110176047.6 -977970.097

H20 g 373 1000 -39479.6083 575.573102 0.931782653 0.007222713 -7.34E-06 4.96E-09 | -1.34E-12 -33039.7431 17.24205775
100

H20 g 0 6000 1034972.096 | -2412.698562 4.64611078 0.002291998 -6.84E-07 9.43E-11 | -4.82E-15 | -13842.86509 -7.97814851

H2504 L 298 609 3251892.012 6225.222926 | -388.5093749 2.542961544 | -0.006832079 8.70E-06 | -4.26E-09 | -74477.79491 1748.660831

H2504 g 610 2500 | -3199954.217 13634.97828 | -15.09790931 0.034521976 -1.84E-05 5.05E-09 | -5.63E-13 | -173254.5687 141.4807919

HBr g 200 1000 25272.22498 -406.511027 6.04311661 | -0.007717883 1.15E-05 -7.29E-09 1.75E-12 -3510.41455 -9.90318629
100

HBr g 0 6000 1170033.949 -3786.52101 7.50314805 | -0.001284964 3.21E-07 -3.44E-11 1.13E-15 18564.13349 | -25.62712911

HCI g 200 1000 20625.88287 | -309.3368855 5.27541885 | -0.004828874 6.20E-06 -3.04E-09 4.92E-13 | -10677.82299 | -7.309305408
100

HCI g 0 6000 915774.951 | -2770.550211 5.97353979 | -0.000362981 4.74E-08 2.81E-12 | -6.66E-16 5674.95805 | -16.42825822

HI g 200 1000 18728.8173 -343.178884 5.95671243 -0.00854344 1.45E-05 -1.05E-08 2.84E-12 3682.95072 -8.14975609
100

HI g 0 6000 472492.145 | -1923.465741 5.75804897 | -0.000406627 9.47E-08 -1.03E-11 4.61E-16 13948.57037 | -11.82487652

12 cr 200 386 -3901269.14 91432.0233 -890.04575 4.67127016 | -0.013571618 2.07E-05 | -1.29E-08 -391263.263 4422.60365

12 L 386 457 0 0 9.568212679 0 0 0 0 | -1204.453805 | -36.37326088

12 g 457 1000 -5087.96877 -12.4958521 4.50421909 0.000137096 -1.39E-07 1.17E-10 | -2.34E-14 6213.46981 5.58383694
100

12 g 0 6000 -5632594.16 17939.6156 | -17.23055169 0.012442141 -3.33E-06 4.13E-10 | -1.96E-14 | -106850.5292 160.0531883

K cr 200 336 | -102203.1747 0 13.33752016 | -0.055809908 9.01E-05 0 0 -2635.06243 -56.1537652

K L 336 1039 -3935.72203 -45.4727811 4.845244 | -0.003083547 2.02E-06 -3.71E-11 5.03E-15 -807.560968 | -18.36641748
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K g 9 6000 -3566422.36 10852.89825 | -10.54134898 0.008009801 -2.70E-06 4.72E-10 | -2.98E-14 -58753.3701 97.3855124
K2Br2 g 200 1000 | -10930.40504 -48.5665148 10.19754923 | -0.000436316 5.39E-07 -3.49E-10 9.19E-14 -67580.7324 | -12.94944706
K2Br2 g 108 6000 | -15892.29976 | -0.810137946 10.00069442 -3.07E-07 7.33E-11 -8.91E-15 4.32E-19 -67825.9544 | -11.80425726
K2C2N2 g 200 1000 4627.78948 -972.981062 19.9666591 | -0.019530151 3.28E-05 -2.39E-08 6.60E-12 -777.441126 | -67.55613632
K2C2N2 g 108 6000 726959.95 -3492.10868 18.35676822 | -0.000878548 1.85E-07 -2.04E-11 9.19E-16 15826.00773 | -67.28484052
K2CO3 a 200 693 -363282.643 5957.56784 | -30.80710797 0.149455871 | -0.000237716 2.23E-07 | -8.47E-11 | -169413.6603 176.3682121
K2C03 b 693 1173 0 0 13.1002308 0.008280945 0 0 0 | -142406.5852 | -58.05609552
K2C0O3 L 11; 6000 0 0 24.71582811 0 0 0 0 | -146666.3988 -127.30642
K2CI2 g 200 1000 | -13285.26456 | -124.1832429 10.5003573 | -0.001097776 1.35E-06 -8.70E-10 2.29E-13 -76443.6315 | -17.90150052
K2CI2 g 108 6000 | -26146.11331 | -2.096229095 10.00178456 -7.86E-07 1.87E-10 -2.27E-14 1.10E-18 -77071.8933 | -14.99720802
K2F2 g 200 1000 | -1611.833856 -513.564489 11.99922511 -0.00428011 5.17E-06 -3.29E-09 8.55E-13 | -103924.8602 | -30.39925079
K2F2 g 108 6000 -57408.9253 -9.04618211 10.00750685 -3.25E-06 7.63E-10 -9.17E-14 4.41E-18 | -106541.3546 -18.7403762
K212 g 200 1000 -8977.75244 | -27.76460169 10.11331014 | -0.000250842 3.10E-07 -2.01E-10 5.30E-14 -53262.0839 | -10.32092509
K212 g 108 6000 | -11796.34729 | -0.472476155 10.00040695 -1.81E-07 4.32E-11 -5.26E-15 2.55E-19 -53402.1023 -9.6644405
K20 cr 298 2000 | -1925745.978 15186.20356 | -36.27481065 0.070589709 -5.03E-05 1.93E-08 | -2.94E-12 | -128588.9257 239.1010865
K202 cr 298 818 0 0 9.1512308 0.006015267 0 0 0 -56276.148 | -39.86168914
K202 L 818 6000 0 0 16.11640373 0 0 0 0 -57495.6103 -78.6415132
K202H2 g 200 6000 147183.5354 -1608.75989 12.77519157 0.002747938 -8.70E-07 1.25E-10 | -6.84E-15 | -73031.32927 | -38.71932162
KBF4 cr 298 555 53599714.87 | -231572.0473 | -2509.638107 22.62862711 | -0.070278974 9.87E-05 | -5.29E-08 1465529.174 9449.325414
KBF4 cr 556 842 38060485.21 | -160278.9963 0.993207796 1.150067822 | -0.002455418 2.14E-06 | -6.93E-10 779171.9991 | -569.5661487
KBF4 L 843 1500 | -45532755.96 307264.9295 | -794.4420051 1.1042533 | -0.000815253 3.13E-07 | -4.89E-11 | -1933111.987 5026.057887
KCN I 168 400 47892.2666 -686.939942 11.89656301 | -0.009957932 9.25E-06 0 0 | -12758.80363 -51.8904736
KCN 1l 400 895 -85507.2608 711.510918 5.64244236 0.003733592 -2.88E-06 8.85E-10 0 | -19811.54134 -15.8646147
KCN L 895 6000 0 0 9.057899984 0 0 0 0 | -15226.66331 | -35.45330543
KCI cr 200 500 1179895.024 | -22178.24961 173.093063 | -0.654543415 0.001415898 -1.60E-06 7.39E-10 45607.8273 -899.152715
KCl cr 500 1044 288.8789664 0 5.28708855 0.004004092 -4.34E-06 2.75E-09 0 -54217.8564 | -21.21648362
104
KCI L 4 6000 0 0 8.659560215 0 0 0 0 -53221.1323 | -38.76839685
KNO2 Il 200 314 | -12282974.84 0 1182.559906 -6.07684232 0.008778425 0 0 | -245242.4942 -5366.9059
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KNO2 | 314 711 0 0 9.827879214 0.002012867 0 0 0 -46877.7497 | -37.82318671
KNO2 L 711 6000 0 0 12.2677103 0 0 0 0 -46095.1596 | -49.58866367
KNO3 a 200 402 3565624.07 -62913.1938 439.259994 | -1.436497824 0.002380418 -1.52E-06 0 225850.5778 | -2341.795728
KNO3 b 402 607 3211975.21 0 | -50.32659772 0.146207053 -8.16E-05 0 0 -39348.4662 280.712374
KNO3 L 607 6000 0 0 16.95830542 0 0 0 0 -63451.0635 | -79.18784042
KOH a 100 298 -438006.462 11254.72885 | -102.3623342 0.437563044 | -0.000592035 0 0 | -100215.5756 524.130828
KOH b 298 517 -2814.35707 0 6.478313214 0.006183768 0 0 0 -53138.8216 | -28.99826328
KOH c 517 679 0 0 9.621733572 0 0 0 0 -53258.5783 | -44.13346659
KOH L 679 6000 0 0 10.46363526 0 0 0 0 -52880.0834 | -48.22385687
Li cr 200 298 -9860.65235 0 2.30432385 0.002671664 0 0 0 -838.853612 | -10.47881686
Li cr 298 453 72388.2496 0 0.157031447 0.006770404 0 0 0 | -104.9497436 0.996176314
Li L 453 6000 24655.69228 0 3.755723428 -0.00063323 3.16E-07 0 0 -729.911669 | -17.01274654
Li2Br2 g 200 1000 27863.12863 | -1005.641437 13.70963066 | -0.007633663 8.94E-06 -5.56E-09 1.42E-12 -57628.4584 -41.2184376
Li2Br2 g 108 6000 -89009.8336 | -19.88916335 10.01596418 -6.75E-06 1.56E-09 -1.84E-13 8.77E-18 -62799.8996 | -19.43063525
Li2CO3 cr 200 500 19895943.37 -363170.677 2691.242782 -10.3310902 0.022014008 -2.45E-05 1.12E-08 1495415.902 | -14132.51128
Li2Cco3 cr 500 1005 -52765.0228 0 7.02505154 0.018094794 0 0 0 | -149097.7245 -34.878714
Li2CO3 L log 6000 0 0 22.25025888 0 0 0 0 | -150229.2112 | -116.9607936
Li2CI2 g 200 1000 53133.9861 | -1427.266759 15.12410161 | -0.010328249 1.19E-05 -7.31E-09 1.85E-12 -67698.604 | -52.85131549
Li2CI2 g 108 6000 | -117957.1272 | -30.27126342 10.02397711 -1.00E-05 2.30E-09 -2.71E-13 1.28E-17 -75068.2259 -22.6497023
Li2F2 g 200 1000 144316.6185 | -2466.874678 17.0286329 | -0.011455412 1.09E-05 -5.57E-09 1.19E-12 | -102607.0133 -70.0038661
Li2F2 g 10(0J 6000 | -218893.1683 -92.5981453 10.06970757 -2.80E-05 6.22E-09 -7.15E-13 3.32E-17 | -115661.1527 | -27.29853181
Li212 g 200 1000 10148.72266 -712.042101 12.7039296 | -0.005685537 6.77E-06 -4.26E-09 1.10E-12 -43130.6386 -33.0395098
Li212 g 10(0J 6000 -69735.8706 | -13.16825508 10.01074855 -4.60E-06 1.07E-09 -1.28E-13 6.11E-18 -46774.7005 | -17.21894034
Li202 cr 298 1000 0 0 6.874488094 0.007197297 0 0 0 -78441.3559 | -34.33817812
Li202 g 108 6000 | -293923.2153 | -235.9107937 10.17463402 -6.93E-05 1.52E-08 -1.73E-12 7.99E-17 -36184.8191 | -29.04221044
LiCl cr 200 500 | -2180497.685 39713.2078 | -291.8258028 1.160079971 | -0.002482284 2.79E-06 | -1.28E-09 | -230242.7379 1533.139994
LiCl cr 500 883 -35956.0933 0 5.4807705 0.002332209 0 0 0 -50994.1173 | -24.99631307
LiCl L 883 6000 0 0 7.601169522 0 0 0 0 -49541.1449 | -34.60716245
LiH cr 200 965 -7983.39954 -413.516742 3.84267241 0.003568428 3.56E-07 9.30E-10 | -5.47E-13 -9882.37451 | -21.93513588
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LiH L 965 6000 0 0 6.614941831 0 0 0 0 -10890.8882 | -34.06734782
LiOH cr 200 746 | -1219596.094 20883.15832 | -146.3475951 0.561159282 -0.00108438 1.07E-06 | -4.22E-10 | -155353.5026 774413168
LiOH L 746 6000 0 0 10.49971676 0 0 0 0 -60502.8071 -54.0738796
Mg cr 100 298 | -5412.225134 0 1.458173723 0.013302047 -4.10E-05 4.75E-08 0 -775.947201 | -6.989702348
Mg cr 298 923 | -28600.60304 0 3.398877384 | -0.000724396 1.41E-06 0 0 | -1089.519906 | -15.45973664
Mg L 923 1366 0 0 4.125318269 0 0 0 0 -658.991948 | -19.37828582
136
Mg g 6 6000 0 0 2.5 0 0 0 0 16946.58761 3.63433014
Mg(OH)2 cr 200 500 -640145.184 8358.13999 -39.711454 0.123192722 -9.65E-05 0 -153724.6903 225.8495398
Mg(OH)2 cr 500 1000 -5543828.43 37008.6861 -90.8862334 0.143168919 -9.51E-05 2.53E-08 0 -318945.089 580.163827
Mg(OH)2 L 108 6000 | -303758.1289 0 12.03462381 0.002202655 0 0 0 | -115877.5486 | -63.33852645
MgCl g 200 1000 20439.9528 -407.215516 5.8803723 | -0.002594175 2.95E-06 -1.75E-09 4.34E-13 -5851.44495 -6.02354575
MgCl g 108 6000 1041328.453 -3380.15833 8.63777547 -0.00244779 7.84E-07 -1.13E-10 5.81E-15 13271.88977 | -27.03802395
MgCI2 cr 200 987 203561.3802 | -3336.129578 24.96114136 -0.03774926 5.28E-05 -3.78E-08 1.12E-11 | -63641.79277 -132.275296
MgCI2 L 987 2500 -99916.5633 | -221.7185473 12.19962681 -0.00134223 6.72E-07 -1.48E-10 1.13E-14 | -75485.30939 -55.9758817
MgO cr 200 3100 | -388.7191491 | -765.3619981 7.055458897 -1.96E-05 -2.12E-07 1.60E-10 | -2.53E-14 | -70054.68751 | -39.52570769
MgS04 cr 200 1400 | -65371.50585 | -560.0274958 10.82870546 0.014364799 -1.31E-05 9.57E-09 | -2.84E-12 | -152562.2485 | -56.74781107
MgS04 L 148 2500 100260370.3 | -30718.08561 | -315.2556516 0.490355257 | -0.000289226 7.95E-08 | -8.43E-12 320864.2667 1856.496536
N2 g 200 1000 22103.71497 -381.846182 6.08273836 | -0.008530914 1.38E-05 -9.63E-09 2.52E-12 710.846086 | -10.76003744
N2 g 108 6000 587712.406 | -2239.249073 6.06694922 | -0.000613969 1.49E-07 -1.92E-11 1.06E-15 12832.10415 | -15.86640027
NH4l cr 298 2000 1412445.443 | -13848.55837 59.45867719 | -0.087184358 8.90E-05 -3.87E-08 5.83E-12 44771.28372 | -341.3141015
Na cr 200 371 -35844.5801 0 6.47941469 | -0.018986973 3.35E-05 0 0 -1504.31974 | -26.77783039
Na L 371 1170 26948.1867 -231.900078 5.16243569 | -0.003058572 1.70E-06 -1.52E-10 1.96E-14 284.2114288 -22.2576398
Na g 11(7J 60000 952572.338 | -2623.807254 5.16259662 | -0.001210219 2.31E-07 -1.25E-11 7.23E-16 29129.63564 | -15.19717061
Na2C03 cr 200 723 6729717.889 | -111653.7356 743.5793548 | -2.449285149 0.004454026 -4.13E-06 1.55E-09 377958.3647 | -3990.917634
Na2C03 cr 723 1123 4626.537542 | -31269.76656 121.405768 | -0.115864101 1.37E-05 6.13E-08 | -2.78E-11 15159.46481 | -736.3211564
Na2C03 L 11; 2500 | -861453.6285 | -79337.45675 260.3962856 | -0.276281339 0.000157465 -4.41E-08 4.86E-12 263080.9603 | -1626.188675
NaCl cr 200 500 2725695.501 -51609.5875 398.458231 | -1.547496756 0.003352172 -3.79E-06 1.75E-09 180753.0763 | -2076.949046
NaCl cr 500 1074 2657.827371 0 5.66571869 0.00087089 1.34E-06 0 0 -51193.8472 | -23.90773149
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NaCl 4 6000 0 0 8.166446369 0 0 0 0 -49434.5901 | -36.49536621
NaOH 100 298 20083.29119 -771.467716 8.69417109 0.003850883 -3.61E-06 0 0 -49480.2345 -45.2489957
NaOH 298 514 1048215.71 0 | -95.92892425 0.618956499 | -0.001367212 1.07E-06 0 -36635.4104 427.0051072
NaOH 514 568 0 0 9.621733572 0 0 0 0 -54425.5895 | -47.99292559
NaOH 568 594 0 0 10.34336359 0 0 0 0 -54070.5475 | -51.22288687
NaOH 594 1000 0 0 10.77790513 | -0.000711166 0 0 0 -53438.2748 | -52.28806116
100
NaOH 0 6000 0 0 10.06673875 0 0 0 0 -53082.6916 | -48.08666421
02 200 1000 -34255.6342 484.700097 1.119010961 0.004293889 -6.84E-07 -2.02E-09 1.04E-12 -3391.45487 18.4969947
02 108 6000 | -1037939.022 2344.830282 1.819732036 0.001267848 -2.19E-07 2.05E-11 | -8.19E-16 | -16890.10929 17.38716506
S 200 368 | -10357.10779 0 1.866766938 0.00425614 -3.27E-06 0 0 -751.638958 -7.96106698
S 368 388 0 0 2.080514131 0.00244088 0 0 0 -685.271473 -8.60784675
S 388 428 | -63665507.65 0 2376.860693 | -7.888076026 0.007376077 0 0 -635659.492 | -11869.29589
S 428 432 0 0 6928.522306 | -32.54655981 0.038244482 0 0 -983222.268 | -31548.06751
S 432 453 0 0 164.9945697 | -0.684353498 0.000731591 0 0 | -26388.46929 | -768.1730097
S 453 717 1972984.578 0 | -24.41009753 0.060903529 -3.74E-05 0 0 11130.1344 136.3174183
S 717 882 0 0 3.848693429 0 0 0 0 -828.458983 | -17.36128237
S 882 6000 -110799.965 656.920447 0.817114236 0.001201911 -3.76E-07 5.57E-11 | -3.03E-15 3285.66945 10.2118207
S02 200 1100 -53638.6455 909.5836352 | -2.332521169 0.021914097 -2.48E-05 1.41E-08 | -3.24E-12 | -41152.86137 40.34144856
S02 118 3000 562150.4576 | -3047.540636 10.5830952 | -0.002233769 8.42E-07 -1.63E-10 1.30E-14 | -19654.66117 | -37.22937942
S03 200 1000 -39528.5529 620.857257 | -1.437731716 0.027641265 -3.14E-05 1.79E-08 | -4.13E-12 -51841.0617 33.91331216
S03 10(0J 6000 | -216692.3781 | -1301.022399 10.96287985 -0.00038371 8.47E-08 -9.71E-12 4.50E-16 -43982.8399 | -36.55217314
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